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KEY WORDS Abstract Monomethoxy poly(ethylene glycol)-block-poly(p,L-lactic acid) (PEG-PLA) is a typical
amphiphilic di-block copolymer widely used as a nanoparticle carrier (nanocarrier) in drug delivery. Un-
derstanding the in vivo fate of PEG-PLA is required to evaluate its overall safety and promote the devel-
opment of PEG-PLA-based nanocarrier drug delivery systems. However, acquiring such understanding is
limited by the lack of a suitable analytical method for the bioassay of PEG-PLA. In this study, the phar-

Monomethoxy
poly(ethylene glycol)-
block-poly(p,L-lactic

po?}c,:ii’r; macokinetics, biodistribution, metabolism and excretion of PEG-PLA were investigated in rat after intra-
Nanocarrier material; venous administration. The results show that unchanged PEG-PLA is mainly distributed to spleen, liver,
Pharmacokinetics; and kidney before being eliminated in urine over 48 h mainly (>80%) in the form of its PEG metabolite.
Biodistribution; Our study provides a clear and comprehensive picture of the in vivo fate of PEG-PLA which we anticipate
Metabolism; will facilitate the scientific design and safety evaluation of PEG-PLA-based nanocarrier drug delivery
ixfretion; systems and thereby enhance their clinical development.
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1. Introduction

With continuous progress in the design and synthesis of polymer
nanocarrier materials (PNMs)'+2, a variety of nanomedicines based
on PNMs have been approved by the U.S. Food and Drug
Administration (FDA) for clinical trials® >. This reflects the fact
that PNMs have been generally considered to be non-toxic inert
vehicles. However, emerging evidence has demonstrated that
PNMs can not only change the pharmacokinetics of the loaded
drug® ' but also introduce additional toxic effects by interacting
with the body’s immune system'®, metabolism and transport
processes'®'*. For example, PEGylated polymer materials such
as 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene
glycol) (DSPE-PEG) and monomethoxy poly(ethylene glycol)-
block-poly(p,L-lactic acid) (PEG-PLA) which have good
biocompatibility can cause IgM-based immune responses'’.
Polymers such as surfactants and PEGylated polymers can inhibit
the activity of cytochrome P450°*'. PEG-PLA monomers can
inhibit the activity of P-glycoprotein®® and PEG 2000 has been
shown to inhibit the activity of multidrug resistance-associated
protein 2 (MRP2)**. Inhibition of such enzymes and transporters
may lead to significant changes in exposure to certain drugs.

Concern has been expressed about the safety of PNMs and the
side effects associated with their long-term use®*. This is because
PNMs can be recognized and engulfed by phagocytes of the
reticuloendothelial system (RES) and remain in the liver and
spleen for long periods of time. If the PNM cannot be bio-
degraded, it may accumulate in these organs leading to toxicity
and side effects”. If it can be biodegraded, the degradation
products may not be biocompatible®. Therefore, in the design and
optimization of PNMs, it is important to establish not only their
efficacy but also their biological fate. This requires an investiga-
tion of the biodistribution, metabolism and transport of PNMs at
the tissue level which, in turn, requires a quantitative analytical
method for the determination of PNMs in biofluids, tissues and
organs®. This presents a major challenge because most polymers
in PNMs are high molecular weight, polydisperse molecules.

In this paper, we report a study of the in vivo fate of PEG-PLA
in rat using a liquid chromatography tandem mass spectrometric
method developed in our laboratory for the quantitative analysis of
PEG-PLA based on the MS*™ technique. PEG-PLA is an
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Figure 1  Mean plasma concentration-time curve of PEG-PLA after

a single intravenous injection of 37.5 mg/kg PEG-PLA to rat (data are
mean £+ SD, n = 6).

amphiphilic di-block copolymer composed of PEG and PLA that
is commonly used as a PNM. When the concentration of PEG-
PLA in aqueous solution is higher than its critical micelle con-
centration (CMC), it self-assembles to form polymeric micelles.
Polymeric micelles are core-shell structures that composed of
shells of the hydrophilic block and cores of the hydrophobic block
of the amphiphilic di-block copolymer. A paclitaxel formulation
of PEG-PLA based polymeric micelle, known as Genexol-PM, has
been approved by the FDA for the treatment of breast cancer””>*.
The development of a suitable analytical technique for PEG-PLA
and a full understanding of its in vivo fate will further promote the
development of other nanoparticle (NP) chemotherapeutics.

