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Abstract

Anticancer nanomedicines are designed to improve anticancer efficacy by increasing drug 

accumulation in tumors through enhanced permeability retention (EPR) effect, and to reduce 

toxicity by decreasing drug accumulation in normal organs through long systemic circulation. 

However, the inconsistent efficacy/safety of nanomedicines in cancer patients versus preclinical 

cancer models have provoked debate for nanomedicine design criteria. In this study, we investigate 

nanomedicine design criteria in three types of preclinical cancer models using five clinically 

used nanomedicines, which identifies the factors for better clinical translations of their observed 

clinical efficacy/safety compared to free drug or clinical micelle formulation. When those 

nanomedicines were compared with drug solution or clinical micelle formulation in breast 

tumors, long and short-circulating nanomedicines did not enhance tumor accumulation by EPR 

effect in transgenic spontaneous breast cancer model regardless of their size or composition, 

although they improved tumor accumulations in subcutaneous and orthotopic breast cancer 

models. However, when tumors were compared to normal breast tissue, nanomedicines, drug 

solution and clinical micelle formulation showed enhanced tumor accumulation regardless of 
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the breast cancer models. In addition, long-circulating nanomedicines did not further increase 

tumor accumulation in transgenic mouse spontaneous breast cancer nor universally decrease drug 

accumulations in normal organs; they decreased or increased accumulation in different organs, 

potentially changing the clinical efficacy/safety. In contrast, short-circulating nanomedicines 

decreased blood concentration and altered drug distribution in normal organs, which are correlated 

with their clinical efficacy/safety. A reappraisal of current nanomedicine design criteria is needed 

to ensure consistent clinical translation for improvement of their clinical efficacy/safety in cancer 

patients.
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1. Introduction

Although different anticancer nanomedicines have been designed with various features, they 

intend to improve anticancer efficacy and reduce toxicity based on two basic design criteria 

[1]: (1) Nanomedicines improve anticancer efficacy by increasing drug accumulation in 

tumors through enhanced permeability retention (EPR) effect, which is due to the leaky 

vasculature and lack of lymphatic drainage [2–4], (2) Nanomedicines reduce toxicity by 

decreasing drug accumulation in normal organs through long systemic circulation, which is 

usually achieved by surface modification of nanoparticles to decrease clearance by reticulum 

endothelial system (RES) [5,6]. The long circulation nanomedicines achieve high plasma 

concentration, which in turn further enhance tumor accumulation through EPR effect to 

improve efficacy [5,6].

In the past few decades, hundreds of anticancer nanomedicines have been developed 

based on these design criteria [7–11]. However, the inconsistent efficacy/safety profiles 

of nanomedicines in preclinical cancer models compared to clinical cancer patients has 

provoked heated debate on nanomedicine design criteria based on the following clinical 

observations [4,12–17]: (1) Most (with few exceptions) of nanomedicines failed to improve 

anticancer efficacy in clinical trials compared with their drug solutions despite rigorous 

and reproducible evidence of enhanced efficacy in preclinical xenograft models [2,4,7,8,12–

14,16,18]. Additionally, most of the successful nanomedicines were approved for clinical 

use by comparing the nanomedicines in combination with standard care vs. standard care 

alone in human cancer patients, which lacks head-to-head comparison with free drugs. 

(2) The efficacy profiles of successful nanomedicines compared with drug solution or 

clinical micelle formulation in clinical cancer patients are inconsistent with these two 

nanomedicine design criteria. In eight Phase III clinical trials comparing nanomedicines 

with their respective drug solution (doxorubicin) or clinical micelle formulation (Taxol), 

only two trials showed that nanomedicines have superior efficacy in certain cancer types but 

not in other cancer types (Supplemental table 1). For instance, the long-circulating stable 

nanomedicine Doxil (PEGylated liposome, 83 nm) demonstrated superior clinical efficacy 

in AIDS-related Kaposi’s sarcoma compared with doxorubicin solution (Overall Response, 
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OR, 45.9% in Doxil group vs 24.8% in Doxorubicin + bleomycin + vincristine group, p 

< 0.001) [19,20], but showed similar efficacy in breast cancer (Overall Survival, OS, 21 

months in Doxil group vs 22 months in Doxorubicin group) [21,22], and did not have 

head-to-head comparison with doxorubicin solution in ovarian cancers or myeloma [23–26]. 

These clinical finding with Doxil compared to the doxorubicin solution is perplexing and 

counter to the pre-clinical data that led to these costly Phase 3 studies. In contrast, short-

circulating fast-release nanomedicine Abraxane (albumin nanoparticle of Paclitaxel, 138 

nm) showed superior efficacy in breast cancer compared to Taxol (Cremophor EL micelle of 

paclitaxel) (response rate was 21.5% with Abraxane vs 11.1% with Taxol, P = 0.003; median 

time to progression (TTP) was 23.0 weeks with Abraxane vs. 16.9 weeks with Taxol, p = 

0.006) [27–31]. Abraxane was also observed to have small but superior efficacy in non-small 

cell lung cancer (Objective Response Rate, ORR, 33% in Abraxane group vs 25% in Taxol 

group, p = 0.005) [30,32,33[96]]. However, Abraxane did not show superior efficacy in 

gastric cancer (Median overall survival, OS, 11.1 months in Abraxane group vs. 10.9 months 

in Taxol group) [34]. Abraxane is approved for treating pancreatic cancer [30,35–38], but 

no head-to-head comparison with Taxol has been performed in phase III trial since Taxol 

is not approved for use in the pancreatic cancer patients. In contrast, a short circulating 

Genexol-PM (PEG-PLA nanoparticle of paclitaxel) showed non-inferior efficacy vs. Taxol 

in breast cancer (objective response rate ORR, 39.1% in Genexol-PM group vs 24.3% in 

Taxol group, pnon-inferiority = 0.021; overall survival OS 28.8 months in Genexol-PM group 

vs. 23.8 months in Taxol group, p = 0.52; progression free survival PFS 8 months in 

Genexol-PM group vs. 6.7 months in Taxol group, p = 0.26) [39,40]. (3) Nanomedicines 

do not universally decrease toxicity in clinical cancer patients, but rather have unique 

toxicity profiles [7,9,21,22,30,31,39]. For instance, PEGylated Doxil reduced cardiotoxicity 

(Doxil 3.9% vs. doxorubicin 18.8%), but increased hand-foot-syndrome (Doxil 48% vs. 

doxorubicin 2%), increased rash (Doxil 10% vs doxorubicin 2%), increased abnormal 

pigmentation (Doxil 21% vs doxorubicin 6%), and increased Erythema (18% vs 3%) in 

comparison with doxorubicin. These differences are not explained by RES evasion because 

non-PEGylated liposome Myocet also reduced cardiotoxicity (Myocet 6% vs. Doxorubicin 

21%, p < 0.0002), slightly increased hand-foot syndrome (grade 2) that is significantly 

less than Doxil [22], While Abraxane decreased neutropenia (Abraxane 9% vs. Taxol 22%) 

[27,30,41,42], it increased neuropathy (Abraxane 10% vs. Taxol 2%) [43,44], increased 

gastrointestinal toxicity, such as nausea (Abraxane 30% vs Taxol 22%), vomiting (Abraxane 

18% vs Taxol 10%), diarrhea (Abraxane 27% vs Taxol 15%) in comparison with Taxol 

[27,31]. In contrast, Genexol-PM increased neutropenia in comparison with Taxol (Genexol-

PM 68.6% vs Taxol 40.2%, p < 0.01) [39].

The debate on the nanomedicine design criteria has been lasted for more than a decade 

and is largely focused EPR in tumors, which may have mixed two different questions with 

two distinct clinical implications as described below [7–11,45,47–49]. The debate is less 

focused on the long circulation of nanomedicine design, which seems to be accepted as a 

general requirement for anticancer nanomedicine to achieve high plasma concentration. The 

inconsistent efficacy/safety of anticancer nanomedicine in cancer patients compared with 

preclinical models demands clarification of the following questions to improve anticancer 

nanomedicine design: (1) Is the EPR effect present in both preclinical and human cancers? 
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(2) Does nanomedicine enhance drug accumulation in the tumor through EPR effect in 

comparison with free drugs, improving anticancer efficacy in both preclinical cancer models 

and human cancer patients? (3) Should long circulation nanomedicines be used as a 

general design criterion to improve anticancer efficacy by further enhancing EPR effect in 

tumors while also reducing drug toxicity by decreasing accumulation in normal organs? (4) 

What factors may be responsible for the unique clinical efficacy/safety profiles of clinical 

successful anticancer nanomedicines?

To address these questions, we performed a comprehensive study to compare the delivery 

efficiency of five clinically approved nanomedicines in tumor and normal tissues in three 

preclinical cancer models. The data of these anticancer nanomedicines vs. drug solution or 

clinical micelle formulation in three preclinical cancer models were analyzed in relation 

to their observed clinical efficacy/safety profiles of both nanomedicines from phase III 

clinical trials. Two categories of nanomedicines were used in this study: (1) Long-circulating 

and stable PEGylated and non-PEGylated doxorubicin liposomes Doxil and Myocet 

respectively. Both formulations achieved higher plasma concentration than clinically used 

free doxorubicin solution. (2) Short-circulating and fast release nanomedicines, Abraxane 

(albumin nanoparticle of paclitaxel), Genexol-PM (PEG-PLA polymeric nanoparticle of 

paclitaxel), and Paclical (all-trans retinoic acid micellar nanoformulation of paclitaxel) [97], 

all achieved lower plasma concentration than clinical micelle formulation (Taxol). Clinical 

micelle formulation Taxol was used in this study as a reference formulation since there 

is no clinical free paclitaxel solution available. The five anticancer nanomedicines were 

selected in our studies since phase III clinical trials have been conducted for head-to-head 

comparison with their respective free drug or clinical micelle formulation. Three preclinical 

breast cancer models, which include transgenic mouse spontaneous breast cancer, orthotopic 

and subcutaneous breast cancer with the same cancer type and same genetic background. 

