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Introduction

Encapsulation of therapeutic molecules (e.g., small 
molecule inhibitors, mRNA, siRNA, aptamers, etc.) into 
nanomaterials can improve the solubility and blood 
circulation of the drugs, alter their biodistribution, 
decrease their toxicities, overcome drug resistance, and 
facilitate their entry into target cells [1]. The development 
of anti-cancer nanodrugs has been the focus of intense 
study for decades. Several anti-cancer nanodrugs have 
been approved for clinical use all over the world [2].  These 
have contributed greatly to a lower death rate from some 
cancers, and thus are widely used.  However, an extensive 
analysis of anti-cancer nanodrugs found an extremely 
low efficiency of delivery to the tumor, i.e., less than 1% 
[2].  This is obviously very wasteful and contributes 
greatly to the increasing cost of health care [1]. To date, 
most nanodrugs have been focused on cancer research, 
but the techniques have been translated for many other 
applications, e.g., vaccines, cardiovascular disease, and 
neuropathy disease [3-6].

In this review, we discuss the current challenges and 
possible progress for anti-cancer nanodrug delivery in 
the following three aspects: reticuloendothelial system 

(RES) clearance and toxicity; enhanced permeability and 
retention (EPR) effect; and immunotherapy. We show in 
each case how the use of Intralipid can improve anticancer 
activity.

The RES clears much of the injected nanodrugs, especially 
to the liver and spleen, resulting in organ toxicity.  Lowering 
the clearance rate could decrease toxicity.

Our understanding of the accumulation of nanodrugs in 
solid tumors has generally been based on the EPR effect. 
Tumor blood flow is key to nanodrug delivery via the EPR 
effect [7,8]. Obstructed tumor blood flow as observed in 
advanced cancers is a major barrier to the therapeutic 
efficacy of anticancer nanodrugs.

The tumor immune micro-environment plays a critical 
role in the development, progression, and metastasis of 
several types of cancers [9]. Macrophages are important 
members of the tumor micro-environment [10]. In most 
cases, M1-like macrophages play a role in anti-tumor 
immunity, while M2-like macrophages play a role in 
immunosuppression and tumor immune escape. Thus, 
increasing the ratio of M1-like macrophages should 
improve anti-tumor immunity.

Intralipid is the brand name of the first safe fat 
emulsion for human use, approved in 1972. Intralipid 
20.0% is composed of 20% soybean oil, 1.2% egg-yolk 
phospholipids, and 2.25% glycerol, and is manufactured 
by Fresenius Kabi (Uppsala, Sweden). The major fatty 
acid constituents are linoleic acid (44-62%), oleic acid 
(19-30%), palmitic acid (7-14%), linolenic acid (4-11%), 
and stearic acid (1.4-5.5%). 
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Intralipid Reduces the Off-Target 
Accumulation of Nanodrugs in the RES 
and Reduces Toxicities

The low tumor delivery efficiency (less than 1%) [11], 
has led to extensive discussion regarding the delivery 
effectiveness of anti-cancer nanodrugs. A major 
proportion of nanodrugs is taken by the mononuclear 
phagocytic system (MPS) or RES, especially by the liver 
and spleen, resulting in organ toxicity. In order to reduce 
the RES clearance, stealth and decoy strategies have been 
developed.

The first “stealth” nanoparticle can be dated back to 
1977 [12]. “Stealth” coating of nanodrugs is one major 
achievement in the field of drug delivery. Nanoparticles 
may “escape” the RES when the particle’s surface is 
coated with hydrophilic polymers/surfactants, and/or 
the particle is formulated with biodegradable copolymers 
with hydrophilic segments [13,14]. Polyethylene glycol 
(PEG) is the most commonly used non-ionic hydrophilic 
polymer to make “stealth” nanoparticles in order to reduce 
the RES uptake and increase the blood circulation of the 
nanoparticles. The first approved PEGylated product, 
Doxil (doxorubicin HCl liposome injection), has already 
been in the clinic for ~25 years [15,16]. Recently approved 
Onivyde (irinotecan liposome injection) is also a PEGylated 
liposome [17]. Other modifications of the nanoparticle 
characteristics and surface properties, such as size, shape, 
charge, composition, and tumor targeting moiety might 
also decrease RES uptake and increase tumor delivery. 
However, with all the above efforts, the current status of 
using anti-cancer nanodrugs is that a very small fraction 
(0.7%, median) of the injected nanodrugs is delivered to 
solid tumors [11].

