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Combination chemotherapy is frequently used in the clinic for cancer treatment; however, associated adverse effects to normal tissue may limit
its therapeutic benefit. Nanoparticle-based drug combination has been shown to mitigate the problems encountered by free drug combination
therapy. Our previous studies have shown that the combination of two anticancer drugs, doxorubicin (DOX) and mitomycin C (MMC), produced

a synergistic effect against both murine and human breast cancer cells in vitro. DOX and MMC co-loaded polymer-lipid hybrid nanoparticles
(DMPLN) bypassed various efflux transporter pumps that confer multidrug resistance and demonstrated enhanced efficacy in breast tumor
models. Compared to conventional solution forms, such superior efficacy of DMPLN was attributed to the synchronized pharmacokinetics of DOX
and MMC and increased intracellular drug bioavailability within tumor cells enabled by the nanocarrier PLN.

To evaluate the pharmacokinetics and bio-distribution of co-administered DOX and MMC in both free solution and nanoparticle forms, a simple
and efficient multi-drug analysis method using reverse-phase high performance liquid chromatography (HPLC) was developed. In contrast to
previously reported methods that analyzed DOX or MMC individually in the plasma, this new HPLC method is able to simultaneously quantitate
DOX, MMC and a major cardio-toxic DOX metabolite, doxorubicinol (DOXol), in various biological matrices (e.g., whole blood, breast tumor, and
heart). A dual fluorescent and ultraviolet absorbent probe 4-methylumbelliferone (4-MU) was used as an internal standard (I.S.) for one-step
detection of multiple drug analysis with different detection wavelengths. This method was successfully applied to determine the concentrations of
DOX and MMC delivered by both nanoparticle and solution approaches in whole blood and various tissues in an orthotopic breast tumor murine
model. The analytical method presented is a useful tool for pre-clinical analysis of nanoparticle-based delivery of drug combinations.

Video Link

The video component of this article can be found at https://www.jove.com/video/56159/

Introduction

Chemotherapy is a primary treatment modallty for many cancers yet it is often associated with severe adverse effects and limited efficacy

due to drug resistance and other factors?. To i improve the outcome of chemotherapy, drug combination regimens have been applled in the
clinic based on considerations such as non-overlapping toxicities, different mechanisms of drug action, and non-cross drug resistance™ 438 In
clinical trials, a better tumor response rate was often observed using simultaneously administered drug combinations compared to a regimen

of sequential drug dellvery . However, due to sub-optimal bio-distribution of free drug forms, simultaneous injection of multiple drugs can
cause prominent normal tissue toxicity that outweighs the therapeutic effect”'®"". Nanocarrier-based drug delivery has been shown to alter the
pharmacokinetics and bio-distribution of encapsulated drugs, enhancing tumor-targeted accumulation’ . As reviewed in our recent articles,
nanoparticles co-loaded with synergistic drug combinations have demonstrated the capability to mitigate the problems encountered by free drug
combmatlons due to their controlled temporal and spatial co-delivery of multiple drugs to tumor tissue, enabling synergistic drug effects agalnst
cancer cells*'®'®. As a result, superior therapeutic efficacy and low toxicity have been demonstrated in both pre-clinical and clinical studies™ 41718,

Our previous in vitro studies found that the combination of two anticancer drugs, doxorubicin (DOX) and mitomycin C (MMC), produced a
synergistic effect against several breast cancer cells lines and, furthermore, co-loading DOX and MMC within polymer-lipid hybrid nanopamcles
(DMPLN) overcame various multi-drug resistant associated efflux pumps (e.g., P-glycoprotein and breast cancer resistant proteln) 92021 1
vivo, DMPLN enabled spatial-temporal co-delivery of DOX and MMC to tumor sites and increased bioavailability of drugs within cancer cells, as
indicated by moderation of the formation of the DOX metabolite doxorubicinol (DOXoI) . As a result, the DMPLN enhanced tumor cell apog)toss
tumor growth inhibition, and prolonged host survival compared to free DOX and MMC combination or a liposomal DOX formulation 22.2
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Analyzing the actual amount of drugs co-delivered by a nanocarrier is critical for designing effective nanoparticle formulations. Many methods
have been developed to analyze the plasma level of snnge DOX or MMC doses using high performance liquid chromatography (HPLC)
alone or in combination with mass spectrometry (MS) 21:28.29.30.31,32.3334 However, these methods are often time- -consuming and impractical
for combination therapy as a large number of biological samples need to be prepared separately for analysis of multiple drugs (sometimes
including drug metabolites). In addition to the strong plasma protein binding of DOX and MMC, red blood cells also have a great capacity to
bind and concentrate many anticancer drugs 5% Thus, plasma analysis for DOX or MMC may obfuscate actual blood drug concentrations.
The present work (Figure 1) describes a simple and robust multiple drug analysis method using reverse phase HPLC to simultaneously extract
and quantitate DOX, MMC and the DOX metabolite doxorubicinol (DOXol) from whole blood and various tissues (e.g., tumors). It has been
successfully applied to determine the pharmacokinetics and bio-distribution of DOX and MMC as well as the formation of DOXol after drug
delivery via free solutions or nanopartlcle forms (i.e., DMPLN and liposomal DOX) in an orthotopically implanted murine breast-tumor mouse
model after intravenous (i.v.) injection 2