These data provide insight why nanomedicine design criteria in different preclinical cancer 

models may have successful or poor clinical translation for their clinical efficacy/safety in 

cancer patients.

2. Materials and methods

2.1. Materials

Taxol (paclitaxel injection, micelle formulation using Cremophor EL) was purchased from 

the Hospital Pharmacy of University of Michigan (Ann Arbor, MI). Abraxane (albumin-

bound nanoparticle of paclitaxel) was provided by Celgene Corporation (Summit, NJ, 

U.S.A.). Paclical (The micellar formulation of paclitaxel encapsulated in the proprietary 

retinoid compound XR-17) was procured from the Russian Federation courtesy of Celgene 

Corporation, and Genexol-PM (polymer formulation of paclitaxel) was procured from the 

South Korea courtesy of Celgene Corporation. Doxorubicin hydrochloride solution and 

Doxil (PEGylated liposome from Janssen Oncology, Raritan, NJ, U.S.A.) were purchased 

from the Hospital Pharmacy of the University of Michigan. Myocet (Non-PEGylated 

liposomes of paclitaxel, GP-Pharm, Spain) was procured from the EU courtesy of Celgene 

Corporation.
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2.2. Three types of breast cancer models

All animal procedures used in this study were approved by the University Committee on Use 

and Care Animals at the University of Michigan. We developed three types of breast cancer 

models, which have same genetic background and cancer cells to minimize variability. 

MMTV-PyMT transgenic spontaneous breast cancer model: The female MMTV-PyMT mice 

(FVB/NJ background) [50] used in this study were 8–12 weeks old with tumor sizes of 150–

500 mm3. The breeding colonies were established by crossing FVB/NJ females (Stock No. 

001800) with hemizygous FVB/N-Tg (MMTV-PyMT) 634Mul/J males (Stock No: 002374) 

from The Jackson Laboratory (Bar Harbor, ME, USA). Orthotopic breast cancer model and 

subcutaneous breast cancer models: PyMT breast cancer cells (1 × 106 cells/0.1 mL/mouse) 

isolated from MMTV-PyMT mouse tumors suspended in a Matrigel/RPMI-1640 (50/50) 

mixture were inoculated into the FVB/NJ female mice through subcutaneous (left inguinal 

fold) or orthotopic injection (fourth mammary fat pad).

The mice were injected through tail vein with four formulations of paclitaxel (Taxol-

injectable paclitaxel with Cremophor EL, Abraxane, Genexol-PM, Paclical, 10 mg/kg), 

or three formulations of doxorubicin (Doxorubicin-injectable clinical used solution, Doxil, 

Myocet, 5 mg/kg) once average tumor sizes reached ~150 mm3. Mouse tumor size were 

monitored and calculated based on the following formula: volume = ½ × length × width × 

width. Serial samples of blood, plasma, tumor, brain, fat, heart, intestine, kidney, liver, lung, 

muscle, pancreas, spleen, stomach were collected from pre-dose, 0.083, 1, 4, 7, 24, and 72 h 

(doxorubicin formulations only) post dose for drug concentration analysis, imaging analysis, 

and immunostaining, 3 mice/time point/group.

2.3. Characterization of EPR effect via Evans Blue tumor accumulation

When tumors (in subcutaneous, orthotopic, and transgenic spontaneous breast cancer 

models) reached about 200 mm3, the tumor-bearing mice were intravenously administered 

the Evans Blue at a dose of 30 mg/kg. After 24 h, all mice were sacrificed, and the tumor 

masses together with the fad pads were dissected, weighed, photographed, and homogenized 

by PBS (pH 7.4). Subsequently, the supernatant was collected after centrifugation at 13,300 

rpm for 10 min, then mixed with actone at a volume of 3:7 for extraction. After incubation 

for 30 h in an incubator, 200 μL of each sample were withdrawn and the content of Evans 

Blue in the supernatant was quantified using a microplate reader (OD = 620 nm). Results are 

presented as the amount of Evans Blue normalized per mg of tissues weight.

2.4. Liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis of drug 
concentration in plasma, blood, tumor, and other tissues

The total drug is measured in our study including released and unreleased drug, as well 

as protein bound drug in plasma to illustrate the questions below, unlike other studies 

provided the detail analysis of three different types of drugs [51,52], The LC-MS/MS 

analysis of paclitaxel was performed using docetaxel as internal standard (IS). LC-MS/MS 

analysis of doxorubicin was performed using daunarubicin as internal standard (IS). The 

analytical assay was validated according FDA guidance for linearity (2–5000 ng/mL), 

matrix effect, recovery, low detection limit, Quality control (QC) in different biological 

matrix, including plasma, blood, tumor, and each different organ homogenates. LC-MS/MS 
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was performed using ABI-5500 Qtrap (Sciex, Ontario, Canada) mass spectrometer with 

electrospray ionization source was interfaced with Shimadzu high performance liquid 

chromatography (HPLC) system with Xbridge C18 column (50 × 2.1 mm ID, 3.5 μm). 

The mass spectrometer was operated in a positive mode with multiple reaction monitoring 

(MRM) for analysis. The MRM transitions were monitored at m/z 854.4 to 286.1 for 

paclitaxel and m/z 808.0 to 226.0 for internal standard. The MRM transitions were 

monitored at m/z 544.1 to 397.2 for doxorubicin and m/z 528.5 to 321 for internal standard.

2.5. Pharmacokinetic (PK) and mass balance analysis

The PK analysis from all formulations were compiled and calculated with Phoenix/

WinNonlin (version 6.4; Pharsight, Mountain View, CA, U.S.A.) The plasma/blood and 

tissue concentration-time data were compiled. Efficiency of paclitaxel and doxorubicin 

delivery by different formulations was evaluated by comparing concentrations of paclitaxel 

or doxorubicin in plasma and tissues at each time point. The amounts of paclitaxel or 

doxorubicin were calculated as the products of the corresponding concentrations and the 

blood volumes or tissue weights. The percentage of injected dose in each tissue was 

calculated using the amount of paclitaxel or doxorubicin in each tissue per injected dose, 

which is calculated by the formula: drug percentage of dose= (drug concentration * tissue 

weight or blood (plasma) volume)/dose *100%. Phoenix32 software was used to calculate 

PK parameters for different groups. In brief, plasma data from Taxol, Abraxane, Genexol-

PM and Paclical was fitted using both 1-comp and 2-comp model. To minimize AIC, 

1/(pred*pred) weighting in 1-compartment model was selected to calculate parameters 

including V1, K10, AUC, Cmax, C1, and T1/2. In order to calculate AUC and Cmax for 

different tissues, non-compartment method was used.

2.6. Mass spectrometry imaging to visualize nanomedicine distribution in tumor tissues

Cryosectioned tumors of 10 μm thickness were mounted onto precooled glass plates or metal 

imaging plates. Then the slice was sprayed with TiO2 matrix suspension including 200 

ng/mL reference compound D5-paclitaxel. MS is performed under negative mode to form in 

source fragment ions at M/Z 284.098 and M/Z 289.127, respectively. Cryosectioned tumors 

were imaged at a spatial resolution of 50 μm in negative ion mobility mode. A MALDI-ion 

mobility mass spectrometer Synapt G2-Si Qtof (Waters Corporations, USA) was used for 

imaging of the tissue samples. It is equipped with a 355 nm Nd:YAC laser with a 100–2500 

Hz repetition rate. MS spectra were acquired with an automatic scan rate under sensitivity 

mode with positive or negative ionization method. The MALDI source settings was set with 

0.5 scans per pixel, 1000 or 2000 HZ laser firing rate and 400 laser energy. HDI-maging 

software V1.4 from Waters was used to process and display ions distribution inside the 

tissue sections.

2.7. Immunohistochemistry (IHC) staining of blood vessels in tumor tissues

IHC staining of blood vessels in frozen section of primary tumor slides was performed 

by IVAC facility at the University of Michigan. Briefly, the cryosectioned tumor samples 

were incubated with anti-CD31 antibody (Dianova, Cat# DIA310, done SZ31) after post-

fixation in pre-chilled acetone at −20 °C for 10 min. The detection was performed by a 

horseradish peroxidase biotin-free polymer based commercial detection system, disclosure 
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with diaminobenzidine (DAB) chromogen, and nuclear counterstaining with hematoxylin. 

Slides were scanned on Aperio At-2.

2.8. Immunostaining and confocal imaging of blood vessels and macrophage in tumor 
tissues

Cryosectioned tumors of 10 μm thickness were mounted onto precooled glass plates. 