Lanza and Wickline in 2005 [18] tested decoy systems 
to decrease the RES uptake and increase the targeting. 
Their method comprises administering simultaneously 
a targeted nanoparticle (i.e., therapeutic agent) and an 
excess of untargeted carrier or decoy. This simultaneous 
administration enhances the delivery of the targeted 
nanoparticle to the desired location in a subject. The decoy 
must mimic the behavior of the targeted nanoparticle. 
The inactive carrier (decoy) and the biocompatible 
nanoparticle need to share a similar “non-active” part 
of the active nanoparticle or the compound of interest. 
According to this decoy strategy, each active nanoparticle 
has its own empty nanoparticle as the decoy. This system 
needs additional FDA approval for clinical use.

The major obstacle to long-term circulation and delivery 
of nanodrugs is clearance by the Kupffer cells.  Clodronate 
liposome depletion of Kupffer cells has been carried out to 
investigate the effect of Kupffer cell depletion on nanodrug 

delivery [19,20].  Tumor delivery of the nanodrugs 
increased up to 150 times with clodronate liposomes to 
deplete the Kupffer cells. However, the maximum delivery 
efficiency was only 2%! Depletion of Kupffer cells can 
achieve long-term circulation of the nanodrugs, but 98% 
do not accumulate in the tumor [19]. This is an effective 
method to deplete Kupffer cells and to address their 
functions in nanodrug delivery, but we have concerns that 
clodronate liposomes will deplete all types of monocytes/
macrophages in the body, including the tumor-associated 
macrophages, which might affect some properties of the 
tumor. It is important to note that clodronate liposomes 
are not an FDA-approved agent. Later, it was shown that 
the removal of Kupffer cells increased fecal elimination of 
nanodrugs by >10 times [20].

We have developed a strategy to temporarily blunt the RES 
uptake of nanoparticles, instead of chemically depleting 
Kupffer cells, by using an FDA-approved lipid emulsion, 
Intralipid.  We have tested our strategy by using nano- and 
micron-sized MR imaging agents [21], an in-development 
experimental dichloro (1, 2-diaminocyclohexane) platinum 
(II)-loaded and hyaluronic acid polymer-coated nanodrug 
(DACHPt/HANP) [22,23], and FDA approved anti-cancer 
nanodrugs, e.g., Abraxane, Marqibo, and Onivyde [24], as 
shown in Figure 1. The animals (rats) were treated with 
Intralipid (2 g/kg, clinical dosage) intravenously (clinical 
route) 1-hr prior to and 24-hr post the injection of the 
nanodrugs. We have found that this method can be very 
useful for decreasing the RES uptake of the nanoparticles 
and increasing their bioavailability [21,22].  For example, 
Intralipid can reduce platinum accumulation in the liver, 
spleen, and, interestingly, kidney by 20.4%, 42.5%, and 
31.2% at 24-hr post DACHPt/HANP administration, 
respectively. The bioavailability of DACHPt/HANP 
increases by 18.7% and 9.4% during the first 5 and 24 hr, 
respectively. We have also found that DACHPt/HANP, 
Abraxane, Marqibo, and Onivyde exhibit different toxicity 
profiles. Intralipid can reduce these drugs’ toxic side 
effects in the RES and kidney to different levels [22,24,25]. 
Recently, we have also found that Intralipid protects the 
viability of human monocytic cells, but not breast, lung, or 
pancreatic cancer cells in the presence of paclitaxel [26].

Using a xenograft breast cancer mouse model, we have 
found that Intralipid pre-treatment significantly increases 
the amount of paclitaxel reaching the tumor and promotes 
tumor apoptosis [26]. The combination of Intralipid with 
half the standard clinical dose of Abraxane reduces the 
tumor growth rate as effectively as the standard clinical 
dose alone. A recent study from Maeda and colleagues 
showed that Intralipid 24-hr pre-treatment induced a 40% 
reduction in liver uptake of a polymeric nanoprobe used in 
photodynamic therapy [27]. As a consequence, there was 
a 1.5-fold-increased nanoparticle accumulation in tumors 
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using a murine sarcoma S180 model. This increased 
accumulation led to significantly better therapeutic effects, 
as validated by using Doxil.  Thus, Intralipid methodology 
could be a valuable complement to the above-mentioned 
“stealth” strategies, i.e., reducing the RES uptake of anti-
cancer nanodrugs and increasing the delivery to the tumor.