All animal experiments were approved by the Animal Care Committee of University Health Network at the Ontario Cancer Institute and
conducted in accordance with the Canadian Council on Animal Care Guidelines.

1. Biological Sample Preparation

1. Collect the whole blood, major organs, and breast tumor at predetermined time-points after intravenous (i.v.) administration of
drug-containing formulations (e.g., DMPLN, liposomal DOX)

1. Inject a breast tumor-bearing mouse i.v. with a prepared drug-containing formulation.

2. Anesthetize the mouse at designated time-points (e.g., 15 min) by giving inhalable 2% isoflurane in a sealed chamber.

3. Lay the anesthetized mouse on its back and put its nose through a nosepiece that constantly supplies 2% isoflurane.

NOTE: To ensure the mouse undergoes deep anesthesia, gently pinch fore limbs of the mouse and look for any twitching movement.

4. Thoroughly clean the chest and abdomen regions using 70% ethanol and then perform a terminal procedure of cardiac puncture on the
deep anesthetized mice using a heparinized 1 mL syringe and a 23 G needle.

5. Collect the whole blood into a labeled sodium heparin sprayed plastic tube and gently swirl the tube to ensure collected whole blood
comes into contact with the coated heparin of the tube wall. Collect a minimum of 50 pL of whole blood. Always keep the samples on
ice.

6. Tape all four limbs of the mouse to secure it and open the abdominal cavity and ribcage of the mouse using a pair of scissors and
forceps. Shift the intestines to the side and push the liver upward to sufficiently expose the portal vein. Cut the portal vein for the blood
drainage.

7. Perfuse the whole mouse body with 50 mL of ice-cold 0.9% saline through the heart using a 10 mL syringe with a 25 G needle.
NOTE: Bend the needle at 90° for guiding the syringe into the portal vein.

8. Excise organs in the following order: heart, lung, liver, spleen, kidneys. Then, separate the breast tumor from the surrounding
connective tissues using a pair of incision scissors at the right mammary fat pad of the mouse. Collect all organs individually into 1.5
mL polypropylene tubes and quickly freeze them in liquid nitrogen.

NOTE: Separate the gallbladder from the liver.
9. Store the whole blood at 4 °C and excised tissues in the -80 °C freezer until later HPLC analysis.

2. Extract DOX, MMC and DOXol from biological matrices.

1. Weigh all frozen dissected tissues quickly and transfer them into a 13 mL rounded-bottom conical tube. To avoid possible drug
metabolism or degradation, keep the samples on ice.

2. Add 1-5 mL of ice-cold cell lysis buffer into the tube.

NOTE: The volume of buffer to use depends on the tissue weight based on the tissue-buffer ratio of 1 g: 5 mL (w/v); for small organs,
such as heart and spleen, the ratio is 1 g: 2 mL.

3. Use an up-down stroke motion to homogenize the tissue samples on ice at a speed of 18,000 rpm using an electric hand homogenizer.
NOTE: Completed homogenization requires approximately 3 to 5 iterations of a short homogenization process of less than 15 s,
followed by tissue cooling over ice between each short homogenization.

4. Wash the 10 mm saw-tooth generator probe of the homogenizer with distilled deionized (DDI) H,O, 70% ethanol, and then DDI H,O
between each tissue sample to avoid cross-contamination.

5. Transfer 50 pL of tissue homogenate or whole blood into a 1.5 mL polypropylene micro-centrifuge tube and spike with 5 pL of an
internal standard (I.S.) 4-methylumbelliferone (4-MU) (2000 ng/mL) into the tube.