Immunostaining of blood vessels and macrophage in frozen section of primary tumor slides 

was performed with Alexa Fluor® 594 anti-mouse CD31 (BioLegend, clone MEC13.3, 

Cat# 102520) and Alexa Fluor® 647 anti-mouse F4/80 (BioLegend, Clone BM8, Cat# 

123122) antibodies after post-fixation in IHC Zinc fixative (BD Pharmingen™) for 45 s. All 

immunostained slides were mount in ProLong™ Diamond Antifade Mountant with DAPI 

(Molecular Probes™, P36971) and imaged with Leica SP8 inverted MP confocal.

The fluorescent-labeled paclitaxel albumin formulation was prepared by dissolving 

Paclitaxel 10 mg, fluorescent-labeled paclitaxel (Invitrogen™ Paclitaxel, Oregon Green™ 

488 Conjugate (Oregon Green™ 488 Taxol, Flutax-2), Cat: P22310) 200 μg into chloroform 

(2 mL), and mixed with 20 mL 0.5% Human serum albumin solution (Albumin (Human) 

U.S.P. Albutein® 5%, GRIFOLS, Lot No: B3ADB01432), then dispersed vigorously by 

a rotor-stator homogenizer (Ultra-Turrax T25, 8 K rpm – 12 K rpm, 5min) to generate 

milk-like emulsion. The emulsion was then processed by a high-pressure homogenizer 

(Nano DeBEE) with the parameters set as pressure = 15,000psi – 20,000psi, condensation 

temp = 5 °C, cycles = 6. Remaining organic solvent in the product was removed by a 

rotatory evaporator. The final nano-suspension was filtered with 0.22 μm membrane, and 

then directly put into 10 mL vials (2mL/vial) for lyophilization (primary drying temp = 

−5 °C for 30 h and secondary drying temp = 30 °C for 6 h). The vials were filled with 

nitrogen before sealing and stored at −20 °C. Fluorescent-labeled paclitaxel and paclitaxel 

in final formulation is about 1:125, which was determined using LC-MS/MS. Simple mix of 

paclitaxel: fluorescent-labeled paclitaxel (1:125) was used as control. The size distribution 

and dilution stability are measured by dynamic light scattering (DLS) analysis (Zetasizer 

Nano ZSP, MALVERN).

2.9. Immunohistochemistry (IHC) and immunostaining of skin tissues

The skin was dissected from the mice 20 h-post administration of Doxil and doxorubicin and 

then severally cryosectioned into two consecutive sections of 10 μm thickness. Thereof, one 

slide used to acquire the fluorescent signals of Doxil/doxorubicin was fixed immediately 

in IHC Zinc fixative (BD Pharmingen™) for 45 s and mount in ProLong™ Diamond 

Antifade Mountant with DAPI (Molecular Probes™, P36971), followed by imaging by 

a Nikon A1SI confocal. The other consecutively cryosectioned slides used to obtain the 

histological structure were stained with 0.1% Mayers Hematoxylin (Sigma; MHS-16) for 10 

min, followed by dipping in 0.5% Eosin 12 times post cool running of ddH2O for 5 min. 

After being equilibrated by of ddH2O and ethanol gradient elution, the slides were mount 

and imaged with an Olympus IX83 inverted microscope.
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2.10. Dilution stability of Abraxane, Doxil and Myocet

Stability of Abraxane, Doxil and Myocet against dilution was evaluated in terms of the 

changes of particle size and Zeta potential. The nanoformulation solution of Abraxane, 

Doxil, and Myocet were prepared at the concentration of 0.6 mg/mL (paclitaxel), 2 mg/mL, 

and 2 mg/mL, respectively and recognized as the 0 times dilution. Dilution was achieved 

through addition of saline to the nanoformulation solution of Abraxane at 10, 20, 50 folds, 

and 20, 50, 100, 500, 1000, 5000 and 10000 fold for Doxil, and Myocet. Then the changes 

of particles size were measured (within 1 min) and recorded immediately by dynamic light 

scattering (DLS) using a Zetasizer Nano (Malvern, Worcestershire, UK).

2.11. Statistical analysis

Statistical analysis was conducted using GraphPad Prism 7.0 software. One-way ANOVA 

was used if the comparison involved more than two groups. Two-tailed Student’s t-test 

was used to compare the statistical difference between two groups. A P-value < 0.05 was 

considered significant.

3. Results

3.1. When nanomedicines were compared with drug solution or clinical micelle 
formulation in tumors, nanomedicines did not enhance tumor accumulation in transgenic 
spontaneous breast cancers although they did in subcutaneous and orthotopic breast 
cancers

To clarify first debate question regarding nanomedicine design criteria based on EPR effect 

in tumor, we first tested if nanomedicine could enhance accumulation by EPR effect 

vs. drug solution or clinical micelle formulation in three different breast cancer mouse 

models. Although this type of comparisons have been confirmed in mouse subcutaneous 

xenograft cancer models previously, the enhanced tumor accumulation of nanomedicines in 

mouse subcutaneous xenograft cancer models rarely translated to better clinical anticancer 

efficacy in human solid cancer patients. In addition, there is limited data comparing tumor 

accumulation of nanomedicines vs. their drug solution or clinical micelle formulations in 

human. Further, it is not clear what types of preclinical cancer models can mimic the human 

cancer conditions for nanomedicine tumor accumulations.

To investigate if long circulating stable nanomedicines can enhance tumor accumulation vs 

free drug, the delivery efficiency of PEGylated liposome Doxil and non-PEGylated liposome 

Myocet vs. clinical doxorubicin solution was evaluated. These studies were carried out 

using orthotopic and subcutaneous preclinical breast cancer models as well as a spontaneous 

transgenic mouse model of breast cancer (MMTV-PyMT). This transgenic mouse model was 

established by overexpression of large T antigen in the mammary epithelium and chosen 

because it more closely mimics disease progression in humans [50,53]. These breast cancers 

were developed in multiple foci in the mammary glands from 6 to 14 weeks of age. We 

observed premalignant lesions-hyperplasia at 4–6 weeks of age, adenoma/MIN (advanced 

premalignant lesions) between 8 and 9 weeks of age, early carcinoma from 8 to 12 weeks 

of age, and late carcinoma or advanced invasive carcinoma stage at 10 weeks of age. We 

used mice aged 8–12 weeks in our study. Furthermore, we developed the orthotopic and 
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subcutaneous mouse models in the mice with the same genetic background (FVB/NJ) as the 

PyMT mice to limit the variability. The mouse orthotopic breast cancer was generated by 

implanting PyMT breast cancer cells in the mammary fat pad of FVB/NJ mice. The mouse 

subcutaneous breast cancer model was established by implanting the PyMT cancer cells 

subcutaneously in the flank of FVB/NJ mice.

As shown in Fig. 1, PEGylated liposome Doxil had higher plasma concentration and 

longer t1/2 compared to non-PEGylated liposome Myocet, and both liposomal doxorubicin 

formulations had higher plasma concentration and longer t1/2 than that of doxorubicin 

solution in all three cancer models (Fig. 1A,D,E). Both Doxil and Myocet showed 

significantly higher tumor accumulation (2 to 5-fold) in subcutaneous (Fig. 1B) and 

orthotopic breast cancer models (Fig. 1E) compared to doxorubicin solution. These results 

agree with previous studies demonstrating enhanced tumor accumulation and superior 

efficacy in subcutaneous xenograft models [16,17]. However, Doxil and Myocet failed 

to increase drug tumor accumulation in transgenic PyMT mice when compared with 

doxorubicin solution (Fig. 1H). Additionally, in comparison with non-PEGylated liposome 

Myocet, PEGylated liposome Doxil showed longer circulation time in the plasma, which 

indeed further improved tumor accumulation only in the orthotopic and subcutaneous breast 

cancer mouse models; however, Doxil did not show higher tumor accumulation than Myocet 

in clinically relevant spontaneous breast cancer (Fig. 1H). Furthermore, the tumor/plasma 

ratios of Doxil and Myocet are 100- or 25-fold lower than the tumor/plasma ratios of 

doxorubicin solution, which suggests long-circulating stable nanomedicine reduces tissue 

penetration in the tumor. The enhanced tumor accumulation through EPR of the long 

circulating stable liposomal nanomedicines vs. drug solution is not observed in clinically 

relevant spontaneous breast cancer, but only seen in the subcutaneous or orthotopic cancer 

models.

In order to further assess if short circulating fast-release nanomedicines can enhance tumor 

accumulation vs. clinical micelle formulation, we compared the delivery efficiency of 

three paclitaxel nanomedicines vs. clinical micelle formulation Taxol in the same three 

mouse models as described above. As shown in Fig. 2, although Abraxane, Genexol-PM, 

and Paclical showed 3 to 5-fold lower plasma concentration and short circulation time 

(Fig. 2A, D, G), they showed higher (1.5 to 2-fold) tumor accumulation in subcutaneous 

and orthotopic breast cancer in comparison with Taxol (Fig. 2B, E). However, these 

nanomedicines (Abraxane, Genexol-PM, Paclical) decreased tumor accumulation than Taxol 

in clinically relevant transgenic spontaneous breast cancer model (Fig. 2H). In addition, 

no significant differences in tumor accumulation were observed among three different 

nanomedicines (Abraxane, Genexol-PM, or Paclical in all three different breast cancer 

models (Fig. 2 B, E,H), regardless of their size 138, 20, 30 nm or composition Albumin, 

PEG-PLA, all-tans retinoid acid respectively. These data are in contrast with previous 

reports that small size nanoparticles have better EPR effect for tumor accumulation in 

subcutaneous cancer models [54,55]. Furthermore, the tumor/plasma ratios of Abraxane, 

Genexol-PM, and Paclical were slightly higher than Taxol in subcutaneous and orthotopic 

breast cancer (Fig. 2C,F); yet the tumor/plasma ratios of all four formulations are similar 

in transgenic spontaneous breast cancers (Fig. 2I), which suggests similar tumor tissue 

penetration. These data suggest that enhanced tumor accumulation of short-circulating 
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fast-release paclitaxel nanomedicines vs. micelle formulation Taxol is not observed in the 

clinically relevant spontaneous breast cancer model, but only seen in subcutaneous and 

orthotopic breast cancer models.

