
pharmaceutics

Review

Complex Factors and Challenges that Affect the Pharmacology,
Safety and Efficacy of Nanocarrier Drug Delivery Systems

Joseph A. Piscatelli 1, Jisun Ban 1, Andrew T. Lucas 1,2,3,* and William C. Zamboni 1,2,3

����������
�������

Citation: Piscatelli, J.A.; Ban, J.;

Lucas, A.T.; Zamboni, W.C. Complex

Factors and Challenges that Affect

the Pharmacology, Safety and Efficacy

of Nanocarrier Drug Delivery

Systems. Pharmaceutics 2021, 13, 114.

https://doi.org/10.3390/

pharmaceutics13010114

Received: 7 December 2020

Accepted: 12 January 2021

Published: 17 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 UNC Eshelman School of Pharmacy, Chapel Hill, NC 27599, USA; jpiscitelli15@gmail.com (J.A.P.);
jisun_ban@unc.edu (J.B.); zamboni@unc.edu (W.C.Z.)

2 Division of Pharmacotherapy and Experimental Therapeutics, UNC Eshelman School of Pharmacy,
University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA

3 UNC Lineberger Comprehensive Cancer Center, Carolina Center of Cancer Nanotechnology Excellence,
University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA

* Correspondence: andrew_lucas@unc.edu; Tel.: +1-(919)-966-5242

Abstract: Major developments in nanomedicines, such as nanoparticles (NPs), nanosomes, and con-
jugates, have revolutionized drug delivery capabilities over the past four decades. Although nanocar-
rier agents provide numerous advantages (e.g., greater solubility and duration of systemic exposure)
compared to their small-molecule counterparts, there is considerable inter-patient variability seen in
the systemic disposition, tumor delivery and overall pharmacological effects (i.e., anti-tumor efficacy
and unwanted toxicity) of NP agents. This review aims to provide a summary of fundamental factors
that affect the disposition of NPs in the treatment of cancer and why they should be evaluated during
preclinical and clinical development. Furthermore, this chapter will highlight some of the transla-
tional challenges associated with elements of NPs and how these issues can only be addressed by
detailed and novel pharmacology studies.

Keywords: pharmacology; nanomedicines; tumor microenvironment; nanoparticles; pharmacokinet-
ics; pharmacodynamics; mononuclear phagocyte system (MPS)

1. Introduction

Over the past three decades, advancements with carrier-mediated agents (CMAs)
have led to novel drug delivery systems. Nanoparticles (NPs; such as liposomes), den-
drimers, nanosomes, conjugates and antibody drug conjugates (ADCs) are just a few of
these agents that are being used to uniquely target cancer cells [1]. Figure 1 highlights
a timeline of the development of CMAs, showing that over the past 50 years this system
of drug delivery has become more advanced and more specific. Classical NP agents have
been shown to be effective in pre-clinical studies due to their ability to increase the solu-
bility of certain anticancer agents (e.g., hydrophobic agents) and structure which allows
for sustained efficacious concentrations over a longer period of time when compared to
traditional small-molecule drugs [2,3]. Within the clinic, the number of agents in use is
still limited, NP’s demonstrate the potential to become a life-saving drug class in cancer
therapy—however, there are still concerns with these delivery systems in terms of safety
and disposition. Both of these factors are hard to predict and control, leading to more ques-
tions than answers during NP development. Moreover, the focus on formulation design
and manufacturing without the addition of detailed and novel analytical and pharmacol-
ogy (e.g., pharmacokinetic, pharmacodynamic, and biomarker) studies has significantly
hindered the translational and clinical development of NPs, especially in the treatment
of cancer.

Early research into NPs started in the 1980s and has continued to improve until this
day [3,4]. Although research into this drug class have been going on for more than 35 years,
the number of approved NPs for therapeutic use in the clinic is low, with only 5 NPs still
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on the market (Table 1) [5–7]. Liposomes are the most common traditional NP-type agent
in clinical trials right now and most of the research is being conducted in the oncology ther-
apeutic area [3,5]. Due to the limited market approval of therapeutic CMAs, the majority
of the data presented in this review will be focused on traditional nanoparticle agents used
in oncology because most of the available published data. The reason that more NPs are
not approved is that the pharmacology of NPs is more complex than small-molecule drugs
and understanding how the body reacts to these formulations, including their disposition
and safety, can be challenging as well [8–10]. Additionally, when testing NPs in humans,
the inter-patient variability makes it difficult to predict the true nature of these formula-
tions in terms of distribution (i.e., distribution and clearance), tumor delivery, and ultimate
expected pharmacological effect (i.e., anti-tumor efficacy or unwanted toxicity).
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Table 1. Summary of FDA-approved carrier-mediated agents (including nanomedicines) with
oncology indications for therapeutic use.

Traditional Nanomedicines

Generic Name Brand Name Approval Date
Liposomal doxorubicin Doxil 1995-11-17

Liposomal daunorubicin (discontinued) DaunoXome 1996-04-08
Liposomal cytarabine (discontinued) DepoCyt 1999-08-01

Nab-paclitaxel Abraxane 2005-01-07
Liposomal vincristine sulfate Marqibo 2012-08-09

Liposomal irinotecan Onivyde 2015-10-22
Liposomal cytarabine & daunorubicin Vyxeos 2017-08-23

Therapeutic Conjugates

Generic Name Brand Name Approval Date
Pegfilgrastim Neulasta 2002-01-31

Pegaspariginase Oncaspar 2006-07-24

Antibody-Drug Conjugates

Generic Name Brand Name Approval Date
Brentuximab vedotin Adcetris 2011-08-19

Ado-trastuzumab emtansine Kadcyla 2013-02-22
Inotuzumab ozogamicin Besponsa 2017-08-17

Gemtuzumab ozogamicin Mylotarg 2017-09-01
Moxetumomab pasudotox-tdfk Lumoxiti 2018-09-23

Polatuzumab vedotin Polivy 2019-06-10
Enfortumab vedotin Padcev 2019-12-18

Trastuzumab deruxtecan Enhertu 2019-12-20
Sacituzumab govitecan Trodelvy 2020-04-22

Belantamab mafodotin-blmf Blenrep 2020-08-05
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Since it’s been four-decades of NP development and research, it would be expected
that more delivery systems in this class are approved. For example, there have only been
six FDA-approved liposomal NP drugs. This review discusses the various factors that
affect the disposition, safety, and efficacy of classical nanocarrier NPs in the treatment
of cancer. NP formulations are complex in nature and these factors influence both their
pharmacokinetic (PK) and pharmacodynamic (PD) profile, which further translates into
several translational challenges that come with scaling and prediction of pre-clinical data
to patients. By understanding the complex pharmacology of NPs, future study designs
and drug development can be improved for these complex agents.

2. Basic Pharmacokinetic & Analytical Considerations
2.1. Principal Differences in ADME Between Small-Molecule & NPs

Between small molecule and NP drugs, the pharmacokinetic principle of ADME
(absorption, distribution, metabolism, and elimination) is different. Although there is
a greater understanding of ADME in NPs, there are several key differences in the dispo-
sition of NPs, which makes them unique and challenging to evaluate and predict. These
differences have been extensively reviewed [11–15], and a brief summary of key differences
and aspects are noted below.

Absorption can only be measured with medications administered orally or subcu-
taneously (SQ). The extravascularly administered drug will enter the absorption phase
after the administration and then crosses over membranes to reach the systemic circula-
tion [16,17]. However, NPs face numerous physiological barriers with all types of the route
of administrations (oral, intravenous [IV], intramuscular [IM], and SQ) [18]. In addition to
those limitations, NPs loaded with cytotoxic drug molecules cannot be administered using
IM or SQ due to off-target toxicity mediated by immune cells on the skin and higher risk of
injection site adverse reaction [19–21].

The distribution between small-molecule drugs and NPs are also different, primarily
due to the properties and characteristics of the carrier transporting the cytotoxic payload.
Small-molecule drugs usually have a high distribution because they distribute to organs
and tissues much easier than NPs and take advantage of various membrane transporters
(e.g., OCT1, PgP) to cross from the blood circulation to the site of action [17,22,23]. Unlike
small-molecule drugs, NPs have limited distribution due to vasculature and interstitial
space within tissues, and cannot be diffused easily from the central to the peripheral
compartment [16,18]. As such, vascular transcytosis and passive diffusion transporter play
an important role in overall distribution, which guided by the structures of the nearby blood
vessels (such as vessel fenestration size or membrane thickness) [18,22–24]. If vasculature
is leaky enough, larger molecules can be transported into the tumors; this passive diffusion
effect is discussed further in Section 3.