Intralipid Improves Tumor Blood Flow 
Thus Enhancing EPR Effect-Based 
Nanodrug Delivery

Our understanding of the accumulation of nanodrugs in 
solid tumors has generally been based on the EPR effect. 
This concept, however, has received increasing concern 
in recent years. The heterogeneity of the EPR effect has 
provoked a debate about the real value of this effect, 
which varies depending on a patient’s pathological and 
physiological characteristics and clinical condition. The 
EPR effect becomes more pronounced when the systolic 
blood pressure is elevated (e.g., to 110-160 mmHg) via 
intravenous infusion of hypertensive agents, such as 
angiotensin II. When a patient’s systolic blood pressure is 
on the low side of about 90 mm Hg instead of 120–130 

mm Hg, the hydrodynamic force pushing blood from the 
luminal side of a vessel into the tumor tissue becomes 
significantly low, which results in a low EPR [28]. Studies 
have confirmed that tumor EPR is high in both mouse 
xenograft tumors and human cancers, when tumors 
are compared with normal tissues. In human studies, 
nanodrugs’ tumor accumulation was significantly higher 
compared to the other low background areas of the body 
[7,29-31].

Imaging-guided personalized precision medicine can be 
very helpful for cancer treatment. To address EPR effect 
heterogeneity and to predict nano therapy outcomes, several 
studies have established companion nanodiagnostics 
and nanotheranostics [32,33]. Ferumoxytol is an FDA-
approved 30-nm iron-oxide nanoparticle used to treat 
iron deficiency anemia. Ferumoxytol can be used off-label 
to characterize EPR heterogeneity via magnetic resonance 
imaging (MRI) [34]. Ferumoxytol-enhanced MRI 
correlated with therapeutic nanoparticle uptake in tumor-
associated macrophages (TAM) and enabled prediction 
of tumor accumulation and anti-tumor efficacy [34]. In 
the clinic, ferumoxytol-enhanced MRI demonstrated that 

 
 Figure 1: Intralipid reduces the toxicity and improves the bioavailability and biodistribution of an experimental anti-cancer 

nanodrug, DACHPt/HANP.  Intralipid also reduced the toxic side effects of FDA approved anti-cancer nanodrugs, e.g., Abraxane, 
Marqibo, and Onivyde. Modified from Figures 1 and 7 of Liu et al. [22] and Table 1, Figures 3, 4, and 5 of Liu et al. [24].
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higher ferumoxytol accumulation levels in the tumors 
correlated with greater lesion-size reductions following 
treatment with Onivyde [35].

Tumor blood flow is key to nanodrug delivery via the 
EPR effect [7,8]. Obstructed tumor blood flow as observed 
in advanced cancers is a major barrier to the therapeutic 
efficacy of anticancer nanodrugs. Islam et al. [27] showed 
that Intralipid could improve tumor blood flow and lower 
blood viscosity. The therapeutic benefit of Intralipid pre-
treatment was shown by the use of Doxil in two different 
solid tumor models: S180 sarcoma cancer and a C26 cancer 
cachexia model. For example, in the S180 tumor model, 
Doxil alone at 1.25 mg/kg did not suppress tumor growth, 
whereas when this dose was combined with the Intralipid 
treatment (1 g/kg, 24 h pre-treatment) a significant 
suppression of tumor growth was achieved. This result 
was almost the same as that with 2.5 mg/kg Doxil, which 
indicated about a 2-fold increased therapeutic benefit. 
This result is very similar to the use of Intralipid to deliver 
Abraxane in a breast cancer model [26]. This improved 
efficacy is shown not only because of the reduction of 
RES clearance of the nanodrugs, but also because of the 
increase of tumor blood flow.