3.2. When breast tumors were compared with normal breast tissues, nanomedicines, 
drug solution and clinical micelle formulation enhanced tumor accumulation in three 
different breast cancer models

To clarify the debate questions regarding nanomedicine design criteria based on EPR 

effect, we tested if nanomedicine could enhance tumor accumulation by EPR effect vs. 

normal breast tissues in three different breast cancer mouse models. We first tested tumor 

accumulation of small molecules (Evans blue and doxorubicin) in tumors vs. normal breast 

tissues in three different mouse breast cancer models with the same cancer type and 

same genetic background (transgenic mouse spontaneous, orthotopic, subcutaneous breast 

cancers). To our surprise, the tumor accumulations of these two small molecules in breast 

cancer tissues were higher than that of normal breast tissues. As shown in Fig. 3A and B, 

Evans blue was accumulated 2 to 4-fold higher in the breast cancer tissues than normal 

breast fat pads in three different cancer models at 24 h. The tumor accumulation of Evans 

blue in transgenic mouse spontaneous breast cancers is slightly lower (2-fold), than that in 

orthotopic breast cancers (4-fold) (Fig. 3A and B), and that in subcutaneous breast cancer 

(6.5-fold) (Supplemental Fig. 1A). Similarly, doxorubicin solution showed 2–6-fold higher 

breast tumor accumulation vs. normal breast fat pads in both spontaneous and orthotopic 

breast cancers at various time points from 0.5 to 24 h (Fig. 3C and D). These data suggest 

that small molecules may also have preferred accumulation in the breast tumors vs. normal 

breast tissues.

We then investigated the accumulation of long-circulating stable nanomedicines in 

preclinical breast tumor models vs. normal breast tissues using PEGylated liposomal 

formulation of doxorubicin (Doxil, 83 nm) and Myocet, a non-PEGylated liposomal 

formulation of doxorubicin (Myocet, 120 nm) (supplemental table S2). As shown in Fig. 

4 (Top panel, A to D), in comparison with normal breast fat pads, both Doxil and Myocet 

have a 3 to 10-fold increase in tumor accumulation regardless of preclinical mouse tumor 

models.

We also investigated the EPR effect of short-circulating fast-release nanomedicines in 

three breast cancer models vs. normal breast tissue. We used Abraxane, an albumin 

nanoparticle formulation of paclitaxel (138 nm), Genexol-PM, a PEG-PLA polymeric 

nanoparticle formulation of paclitaxel (20 nm), Paclical, an all-trans retinoic acid micellar 

nanoformulation of paclitaxel (30 nm), and Taxol, Cremophor EL (CrEL) formulation 

(13 nm) in our investigation. As shown in Fig. 4 (Bottom panel A to H), all four 

short-circulating fast release nanomedicines of paclitaxel enhanced drug accumulation in 

the tumor compared to normal breast fat pads in three types of breast cancer models. 

These data suggest that long-circulating stable nanomedicines, short-circulating fast release 

nanomedicines, clinical micelle formulation all enhanced tumor accumulation by EPR effect 

in three different types of breast tumors in comparison with normal breast tissues. In 

addition, long-circulating stable nanomedicines achieved longer drug retention in tumor 
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compare with short-circulating fast release nanomedicines as shown by the results that the 

tumor drug concentration of Doxil/Myocet remains up to 72 h, while those of Abraxane/

Genexol-PM/Paclical decreased after 2–7 h (Fig. 4). EPR described both enhanced tumor 

permeability and retention of drugs. Both stable and fast-release nanomedicine has enhanced 

permeability (accumulation) compared to normal fatpad. But stable nanomedicine tends to 

have more tumor retention. All these data is consistent with EPR effect vs. normal tissues as 

it first discovered [45].

3.3. Long or short-circulating nanomedicines have distinct tumor penetration and 
delivery efficiency to different cell types in tumor microenvironment, which is associated 
with clinical efficacy

The enhanced tumor accumulation of Doxil and Myocet vs. free doxorubicin in 

subcutaneous and orthotopic breast cancers did not translate to better anticancer efficacy 

in breast cancer patients. In contrast, both Doxil and Myocet showed similar anticancer 

efficacies in comparison with doxorubicin solution [21,22,56], and had similar tumor 

accumulation as free doxorubicin in transgenic spontaneous breast cancer models. However, 

the ratios of tumor/plasma of Doxil and Myocet were 100- and 25-fold lower than the tumor/

plasma ratio of free doxorubicin in all three preclinical cancer models (Fig. 1C,F,I). These 

data differences suggest Doxil and Myocet may have lower tumor penetration. In order to 

test the tumor penetration, we utilized fluorescent imaging to visualize the localization of the 

nanomedicines in transgenic mouse spontaneous breast cancer tissues. Doxorubicin solution 

is distributed throughout the tumor tissues (Fig. 5A), while Doxil (Fig. 5B) and Myocet (Fig. 

5C) have less tumor tissue penetration staying dose to the blood vessels. Doxil and Myocet 

penetrated approximately 50% compared to that of free doxorubicin (Fig. 5D).

It is worth noting that although tumor penetration of Doxil and Myocet is decreased 

compared to doxorubicin solution, they showed similar clinical efficacy in breast cancer 

patients [21,22,56]. These findings are consistent with our previous data from Fig. 1H that 

showed Doxil, Myocet, and doxorubicin solution have similar total drug accumulation at the 

tumor in transgenic spontaneous breast cancer. These data suggest that Doxil and Myocet 

may achieve a locally controlled release deposit at the tumor site, which helps to maintain 

the similar clinical efficacy observed in breast cancer patients [21,22,56,57].

In contrast, the tumor delivery properties of three short-circulating fast-release paclitaxel 

nanomedicines were different from that of long-circulating and stable nanomedicines. 

Surprisingly, three nanoformulations (Abraxane, Genexol-PM, Paclical) had low tumor 

accumulation than micelle Taxol in transgenic mouse spontaneous breast cancer, although 

their tumor accumulation was slightly higher in subcutaneous and orthotopic breast cancer 

(Fig. 2B,E,H). However, the tumor/plasma ratios of all four paclitaxel formulations in 

spontaneous breast cancer showed no difference (Fig. 2I), which suggest that they may 

have similar tumor tissue penetration. Therefore, we also investigated the localization 

of paclitaxel in the tumor tissues from all four formulations. Since paclitaxel does not 

fluoresce, we utilized Mass Spectrometry Imaging (MSI) with a 50–100 μm resolution 

to directly visualize paclitaxel localization. MS imaging showed four short-circulating fast-

release paclitaxel formulations (Abraxane, Genexol-PM, and Paclical, Taxol) have similar 
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tissue penetration in the tumor tissue sections, where they penetrated outside of blood 

vessels as stained by anti-CD31 antibody staining (Fig. 6A–D).

Obviously, these data raised an important question: since Abraxane has lower tumor 

accumulation (the absolute concentration in Fig. 2H) but similar tumor tissue penetration 

(the ratio of tumor/plasma in Fig. 2I) to that of Taxol, why did Abraxane had superior 

anticancer efficacy in breast cancer patients since Abraxane (260 mg/m2 infusion 30 min) 

and Taxol (175 mg/m2 infusion 3 h) has similar plasma AUC in human patients? This 

discrepancy may suggest other mechanisms for Abraxane’s superior efficacy to Taxol in 

breast cancer [58]. It has been reported that paclitaxel exerts part of its antitumor efficacy 

through modulation of tumor associated macrophages by inducing an M1 phenotype [59–

61]. We endeavored to find out if Abraxane was co-localizing with tumor associated 

macrophages. We used fluorescent-labeled paclitaxel coupled with fluorescent imaging 

to visualize the localization of Abraxane/Paclitaxel in different cell types. We generated 

an albumin nanoformulation with the fluorescent-labeled paclitaxel: paclitaxel at a 1:125 

ratio, which enabled sub-micron resolution using confocal fluorescent imaging. The size 

distribution and stability of the fluorescent-labeled albumin nanoformulation is similar to 

Abraxane with a size distribution of 135.67 ± 0.750 nm and PDI of 0.133 ± 0.014 (Fig. 

S2). The imaging showed that albumin nanoformulation of fluorescence labeled paclitaxel 

was co-localized with macrophages, while free fluorescence-labeled paclitaxel is evenly 

distributed throughout the tumor (Fig. 6E and F). It has been reported that macrophages 

internalize Abraxane via micropinocytosis, which may enable paclitaxel to act on endosomal 

TLR4 complexes, therefore result in a positive feedback signaling, promoting further uptake 

of drug and enhancing its M1-activating effects [59]. This data further suggests Abraxane 

delivers paclitaxel to the TAMs to enhance the clinical efficacy in metastatic breast cancer 

patients [58–61].