Small-molecule metabolism works mainly through cytochrome p450 enzymes in
the liver. Once a drug is absorbed within the gastrointestinal tract, drugs are then circulated
through the liver for metabolism. These drugs can then be eliminated by either renal or
hepatic mechanisms [16]. NP metabolism and elimination process differ compared to
traditional small-molecule drugs. While many factors responsible for the process have been
identified, the mononuclear phagocyte system (MPS), which is part of the innate immune
system (IIS), is believed to contribute the most to this effect. The uptake and elimination
of NPs are done by numerous MPS cells such as circulating phagocytes (e.g., monocytes,
dendritic cells) or tissue residing phagocytes (e.g., Kupffer cells in the liver) [16–18,23].
While this interaction has been documented previously, questions still exist attributed
to inter-patient differences in this MPS component, and therefore, it is important that
sampling should be taken into consideration. NP concentrations in the blood can still
be detected even 24 h after a single administration. Therefore, sampling should be done
beyond the 24 h mark (such as past 96 h or even 168 h) to ensure that sampling is sufficient
to verify the full PK profile. The liver and spleen are also key compartments for phagocytes,
and accumulation within these tissues should be measured during preclinical development.
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2.2. Analytical Characterization to Evaluate the Plasma, Tissue, & Tumor Disposition of NPs

To understand why the disposition, safety, and efficacy can be so challenging to char-
acterize, it is important to compare the analytical challenges of NPs to that of other drugs.
However, disposition of NPs is not dependent on the cytotoxic payload, but the release
of the drug payload, thus requiring a new nomenclature describing NP pharmacology.
The “active” portion of the NP agent (i.e., the drug or other chemical substance to be
delivered and provides mechanistic anti-tumor effects) has the same distribution profile as
the carrier until it is released or unconjugated from their carrier [25–27]. When categorizing
each part of the process, the term “encapsulated” or “bound” fraction was donned for
the portion of drug that is inside the carrier (such as with liposome) or attached (such as
a conjugate or dendrimer), respectively [25,26]. The term for the active drug that is outside
or released from its carrier, and thus open to both perform mechanistic action as well as be
affected by traditional ADME mechanisms, is the “released fraction” [25,26]. In this way,
the encapsulated/bound form acts as a prodrug until the agent is released. In addition,
the encapsulated drug will show differing PK from released drug, such as displaying
a prolonged circulation in blood and potential accumulation within tissues. While such
separations of encapsulated/conjugated and released forms are simple within the blood,
the separation assays do not exist yet to provide an encapsulated/released fraction from
tissue samples without using advanced and invasive techniques (e.g., microdialysis) [25,26].
Hence, we can measure the “total” faction, evaluating both forms of the drug, within these
sample matrices. Additional discussion of the differences in the PK of conventional SM
chemotherapy compared to nanocarriers has been reviewed, and recommend the review
by Golombek et al. [28].

All forms of the drugs must be evaluated to appropriately assess how the disposition
of NP drugs relate to their efficacy and toxicity. The most common analytical techniques
utilize methods such as solid-phase separation (SPS), which have a long track history
and have successfully been used to separate encapsulated liposomal agents from plasma
samples [10,26]. Other NPs have utilized filtration or size exclusion to separate formulations
where size is adequate to provide separation (such as dendrimers, polymer conjugates, or
ADCs); but these methods have been problematic in the plasma due to recovery of protein-
bound drug and non-specific binding to filtration devices. Finally, the agents which may
require chemical conversion for activity (such as camptothecins), forceful conversion can be
used to evaluate total and released concentration of plasma and tissue [29,30]. Additional
concerns in the evaluation and calculation of tumor PK variables are discussed later in
this chapter.

As mentioned earlier, the MPS is an important contributor to the overall disposition
of NPs due to the variability in cellular function, resulting in the high, clinically-relevant
inter-patient variability due to this non-traditional clearance pathway [31]. Upon enter-
ing the bloodstream from an IV infusion, plasma proteins and immune cells (including
phagocytic cells like monocytes, neutrophils, and dendritic cells) will be the first entities to
interact with NPs [32]. Although there is still much to learn about the interaction between
NPs and immune cells, the uptakes of NPs by the MPS are at times engineered, purposely
designed to stimulate the immune system, or results in unwanted side effects. Later in
the chapter, discussion will focus on how the MPS plays a key role in the PK (concentration
over time) and PD (efficacy and safety) of NPs.

3. Biological Concepts of Nanoparticle Delivery
3.1. Enhanced Permeability and Retention (EPR) Effect & Passive Targeting

Once a tumor begins to grow, its interaction with non-malignant cells leads to the de-
velopment of the tumor microenvironment. New tumor vasculature is different than that
of a healthy one, and leads to significant changes in the structure of the blood vessels
surrounding the tumor, resulting in more porous vasculature within the tumor microenvi-
ronment [33]. Additionally, the lymphatic drainage system is commonly affected, causing
an accumulation of intra-tumoral contents [34–36]. This process is called the Enhanced
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Permeability and Retention (EPR) effect and it can be exploited to enhance drug delivery of
NPs. The EPR effect results in a passive targeting of NPs, where NPs accumulate in the tu-
mor tissues by passing through the leaky tumor vasculature [34–36]. If the diameter of
the NP is less than the vasculature pore, the NP can diffuse through that leaky vasculature
pore and can linger in the interstitial spaces for an extended period [37,38]. This allows for
an increased amount of drug to reside within the tumor, allowing for potential increase
cytotoxic payload release, ultimately increasing the concentration of drug that can have
a direct anti-tumor effect.

The size of the NP determines whether it will undergo passive targeting. Proteins
such as transferrin (90 kDa) and IgG (160 kDa) were able to accumulate in the neoplastic
tissues, while smaller proteins (e.g., neocarzinostatin [12 kDa], ovomucoid [29 kDa]) did
not [35,36,39]. NPs that are too small will undergo passive targeting and thus will not lead
to accumulation in the neoplastic tissues. In a study by Maeda et al., 40 kDa (~4.8 nm in
diameter) was determined to be the cutoff in size for molecules that were able to go through
the process of passive targeting [40]. On the other end of the range the EPR effect can still
be seen with particles that are 104 kDa, but the speed and efficiency of the intracellular
uptake may be reduced [40]. Additionally, how well the EPR effect can be used to treat
tumors depends on the concentration of each NP in the blood. Each type of tumor has
different pharmacokinetics and distribution so not every tumor has the same EPR effect.
Some tumors may allow for more efficient passive targeting for a specific NP, but types
of cancers may not. Also, the release rate of the drug is an important factor that needs to
be taken into consideration with the EPR effect. A study reported that NPs that release
their contents at a slower rate achieve higher concentrations in tumor tissues than NPs
that release at much faster rates [39]. This relationship shows that due to the accumulation,
the NP will linger around in the tumor tissue longer and will have a better chance of
releasing its contents at the correct location. The EPR effect and passive targeting are only
one example of the factors involved in drug delivery of NPs. There are still many more
than can increase or decrease the concentration of drug.

Overall, the EPR effect has served as the primary basis for the delivery of nanocarriers
into tumors within clinical practice. However, the apparent heterogeneity in the EPR
effect within different tumor types, coupled by the difficulty in objectively measuring this
effect, makes it difficult to apply in clinical evaluations and patient care. Thus, limitations
and challenges in understanding the multiple factors that can influence the EPR effect must
be addressed; some of these are further discussed in Sections 4 and 5.

3.2. Mechanisms & Factors Involved in Nanoparticle Uptake, Distribution, and Clearance

When NPs first enter the bloodstream, there are two main biological entities that
these NPs will interact: plasma protein (mainly opsonins) and circulating immune cells.
Opsonins consist of various protein substances that bind to the surface of foreign ma-
terials, including immunoglobin and complement factors. The process of opsonization,
where opsonins attach to the surface of a NP, can have a significant effect on the overall
diameter/hydrodynamic size and charge of an agent. Dynamic light scattering (DLS) is
commonly employed to quantify the hydrodynamic size in solution at baseline during char-
acterization of an individual agent, but coating the NP in the presence of plasma proteins
can cause a ‘growth’ in the size of an agent. This is why some groups have come to report
a “true” hydrodynamic size of an agent by incubating agents in serum before using DLA
as this size will be more relevant in terms of the potential interactions within a biological
system. To illustrate this point, a study evaluating gold colloids (~30 nm hydrodynamic
size) showed a significant change in their diameters before and after opsonization in human
serum (34.4 ± 0.2 nm and 94.8 ± 0.2 nm, respectively) [41,42]. Similar results were also
observed for 150 nm gold colloids, with changes in hydrodynamic size from 149.8 ± 0.7 nm
to 263.6 ± 4.7 nm before and after opsonization, respectively. As the surface of these
colloids was altered, observable increases in the zeta potential were also observed in both
the 30 nm colloids (−38.2 ± 1.2 mV and −16.4 ± 0.6 mV, respectively) and the 150 nm
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colloids (−46.3 ± 0.9 mV to −20.4 ± 1.9 mV, respectively) [41,42]. Based on these data,
opsonization should be taken into consideration when characterizing NP formulations due
to the profound effects it has on both size and charge.