NOTE: 4-MU solution was prepared in methanol here.

6. Add 250 pL of an ice-cold extraction solvent into the tube containing whole blood or tissue homogenate.

NOTE: The extraction solvent consists of 60% acetonitrile (ACN) and 40% ammonium acetate (5 mM) with pH adjusted to pH = 3.5
using 0.05% formic acid. Use a 1:5 (v/v) sample: extraction solvent to volume ratio.

7. Vigorously vortex the mixture for 2 min, centrifuge at 3,000 x g force at 4 °C for 10 min and pipet 200 uL supernatant into another pre-
chilled fresh micro-centrifuge tube.

8. Evaporate supernatant at 60 °C under a slow stream of nitrogen gas with protection from light.

9. Reconstitute the dried residue with 100 pL of ice-cold methanol, vigorously vortex for 30 s and centrifuge at 3000 x g at 4 °C for
another 5 min.

10. Transfer the supernatant into a HPLC vial insert and place sample vials into an autosampler tray for injection.
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2. HPLC Instrumentation and Operation Parameters

1. Prepare HPLC mobile-phase with consistent reproducibility

1.
2.
3.

4.

Measure 500 mL of HPLC-grade H,O using a graduated cylinder.

Measure 500 mL of HPLC-grade acetonitrile (ACN) using a separate graduated cylinder.

Carefully add 0.5 mL of trifluoroacetic acid (TFA) (CAUTION) into each of 500 mL of H,O and ACN to obtain the mobile phase of H,O
and ACN containing 0.1% TFA, respectively.

NOTE: TFA is corrosive and toxic and should be handled under a laboratory fume hood. All solvent mixtures are prepared at room
temperature.

Filter mobile phases through a nylon membrane filter with a 0.45 pm pore size and transfer it into clean HPLC reservoir bottles.

2. Set-up HPLC instrumentation for simultaneous detection of DOX, MMC, and DOXol and I.S. 4-MU.

Pob=~

oo

Switch on the gradient pump, de-gasser, auto-sampler, photodiode array detector, and multi A fluorescence detector.

Input the initial conditions of mobile-phase composition to 16.5% H,0 (0.1% TFA) and 83.5% ACN (0.1% TFA) (v/v).

Set the UV detector on two channels, one at 310 nm for 4-MU (1.S.) and the other at 360 nm for MMC.

Set the fluorescence detector on two channels, one at Agy/Aery =365/445 nm for 4-MU and the other at Ag,/ Aern=480 nm/560 nm for DOX
and DOXol, respectively.

Set an isocratic flow rate of 1.0 mL/min.

Equilibrate a preinstalled reverse phase C4g column (4.6 mm x 250 mm, 5 ym) at room temperature for 10 min for baseline
establishment.

3. Separate drugs (DOX, MMC, DOXol and 4-MU) using gradient mobile-phase condition.

1.

2.

Inject 15 L of extracted and re-concentrated samples using the auto-sampler.

Gradually change the initial mobile-phase condition (refer to protocol step 2.2.2) to 100% ACN (0.1% TFA) over 18 min using the
automated gradient pump.

NOTE: During the separation process, four channels (two UV absorbent and two fluorescent) appear simultaneously with each channel
displaying one drug compound (refer to Protocol step 2.2.3 and 2.2.4).

Maintain 100% of ACN (0.1% TFA) for 1 min and then return to the initial mobile phase condition within 1 min.

Re-condition the column with the initial mobile phase at flow rate of 1.5 mL/min for 4 min for the next sample injection.

3. HPLC Validation

1. Prepare working standards of DOX, MMC and DOXol, and 4-MU (1.S.).

1.

pon

Weigh separately 1 mg of DOX and MMC drug powder (CAUTION) and 4-MU on a fresh small weighing paper (3 x 3 inches? ).

Note All anticancer drugs are considered a health hazard that can cause acute toxicity and germ cell mutagenicity on inhalation or
ingestion. They should be handled carefully with gloves and masks.

Transfer the weighed DOX, MMC and 4-MU into a new individual 1.5 mL polypropylene micro-centrifuge tube.

Add 1 mL of methanol and vortex briefly to obtain 1 mg/mL concentration of DOX and MMC.

Add 1 mL of methanol into a vial containing pre-weighed 1 mg of DOXol (CAUTION) and vortex briefly to obtain 1 mg/mL concentration
of DOXol.