3.4. Long-circulating nanomedicines do not universally decrease normal tissue 
distribution, but change (decrease, increase, no change) the tissue distribution to alter 
efficacy/safety

One of the promises of designing long-circulating nanomedicines is better safety through 

decreasing normal tissue distribution. We carried out biodistribution studies of Doxil and 

Myocet, two long-circulating nanomedicine formulations of doxorubicin to test whether 

normal tissue distribution decreases. In all organs, Doxil and Myocet significantly decreased 

the tissue penetration since Doxil’s tissue/plasma ratio is 50 to 300-fold lower compared 

to doxorubicin (Fig. S5). Similarly, Myocet’s tissue/plasma ratio is decreased 25-fold 

compared to free doxorubicin (Fig. S5).

Long circulating stable nanoformulations do not universally decrease normal 
tissue distributions but alter the distribution differently among all normal 
organs.—There are four different distribution/penetration patterns for Doxil and Myocet 

in normal tissues (Fig. 7A, B, S4, S5). (a) In the organs of elimination, the liver, spleen, 

lung, and kidney, the distribution of Doxil and Myocet is higher than doxorubicin solution. 

This is because of the Reticuloendothelial System (RES) clears or filters particles in the 

size range 100–200 nm (Fig. 7A, S4). (b) Among eleven non-elimination organs, skin 
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(dermal tissue) is the only tissue with significantly higher distribution of Doxil and Myocet 

than doxorubicin solution (Fig. 7B, D, S4). (c) In the three organs (stomach, uterus, and 

muscle), Doxil, Myocet, and doxorubicin solution showed similar distribution (Fig. 7B, S4). 

(d) In five organs (heart pancreas, intestine, fat pad, bone), long circulating nanomedicines 

decreased the distribution compared to doxorubicin, where heart has the lowest distribution 

of Doxil (Fig. 7B, S4). Clearly, long circulating nanomedicines did not universally decrease 

drug distribution in normal organs. The largest increase in tissue distribution for Doxil and 

Myocet is in the skin, the largest decrease is in the heart. These changes in tissue distribution 

are associated with increased hand-foot-syndrome, but decreased cardiomyopathy.

Long circulating stable nanomedicines (Doxil and Myocet) reduce drug 
distribution (absolute concentration) and penetration (tissue/plasma ratios) 
in the heart to reduce cardiotoxicity, while they increase drug distribution in 
the dermal tissues that is associated with its efficacy/safety.—Among all tissues, 

Heart distribution for both Doxil and Myocet is 4–5 fold lower than doxorubicin solution 

(Fig. 7C). This data suggested that the low heart drug distribution and retention for both 

Doxil and Myocet might be responsible for their low cardiotoxicity compared to free drug 

(Doxil 3.9% vs. doxorubicin 18.8%; Myocet 6% vs. Doxorubicin 21%) [15,21].

PEGylated doxorubicin liposome drastically increased tissue distribution in the dermal 

and epidermal tissues, which may be associated with increased hand-foot-syndrome but 

superior efficacy in treating AIDS-related Kaposi’s sarcoma (ARKS). Doxil has 6-fold 

higher accumulation than doxorubicin solution in the skin tissues from 15 to 72 h (Fig. 

7D). Furthermore, confocal fluorescent imaging showed that Doxil was localized throughout 

the dermis and epidermis of the skin (Fig. 7E). In sharp contrast, doxorubicin only showed 

minimal presence in dermis and epidermis of the skin tissue. Our data is consistent with 

the higher incidences of skin related side effect in the clinical patients: increased hand-foot 

syndrome (Doxil 48% vs. doxorubicin 2%), increased rash (Doxil 10% vs doxorubicin 

2%), and increased abnormal pigmentation (Doxil 21% vs doxorubicin 6%), and increased 

erythema (Doxil 18% vs. Doxorubicin 3%) [15,19,21]. It is worth noting that Doxil shows 

superior efficacy in treating AIDS-related Kaposi’s sarcoma (ARKS) in comparison with 

doxorubicin solution (OR Doxil 45.9% vs Doxorubicin + bleomycin + vincristine 24.8%, 

p < 0.001) but not in other types of cancers [20]. Given that ARKS arises from the 

spindle cells located in the dermis tissue, the unique localization of Doxil may be partially 

responsible for its superior clinical efficacy in ARKS compared to doxorubicin.

3.5. Short-circulating fast-release nanomedicines decrease blood concentration and alter 
the tissue distribution in normal organs, which may relate to the reduced adverse events in 
blood compartment but increased toxicity in other organs

Short-circulating nanomedicines of paclitaxel increased penetration in many 
organs compare to Taxol.—The physico-chemical and pharmacokinetic properties of 

paclitaxel determined its low tissue distribution as shown by high plasma concentration and 

low tissue concentration (Fig. S7–8). Abraxane, Genexol-PM and Paclical either increase or 

maintain tissue vs plasma ratio compared to Taxol (Fig.S8). Particularly, Abraxane increase 

tissue vs plasma ratio in heart, liver, lung, muscle, pancreas and kidney; Genexol-PM 

Luan et al. Page 13

Biomaterials. Author manuscript; available in PMC 2022 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increase tissue vs plasma ratio in heart, fat pad, skin, intestine, brain and stomach; Paclical 

increase tissue vs plasma ratio in heart, kidney, fat pad, stomach, bone, brain and fat (Fig 

S8).

Short-circulating nanomedicines of paclitaxel have very different tissue 
distribution in a carrier-dependent manner (Fig. S6–7).—Four nanomedicines of 

paditaxel have similar absolute drug distribution in heart, liver, kidney, and pancreases. 

Abraxane, Genexol-PM and Padical has lower drug concentration than Taxol in spleen, 

uterus, muscle and lung. Particularly, Abraxane decreased the drug concentration in fat 

and fat pad. Genexol-PM shows high drug concentration in stomach. Padical increased 

drug concentration in bone, while decreased the drug concentration in intestine and skin 

compared to Taxol (Fig. S6–8).

The altered tissue distribution may be related to the different clinical toxicity 
profile of four paclitaxel nanomedicines.—Neutropenia and neuropathy are most 

common adverse events of Taxol (in addition to the allergic reaction by Cremophor EL). 

Abraxane has less incidence of neutropenia (Abraxane 9% vs. Taxol 22%), but more 

incidence of neuropathy than Taxol (Abraxane 10% vs. Taxol 2%), more GI toxicity such 

as nausea (Abraxane 30% vs Taxol 22%), vomiting (Abraxane 18% vs Taxol 10%), and 

diarrhea (Abraxane 27% vs Taxol 15%) [27,30,31,42,62], Short-circulating Abraxane has 

3 to 5-fold lower plasma concentration vs. Taxol (Fig. 2A, D, G). These data explain 

why Abraxane has lower incidence of neutropenia in comparison with Taxol. In addition, 

our previous study showed that Abraxane enhanced secretion to gastrointestinal track 

in comparison with Taxol [63], which was correlated with the increased GI toxicity in 

comparison with Taxol [27,31]. The clinical studies also showed Abraxane has increased 

incidence of neuropathy (Abraxane 10% vs. Taxol 2%) [43,44,62], which needs to be 

further explored for its mechanism. Thus, the normal tissue distribution should be carefully 

evaluated for preclinical study of nanomedicine in order to understand the potential clinical 

toxicity profiles [64].

3.6. Percentage of dose delivered to tumors or normal organs may not be used as 
nanomedicine evaluation criteria

Nanomedicine is intended to achieve a high percentage of dose delivered to the tumor, 

which is often used as a criterion for nanomedicine design in animal cancer models, while 

high percentage of dose delivered into the normal organs (such as the liver) may be a 

concern for toxicity. However, the calculation of the percentage dose delivered to tissue is 

the product of the concentration of drug in tissue and tissue weight, where tissue weight 

significantly influences the percentage value. In tumor tissues, most nanomedicines are only 

able to achieve low percentages of injected dose in tumors in previous reports [2,4,12–14]. 

As shown in Fig 8, the percentages of injected dose in the tumor are in the range of 0.2%–

l% for all five evaluated nanomedicines in all three cancer models, which is independent 

of nano size, structure, composition, long/short-circulation, or tumor models, although long-

circulating nanomedicines indeed showed slightly higher percentage of dose delivered in 

tumors than short-circulating nanomedicines. In comparison, the percentage of injected dose 

of small molecules (Doxorubicine) in the tumors were in the range of 0.2–0.6% (Fig. 8 
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A, B, C). The low percentage of dose delivered to tumors (<1%) of nanomedicines in 

any tumor model is inconsistent with the outstanding preclinical anticancer efficacy in 

the subcutaneous mouse model, or in some human cancer types [2–4,12–17]. This raised 

the question whether percentage of dose delivered to tumor (although it is low) is a 

valid criterion for nanomedicine evaluation, since it is altered by the tumor size and it is 

inconsistent with preclinical/clinical efficacy.