2. Materials and methods

2.1.  Chemicals and reagents

PEG-PLA (PEG average MW 2000 Da, PLA average MW
2000 Da) and O,0-dimethyl O-(2,2-dichlorovinyl) phosphate
(DDVP) were purchased from Sigma—Aldrich (St. Louis, MO,
USA). HPLC grade acetonitrile, isopropanol, water, ammonium
acetate and formic acid were purchased from Fisher Chemical
(Fair Lawn, NJ, USA).

2.2, Sample preparation

For plasma, tissue homogenate and urine, 450 pL acetonitrile was
added to a 50 pL aliquot of sample in a 2 mL tube and shaken for
60 s. The sample was then centrifuged at 4 °C, 13,300 rpm for
5 min using a Heraeus Picol7 centrifuge (Thermo Scientific,
Waltham, MA, USA), after which the supernatant (tissue ho-
mogenate and urine) was removed for analysis, or (plasma) 50 pL
supernatant was mixed well with 450 pL acetonitrile:water (90:10,
v/v) for analysis. Bile samples were processed in the same way as
tissue homogenate and urine except 250 pL acetonitrile was added
to a 50 pL aliquot of sample.

2.3.  Liquid chromatography tandem mass spectrometry

Chromatography was performed on a SIL-20A XR HPLC system
(Shimadzu, Kyoto, Japan) using gradient elution on an Agilent
Poroshell 300SB C18 (75 mm x 2.1 mm, 5 um) column. The mobile
phase consisted of 0.1% formic acid and 5 mmol/L ammonium
acetate in water (solvent A) and acetonitrile:isopropanol (50:50, v/v)

Table 1  Pharmacokinetic parameters of PEG-PLA in rat
plasma after a single intravenous injection of 37.5 mg/kg PEG-
PLA.

Parameter Mean SD
Co (ng/mL) 998 100
Cinax (pg/mL) 979 90
Tmax () 0.033 0.001
ti2 (h) 5.90 0.50
AUC; (h-pg/mL) 5998 620
AUCy. o (h-pg/mL) 6020 620
CL (mL/h/kg) 6.28 0.65
V, (mL/kg) 53.6 8.5
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Figure 2
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Figure 3  Mean cumulative excretion—time curve for PEG-PLA in
rat bile after a single intravenous injection of 37.5 mg/kg PEG-PLA
(data are mean £+ SD, n = 7).

(solvent B) delivered at 0.3 mL/min according to the following
gradient: 0-0.75 min 20% B, 1.3—4 min 90% B, 4.2—6.5 min 20% B.
Detection was carried out on a SCIEX Triple TOF 5600 mass
spectrometer (AB SCIEX, Foster City, CA, USA) operated with
positive electrospray ionization (ESI) using MS*™" with a scan
range of 100—1500 Da. ESI source parameters were set as follows:
Spray voltage 5500 V; nebulizer gas 45 psi; heating gas 45 psi;
curtain gas 25 psi; ion source temperature, 450 °C. Declustering
potential (DP) was 50 V and collision energy (CE) was 35 eV.
Calibration curves were used for the quantification of PEG-
PLA. Calibration curves were constructed based on the peak area
and nominal concentration of PEG-PLA by linear least-squares
regression with 1/x> weighting. The method performance was
evaluated and the results (shown in Supporting Information
Figs. S1-S4 and Tables S1-S6) showed that the method could be
used for the quantification of PEG-PLA in biological samples.