NOTE: DOXol is a cardio-toxic metabolite and should be handled carefully.

Pipette 20 yL of prepared stock solutions of DOX, MMC, DOXol and 4-MU into a new separate 1.5 mL polypropylene micro-centrifuge
tube and add 980 uL of methanol to obtain a working standard of 20 ug/mL of each drug.

Dilute 20 pg/mL of DOX, MMC and DOXol using methanol to obtain the working standards of 50 ng - 20 pug /mL for DOX, MMC, and
DOXol and 2000 ng/mL for I.S. 4-MU.

Seal the cap of the tube of working solutions with a narrow piece of paraffin film covering to prevent methanol evaporation, wrap the
entire tube with aluminum foil to avoid exposure to direct light and store at -20 °C.

2. Determine the linearity, precision, and accuracy of DOX, MMC and DOXol in biological matrices (i.e., whole blood and tumor
homogenate).

1.

Simultaneously spike 5 uL of working standards of DOX and DOXol (50 ng/mL - 20 pg/mL), MMC (1,000 ng/mL - 16 pg/mL), and 4-
MU (2 pg/mL) into 50 pL of blank whole blood or tissue homogenate in polypropylene micro-centrifuge tubes to obtain the standard
concentration curve ranging from 5 - 2000 ng/mL for drug compounds and 200 ng/mL for 4-MU (1.S.).

Perform the drug extraction assay described in Protocol 1.2.

Use low, median and high concentrations of DOX and DOXol (50, 500, and 2,000 ng/mL) and MMC (100, 1000, 2,000 ng/mL) for intra-
and inter-day precision and accuracy.

NOTE: Prepare fresh standard concentrations on the day of analysis.

3. Analysis of samples

aRwb=

No

Inject 15 pL of the sample using the auto-sampler.

Gradually change the mobile phase over 0 to 18 min, increasing the composition of ACN over the interval.

After 18 min, hold the mobile phase condition for 1 min.

Return to the initial condition over the next 2 min, then re-equilibrate for 4 min before the next injection.

After each sample run, note that the peaks of drug compounds with their retention time are shown as follow: MMC, DOXol, 4-MU (I.S.)
and DOX.

Integrate the peak area under curve (AUC) of drug compounds using HPLC software.

Calculate the AUC ratio between individual drug compound and |.S. (Equation 1) and use the standard curves prepared under the
same extraction procedures to determine the drug concentrations of DOX, MMC and DOXol in DMPLN formulation.
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AUC4py,

AUC, .
8. Calculate the drug recovery percentage (Equation 2) by comparing the drug concentrations reconstituted using methanol from the
extracts of spiked biological samples to that of the standard ("neat") drug solution in methanol.

Peak Area Ratio,,,,..cred

Peak Area Ratio = Equation 1.

Drug Recovery % = X 100 Equation 2.

Peak Area Ratia,;,__,

Representative Results

Two anticancer drugs, DOX and MMC, as well as the DOX metabolite, DOXol, were simultaneously detected without any biological interference
under the same applied gradient HPLC condition using 4-MU as the |.S. for both the fluorescence and UV detectors. DOX, MMC, DOXol and 4-
MU were well-separated from each other with retention times of 5.7 min for MMC, 10.4 min for DOXol, 10.9 min for 4-MU, and 11.1 min for DOX
(Figure 2). Each drug in whole blood and various tissues showed concentration linearity with correlation coefficients (RZ) ranging from 0.98 to
1.00 (Figure 3 and Table 1). The lower limit of quantitation (LLOQ) of DOX, DOXol and MMC was 10 ng/mL, 10 ng/mL and 100 ng/mL in whole
blood and 25 ng/mL, 25 ng/mL and 200 ng/mL in various tissues, respectively (Table 1). The HPLC method developed displayed less than 15%
variation in terms of intra- and inter-day precision and accuracy for DOX, MMC and DOXol in whole blood and various biological matrices (e.g.,
heart, lungs, liver, spleen, and kidneys), indicating excellent reproducibility (Tables 2 and 3). More than 85% of DOX and MMC was recovered
from whole blood after extraction (Table 4).