The MPS cells (monocytes/macrophages) are the primary mechanism of NP elimina-
tion from circulation. In normal human physiology, these cells usually serve to remove
offending pathogens from circulation and migrate to inflammatory sites due to complement
and cytokine signaling proteins [43,44]. The ingestion of these NPs occurs by endocytosis,
which includes the internalization mechanisms of phagocytosis and pinocytosis. Phago-
cytosis can further be sub-divided based on the endocytic mechanism, including comple-
ment receptor-mediated, Fc-gamma receptor (FcyR)-mediated, and scavenger receptor
(SR)-mediated mechanisms. Similarly, pinocytosis is sub-divided into macropinocytosis,
clathrin-mediated, caveolin-mediated, and clathrin/caveolin-independent endocytic path-
ways. Because of the specificity required to activate specific pathways, different receptors
are necessary to recognize NPs based on their physical and chemical properties [42,45–47].

Phagocytosis relies on FcγRs or complements receptors that require the opsonization
of NPs by IgGs and iC3b, respectively, in order to bind the appropriate surface receptors
and initiate phagocytosis. On the other hand, scavenger receptors are variably expressed
on a variety of cells (including dendritic cells and macrophages of the MPS) function on
molecular pattern recognition and are opsonin-independent. It is important to note that
several classes of scavenger receptor exist, including classes A to F. The most well-known
scavenger receptors on macrophages are Class A (e.g., CD204, CD162, MARCO), which
binds to a broad array of ligands, including: proteins, lipoproteins, and pathogen-associated
molecular patterns (PAMPs) on pathogenic Gram-positive and -negative bacteria [48–51].
Another type of scavenger receptor is Class B receptors (such as CD36, primarily serve
to bind low-density lipoproteins (LDL), which oxidize lipoproteins and phospholipids.
An example of a Class C receptor is CD206 (a mannose receptor found on macrophages)
which binds to carbohydrate moieties using a calcium-dependent lectin receptor. Other
scavenger receptors identified as Class D, E or F receptors bind a variety of ligands.

Receptor-mediated endocytosis is a complex mechanism performed by specialized
cells that occurs using specific or non-specific receptors [52–55]. Chen et al. describes
a theory of a non-specific opsonization on the surface of a NP then binds to receptors on
the cell membrane of the patient’s immune cells, resulting in phagocytosis due to a lowering
of membrane tension [56]. This action requires the spontaneous actin polymerization to
occur in order to extend the cell membrane to create the phagocytic vesicle [44]. The size
of these vesicles vary based on the size of the NP being engulfed but is always in excess
of 250 nm. Another active process is receptor-mediated endocytosis, which involves
the uptake of NPs via membrane surface receptors [57,58]. The difference between these
two internalization methods (i.e., phagocytosis versus receptor-mediated endocytosis) is
based on varying mechanisms to generate their vesicles (actin filaments for phagocytosis
and clathrin-coated pits for receptor-mediated endocytosis). Alternatively, pinocytosis,
a receptor-independent passive internalization pathway is fluid-phase, and typically results
in the uptake of insoluble particulate, enzymes, immune complexes, and lipoproteins.

Phagocytic and pinocytic pathways require active transport that thus relies on actin
polymerization to occur [42]. To evaluate this theory, cytochalasin D (an inhibitor of actin
polymerization) was incubated with RAW264.7 murine macrophages and assessed the in-
hibitory effect on the internalization of gold colloid particles (30 nm and 150 nm) [42].
Overall, the presence of cytochalasin D resulted in reduced uptake of gold colloids, regard-
less of size or at lower doses of particles. On the other hand, at increasing concentrations of
cytochalasin D, the uptake of the larger 150 nm colloid particles was decreased to a greater
degree (~50%) compared to the smaller colloids. To differentiate if this difference in uptake
was due to a phagocytic or pinocytic mechanism, 5-(N, N-dimethyl) amiloride hydrochlo-
ride (an inhibitor of Na+/H+ ATPase membrane pumps, and thus micropinocytosis) was
added and incubated with cells. As the addition of the second inhibitor resulted in no
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change to the decreased uptake of either gold colloid, it can be concluded this internaliza-
tion was due to a phagocytic pathway compared to a pinocytic one [42].

To evaluate the role of clathrin-mediated endocytosis, chlorpromazine was used
to treat cells in vitro. Chlorpromazine is a well-characterized inhibitor of this pathway.
The addition of chlorpromazine reduced the uptake of 30 nm colloids by RAW264.7 cells by
~50%. However, the effect on 150 nm colloids was negligible. A similar effect was seen when
scavenger receptors were removed from the cell surface. This suggests that the smaller
colloids could have a near-complete inhibition of cellular uptake if clathrin-mediated
endocytosis and scavenger receptors were the only pathways of ingestion. However, when
this theory was tested in RAW264.7 cells (which lack scavenger receptors) and incubated
in the presence of chlorpromazine, a similar difference in the 30 nm gold colloid uptake
was observed. This would suggest that scavenger receptors may not be involved in
the clathrin-mediated phagocytic pathways [42]. As the inhibition of clathrin-mediated
pinocytosis or scavenger receptor-mediated phagocytosis eliminated the uptake of gold
particles, other endocytic pathways must also be involved. To test this pathway, filipin
III, a specific inhibitor of caveolae formation, was used in gold colloid uptake evaluation.
The degree of decrease was significant when compared to the negative control, suggesting
that caveolin-mediated mechanisms are partially responsible for particle uptake [42].

The cells of the MPS, especially macrophages, express numerous receptors on the sur-
face of their membranes to interact with their environment. Some of these receptors include
complement receptors (CR), scavenger receptors (SR), fibronectin, receptors against IgG
fragments (Fc), and glycoproteins to recognize receptors [59–61]. Similarly, receptors that
respond to specific pattern recognition, such as SRs (e.g., CD36, CD204) and the man-
nose receptor (CD206), are primarily involved in receptor-mediated endocytosis [62,63].
Of particular interest, CD204 has been found to contribute to non-specific interaction
(and thus non-specific uptake) of NPs which contain surface-functionalized materials (e.g.,
antibodies, synthetic polymers) [64]. These receptors on macrophages are also known to
contribute to liposomal endocytosis [65,66]. Most of the surface receptors on macrophages
are expressed based on the function of the phagocytes, tissue/species origin, and level
of activation. Liu et al. studied varying clearance rates of liposomes from blood in mice,
rats, and humans [67,68]. Within mice, liposomal uptake was mainly mediated due to
direct interaction with macrophage receptors in the liver. However, rats demonstrated
a stronger affinity for opsonin-dependent liposomal clearance within the liver. Human
sera exhibited a higher activity of serum opsonins, though this was suggested to be due to
C3 of the human complement system, highlighting the important role the liver plays in
liposome uptake and its connection to the complement system [67,68].

The complement system consist of > 30 membrane-expressed receptors and circulat-
ing proteins and has been show to play an essential role in the immune response [69–71].
This system is further broken down into three activation pathways: (1) classical, (2) lectin,
and (3) alternative pathways. Each pathway requires a distinct order and recognitions of
components and events to cause pathway initiation—but the later stages of all three path-
ways utilize the same compounds. After successful activation of the complement pathway,
the primary resulting product (opsonins [C3b/iC3b], the membrane attack complex [MAC],
or anaphylatoxins [C3a, C5a]) exert a protective effect via opsonization, lysis of invading
cells, or activation of surrounding immune cells, respectively [71]. This opsonization is es-
sential for phagocytosis to occur efficiently by activated immune cells to ingest the invading
particulate. However, it is also known that activation of the complement system can re-
sult in complement activation-related pseudoallergy (CARPA), a hypersensitivity reaction
due to anaphylatoxin after IV administration of liposomal agents, such as Doxil [72–74].
Therefore, the complement system, and factors that can influence its activation, can greatly
impact a NP’s distribution and tolerability.

It is clear that the various methods of cellular internalization of NPs are governed by
several stimulatory and inhibitory signals/receptors—the recognition by which need to be
considered to produce the best response and safety profile. How these pathways and reg-
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ulators of internalization work in concert between tumor and professional phagocytic
immune cells to modulate NP disposition remains to be fully elucidated. This effort has
been hindered due to the complex and changing nature of these cells between cancer types
and depending on the stage of tumor development [75,76]. From a clinical perspective,
how the evaluation of these pathways can be incorporated into the current NP dosing
paradigm also needs to be further evaluated to improve outcomes.