2.4.  Animal studies

Sprague—Dawley rats (weight 200 £ 20 g) were obtained from the
Animal Center of Yanbian University, China. All animal experi-
ments were carried using equal numbers of males and females
unless otherwise stated. Experiments were carried out in accor-
dance with the Guiding Principles of the Jilin University Animal
Ethics Committee.
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The biodistribution of PEG-PLA 1in rat at 0.25, 4 and 36 h after a single intravenous injection of 37.5 mg/kg PEG-PLA (data are

2.4.1.  Pharmacokinetic study

A group of 6 rats was administered single 37.5 mg/kg doses of
PEG-PLA by tail vein injection of a 15 mg/mL solution in saline.
Blood samples (200 pL) were collected before the dose and at
0.033,0.25, 0.5, 1, 2, 4, 8, 12, 24, 36, and 48 h after the dose into
heparinized tubes containing 0.05% DDVP. Plasma was obtained
by centrifugation at 13,300 rpm for 5 min. Phoenix WinNonlin 6.4
software was used to calculate non-compartmental pharmacoki-
netic parameters.

2.4.2.  Biodistribution

A group of 18 rats were randomly divided into three equal groups
and administered single 37.5 mg/kg doses of PEG-PLA through
the tail vein. Organs and tissues (heart, liver, spleen, lung, kidney,
stomach, small intestine, large intestine, brain, fat and muscle)
were harvested from groups of 6 rats (3 male, 3 female) at 0.25, 4,
and 36 h after administration. Organs and tissues (0.5 g) were then
homogenized in 2 mL acetonitrile-water (10:90, v/v) containing
0.05% DDVP by grinding for 30 s in a vibrating ball mill at
1200 rpm (Detailed instructions on the preparation of tissue ho-
mogenate are shown in Note S-1).

2.4.3.  Metabolism and excretion

For the study of urine excretion, 6 rats were placed in individual
metabolic cages for 12 h during which blank urine was collected.
Each rat was then administered a single tail vein 37.5 mg/kg in-
jection of PEG-PLA after which urine was collected over the time
periods 0—4, 4-8, 8—12, 12-24, 24-48, 48—72 and 72-96 h and
the volumes recorded.

For the study of biliary excretion, a group of 7 rats (3 males
and 4 females) were anesthetized and subjected to bile cannula-
tion. Single 37.5 mg/kg tail vein injections of PEG-PLA were then
administered and bile collected during the time periods 0—4, 4-8,
8—16, 1624, 2448, 48—72, 72—96 and the volumes recorded.

3. Results and discussion

3.1.  Pharmacokinetics

The average plasma concentration-time curve of PEG-PLA after a
single 37.5 mg/kg intravenous injection is shown in Fig. 1 with
corresponding pharmacokinetic parameters given in Table 1 (the
detailed data of each rat is shown in Supporting Information
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Application of the MS“™ technique to the detection of PEG produced by metabolism of PEG-PLA in rat urine. (A) Total ion

chromatogram; (B) extracted ion chromatograms of PEG showing PEG characteristic fragment ions at m/z 133.08 and 177.11; and (C) the mass

spectrum of PEG.

Table S6). The elimination half-life (¢;,,) of 5.90 £+ 0.50 h in-
dicates PEG-PLA is eliminated slowly in rat. The apparent vol-
ume of distribution (V,) of 53.6 &+ 8.5 mL/kg is greater than the
volume of rat plasma (31.2 mL/kg) but less than the volume of rat
extracellular fluid (296.8 mL/kg)”’, indicating PEG-PLA is mainly
distributed in plasma and extracellular fluid. The area under the
concentration-time curve (AUC,_,) of 6000 £+ 620 h-pg/mL ac-
counts for >99% of the AUCy_. of 6020 £ 619 h-pg/mL indi-

cating that PEG-PLA is eliminated almost completely in rat
plasma after 48 h.

3.2.  Biodistribution

The distribution of a compound to tissues is affected by blood

flow, permeability, tissue perfusion rate, affinity for plasma pro-
teins and tissues, and physiological barriers (such as the blood—
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(A) Chromatogram of a blank rat urine sample spiked with PEG 2000 at 50 pg/mL showing extracted fragment ions at

133.08 £ 0.01 Da (blue) and 177.11 4 0.01 Da (red) and (B) the mass spectrum of PEG 2000.
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Figure 6
37.5 mg/kg PEG-PLA (data are mean £ SD).

brain barrier). Initially, a polymer distributes into the intracellular
and intercellular fluids through the circulatory system. PNM then
distributes rapidly to organs with high perfusion rate such as the
liver, kidneys and heart and has only limited distribution to tissues
with low perfusion rate such as muscle and fat>. Many studies
have pointed out that the distribution of PNM to the liver and
spleen is higher than to other tissues’’' due to the high activity of
the RES in these organs. In fact, RES clearance has been shown to
be the main route of elimination of PNMs from the body>”.