The multidrug analysis procedures using one-step de-proteinization by an acidified extraction solvent followed by employing a multichannel
HPLC method was successfully applied to determine the pharmacokinetics and bio-distribution of long-circulating or PEGylated nanoparticle-
based drug delivery of both DOX alone or in combination with MMC in an orthotopic breast tumor murine model (Figures 4 and 5). Figure 4
shows at least 6-fold higher drug concentrations in the blood over-time delivered by nanoparticles (i.e., liposomal DOX and DMPLN) than the
equivalent free drug solutions (i.e., free DOX or free DOX-MMC) (Figure 4). Because of prolonged systemic circulation, nanoparticles were able
to exploit the enhanced permeability and retention effects of the tumor, resulting in increased DOX and MMC accumulation in the breast tumor
(Figure 5A)37. Meanwhile, the quantitatively determined formation of DOX metabolite DOXol in breast tumors over 24 h indicates a difference in
drug bio-availability for various drug formulations (Figure 5B).
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Figure 1: lllustration of the analysis processes for the simultaneous determination of DOX and MMC delivered by nanoparticles in vivo.
(A) Preparation of DMPLN using a one-step ultra-sonication method followed by a self-assembly process; (B) Biological sample collections from
an orthotopic breast tumor murine model; (C) Drug extraction from biological matrices and drug reconstitution; (D) Gradient HPLC for separation
of DOX, MMC and DOXol. Please click here to view a larger version of this figure.
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Figure 2: Comparison of chromatograms of blank whole blood and drug mixtures in blood. Comparison of chromatograms of blank whole
blood and drug mixtures in blood using HPLC coupled to UV and fluorescence detectors at (A) UV 360 nm for MMC; (B) UV 310 nm for I.S. 4-
MU; (C) Fluorescence at Agyjem = 480/560 nm for DOX and DOXol; (D) Fluorescence at Agyjem = 365/445 nm for |.S. 4-MU. AU is absorbance unit
and EU is fluorescence unit. The injected concentrations of MMC, DOX, and DOXol and their |.S. 4-MU were 100 ng/mL, 50 ng/mL, 50 ng/mL

and 200 ng/mL, respectively. Please click here to view a larger version of this figure.
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Figure 3: Representation of standard curves for MMC, DOX and DOXol in whole blood. The concentration ranges were from 100 ng/mL to
2000 ng/mL for MMC (A), from 5 ng/mL to 2000 ng/mL for low DOX concentration (B), and from 5 ng/mL to 50 ng/mL for DOXol (C). Please click
here to view a larger version of this figure.
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Figure 4: Application of the multiple drug analysis system, using a multichannel and gradient HPLC method, to study the
pharmacokinetics of long-circulating nanoparticle-based drug delivery. (A) Time-blood concentration profiles of DOX in mono-therapy using
free drug solutions (free DOX) or a liposomal formulation (see Table of Materials); (B) Time-blood concentration profiles of DOX and MMC as

a free drug combination (free DOX-MMC) or DMPLN. Whole blood was collected at various time points up to 24 h after a single i.v. injection

to mice bearing an orthotopic murine breast tumor. All mice were treated with 9.2 mg/kg DOX alone or in combination with 2.9 mg/kg MMC.
Because the LLOD of MMC was 100 ng/mL using the HPLC coupled UV detector, MMC concentration after 6 h post-injection was determined by
mass spectrometry. The figure has been modified from Zhang et al. Nanomedicine with permissionzz. All the data points are presented as mean
+ standard deviation (SD) with n = 3. Please click here to view a larger version of this figure.
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Figure 5: Application of multiple drug analysis using the gradient HPLC method to study the tumor bio-distribution of a nanoparticle-
based drug delivery system. (A) Total DOX and MMC concentrations of free DOX-MMC or DMPLN in breast tumors; (B) Total DOXol
metabolite formation in breast tumors treated with mono- or combination DOX chemotherapy. All mice were treated with 9.2 mg/kg DOX alone
or in combination with 2.9 mg/kg MMC. Because free DOX-MMC had a low tumor accumulation that was out of LLOD of MMC using the HPLC
coupled UV detector, MMC concentration in free DOX-MMC was determined by mass spectrometry. The figure has been modified from Zhang et
al. Nanomedicine with permissionzz. All the data points are presented as mean + SD with n = 3. Please click here to view a larger version of this

figure.
Biological Matrices [S LLOG, (ng/ml)

DOX DOXol MMC DOX DOXol MMC

Whole Blood 09905100242  0.9946:0.0068  0.9907+0.0103 10 10 100

Breast Tumaour 0.999240,0059 09973100021 0.9995£0.0103 25 25 200

Liver 0.9957+0.0085  09961:0.0038  0.9987:0.0007 25 25 200

Heart 0.596510,0080  0.9934:0.0005  0.9950:0.0014 25 25 200

Spleen 0.9903:0.0003  0.5952+40.0002  1.00000.0002 25 25 200

Kidneys 0.9015¢0.0040  0.9993:0.0002  0.9902:0.0003 25 25 200

Lungs 0.993240.0217 _ 0.9994:0.0010 __ 0.9994:0.0007 25 25 200

Table 1: Linearity and LLOQ of DOX, MMC and DOXol in various biological matrices. The data represent mean + SD for n = 3.