3.3. Is the EPR Effect Real? Active Pathways as the Primary Mechanism of Nanoparticle Uptake

Historical dogma would suggest that the primary route of NP entry into tumors is
a passive process, the NP entering through gaps (found to be up to 2000 nm) between en-
dothelial cells in the tumor vasculature [77,78]. However, recent evidence has been shown
that supports that more active processes (i.e., trans-endothelial processes) are responsible
for the uptake of NPs into tumors [79]. A recent study by Sindhwani et al. evaluated the role
of alternative processes to passive diffusion using U87-MG, 4T1, PDX, and MMTV-PyMT
mouse models either before or after whole mouse fixation [79]. This would, in theory, mean
that NPs circulated after fixation could only enter the tumor via passive transport (due to
existing gaps between cells), whereas mice undergoing fixation after NP administration
could have NPs enter the tumor space by either passive or active mechanisms. Small
molecule cisplatin and three different sizes of gold NPs (15 nm, 50 nm, 100 nm) were ad-
ministered within these models before tumors were resected and analyzed by ICP-MS, 3D
microscopy, and TEM. After circulating 50 nm NPs for 4 h, tumor concentrations between
pre-fixed and post-fixation models were significantly different (0.10% ID/g versus 2.01%
ID/g, respectively) [79]. Microscopy confirmed that trans-endothelial processes did not
contribute to NP distribution within the pre-fixed mouse models. Furthermore, 49% of
gold NPs extravasated in post-fixation animals (compared to 0% in pre-fixed animals),
suggesting the dominant pathway of NP entry into tumors is using trans-endothelial
pathways [79]. However, the addition of general or specific inhibitors of trans-endothelial
pathways were not evaluated. While additional studies are necessary to clarify these results
and determine which active mechanisms are predominating, this new information of NP
uptake could lead to new strategies to enhance the delivery efficiency of NPs to tumors.

4. Tumor Microenvironment Factors that Affect Disposition of Nanoparticle Agents

One of the factors which complicate the treatment of solid tumors is the unique
microenvironment that surrounds and forms the interior of each tumor. The tumor mi-
croenvironment (TME) is made up of the surrounding blood vessels, immune cells, cytokine
messengers, soluble proteins, and the extracellular matrix (Figure 2) [80–83]. The tumor
communicates with the microenvironment to activate angiogenesis and immunotoler-
ance as well as control the growth of the tumor cells themselves. The interplay of these
TME factors will influence the disposition of NP agents, making their PK and PD harder
to predict.
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4.1. Vascularity: Perfusion & Permeability

For NPs to have mechanistic anti-tumor effects, the active drug and the carrier must
first move into the tumor from the systemic circulation for NP to diffuse to tumor inter-
stitium. As mentioned, tumor vasculature is more permeable than normal tissues due to
the larger pore size (100 to 780 nm vs. < 6 nm) [84–87]. NP extravasation into tumors is
favorable in this ‘leaky’ environment, especially for NPs that are greater than 100 nm in di-
ameter and allows for higher concentrations of drug in the tumor extracellular fluid [84–86].
However, the increased leakiness of the vasculature may also negatively affect NP delivery
by way of increased interstitial fluid pressure in the tumor and blood flow stasis due to its
high variability [86,88,89]. To take advantage of the leaky vasculature of tumors, several
studies have attempted to make the vasculature more ‘normalized’ (i.e., structure and func-
tion more similar to normal tissues) through the exposure of pro- and anti-angiogenic
signals [86,88]. The goal of these normalizations is to affect tumor permeability, which is
typically less in normalized vasculature than in abnormal vasculature; but normalized tu-
mor vasculature is still significantly more permeable than in normal tissues [88,90]. Several
types of anti-angiogenic agents are currently in use within the clinic (e.g., bevacizumab,
sorafenib) and commonly utilized in combination with chemotherapeutics. While higher
doses of these agents result in anti-tumor effects by depriving tumors of necessary nutrients
to grow (and limiting NP tumor delivery), lower doses have been attempted to achieve
‘normalized’ vasculature. However, finding the correct level of VEGF inhibition has evaded
clinicians as the vasculature needs to be ‘normalized’ while still being able to be perfused.
Furthermore, the effects of normalized vasculature appear to only be achieved for 2–5 days,
but due to antiangiogenic therapies, cellular apoptosis leads to vascular regression which
limits the use of NPs [86,88].

Once in systemic circulation, NP pharmacokinetics are influenced by the hydrody-
namic forces and fluid-formulation interactions that accompany the body’s blood flow.
NP experiences tumbling/rolling dynamics as well as particle-cell interactions while in
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circulation, and these forces influences the potential of NP reaching its final target destina-
tion. Therefore, the interaction of the NP with the endothelial walls, through particle–cell
and receptor-ligand interactions, as it travels through fenestrated tumor blood vessels is
a very important design consideration and highly relevant to drug delivery [89].

The physiological factors of the tumor vasculature have been found to lead to de-
creased NP delivery to tumors. These factors include heterogeneous blood supply, uneven
permeability, and larger transport distances in the interstitium [6,32]. Tumor periphery has
a high perfusion rate, but it is not as permeable as the necrotic core. The tumor periphery
has been shown to have decreased permeability and increased blood volume making it
more difficult for NPs to move into the tumor core [91,92]. This has been shown through
the use of human adenocarcinoma xenograft models [87,92]. Window chambers were
used to observe labeled liposomes, and investigators found a significant accumulation in
xenografts compared to normal tissues. Also, the heterogeneous distribution in the tumor
showed increased accumulation in the peripheral vasculature [87,92]. Similar results were
also seen when 111-In labeled micelles was studied [93–95]. These studies show that NPs
do not have problems crossing vascular barriers, but with perfusion and navigating once
within the tumor microenvironment.

The role of heterogeneity of the tumor vascularity of triple-negative breast cancer
(TNBC) was evaluated in a study using genetically engineered mouse models (GEMMs)
to measure efficacy and drug delivery. This study compared a NP (PEGylated liposomal
doxorubicin, PLD), to small-molecule (SM) formulation of doxorubicin [27]. Two GEMMs
with differences in TNBC subtype were utilized in this evaluation: C3-TAg (basal-like)
and T11 (claudin low) TNBC subtypes [27]. Plasma AUC was similar between the NL-doxo
and PLD in both tumor models, but the AUC for PLD was 2-fold greater in the C3-TAg
model than the T11 (p < 0.05) [27]. Using immunohistochemistry (IHC), each tumor
model was evaluated for the total amount of macrophages, vascularity, and collagen after
administration of PLD (6 mg/kg IV x 1) for both the NP and SM. There was greater efficacy
with the PLD in C3-TAg than with T11 [27]. After dosing the T11 tumors with PLD,
the microvessel density (MVD) decrease by 30% from baseline (p < 0.05) [27]. The T11
tumors also had higher levels of VEGF-a compared to the C3-TAg tumors (p = 0.003)
and PLD had more of an effect on VEGF-a levels than SM doxorubicin [27]. The results
suggest that tumor-specific differences in the microenvironment, such as MVD, impacts
NP delivery, but not SM formulations. This study illustrates the variability in delivery
and efficacy when using NPs for treatment. The tumor microenvironment is different
between tumor models and this can impact the PK of NPs used. This study also shows that
not only does the tumor environment affect the delivery of NPs, but the administration
of NP can lead to changes in the tumor microenvironment and hinders its function. NPs
used for one type of tumor (e.g., TNBC models) may not be able to be used in the others
due to different TME factors can impact rates of clearance and distribution. The similar
tumor associated macrophage (TAM), MVD and collagen at baseline in GEMMs suggest
alternative tumor factors (e.g., pericytes or tumor perfusion) may affect the tumor delivery
of NPs but not SMs. Also, changes in vascularity and VEGF-a overtime may reduce tumor
delivery of PLD in T11 tumors.

4.2. Stroma

The majority of a tumor is comprised of the basement membrane, fibroblasts, and extra-
cellular matrix proteins (e.g., collagen, fibrinogen); collectively, termed the ‘stroma’ [96–99].
These facets of the tumor stroma then interact with tumor cells through inflammation
and matrix building activity (ex. unregulated fibroblasts lead to continuous proliferation).
NP distribution by diffusion and convective transport has been classically negatively af-
fected by the tumor stroma due to the excess extracellular matrix, an effect not as prominent
with small molecule agents [100–102]. For instance, collagen in the stroma also can de-
crease the ability of NPs to get to their target [81,103]. Intra-tumoral transport of several NP
agents, including PLD, DaunoXome, and Abraxane, has shown to decrease within tumors
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and correlated with dense collagen fibers [104,105]. Additionally, the rate of growth for
tumor cells decreases the further the cells are away from the blood vessels because it needs
a constant influx of nutrients to replicate [106–108]. Because most chemotherapy agents,
and some NPs, work best on cells with rapid turnover rates, problems with resistance
begin to arise with tumors that are farther away from the vasculature because these tumor
cells proliferate at a slower rate [106–108].