In the normal organs, due to the large mass (or volume) of blood, liver, bone, and muscle, 

the percentages of dose delivered to these organs are always larger than other tissues for 

both nanomedicines and small molecules (Fig. S9, S10). High percentage of injected dose 

in the liver (15–20%) is always thought to be a concern for nanomedicines due to the RES 

clearance by the liver [5,65,66]. However, the percentage of dose delivered to liver for 

small molecules is similar to nanomedicines (Fig. S9, S10). One cannot assume that high 

percentage of delivered dose into the liver is always detrimental for the clinical efficacy 

and safety profile, which is drug-dependent, formulation dependent, and pharmadynamics-

dependent. This raised the question for the validity of percentage dose delivered to organs 

as one of the nanomedicine evaluation criterion for the concern of toxicity, since the organ 

mass is the major factor for the calculation.

4. Discussions

The debate for nanomedicine design based on EPR effect has lasted for more than 15 years. 

However, these debates may have mixed two different questions with two distinct clinical 

implications [1]: (1) does EPR effect exist in preclinical mouse cancer models and in human 

cancer patients? (2) does nanomedicine enhance accumulation by EPR effect vs. free drugs 

to improve clinical anticancer efficacy in comparison with free drugs? Our data showed 

that when breast tumors were compared with normal breast tissues, the tumor accumulation 

of nanomedicines, free drug solution, and clinical micelle formulation were enhanced by 

EPR effect in all three types of preclinical mouse cancer models (Figs. 3 and 4). As a 

physiological phenomenon, when tumors are compared with normal tissues, EPR effect 

surely exists in tumor tissues, which requires no further debate and confirmation. The EPR 

effect (in comparison with normal tissues) has been repeatedly confirmed not only in various 

preclinical cancer models using thousands of nanoparticle delivery systems [11,45,48,49], 

but also confirmed in human cancer patients using different nanoformulations of imaging 

agents (Tc99 [68–70], 64Cu [71], or In111 [72,73]). However, this EPR effect in tumors vs. 

normal tissues is not only observed for nanomedicines (long or short circulating), but also 

seen for small molecules with high protein binding as showed by previous literature [45] and 

our current study. EPR effects contributed to the enhanced 2 to 6-fold tumor accumulation 

of small molecules (Evans blue, doxorubicin) with high protein binding in comparison with 

normal tissues (Fig. 3). The previous study demonstrated tumor EPR effect compared to 

normal tissues using Evan blue with high protein binding capacity (68%) and high affinity 

(Ka = 4 × 105 M−1) [45]. The high protein binding capability and high affinity of Evans blue 

result in a longer blood circulation time, which enhances tumor accumulation via tumor EPR 

effect. However, it has been generally neglected that most of antitumor small molecules also 

have high protein binding capacity (>70–98%) despite low binding affinity. For example, 

doxorubicin has a high protein binding (~75%) with low binding affinity (Ka: 7.50 × 103 
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M−1). Once drug is administered into blood circulation, the majority of drugs are bound 

to plasma protein, while their distribution to whole body within seconds. In normal tissue, 

unbound drug diffuse to tissue where the drug can bind to tissue with different capacity 

and affinity in different organs, which determines the concentrations in different organs. 

In contrast, in tumor tissues, due to the leaky vasculature, both unbound drug and plasma 

protein bound drug can pass through the leaky tumor vasculature resulting a higher tumor 

accumulation than normal tissues. The drug can also bind to tumor tissues for high retention 

in tumors. Therefore, drug accumulation in the tumor is dependent on drug binding to 

plasma protein level, protein binding affinity, tumor tissue binding capacity and binding 

affinity, as well as tumor EPR effect. It is also worth noting that different small molecules 

may have different preferred tumor accumulation compared to normal tissues, thus it cannot 

be generalized that nanomedicine will have preferred tumor accumulation than free drug 

solution or micelle formulation, which is likely drug-dependent.

Therefore, the most relevant question for clinical efficacy is whether nanomedicines enhance 

drug accumulation through EPR effect in the tumor in comparison to the free drug 

solution or clinical micelle formulation (such as Taxol). Although enhanced accumulation of 

nanomedicines (both long and short circulating) vs. free drug or clinical micelle formulation 

in the tumors by EPR effect has been confirmed in subcutaneous and orthotopic cancer 

models, but the enhancement is not observed in transgenic mouse spontaneous cancers, 

which better mimics human cancers (Figs. 1–2). The lack of difference in the tumor 

accumulations in spontaneous cancers between nanomedicines and free drugs or clinical 

micelle formulation is because they have similar levels of enhanced tumor accumulation 

by EPR effect in comparison with normal tissues (Figs. 3–4). If similar situation occurs in 

human cancers, current nanomedicine would not expect to improve anticancer efficacy in 

comparison with free drugs or clinical micelle formulation. This is consistent with clinical 

observations for the similar efficacy between nanoformulation and free drug (Doxil vs DOX 

in breast cancer, Myocet vs DOX in breast cancer).

There is limited evidence to show nanomedicines enhance tumor accumulation compared to 

free drugs or the clinical micelle formulation in human cancer patients. Most clinical studies 

only compared the tumor accumulation of nanomedicines (or nanoformulations of imaging 

agents) in the tumor vs normal tissues but did not compare nanomedicines vs. free drugs or 

clinical micelle formulation in the tumor [19, 68–75]. The lack of accumulation difference 

between nanomedicines and free drugs or clinical micelle formulation may be one of the 

most important reasons for poor translation of anticancer nanomedicines from the preclinical 

to clinical setting [2,4,12–17]. However, a counter-point is a clinical study that showed 

5.2–11.4-fold higher tumor accumulation of Doxil vs. doxorubicin solution in the lesion 

of AIDS-related Kaposi’s Sarcoma (ARKS) [76]. However, this study did not compare the 

accumulation of Doxil vs. doxorubicin solution in the normal dermal tissue, which also 

exhibited preferential accumulation of Doxil in the epidermis and dermis tissues as shown 

in our study (Fig. 7). Previous literatures suggested this comparison was also performed in 

normal skins, but extensive literature research only found the same set of data in sarcoma 

lesions [73]. Given that spindle cells of ARKS are usually spread in dermis tissues of the 

skin, the unique localization of Doxil, in comparison with doxorubicin, is at least partially 

responsible for its superior clinical efficacy in AIDS-related Kaposi’s sarcoma (ARKS). It 
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is important to note that the spindle cells may have preferred uptake of Doxil in the ARKS 

lesion, so the higher tumor accumulation of nanomedicine in ARKS skin lesion may not be 

due to EPR effect [77].

Clearly, the enhanced tumor accumulation of nanomedicines vs. free drugs or clinical 

micelle formulations in subcutaneous or orthotopic mouse breast cancers may not translate 

to superior anticancer efficacy in human cancer patients [21,22,56,57]. The efficacy/safety 

profiles of five nanomedicines (vs. free drugs or clinically used standard formulation) from 

14 phase III clinical trials are inconsistent with nanomedicine design criteria based on 

EPR effect (supplemental table 1). For instance, Doxil vs. doxorubicin showed superior 

efficacy in AIDS-related Kaposi’s sarcoma (ARKS (Objective response, OR Doxil 45.9% 

vs Doxorubicin + bleomycin + vincristine 24.8%, p < 0.001), but no difference in 

breast cancer patients (Overall survival, OS, Doxil 21 months vs Doxorubicin 22 months) 

(supplemental table 1). In contrast, Abraxane vs. Taxol showed superior efficacy in breast 

cancer (Response Rate, 21.5% in Abraxane vs 11.1%, in Taxol group, P = 0.003; median 

TTP 23.0 weeks in Abraxane vs. 16.9 in Taxol, p = 0.006), and non-small cell lung cancer 

(objective response rate, ORR Abraxane 33% vs Taxol 25%%, p = 0.005), but not in gastric 

cancer patients (Median OS, Abraxane 11.1 months vs. Taxol 10.9 months) (supplemental 

table l).These results also raise questions for the validity of subcutaneous or orthotopic 

cancer models in the evaluation of most nanomaterial since they often exhibit a high EPR 

effect that is different from human cancer patients [78]. Genetically engineered mouse 

models (GEMMs) are better suited to study the distribution of nanomedicine because of 

their similar vascular permeability, microenvironment, and disease progression to human 

tumors [78,79]. Evaluation of the delivery efficiency of the nanomedicine to the tumors in 

GEMMs allows for better translation from a preclinical model to a clinical setting [80,81]. 

It is worth noting that similar tumor distribution of free doxorubicin and liposomal Doxil 

may not extend to all free drugs and all nanomedicines, since different drugs and nanocarrier 

may have distinct tumor accumulation preference. Similarly, it also cannot be generalized 

that EPR can increase tumor accumulation all nanomedicine compared to free drugs. The 

design of nanomedicine should be drug specific and nanocarrier specific [1]. In addition, 

the tumor accumulation of small molecules are also dependent on tumor EPR effect, drug 

binding capacity and affinity to plasma protein, as well as drug binding capacity and affinity 

to tumor tissue.