A)
Drug DOX in Whole Blood
Intra-day Inter-day
Ci ion (ng/ml) Precision% y% Precisi y%
50 4.6 95.0 4.0 90.9
500 2.1 102.4 13.9 114.0
2000 0.7 100.1 3.8 97.2
8)
Anticancer Drug MMC in Whole blood
Intra-day Inter-day
Conc (ng/ml) Precision% Accuracy Precision% Accuracy%
100 4.9 7.4 7.4 95.4
1000 1.4 S8.4 22 98.2
2000 2.6 57.0 2.3 100.8
c)
Drug Metabolite DOXol in Whole blood
Intra-day Inter-day
Concentration (ng/ml) Precision% Accuracy% Precision% Accuracy%
50 1.4 89.2 19 89.1
500 0.8 100.0 7.7 103.4
2000 1.2 1013 0.9 101.8

Table 2: Intra- and inter-day precision and accuracy of DOX, MMC and DOXol in mouse whole blood (n = 3).

Copyright © 2017 Journal of Visualized Experiments

October 2017 | 128 | e56159 | Page 8 of 11


https://www.jove.com
https://www.jove.com
https://www.jove.com
//ecsource.jove.com/files/ftp_upload/56159/56159fig5large.jpg
//ecsource.jove.com/files/ftp_upload/56159/56159fig5large.jpg

lee Journal of Visualized Experiments

www.jove.com

4
DOX Intra-day
Liver Heart Spleen Kidney Lung Breast Tumar
€ (ng/mi}
50 37 97.3 14 99.7 53 94.4 9.6 956 141 90.8 96 956
500 14 1014 02 104.4 50 100.9 66 3.7 08 991 [ 3.7
2000 17 1041 00 102.3 50 1046 2.9 8.8 0.1 G98.0 29 8.8
DoX Inter-day
Liver Hoart Spleen Kidney Lung Breast Tumor
G (ng/mi} ¥
12 90.9 3.1 1019 42 a1.0 10.7 110.% 40 554 10.7 1108
500 4z 58.1 04 100.2 o1 934 a0 1018 30 1033 40 018
2000 69 1006 20 99.9 0.4 929 30 1033 5.1 107.9 30 033
1]
[ Intra-day
Liver Heart Sploen Kidney Lung Breast Tumar
s (ng/mL}
100 13.7 120.1 129 93.6 06 8.1 0.9 108.7 45 100.8 10.9 108.7
1000 17 103.2 EE 104.6 23 96.1 16 %98 36 971 16 %8
2000 34 57.3 28 B36 25 977 2.7 7.9 37 563 27 8.0
MMC Interday
Liver Heart Spleen Kidney Lung Breast Tumar
s (ng/mi} Precision’s
00 149 110.9 141 90.5 12 1008 1.8 a7.7 27 938 148 877
1000 13 1014 19 98.4 27 100.7 51 929 29 912 51 a29
0.8 FI6 24 98.4 24 1003 30 926 44 889 30 926
€)
DOXol Intra-day
Liver Heart Spleen Kidney Lung Breast Tumar
C (ng/mL) i Precision® Preciion® i Precision®
50 6.0 106.5 i9 102.6 09 1045 32 96.2 11 .0 32 96.2
500 15 1088 24 1006 o0& 974 0.9 98.9 06 993 09 2.0
2000 55 106.2 13 102.1 06 103.4 12 98.8 0.8 97.0 12 988
DOval Interday — _ =
Liver Heart Spleen Kidney Lung Breast Tumar
s (ng/fmL}
50 47 1113 32 101.6 27 98.2 23 978 31 96.3 23 978
500 36 109.2 0 ma 16 289 16 58.2 22 974 16 8.2

2000 1.9 100.1 2.1 101.4 20 98.7 2.0 978 2.0 985 20 978

Table 3: Intra- and inter-day precision and accuracy of DOX, MMC and DOXol in breast tumors (n = 3).