One option investigators have researched for dealing with the troubles caused by
the stroma is to target inhibiting factors, such as fibroblasts, within the stroma by using
NPs [109–111]. This method focuses on decreasing the mass associated with fibroblasts so
that there would be greater perfusion for drug delivery [110–113]. One such study used
a docetaxel NP conjugate composed of PEGylated and acetylated carboxymethylcellulose to
target fibroblasts in an orthotopic murine breast cancer model [114]. Fibroblasts internalized
over 85% of the tumor-associated NPs, resulting in a near-complete cellular fibroblast death,
leading to a significant increase in tumor perfusion and reduced IFP within a week after
administration [114].

Another method of getting over the stomal barrier would be to use NPs to re-engineer
these rate-limiting factors into positive therapeutic tools. An example of this is the use of
lipid-coated DNA protamine complexes loaded with plasmids to target tumor fibroblasts,
re-focusing their efforts to generate cytotoxic secreted proteins produced by these cells [115].
Normally the off-target delivery of NPs to fibroblasts is not ideal for the treatment of
desmoplastic tumors. However, by loading plasmids encoding sTRAIL (a secretable TNF-
related factor) into lipid-coated protamine DNA complexes to target these cells, these
fibroblasts produce sTRAIL at clinically-relevant levels [115]. In a desmoplastic murine
model of bladder carcinoma, after only three doses of sTRAIL-loaded complexes, 70% of
fibroblasts were producing the new sTRAIL protein after three doses, causing apoptosis
in nearby tumor cells [115]. These results were also confirmed within human pancreatic
cancer models, a traditionally difficult to treat cancer using small molecule chemotherapy.

So far, there are no clinically approved (i.e., included in evidence-based guideline
recommednations) combinations or strategies to modulate the tumor stroma to enhance
nanoparticle delivery and/or safety.

4.3. Interstitial Fluid Pressure

Interstitial fluid pressure (IFP) is a factor contributing to the convective flow of nu-
trients, and drugs and in combination with the EPR effect (i.e., increased permeability
of the tumor vasculature), contributes to the variable disposition of NPs. In the absence
of a tumor, the convective flow is low and fluid is taken into the interstitial space, lym-
phatic ducts through the net negative pressure between blood vessels and the interstitial
space [116]. NPs are efficient in their transportation within tumors when the IFP is low,
yet due to various factors of the tumor microenvironment, the IFP is commonly increased
within tumors [116,117]. Methods for de-bulking tumor stroma have thus been studied to
decrease the IFP because when it is elevated, the pressure will limit extravasation, making
it difficult for NPs to penetrate tumors and areas further away from blood vessels [118,119].
Such methods studied include using losartan to de-bulk the tumor stroma through its
ability to inhibit the angiotensin system [120]. This approach would assist in restoring
vessel profusion in the tumor microenvironment and thus decrease the IFP due to the size
of the tumor.

Combined interactions between tumor blood flow and intra-tissue pressures ultimately
leads to an increased IFP and a decrease in the blood flow around the tumor. To assess
the effect of this relationship on NP disposition, a study was done to measure concentra-
tions of NPs in a murine metastatic breast cancer tumor model (MDA-MB-231). This study
measured IFP by using a modified wick-in-needle technique and tumor perfusion, and NP
distribution was imaged using iohexol (a CT contrast agent) to view intra-tumoral lipo-
some accumulation. The results of their study showed a strong correlation between IFP
and tumor perfusion (Spearman’s r = −0.88 to −0.97, p < 0.0001) [119]. There was also a sig-
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nificant correlation between IFP and NP accumulation (Spearman’s r = −0.64, p = 0.0029),
but this correlation was weaker and more dependent on whether a subcutaneous model
or orthotopic model was used (Spearman’s r = −0.64, p = 0.0029) [119]. In conclusion,
the combination of an increased IFP and decreased tumor perfusion demonstrates as
another barrier to effective NP distribution in tumors.

4.4. Mononuclear Phagocyte System

The MPS is part of the innate immune system (IIS) and is one of the biggest contrib-
utors to the PK and PD disposition and variability of NPs in both animals and patients.
Most NPs are created to extend the time they spend circulating and made to avoid mech-
anisms that quickly clear SM drugs from the body. The most common uptake pathway
for NPs is usually opsonin adhering to the surface of NP, then signals phagocytosis of
the NP, affecting the concentration of drugs in tumors and tissues [121]. This phagocytic
mechanism is a complex process that is not well understood in the context of drug uptake
and how the MPS affects NP clearance from the blood and distribution into tissues or
tumors that may occur in a completely different manner. To better understand the two
mechanisms of NP delivery within the tissue, the terms ‘capture’ and ‘hijack’ were cre-
ated [122]. In the ‘capture’ model, NP uptake occurs after the NP moves from the blood
to the area of interest (e.g., liver, tumor, spleen) [122]. However, in the ‘hijack’ model,
a NP in the systemic circulation is phagocytosed into the MPS cell, where the cell then
travels into the site of action [122]. Both the capture and hijack models affect the PK of
NPs, but the influence, occurrence, and prevalence of these methods of NP delivery are not
well studied.

Animal models for SM drugs do a sufficient job of predicting the PK of these drugs
in humans; but for NPs, this process is more difficult because of the MPS effects on NP
clearance, efficacy, and target site delivery. When measuring the number of macrophages
in matching flank and orthotopic xenograft cancer models (consisting of breast, ovarian,
endometrial cancers, and melanoma), the MPS presence was significantly different between
not just tumor types, but also among tumor cell lines of the same tumor type as well as
the implantation site of the tumor (i.e., flank versus orthotopic) [123]. The results show
the importance of knowing the variation in MPS presence within each preclinical model
and the extent of orthotopic implantation when selecting an appropriate animal model.

In a study examining GEMM of TNBCs, there was a positive association between
variation in tumor microenvironment features and efficacy of PLD [27]. These differences
in drug disposition were, however, not seen with SM drugs. The results of this study
support examining the tumor microenvironment and tumor type before administering
NPs to patients to ensure efficient delivery and maximum efficacy. Administering a NP
in an environment that has decreased extravasation or to a resistant tumor could lead to
treatment failure. There are still many questions as to why two tumors with similar genetic
makeup respond differently to NP therapy. There is a need for information regarding
which factors alter tumor delivery of NPs. Studies in both humans and tumor models need
to be conducted to better predict which tumors will respond best to NPs.

Up to 60% of a tumor can be made up of macrophages, and these are commonly
referred to as TAMs [124,125]. These TAMs play a variety of roles associated with tumors,
including the delivery of NPs to the tumor matrix as well as help with immune suppression
and metastasis [126–128]. Metabolites of NPs, such as radiolabeled paclitaxel poliglumex,
were found in TAMs at levels 100 to 1000 times greater than that of the tumor cells [129].
In a separate study, the polymer formulation of paclitaxel poliglumex was attached to
gadolinium (an MRI contrast agent), where it was found to be phagocytosed by TAMs
and located throughout the tumor [130]. Within the tumors, TAMs/NPs are mostly found
in the area of necrotic cells [129,130]. Similar results were also seen when evaluating
the effect of TAMs on the delivery of PLD and SM doxorubicin in C3-TAg and T11 tumors.
At baseline, most TAMs were determined to be in the necrotic core and tumor capsule in
both tumor types [27]. There was very little consistency between the two tumor models
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for the SM doxorubicin, but for the PLD there was a drop in TAMs at 24 h [27]. The T11
tumor had a significant decrease in TAM infiltration into the viable tumor area compared
to the C3-TAg (37.2% vs. 6.6%, p > 0.05) [27]. These results show that PLD may be cytotoxic
to TAMs initially, leading to a decrease in the first few hours of therapy. In addition, TAMs
uptake NPs and either clear them from the body or help deliver them into the tumor; so any
disruption in the number of TAMs can lead to significant PK consequences.

To examine the impact that this MPS effect has on PK and PD disposition, as well
as efficacy of NPs, SKOV-3 ovarian cancer, and HEC1A endometrial cancer orthotopic
xerographs were treated with both PLD and SM-doxorubicin [123]. These two preclinical
cancer models were chosen because SM-doxorubicin is more efficacious in endometrial
cancer than PLD. The two models had similar concentrations of doxorubicin in the plasma,
liver, and spleen, but the ratio of tumor to plasma AUC0–96h of PLD was much higher in
the SKOV-3 model than in the HEC1A model leading to a better survival benefit when
using PLD in the SKOV-3 model [123]. These results suggest that NP-based therapies need
to account for heterogeneity in the tumor microenvironment, especially factors relating to
and/or modulating the MPS, within preclinical models.

While there are no clinically approved MPS-associated markers for altering NP therapy,
these cells have been a focal point in both precision dosing and theragnostic dosing
strategies, evidenced by the analysis of these cells both as part of correlative analyses
in several early-stage clinical trials of NPs and their extensive analysis in the preclinical
evaluations of efficacy and toxicity.