In order to explain the poor translation for nanomedicines’ efficacy from preclinical cancer 

models to human patients with solid cancers, EPR heterogeneity in solid tumors was 

proposed and studied [4,13,14, 68–73,82,83]. For instance, Doxil showed superior clinical 

efficacy to treat ARKS sarcoma in comparison with doxorubicin [19,20], which is thought 

to be mediated by higher EPR effect of ARKS sarcoma. Doxil have no efficacy difference 

to treat breast, ovarian cancers in comparison to free doxorubicin [21,24,74], which may be 

due to the EPR heterogeneity in human solid tumor [4,8,12–14,68–73,82,83]. However, EPR 

heterogeneity hypothesis cannot explain why Abraxane (138 nm, albumin nanoparticle of 

paclitaxel) showed superior anticancer efficacy to Taxol in breast cancer, lung cancer and 

pancreatic cancer patients, but no efficacy difference in gastric cancer. Furthermore, small 

size nanomedicines were hypothesized to have better tumor accumulation and better efficacy 

by EPR effect [54,55]; however, small size Genexol-PM (20 nm, PEG-PLA nanoparticle of 
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paclitaxel) only showed non-inferior anticancer efficacy in human breast cancers compared 

to Taxol [39,40].

Several outstanding clinical studies, using liposome-encapsulated chelated imaging agents 

(Tc99 [68–70], 64Cu [71] or In111 [72,73]) or ferumoxytol (FMX) iron nanoparticles [84] 

showed that these liposome-encapsulated imaging agents had more than 10-fold difference 

in tumor accumulation among different cancer patients. The higher tumor accumulation of 

these liposome-encapsulated imaging agents or ferumoxytol (FMX) iron nanoparticles in 

human cancer was correlated with the better efficacy of the nanomedicines in these patients 

[68,69,71,84]. However, these studies did not compare the nanoformulations vs. free cargos 

(or free drugs). Since tumor heterogeneity (induding EPR effect) is a common physiological 

phenomenon, it is reasonable to predict that small molecules would also have heterogeneous 

tumor accumulations. As shown in supplemental Fig. S1B, we also investigated the EPR 

heterogeneity using Evans blue in 26 different transgenic mouse spontaneous breast cancer 

lesions in comparison normal breast fat pads, which mimics human breast cancers. EPR 

heterogeneity was also observed in these 26 breast cancer lesions, which showed 7-fold 

difference of Evans blue concentration from 5.6 to 36.0 ng/mg. These EPR heterogeneity in 

transgenic mouse spontaneous breast cancers is similar to the EPR heterogeneity in human 

solid tumors with 8–35 fold differences as measured by the accumulation of liposomal 

imaging agents (Tc99 [68,69], 64Cu [71] or In111 [72]) or ferumoxytol (FMX) iron 

nanoparticles [84]. Therefore, EPR heterogeneity in human solid cancer, which surely exist, 

still cannot fully explain the poor translation of nanomedicines’ efficacy from preclinical 

cancer models to human cancer patients.

EPR heterogeneity is attributed to various factors in the tumor microenvironment such 

as tumor blood flow, vessel density, interstitial fluid pressure, and extracellular matrix. 

Strategies to enhance EPR effect including restoring obstructed tumor blood flow and 

improving tumor vascular permeability via vascular mediators may benefit the application 

of nanomedicine [85]. The clinical study to enhance EPR effect in tumors shows that 

angiotensin II (AT), inducing hypertension during arterial infusion of SMANCS (SX) with 

lipiodol, remarkably enhanced tumor delivery and therapeutic response [86]. The question 

remains if this enhanced EPR effect may be also observed for small molecules with high 

protein binding. In addition, introducing active targeting moieties on nanoparticles is another 

strategy widely investigated to increase nanocarrier tumor accumulation. However, despite 

a good efficacy in subcutaneous or orthotopic mice, prostate-specific membrane antigen 

(PSMA) targeted polymeric nanoparticle of docetaxel (BIND-014) failed in Phase 1 clinical 

trial. The question remains whether nanoformulation of a specific drug should be designed 

based on tumor EPR effect to improve the efficacy since some small molecule drugs may 

also have preferred tumor accumulation compared to normal adjacent tissues. Our data and 

previous study suggest that nanomedicine design may need to be drug-specific, nanocarrier 

specific, and cell type specific to improve success rate of nanomedicine in clinical testing 

[1].

The second nanomedicine design criteria is to generate long-circulating nanomedicine 

by decreasing RES clearance to reduce drug toxicity through decreased normal organ 

accumulation, and further enhance EPR effect to improve anticancer efficacy [5,6,15]. 
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However, our data and others showed that long circulating nanomedicine design is helpful 

when nanomedicine can enhance tumor accumulation through strong EPR effect vs. free 

drug solutions in subcutaneous or orthotopic cancer models, but not in spontaneous cancer 

models (Fig. 1B,E,H). In addition, long-circulating stable nanomedicines do not universally 

decrease drug distribution in normal organs to reduce toxicity, rather alters (decreases, 

increases, or no changes) tissue distribution in different organs that alters safety/efficacy 

profiles (Fig. 7A,B, S4) [15,19–21,23,24,87]. The decreased accumulation of Doxil and 

Myocet in the heart tissues is associated with their decreased cardiotoxicity in contrast, the 

enhanced accumulation of Doxil than Myocet or free doxorubicin in the dermal tissues is 

correlated with increased hand-foot-syndrome, rash, and pigmentation (supplemental table 

1). Conversely, the increased drug concentration in the dermal tissues leads to superior 

efficacy in AIDS-related Kaposi’s sarcoma [15,19,20].

In contrast to long-circulating nanomedicines, short-circulating nanomedicines are designed 

to rapidly disintegrate and release the free drugs [13,88]. It is unclear if these nanomedicines 

enhance tumor accumulation through EPR effect. For instance, although Taxol, Genexol-PM 

and Paclical have low CMC, drug release occurred at equilibrium between nanomedicines 

and free drugs when they contact with plasma protein at the concentration thousands time 

high above CMC [89–92]. We confirmed this property in Abraxane, which was stable above 

12–30 μg/mL for several hours, but started to dissociate below 12–30 μg/ml (Fig. S3). In 

comparison, Doxil and Myocet remain stable during dilution (Fig. S3). Our data showed 

that these short-circulating fast-release nanomedicines (Abraxane, Genexol-PM, and Paclical 

showed some enhanced tumor accumulation vs. Taxol in subcutaneous and orthotopic mouse 

breast cancers, but they decreased tumor accumulation vs. Taxol in spontaneous mouse 

breast cancer (Fig. 2B,E,H). Pharmacokinetic analysis showed that most of drugs (95%–

99% of dose) were distributed into tissue immediately after injection (Table S3). Even 

though these nanomedicines could release drug, it still takes minutes or hours for total drug 

release [91,92]. Thus, these fast-release nanomedicines would remain or at least partially 

remain as nanoparticle forms for tissue distribution immediately after injection, which is 

also supported by previous studies [63,93].

Further, the tissue distribution/penetration of short-circulating nanomedicines varies in 

carrier-dependent manner, which is responsible for the unique efficacy/safety profiles 

seen in Abraxane and Genexol-PM. Abraxane delivers the drug to tumor macrophages 

(Fig. 6E) contributing to its enhanced efficacy [58–61]. Therefore, the biodistribution of 

nanomedicines needs to be thoroughly evaluated to understand the unique efficacy and 

safety profiles, which can improve success rate of clinical translation from preclinical 

models. For instance, in comparison with Taxol, Abraxane reduced neutropenia due 

to lower concentration in the blood, but increased GI toxicity (nausea, vomiting, and 

diarrhea) due to increased secretion to GI tract [63], and increased neuropathy. In 

contrast, Genexol-PM has increased incidence of neutropenia in comparison with Taxol. 

Furthermore, bioequivalence based on similar plasma AUC cannot guarantee the same tissue 

biodistribution. Clinical studies have shown that Genexol-PM, Paclical and Abraxane have 

similar plasma pharmacokinetics [39,94,95], and we found that Genexol-PM, Abraxane 

and Paclitaxel has similar plasma concentration profile (Fig. 2), but the biodistribution is 

different among various tissues (Fig. 7, S6, S7).
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5. Condusion

In summary (Fig. S11), the debate for nanomedicine design based on EPR effect may 

have mixed two different questions with distinct clinical implications. When nanomedicines 

were compared with free drug solutions or clinical micelle formulation in tumors, the long 

and short-circulating nanomedicines did not enhance tumor accumulation in transgenic 

spontaneous breast cancers, regardless their nano size and composition, although they 

did in subcutaneous and orthotopic breast cancers. The lack of differences in the tumor 

accumulation between nanomedicines vs. free drug solutions or clinical micdle formulation 

in spontaneous breast cancer raised the concern for the nanomedicine design based on the 

EPR effect for translation from preclinical cancer models to cancer patients to improve 

their anticancer efficacy. In contrast, when breast cancer tissues were compared with 

normal breast tissues, nanomedicines, free drug solutions, and clinical micelle formulations 

enhanced tumor accumulation by EPR effect in breast cancer tissues vs normal breast tissues 

in three types of preclinical mouse cancer models. Further, long-circulating nanomedicines 

did not further increase tumor accumulation in transgenic mouse spontaneous breast 

cancer, nor universally decreased tissue distribution to reduce toxicity in all normal 

organs. Rather, long circulation nanomedicines alter (decrease, increase, or no change) 

distributions in different organs, which are associated with their altered efficacy/safety in 

human cancer patients. In contrast, short-circulating fast-release nanomedicines decrease 

blood concentration that reduces hematological toxicity, and also alter the tissue distribution 

in normal organs that is also correlated with their altered clinical efficacy/safety profiles. 