Recovery % from Whole Bload

Theoretical Concentration [ng/ml)  DOX MMC
50 945+ 14 935+ 24
500 85.2:9 95427
1000 8846 83547

Table 4: DOX and MMC recovery percentage in the whole blood samples after extraction (n = 3). The data represents mean + SD for n = 3.

Compared to other chromatographic methods that enable the detection of a single drug species at a time, the present HPLC protocol is able

to simultaneously quantitate three drug compounds (DOX, MMC, and DOXol) in the same biological matrix without the need to change the
mobile phase. This preparation and analysis method has been successfully agplied to determine the pharmacokinetics and bio-distribution of two
nanoparticle-based drug delivery systems (i.e., liposomal DOX and DMPLN)2 . Since the PEGylated nanoparticles prolong systemic circulation
of loaded drug resulting in high blood drug concentrations over a long period of time (>24 h), the described chromatographic method is cost-
effective for large scale sample analysis of nanoparticle co-loaded drug combinations in pre-clinical studies®. The pharmacokinetics of free DOX
solution and liposomal DOX shown in Figure 4A is consistent with reported literature data in rodent338’39, further supporting the validity of the
current method. Although the UV photodiode-array detector allows multiple-channels to simultaneously detect and display drugs using variable
wavelengths (i.e., 310 nm for 4-MU and 360 nm for MMC), the intrinsic detection limit of UV detector is less sensitive than the fluorescence
detector. Thus, for fast eliminating, non-fluorescent drugs like MMC delivered in free solutions, the drug concentrations at later time points may
fall below the LLOQ of UV detector.

In general, a short chromatography column (e.g., 5 cm) would be used for HPLC analysis to minimize the elution time and operating time. Yet, in
the case of analyzing multiple drug compounds, especially those with very similar molecular structures (e.g., DOX and its metabolite DOXol), it is
difficult to achieve full separation using the short column due to intrinsic column efficiency. Thus, both a longer column (e.g., 25 cm, used in the
current protocol) and an optimization of HPLC parameters during the development of the method are needed to achieve a good peak resolution.
Although DOX, DOXol and 4-MU were eluted at close retention time, the interference between DOX/DOXol and 4-MU was not observed in

the prepared sample concentration (e.g., 50 ng/mL) in the chromatographs (Figure 2). However, a high DOX concentration (e.g., ~10,000 ng/
mL) delivered by nanoparticles as a result of long blood circulation time could interfere with the peak detection of itself and other compounds
(e.g., DOXol) and may result in self-quenching of DOX fluorescence*®*'. In this case, a proper sample dilution using blank whole blood may be
required before sample analysis to determine drug concentrations.

Extraction methods can further complicate the analysis of chemotherapeutic drug combinations. Although DOX or MMC can be extracted
using various extraction methods, including solid phase extraction (SPE) or liquid-solid extraction, these procedures are time-consuming and
expensive. Some of the extraction methods result in poor recovery and possible drug degradation when hydrochloric acid is added to the
extraction solvent*?*** For large scale biological sample preparations, the present extraction method is simple, quick and only requires the
addition of small amounts of non-hazardous organic solvent for efficient de-proteinization followed by systematic sample reconstitution using
methanol. High recovery rates (>85%) were achieved for all drug samples of varying concentrations by systematically applying the same
extraction protocol. Although variability still exists, the differences are statistically insignificant. To further reduce the variation, the optimization
of individual sample extraction at low and high drug concentrations may be required. Note that the extraction method used does not distinguish
free released drug from drug remaining in the nanoparticle as nanoparticles were completely dissolved after addition of organic solvents. Thus,
the true pharmacokinetics of nanoparticles alone vs. free drug alone requires the development of a numerical deconvolution method using
mathematical modelling to predict their behavior in vivo®.
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In summary, a simple and selective HPLC method was developed for simultaneous determination of DOX, MMC and Doxaol in vivo. The present
method shows robustness, selectivity, precision and accuracy over a broad range of drug concentrations for the mouse whole blood and
tissues. This method has been successfully applied to obtain the blood concentration-time profile of DOX and MMC and the bio-distribution of
DOX, DOXol and MMC in breast tumors and other major organs (e.g., heart). This protocol provides a useful tool for elucidating macro- and
microscopic in vivo mechanisms of nanoparticle-delivered DOX containing drug combination chemotherapy.
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