The biodistribution of PEG-PLA to different tissues is shown
in Fig. 2. As expected, the concentrations of PEG-PLA in spleen,
liver, and kidney are relatively high while that in muscle is rela-
tively low. The concentration is also relatively low in brain pre-
sumably because of the poor permeability of PEG-PLA through
the blood—brain barrier. Surprisingly, the concentration of PEG-
PLA in heart is also relatively low despite the fact that the heart
is also a high perfusion rate organ. Possibly this is due to the low
activity of the RES in the heart. In contrast the concentration of
PEG-PLA in fat is relatively high presumably due to the high
lipophilicity of the PLA component of PEG-PLA.

3.3.  Metabolism and excretion

PEG-PLA was undetectable in urine indicating it is not cleared by
renal excretion. Excretion into bile (Fig. 3) was also very low at
<0.2% of the administered dose. These results indicate that,
although limited in extent, PEG-PLA is mainly excreted into bile.
This is consistent with the fact that in aqueous solution PEG-PLA
undergoes self-assembly to form nanoscale micelles that are
inflexible and too big (particle size >20 nm) to undergo glomer-
ular filtration (size limit 10 nm)®’. The fact that PEG-PLA mi-
celles are in equilibrinm with free PEG-PLA then raises the
question of why free PEG-PLA is unable to undergo renal clear-
ance. Presumably this is because of the lipophilicity of the PLA
component of amphiphilic PEG-PLA.

Considering that the PLA in PEG-PLA is biodegradable®
it is reasonable to expect that PEG-PLA would be metabolized to
form PEG. Given that the MS*™" technique can simultaneously
acquire fragment ion information generated by all precursor
ions®>*%% the presence of PEG can be shown by extracting PEG
characteristic fragment ions from the acquired MS*™" data. In this
experiment, two PEG characteristic fragment ions at m/z 133.08
and 177.11 were extracted from the total ion chromatogram
(Fig. 4) indicating that PEG-PLA is indeed metabolized to PEG.
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Mean cumulative excretion—time curves of PEG in (A) rat urine (n = 6) and (B) bile (n = 7) after a single intravenous injection of

The average MW of PEG in PEG-PLA used in this experiment
was 2000 Da. The chromatogram and mass spectrum of PEG
extracted in Fig. 4 are compared with those of a PEG 2000
standard (Fig. 5). The results show that the retention time
(Fig. 4B) and mass spectrum (Fig. 4C) of the PEG extracted from
the rat urine sample are similar to those of the PEG 2000 standard
(Fig. 5) providing further evidence for the formation of PEG by
PEG-PLA metabolism.

In addition, we determined the amount of PEG in rat urine
and bile samples using our previously published method*’. The
cumulative amount of PEG excreted into urine accounted
for more than 40% of the dose of PEG-PLA (Fig. 6A) while
that in bile accounted for <0.8% of the dose (Fig. 6B). This
indicates that the PEG produced by PEG-PLA metabolism is
mainly excreted through the kidney. The total amount of
PEG excreted in urine and bile accounted for 43% of the PEG-
PLA dose.

Since the amount of PEG excreted accounts for about 50% of
the mass fraction of PEG-PLA, the cumulative amount of PEG-
PLA excreted can be calculated to be approximately 86%. Thus, it
can be concluded that PEG-PLA administered by intravenus in-
jection is mainly excreted in urine as PEG.

4. Conclusions

The results of this study provide a comprehensive description of
the biological fate of PEG-PLA in rat. They show that PEG-PLA
is almost completely eliminated from rat plasma over a period of
48 h although only small amounts of intact PEG-PLA are excreted
most being metabolized to PEG and subsequently eliminated in
urine. High concentrations of PEG-PLA are found in organs with
high perfusion rate and a highly active RES. We anticipate our
findings will facilitate the design and safety evaluation of PEG-
PLA-based nanocarrier drug delivery systems and promote their
clinical development.
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