5. Considerations in the Safety & Efficacy of Nanoparticle Agents

Although efficacy (i.e., anti-tumor effects) is the primary goal for the use of NPs in
the treatment of cancers, safety is also a major component and motivator to the approval for
human use. Much like any other cancer agent, NPs carrying cytotoxic payloads are going
to be toxic to healthy cells even though they are meant to provide targeting towards tumor
cells. NPs can cause these toxicities by several means, such as through the delivery/release
of the payload release resulting in toxic drugs being delivered to healthy tissue. Ideally,
encapsulated/conjugated NPs will circulate and accumulate within the tumor (such as due
to the EPR effect) and release their cytotoxic payload within the intra-tumor extravascular
space. However, when these NPs release their chemical payloads prematurely and away
from tumor cells, the cytotoxic agents will commonly result in unwanted toxicities. Addi-
tionally, NPs can affect the disposition of other drugs causing an indirect drug interaction
that leads to toxicity as well. Because safety is a priority, it is important that the preclinical
models used accurately reflect human physiology and allometric scaling techniques use
the most appropriate model. By better understanding, the toxicities present with NPs more
informed decisions can be made when designing first in human studies.

5.1. Alteration of Pharmacodynamic Toxicity in Nanoparticles

In addition to altering the pharmacokinetics of small molecule drugs, NPs were devel-
oped to improve the safety profile of these cytotoxic agents. A major problem in cancer
treatment is the inability of patients to tolerate their chemotherapy regimens, resulting in
worsening outcomes due to lack of therapy and drug exposure. NPs are in theory more
specific in nature and are designed to deliver the payload directly to the site of the tu-
mor. The most studied example of clinically approved NPs being safer than SM agents
is with PLD and doxorubicin. A meta-analysis conducted by Rafiyath et al. examined
the differences in safety and toxicity between liposomal doxorubicin and conventional
anthracyclines [131]. This group examined 2220 patients (1112 liposomal and 1108 con-
ventional) and saw statistically significant decreases in the incidence of congestive heart
failure, alopecia, neutropenia, and thrombocytopenia [131]. By using an encapsulation
carrier to assist toxic drugs in reaching their site of action, systemic side effects are limited,
and patients will be able to continue taking their drugs for a longer period of time.
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5.2. Payload Release versus Nanoparticle Delivery to Target Organs

The strength of NPs and the reason they have the potential to be very effective in
treating solid tumor cancers is that the carrier is able to specifically release its payload into
the tumor. As stated throughout this chapter, this form of delivery is variable, and the pay-
load does not always reach its intended target. Occasionally, there is a rapid release of
drugs from the NP into the blood. This premature release will not be able to affect the tumor
and will result in numerous side effects for the patient. When this phenomenon occurs,
patients usually experience common chemotherapy side effects such as nausea, peripheral
neuropathy, weakness and fatigue [132]. If NPs consistently release their payload early,
patients will experience more toxicity (in line with systemic toxicities of the SM payload)
than beneficial treatment.

In a study by Lai et al., self-assembling micelle formulations of dextran-doxorubicin
(Dex-DOX) were measured in B16F10 melanoma–bearing Balb/c mice [133,134]. Samples
with high molecular weight dextran (500 kDa) had higher release rates of de-conjugation,
resulting in reduced doxorubicin drug levels reaching the tumor site when compared to
lower molecular weight dextran (40 kDa) [134]. Due to the risk of a rapid release of drug
from NPs into the blood, it is imperative that the analytical methods for measuring drug
are specific. It is important to measure both the encapsulated/conjugated and released
fractions for any NP agent to determine payload release kinetics. If the released fraction
of the drug is not being measured in the tumor, but in other areas such as the liver or
spleen, then it can be inferred that either a) the release is happening too soon or b) the NP is
being cleared due to MPS-related clearance mechanisms—ultimately resulting in the active
component of the drug carrier to be unable to reach its desired destination.

While it is imperative that the cytotoxic payload of a NP not release too early from
its carrier, it is also crucial that the drug still releases at some point after being injected
into the body. NPs that use encapsulation or conjugation to transport the payload to
the active site must release the drug if there is to be any kind of effect. If there is no
release of cytotoxic drugs at the active site, it would be as if there was no treatment was
administered, even if significant NP accumulation occurs within the target tumor. One
example of inefficient drug release is with SPI-077, a liposomal cisplatin formulation that
had demonstrated promising results during preclinical studies conducted in murine lung
cancer models [135]. In the preclinical studies, the total (encapsulated + released) tumor
exposure for SPI-077 was significantly increased compared to small molecule cisplatin [135].
However, when SPI-077 was translated into the clinic, efficacy was low; ultimately resulting
in the trial to be discontinued early [136–138]. Additional PK analysis showed a lack of
platinum in the plasma and tumor extracellular fluid, and low platinum-DNA adducts
within the tumor [139,140]. These results showed that the active cisplatin was not releasing
from its liposomal carrier, limiting its anti-cancer effects. This study serves as the primary
example to stress the importance of optimizing the release kinetics and making sure that
both the encapsulated and released forms of NPs are properly measured.

5.3. Drug-Drug Interactions

Although NPs have a unique mechanism of action and mainly interacting within
the tumor microenvironment, drug-drug interactions (DDIs) are still present and still need
to be considered. Direct, classic DDIs are rare with NPs because the drug is protected by its
carrier. It is not until the drug is released that the drug may interact with another substance.
NPs are mostly affected by the tumor microenvironment, but indirect DDIs have been
observed in the NP class. However, these indirect interactions are being used to improve
NP efficacy, such as by increasing tumor delivery or improving the release of drug from
the carrier.

One way to increase the NP penetration into tumors is to pretreat the tumor of
interest [141–143]. In a study by Jain et al., the group examined how the presence of
collagenase affected the penetration of antibodies and viral NPs [141–143]. The results
showed a 2- to 3-fold increase in tumor penetration in collagenase pretreated tumors than
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tumors that had not received pre-treatment [141–143]. Similarly, tumors pre-treated with
relaxin also have a 2- to 3-fold increase in tumor penetration due to its effect of degrading
and structurally changing collagen [141–143]. Additionally, reduction of stromal collagen
and hyaluronan from the use of losartan lead to increased vascular perfusion and thus a 74%
increase of 5-FU tumor AUC compared to 5-FU use alone [144]. Another potential method
to increase tumor delivery was to prime tumors with a low dose IV traditional cytotoxic
agent (such as paclitaxel) and then administer the liposomal formulation. This method led
to a two-fold increase in the delivery of the agent, but this delivery stems from the toxicity
of the traditional agents which may also disrupt the MPS effect increase tumor delivery due
to decreased systemic clearance and lack of optimized delivery. Conventional radiation has
also been used with NPs, but the increase in drug delivery was small at 0.2- to 3-fold [145].
Hyperthermia is also a strategy that has led to an increase in intravascular drug release
due to the use of thermally sensitive liposomes [146,147]. This process, however, can
only be used in locations that can effectively conduct this therapy, limiting its use [146,
147]. The administration of concomitant therapies all leads to increased risk for toxicities
and with an increase in only moderate, better methods are needed to increase delivery.

On the other hand, studies have also looked at administering the NP first, then adding
a NP modifying agent to improve drug delivery, instead of pretreating tumor using SM
therapy before a NP is administered. One such example examined how adding Pluronic
P85 could improve the delivery of PLD through blocking copolymers once the liposomal
drug has accumulated in the tumor [148]. Pluronic P85 was injected at 1, 48, and 96 h after
PLD administration in A2780 ovarian xenografts [148]. The release of doxorubicin from
its carrier as well as delivery to in vitro tumor cells were both significantly increased [148].
This example shows that there is a potential to improve NP release with the additional
administration of specific small molecule polymers. This could be an interesting strategy
to better control and understand the PK of NPs.

5.4. Preclinical Model Selection: Variability in Patients & Animals

Selecting the correct preclinical model is imperative to obtaining accurate results that
can be translated to the treatment of humans. The physiology of the preclinical animals
that are used in research may not exactly emulate humans, so it is important to understand
these differences in order to select the best model for testing.

The tumor microenvironment is one important factor that needs to be taken into con-
sideration when determining which preclinical model most accurately emulates the human
condition. Due to the numerous cell line models available for purchase and methods of
implanting tumors (i.e., subcutaneous versus orthotopic implantation), it is reasonable to as-
sume that variations in methodology could impact the tumor microenvironment. In a study
by Lucas et al., the tumor microenvironments (specifically, macrophage presence) of several
commonly used tumor models of melanoma, ovarian, endometrial, and breast cancers
were evaluated [123]. Overall, significant differences existed in the macrophage presence
within each tumor model, even between models of the same type of cancer. In addition,
macrophage presence is different between subcutaneous versus orthotopic implantation of
the same model. Due to the physiology of the tumor placement, orthotopic tumor models
may be a better choice when trying to simulate a real patient, and the differences in tumor
location could influence the microenvironment of the tumor causing a change in NP PK.
Due to the known importance of the MPS in affecting NP disposition [25,124,149,150], these
data suggest the importance of orthotopic implantation when possible and that preclinical
models need to be chosen based on microenvironments that are similar to humans.