As the proposed mechanism, it has been reported that 
Intralipid infusion significantly reduced blood viscosity 
in neonates and children [36]. Intralipid can interrupt 
the binding of fibrinogen and other larger proteins on the 
surface of the red blood cell (RBC), thereby increasing the 
negative charge on the RBC surface. The negative surface 
charge of the vascular endothelial luminal surface repelled 
contact with the RBC surface, thus, the formation was 
disrupted and blood flow improved. Fibrinogen-mediated 
clot formation is partly responsible for the blood vessel 
occlusion and for the reduced tumor blood flow, which are 
major barriers to the delivery of nanodrugs to tumors [7]. 
Upregulation of fibrinogen has been reported in cancer 
patients [37]. Indeed, beneficial effects of Intralipid on 
ischemic disease have been observed [38,39]. 

Intralipid Promotes the Polarization of 
Macrophages to the Anti-cancer M1-like 
Phenotype

Immunotherapy is revolutionizing the treatment of 
cancer. The tumor immune micro-environment plays 
a critical role in the development, progression, and 
metastasis of several types of cancers [9]. Macrophages 
are important members of the tumor micro-environments 
infiltrating immune cell population [10]. In most cases, M1-
like macrophages play a role in anti-tumor immunity, while 
M2-like macrophages play a role in immunosuppression 
and tumor immune escape. It has been known that lipid 
can affect the polarizations and functions of macrophages. 

Saturated fatty acids enhance an M1-like differentiation, 
whereas the M2 sub-type is induced by longer, more 
unsaturated fatty acids [40]. The oxidations or metabolites 
of fatty acids can promote macrophages differentiating 
into the M2 subtype [41], whereas circulating levels of free 
fatty acids elevate the populations of M1 subtypes [42]. 

Intralipid promotes the polarization of macrophages 
to the anti-cancer M1-like phenotype [26]. Chemically 
induced M0/M1/M2 macrophages were incubated 
with Intralipid for 72 hrs. In M1 macrophages, the 
expression levels of the M1 markers (CD80 and CD215) 
are maintained, and those of the M2 markers (CD206 
and CD163) are decreased. In M0 and M2 macrophages, 
the expression levels of M1 markers are elevated 1.5- to 
2-fold with statistical significance. In-vivo experiments 
have further confirmed the effect of Intralipid on immune 
modulation. Treating macrophages in vivo with Intralipid 
does not affect phagocytosis, but promotes polarization 
into the M1-like phenotype as shown by the expression 
levels of CXCL10 and iNOS in tumor sections.

Conclusions and Future Perspective

The delivery of anti-cancer nanodrugs to tumors is much 
more complicated than we originally thought, as indicated 
by the studies mentioned above. We need to understand 
how nanodrugs are eliminated from the body. We also need 
an in-depth knowledge of the heterogeneity of cancers and 
biological factors that influence the behavior of a nanodrug 
towards a tumor. In addition to the EPR effect, the tumor 
targeting ligands are also critical to increasing the delivery 
of nano-drugs. An appropriate animal model and testing 
protocol are highly desired.

The understanding of cancer and nanomaterial as 
well as the methods to deliver safer and more effective 
chemotherapeutics are facing many challenges. Intralipid 
has the potential to decrease RES clearance and the toxicities 
of nanodrugs, increase tumor blood flow and delivery, 
and modulate the tumor immune microenvironment. We 
hope that our intralipid nano-drug delivery methodology 
can give physicians more options to treat cancer patients 
with powerful nanodrugs. A critical limitation in the 
current delivery of the anti-cancer drugs to patients is the 
amount of these cytotoxic drugs that a patient can tolerate. 
Since Intralipid can reduce the off-target toxicities in 
multiple organs, a physician could increase the dosage of 
a nanodrug to kill more cancer cells. Or, if the Intralipid 
treatment can improve the bioavailability of the drug as 
shown in DACHPt/HANP, thus, improving the delivery of 
the nanodrug, a physician could reduce the dosage of the 
drug, which is very expensive, without affecting the efficacy 
of the drug. Thus, our findings for the use of Intralipid for 
nanodrug delivery can lead to improving the quality of life 
for patients who undergo the therapeutic treatments as 
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well as reducing the healthcare costs. This approach is a 
general one, i.e., applicable to any approved nanodrugs as 
well as those in-development, reducing RES clearance, and 
thus decreasing toxicity, improving tumor blood flow, and 
modulating the innate immune system, without additional 
modification of the nanoparticles and the drugs.
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