These data provide insight why nanomedicine design criteria in different preclinical cancer 

models may have successful or poor clinical translation for their clinical efficacy/safety in 

cancer patients.
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Fig. 1. 
The enhanced tumor accumulation by EPR for long-circulating stable liposomal 

nanoformulation vs. free doxorubicin was achieved only in subcutaneous and orthotopic 

breast cancers, but not in transgenic spontaneous breast cancers. Drug concentration in 

plasma, tumor, and tumor/plasma concentration ratio in subcutaneous breast cancer model 

(A, B, C), orthotopic breast cancer model (D, E, F), and MMTV-PyMT spontaneous breast 

cancer model (G, H, I) after IV dose of doxorubicin, Doxil, and Myocet (5 mg/kg). *p < 

0.1, **p < 0.01 and ***p < 0.001 vs other two groups; #p > 0.05 Doxil vs Myocet, P < 

0.001 vs Dox; *#p < 0.01 vs Myocet, P < 0.001 vs DOX; *@: 1st time point: p < 0.01 Doxil 

vs Dox, p > 0.05 Doxil vs Myocet, p < 0.01 Myocet vs Dox; 2nd time point: p < 0.001 

Doxil and Myocet vs Dox, p < 0.05 Doxil vs Myocet; 3rd time point: p < 0.001 Doxil and 
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Myocet vs Dox; p < 0.01 Doxil vs Myocet; 4th time point: p < 0.05 Dox vs Doxil, p < 0.001 

Dox vs Myocet, p < 0.05 Doxil vs Myocet; **#p < 0.05 Doxil vs Dox; p < 0.001 Doxil 

vs Myocet; ##: 1st time point: p < 0.01 Doxil and Myocet vs Dox and P < 0.05 Doxil vs 

Myocet; 2nd time point: p < 0.05 between each other; 3rd time point: p < 0.01 Doxil and 

Myocet vs DOX, P < 0.0001 Doxil vs Myocet; 4th time point: p < 0.0001 between each 

other; @#:1st time point: p < 0.001 Doxil and Myocet vs Dox; p > 0.05 Myocet vs Doxil; 

2nd time point<0.01 Doxil and Myocet vs DOX and p < 0.05 Doxil vs Myocet; 3rd time 

point: p < 0.05 Doxil vs DOX; P < 0.01 Doxil vs Myocet; p < 0.05 Myocet vs Doxil; 4th 

time point: p < 0.001 Doxil vs DOX, p < 0.01 Myocet vs DOX and Doxil.

Luan et al. Page 28

Biomaterials. Author manuscript; available in PMC 2022 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
The enhanced accumulation of nanoformulations (Abraxane, Genexol-PM, and Paclical) vs. 

Taxol was achieved only in subcutaneous and orthotopic breast cancers but was reduced 

in transgenic spontaneous breast cancers. Drug concentration in plasma, tumor, and tumor/

plasma concentration ratio in subcutaneous breast cancer model (A, B, C), orthotopic breast 

cancer model (D, E, F) and MMTV-PyMT spontaneous breast cancer model (G, H, I) after 

IV dose of paclitaxel (Taxol®), Abraxane®, Genexol-PM®, and Paclical® (10 mg/kg). ***: 

P < 0.001 Taxol vs all other groups; **p < 0.01 Taxol vs all other groups; *p < 0.05 Taxol vs 

all other groups: #P < 0.05 Taxol vs Abraxane, P < 0.01 Taxol vs Genexol-PM.; ##P < 0.01 

Taxol vs Abraxane, P < 0.05 Taxol vs Genexol-PM; #*P < 0.01 Paclical vs Taxol; *#p < 
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0.01 Taxol vs Genexol-PM and Paclical; ###p < 0.05 Taxol vs Abraxane and P < 0.01 Taxol 

vs Genexol-PM and Paclical. @P < 0.05 Taxol vs Abraxane.
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Fig. 3. 
The enhanced accumulation by EPR effect in breast cancers vs. normal breast tissues 

were observed for small molecule Evans blue (A, B), Doxorubicin (C, D) in spontaneous 

and orthotopic breast cancer models. (A, B) The tumors tissues were collected 24 h 

after i.v. injection of Evans blue (30 mg/kg) and measured Evans Blue concentration 

using a microplate reader (OD = 620 nm). Drug concentration in tumor in MMTV-PyMT 

spontaneous or orthotopic breast cancer model at different time point after IV dose of 

doxorubicin solution (5 mg/kg). *p < 0.05, **p < 0.01, ***p < 0.001 tumor vs fat pad.
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Fig. 4. 
The enhanced accumulation by EPR effect in mouse transgenic spontaneous breast cancer 

and orthotopic breast cancer vs. normal breast tissues were observed for long-circulating 

stable doxorubicin liposomal nanoformulations (left panel) and short-circulating fast release 

nanomedicines of paclitaxel (right panel). Top panel: Drug concentration in tumor and fat 

pad in MMTV-PyMT spontaneous or orthotopic breast cancer model after IV dose of Doxil 

(A, B), and Myocet (C, D) (5 mg/kg). *p < 0.05, **p < 0.01, ***p < 0.001 tumor vs fat 

pad. Bottom panel: Drug concentration in tumor and fat pad in MMTV-PyMT spontaneous 

or orthotopic breast cancer model after IV dose of Abraxane (A,B), Genexol-PM (C,D), and 

Paclical (E,F), Taxol (G,H) (10 mg/kg). *p < 0.05, **p < 0.01, ***p < 0.001 tumor vs fat 

pad.
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Fig. 5. 
Both PEGylated and Non-PEGylated liposome decreases tumor penetration as measured by 

confocal fluorescent imaging. Doxorubicin (A), Doxil (B) and Myocet (C) distribution (Red) 

in PyMT breast tumor tissues, that is overlaid with blood vessels (green, anti-CD31 staining) 

and nuclear staining (Blue, DAPI staining) after IV dose (5 mg/kg). (D). Average distance 

of doxorubicin distributed away from blood vessels as measured by Imaging analysis from 

A-C. **p < 0.01; ***p < 0.001.
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Fig. 6. 
Observation of paclitaxel nanoformulation distribution in tumor tissues. Drug Tumor 

penetration was visualized by Mass spectrometry imaging (MSI) to show localization of 

paclitaxd in tumor (Cyan color) after IV dose (50 mg/kg) of (A) Taxol, (B) Abraxane, (C) 

Genexol-PM and (D) Paclical in transgenic spontaneous breast cancer mice (left column). 

Cyan: The paclitaxel in the tumor tissues from all four nanoformulations was detected by 

MS imaging. Brown: The blood vessel of the same slides was stained by anti-CD31 antibody 

(middle column). The MSI was overlaid with blood vessel staining (right column). Bar 

= 50 μm. The localization of albumin nanoparticle encapsulated with fluorescent-labeled 

paclitaxd (E) and free fluorescent-labeled paclitaxel (F) in tumor microenvironment. Green: 
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fluorescent-labeled paclitaxel. Red: macrophage labded with anti-F4/80 antibody. Blue: 

blood vessel labeled with anti-CD31 antibody.
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Fig. 7. 
Long circulating and stable nanoformulations of doxorubicin alter tissue distribution 

differently in various organs. AUC0–72h of different DOX formulations in elimination 

related organs (A, B) and elimination non-related organs (C, D). Drug concentration in 

skin (A) and heart (B) in subcutaneous breast cancer model after IV dose of doxorubicin, 

Doxil, and Myocet (5 mg/kg). The statistical analysis results of Fig A and B are shown in 

supplementary materials (Table S4). #p < 0.01 DOX vs Myocet; **p < 0.01 DOX vs other 

two groups; ***p < 0.001 DOX vs other two groups; #p < 0.05 vs DOX; ###p < 0.001 

vs DOX. (E) Confocal imaging to visualize detail localization of Doxil and doxorubicin in 

epidermis and dermis of the skin. Localization of Doxil throughout epidermis and dermis 

including hair follicles. Minimal presence of doxorubicin in epidermis and dermis tissues. 

Luan et al. Page 36

Biomaterials. Author manuscript; available in PMC 2022 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nuclear staining was performed using DAPI (Ex = 405 nm). The Doxil and doxorubicin 

were visualized at the Ex of 488 nm. Bar represents 100 μm H&E staining was performed in 

an adjacent section from series sections of the same tissue.
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Fig. 8. 
Percentage of dose injected in tumors in subcutaneous, orthotopic breast cancer, and 

spontaneous transgenic PyMT breast cancer models. Percentage of dose injected of long 

circulating nanomedicines (Doxil and Myocet) vs. free drug (doxorubicin) (10 mg/kg) 

in the subcutaneous breast cancer (A), orthotopic breast cancer (B), and spontaneous 

transgenic PyMT breast cancer model (C). Percentage of dose injected of short circulating 

nanomedicines (Abraxane, Genexol-PM and Paclical) vs. paclitaxel (Taxol) (10 mg/kg) in 

the subcutaneous breast cancer (D), orthotopic breast cancer (E), and spontaneous transgenic 

PyMT breast cancer model (F). The mice were IV dosed with same dose of different 

nanoformulations. At different time points, three mice were sacrificed to collect blood and 

other normal organs. The drug concentrations in tumors were measured using LC-MS/MS.
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