Another difference between the tumor microenvironment between humans and animal
models is due to full or partial presence of the immune system. Many times, immune-
deficient mice are used in pre-clinical studies to assess the drug’s direct effect on tumors
and to aid in the growth of xenografts. With the lack of T or B cells in these mice, we cannot
examine inhibitory or stimulatory relationships between NPs and immune system function,
including combinations of nanotherapy with novel immunotherapies. For example, novel
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interleukin-12 (IL-12)-based nanotherapy is being researched because of its stimulatory
effects of both NK cells and cytotoxic T lymphocytes [151]. By looking at the effects of NPs
on the immune function in the tumor microenvironment, we can begin to understand how
these therapies will behave in humans.

In a review article by La-Beck et al., the group discussed interactions between the im-
mune system and the tumor microenvironment [149]. The tumor microenvironment
is normally filled with cells that suppress antitumor responses (including T cells, TAMs,
and MDSC) [150,152]. Certain TAMs (“M1-like”; pro-inflammatory) are crucial in the signal-
ing that results in activating the immune system to fight against the tumors; whereas “M2-
like” (anti-inflammatory) TAMs aid in tumor growth and metastasis [150,152]. In an im-
munocompetent TC-1 tumor model in vivo study, treatment with alendronate-loaded
liposomes led to an increase in TAMs with an M2 phenotype [153]. This was compared
with mice treated with vehicle drugs which exhibited an accumulation of M1-related TAMs
in the tumor microenvironment [153]. Adding to this evidence, TGF-beta, associated with
the cytokine profile of M2 TAMs, was increased when cultured macrophages phagocytosed
liposomes [154,155]. These studies together show that an immune response induced by
NPs may be contributing to the lack of improvement in efficacy, one that outweighs the cy-
totoxic payload they carry. Additionally, it is important that the animal models we use
accurately reflect the human tumor microenvironment as much as possible. Ideally, we
want the models used to represent the full human disease. If there are interactions with
the immune system, these need to be noted and researched to better understand the effects
induced by the administration of NPs.

Another way to understand the PK and PD of NP drugs is to understand how their
safety compares to SM drugs. The safety and distribution of SM drugs are better known
and are relatively easier to predict than NP agents. In a study by Lucas et al., a unique ex
vivo profiling platform of the MPS was used to compare the pharmacokinetic differences
between multiple NP formulations of anthracyclines, including: PEGylated liposomes (i.e.,
Doxil), non-PEGylated liposomes (i.e., DaunoXome), micellar doxorubicin (i.e., SP1049C)
and traditional small molecule doxorubicin (i.e., Adriamycin). These agents were then
screened within common nonclinical models, such as SCID mice, Sprague-Dawley rats,
and beagle dogs [156]. This MPS screening measured the function of MPS cells (via
the amount of phagocytosis that was seen) for each given formulation [156]. MPS screen-
ing for mouse and rat blood emulated human MPS behaviors, demonstrating a trend in
the reduction of phagocytosis of SM-doxorubicin > SP1049C > DaunoXome > Doxil [156].
This trend was most likely due to cytotoxic effects on monocytes and dendritic cells from
the SM formulations and increasing protective properties of the various formulations from
traditional systemic clearance mechanisms and recognition by the MPS [156]. Understand-
ing this phagocytic activity can be crucial in developing new model species to predict the PK
of NP agents. This is supported as baseline MPS activity (such as phagocytosis and ROS
production) were previously associated with inter-species differences in the clearance of
PLD and other liposomal NPs (Figure 3) [157]. If we are able to understand how much
NP formulations are cleared by MPS cells, we can better predict how this will translate to
humans. Additionally, only MPS profiling in rats could statistically differentiate between
colloid forming drugs, which display aspects of nano-like disposition [156]. However,
this information could still be useful as a potential method to screen for characteristics of
colloid-forming drugs, so that we would be able to predict in vivo PK parameters.

Due to the MPS being an important factor in the clearance of the NPs, any decrease
in its function could lead to safety concerns. This causes a significant risk for older
patients who have immune systems do not function as well as compared to younger
patients. In adults that are over the age of 80, there can be a loss of MPS function which
would put them at risk for NP related toxicities [15]. This effect was examined in a Phase
II trial with 60 elderly subjects who were treated with PLD (Doxil) for metastatic breast
cancer [158,159]. The results of this study showed that as subjects got older, the PLD plasma
half-life was extended (due to reduced clearance of liposomes by the MPS), which led to
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a higher incidence of Doxil’s most common side effect: palmar-plantar erythrodysesthesia
(PPE) [158,159]. This relationship was especially true for subjects over the age of 80 years
old [158,159]. Based on these results, older patients could be at risk of toxicity due to
the impaired function of their monocytes. Without a functional MPS, the NP clearance
is decreased and drug exposers for elderly patients would put them at a higher risk
for toxicity.
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Figure 3. Activity of the MPS (phagocytosis and production of reactive oxygen species [ROS]) in
monocytes from blood compared to the clearance of PEGylated liposomal nanocarriers in mice,
rats, dogs, and patients. The ability to more accurately convert preclinical data into human patients
may best be performed by measuring the factors responsible for NP uptake and clearance, such as
the cellular function of the MPS. The mean values for three species are represented by individual
symbols, with ♦ as PLD, � as S-CKD602, and X as SPI-077. The exponential line of best fit for each
group is represented by the lines. Overall, a positive association can be seen between cellular function
and clearance of PEGylated liposomal nanocarrier agents. Reproduced with permission from Caron et al.
J Pharmacol Exp Ther. 2013, 347, 599–606.

MPS-related toxicity has also been seen with the use of gadolinium-based contrast
agents. These agents are mainly used for magnetic resonance imaging (MRI) and come with
very serious side effects of nephrogenic systemic fibrosis (NSF) [160]. NSF is characterized
by thickening and darkening of large areas on the skin. Once contrast agents have been
administered, gadolinium is engulfed by MPS cell mediators and transported to the three
most common sites of MPS cell accumulation: the liver, spleen, and bone [161]. This could
lead to toxicity, and an increased chance of patients developing NSF. Additionally, gadolin-
ium stimulates macrophages to undergo iron recycling, which is likely the reason why iron
accumulation in tissues is common in NSF patients [162,163]. Based on these two factors,
there seems to be a trend that the MPS can be attributed to the mechanism of toxicity for
gadolinium. Because of the way the MPS system can sequester foreign material, certain
patients may be at more of a risk of toxicity, based on inter-patient differences in MPS
function.

Understanding the effects of chemokines and other mediators in animal models is
important to the disposition of NPs—but the end goal of human treatment is still something
to be kept in mind. Chemokine effects should be taken into consideration when developing
animal models, but direct comparisons to humans should be cautioned. For example,
CCL5 is a more prominent chemokine in humans than CCL2, which is the reverse of many
murine models.

The prominence of CCL2 in mice was shown in a study by Song et al., in which knock-
out (KO) mice were used to isolate the effects of CCL2 and CCL5 on the PK of PLD [164].
This approach was used to see which cytokine had more of an effect on the PK of PLD.
Compared to wild type mice, CCL5 KO mice that received PLD had higher encapsulated
plasma AUC values (p = 0.05). CCL2 KO mice did not achieve a significant increase in
encapsulated AUC, but there was a positive trend [164]. However, CCL2 KO mice did have
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a significant decrease of PLD accumulation in the liver and spleen (p = 0.038 and 0.014,
respectively) compared to both CCL5 KO and wild type mice [164]. The results of this study
suggest that CCL2 plays a more significant role in activating macrophages to and indirectly
affecting PLD uptake and accumulation of PLD in MPS-related organs. Focusing on animal
models that do not accurately represent the physiological state of humans may cause errors
in targeting and evaluating disease states. It is important to have a great understanding
of PK mechanisms for drug disposition before new therapies are tried in humans. When
possible, chemokine activity should be matched to humans to be able to more accurately
translate animal models.

5.5. Which Model is Most Appropriate for Allometric Scaling?

Almost all research is completed using animal models at some point in the develop-
ment of a new therapy with the understanding that preclinical results can be successfully
translated to humans. One way of doing this is to use allometric scaling, which involves
using preclinical animal data to predict human PK parameters to determine a clinically
relevant starting dose to use in drug development. While rats and dogs are two of the most
commonly used animals in toxicokinetic studies of NPs based on their cost, their anatomy,
physiology, and biochemistry are similar to humans—thus, size is the key difference
between each species [165–167]. PK processes and body weight among mammals are com-
pared using a power-log relationship to translate parameters like clearance from animal to
human [168–170].

Allometric scaling techniques have not led to many benefits in translating the distri-
bution of NPs from animal models to humans. For this reason, it is not heavily studied
and there is a lack of literature in this area. In a study seeking to evaluate allometric
scaling of PEGylated liposomal agents, the three most common models (mice, rats, dogs)
were used to determine if non-standard physiologic variables provide more efficient PK
parameter estimation in human [168]. While bodyweight is traditionally used in allometric
scaling equations, Caron et al. demonstrated that MPS-associated variables (e.g., liver or
spleen weight, liver or spleen blood flow, and monocyte count) also provide similar or
improved linear associations [168]. The highest linear association to NP clearance was seen
with Doxil, S-CKD602, and SPI-077 using total monocyte count (R2 values of 0.954, 0.989,
and 0.933, respectively) [168]. Bodyweight also correlated well to clearance (R2 = 0.974,
0.977, 0.892) [168]. These results show the difficulty of using allometric scaling to determine
dosing for humans and how a combination of physiologic factors (as compared to a single
variable) may be necessary to improve the predictive quality of this technique. Having
a good model is important to translational work because accurately predicting which
components have the greatest effect on PK parameters can make scaling up to humans
more of a realistic feat.

This stated variability and lack of effectively applying appropriate allometric scaling is
compounded and has drastic effects when determining the starting dose of a first-in-human
phase I clinical trial. Much of this difficulty comes from trying to explain the inter-patient
PK variability between NP agents. In a meta-analysis by Schnell et al., the inter-patient
variability of 9 liposomal and their matched non-liposomal (i.e., small molecule) agents
were evaluated [171]. The coefficient of variance (CV%) of AUC as well as fold difference
between AUCmax and AUCmin (i.e., AUC range) were used to assess PK variability within
each trial [171]. Results of this meta-analysis showed that liposomal agents have much
more variability between patients than SM drugs, with the CV% of AUC had a 2.7-fold (p <
0.001) difference for liposomal drugs compared to the SM formulations [171]. The trend
remained similar for AUC ranges (16.7-fold differences, p = 0.13); however, results were
not significant for this comparison [171]. This variability adds a significant cost to the de-
velopment of NP agents as the PK variability results will lead to more time and resources
needed in an individual study. For example, many more dose escalations were needed for
NPs compared to SM drugs. This trend was highlighted in a meta-analysis by Caron et al.,
in which the group gathered information about the number of dose escalations and pa-
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tients enrolled in phase I NP and SM trials [169]. The studies involving NP agents had
a significantly greater number of dose levels than studies involving SM agents (7.3 vs
4.1, respectively; p = 0.008) [169]. With more dose levels, more resources are needed to
account for an increased need for patients. At an average cost of ~$100–150,000 per patient
in a phase I trial, the increased number of patients means a significantly higher cost to
run these trials. The findings of this meta-analysis highlight the compounded effect of
inefficient or non-translatable preclinical model selection and commonly applied allometric
scaling techniques that can affect the overall cost and outcomes of NP studies compared to
their SM counterparts.

5.6. Pharmacokinetic Parameters used to Describe Nanoparticle Tumor Disposition

Normally, PK parameters such as clearance and volume of distribution were used to
describe the disposition of drugs, regardless of being a small molecule drug or a complex
NP. These standard PK parameters work well for characterizing small molecule drugs,
but there are concerns that traditional mathematical analyses may not provide enough
information about tumor delivery due to the prolonged circulation affecting PK parameters,
thus affecting the accuracy to describe NPs [170]. To combat this problem, Madden
at el. retrospectively evaluated a novel metric utilizing the PK properties of both NPs
and matching small molecule payloads in xenograft-bearing mice and syngenetic tumors:
the relative distribution over time (RDI-OT) [25,170]. This metric is calculated by taking
the tumor drug concentration and dividing by the plasma drug concentration at each
time point of note (Figure 4) [25,170]. Prior methods traditionally focused on measuring
and equating a ratio of the AUC of overall tissue and plasma exposures, but there had been
no effort to try and combine the two measures at individual longitudinal time points to
provide analysis of tumor delivery over time as a PK analysis. The AUC of the RDI-OT
parameter was a key parameter that was used to determine the efficiency of delivery for
the NP being studied [25]. Using standard AUC values for all tissues and plasma was higher
for the NPs when compared to the SM drugs (387-fold greater in plasma and 25-fold greater
in the tumor) [25]. When evaluating the novel RDI-OT AUC0-last for tumor concentrations
against these ‘traditional’ evaluations, 8 out of the 17 (48%) small molecule drugs had
higher RDI-OT AUCs compared to their NP formulations [25]. This trend was similar when
comparing the tumor RDI-OT AUC0–6h, as all small molecule drugs had higher AUCs than
the comparator NPs [25,170]. These results show that about half of the small molecule drugs
are able to be delivered into the tumor more efficiently over the course of the treatment
period in mice bearing flank tumor xenografts. The fact that all the small molecule drugs
had higher values than the NPs at the RDI-OT AUC0–6h value also shows that directly
after administration, all small molecule drugs are being delivered more efficiently in mice
bearing flank tumor xenografts. While these results seem contradictory to the theories
surrounding selective NP delivery within tumors, it demonstrates that NPs may actually
not accumulate within tumors, but rather provide a slow release of their small-molecule
payload in circulation which can readily distribute into tumor [25]. If this mechanism is
correct, RDI-OT values would be lower for NPs not due to a lack of delivery efficiency, but
rather a previously unknown NP release mechanism primarily reliant on release kinetics
in circulation, not within the tumor. While this mechanism is novel, it also highlights
the need to improve on current analytical techniques to separate individual NP states (i.e.,
encapsulated/conjugated, released) within blood, tumor, and tissues to accurately define
NP disposition. While these analyses have yet to be utilized in a traditional toxicokinetic or
safety evaluation within human subjects, the potential for providing additional information,
insight into the incidence, and screening of severe toxicities would provide a much-needed
new tool for clinical pharmacologists.
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Figure 4. Calculating nanoparticle delivery efficiency using standard percent injected dose (%ID)
calculation versus relative distribution index-over time (RDI-OT). The conventional calculation of
tissue %ID represents the amount of drug in the target tissue at a single time point in time. However,
RDI-OT is calculated for each time point within the profile, providing a new profile of the delivery
efficiency of the nanoparticle over time compared to a single point in time.

The efficiency of NP drug delivery to solid tumors has been questioned in multiple re-
cent publications. In addition, some of this criticism is based on the use of non-standard PK
metrics [172]. To better understand the efficiency and magnitude of tumor delivery by NPs,
Price et al. compiled and reanalyzed published murine NP tumor PK data that was used
as the source data in the often-cited NP tumor delivery study of Wilhelm et al. [170,172].
Studies included in the Wilhelm et al. analysis that reported matched tumor and blood
concentration vs time data (n = 136 of the original 232 datasets) were evaluated using
classical PK endpoints, as was the correlation between these traditional PK parameters
and the unestablished % injected dose (%ID) in Tumor metric used in the Wilhelm et al.
study. The previously utilized % ID in Tumor metric, which attempts to relate tumor
exposure to injected dose rather than the relevant systemic exposure, was found to be
poorly correlated with standard PK metrics used to describe NP tumor delivery extent
(AUCtumor/AUCblood ratio), and only moderately associated with maximal tumor concen-
tration (tumor Cmax) (Figure 5). The relative tumor delivery of NPs was determined to be
approximately 100-fold greater as assessed by standard AUCtumor/AUCblood ratio [median
(interquartile range): 76.12% (48.79–158.81)], than by %ID in Tumor [0.67 %ID (0.36–1.19)].
These results strongly suggest that PK metrics and calculations can significantly influence
the interpretation of NP tumor delivery and stress the need to first properly support novel
PK metrics using traditional approaches.
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6. Conclusions

Over the past 50 years, drug delivery with NPs has become more advanced and more
complex. The solubility and structures of NP are what make them unique and favorable
when designing the drug molecule. Due to their uniqueness of each NP, it is difficult to
predict the ADME of NP drugs. Preclinical studies don’t directly translate to the human
trials, and the disposition, safety and efficacy profiles may be unpredictable due to possible
MPS and non-MPS related differences. In addition, this could be due to inappropriate
experimental design (such as not including a comparative treatment arm using matched
SM agent to the NP for active comparison in safety profiles or not evaluating all PK forms
of the NP agent) to allow for appropriate translation into patients.

Although the pharmacology of NPs can be quite unpredictable and complicated,
they provide potential advances in the selectivity and specificity in drug delivery. Due to
the selectivity and specificity, NPs are continuously being developed and studied in many
diseases, such as cancer, infection disease and immune disorders. However, the complex
aspects of NPs can only be addressed by both focusing on the design of the formulation
and the pharmacology of the NPs. With increased attention being given to actively target
NPs to tumors to increase efficacy while minimizing toxicity, the development of both
personalized (proving NP based on target moiety) and theragnostic (co-development of
a diagnostic NP to predict response/toxicity to the active agent) approaches may provide
an objective measure to improving NP delivery, efficacy, and safety [28].
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