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and in a phase 3 clinical trial, the bioequivalence of Cynviloq

ABSTRACT: Poly(ethylene glycol)-block-poly(p,L-lactic and Abraxane (nanoparticle albumin-bound PTX) is being
acid) (PEG-b-PLA) micelles are nanocarriers for poorly evaluated in the U.S.A.” Thus, PEG-b-PLA micelles possess a
water-soluble anticancer agents and have advanced proven track record of safety, sterility, and scale-up for clinical
paclitaxel (PTX) to humans due to drug solubilization, translation. However, low drug loading and poor stability
biocompatibility, and dose escalation. However, PEG-b- against precipitation, e.g, f-lapachone, limit the broader usage
PLA micelles rapidly release PTX; resulting in widespread of PEG-b-PLA micelles for drug delivery. Further, burst drug

biodistribution and low tumor exposure. To improve release for PEG-b-PLA micelles is commonplace in vivo,

delivery of PTX by PEG-b-PLA micelles, monodisperse limiting desirable pharmacokinetic (PK) properties, such as a
oligo(i-lactic acid), o(LA)s or o(LA),¢ has been coupled reduced volume of distribution for reduced toxicity and tumor
onto PTX at the 7-OH position, forming ester prodrugs: targeting by the enhanced permeability (EPR) effect for
0(LA)g-PTX and o(LA),¢-PTX, respectively. As expected, increased antitumor efficacy.’

0(_LA) ~PTX was more c.ompatible Wi.th PEG-b-PLA To improve PK properties of anticancer agents and broaden
micelles Fhar} PTX’ increasing drug loadlgg from .11 FO the range of accessible anticancer agents for clinical translation,
54%: Wh%le in vitro release of PTX was rapid, resulting in lipophilic acyl ester prodrugs have been synthesized for
precipitation, o(LA),-PTX release was more gradual: £,/ = polymeric micelles. Forrest et al. have stably loaded a 7-
. anfl 26 h for o(LA)s-PTX and o(LA) 15'PTX’ hexanoate ester of PTX in PEG-block-poly(e-caprolactone)
respectively. Notably, O'(LA) S—PTX.and 0(,LA) lé—PTX, mn micelles and revealed equipotent in vitro cytotoxicity, lower
PEG-b-PLA micelles resisted backbiting chain end scission, clearance, and higher exposure of PTX vs Taxol* A 2'-acyl

E?if);I?T)zlee;lseol()I}j\s)e 16-11;1’}')§Cde;:c11};§s.sulljsyta:toi;lﬁ;asig prodrug attacbed on PTX by a diglycolate 1i§kage has also been
1:1 acetonitrile:10 mM DBS, pH 7.4, at 37 °C, generating stably l.oaded in PEG-block-poly(styrene) mlce?lles by Mayer et
vty @l(LA), BT T 16,y vl o o L), BT v al. While p'rodr'ugs were 1—.2 ord.ers of magnitude less potent
~23 nM for A549 human lung cancer cells, equipotent than PTX in vztro,.a long-circulating diglycolate PTX pr9dmg
with PTX in vifro. After weekly IV injections at 20 mg/kg exerted higher antitumor efficacy than PTX at the maximum
as PEG-b-PLA micelles, o(LA)-PTX induced tumor tolerated dose (MTD) o.f 60 and 20 rsng/kg, respectively, ina

HT?29 human colon carcinoma model.” More recently, a diacyl

ion in AS49 t -beari ice, whi PTX
zi%;;iséozn:ér or owthl.mslzf‘priesiﬁgl%r r(r)lgeA)V\fPeTr;ascaus ed ester of f-lapachone has been synthesized and stably loaded in
: \ PEG-b-PLA micelles by Gao et al, resulting in increases in

less toxicity than PTX in terms of change in body weight.
tumor exposure in an orthotopic A549 non-small cell lung

In conclusion, o(LA), acts as a novel promoiety,
cancer tumor model and survival at the MTD (70 mg/kg) vs /-

undergoing backbiting conversion without a reliance on i 7 ' 5/
metabolizing enzymes, and o(LA),-PTX improves PTX lapachone at its MTD (25 mg/kg).” In summary, lipophilic acyl
ester prodrugs have higher loading and slower release from

delivery by PEG-b-PLA micelles, providing a strong
justification for clinical evaluation. polymeric micelles in comparison to parent drugs, resulting in
increases in MTD, tumor exposure, and antitumor efficacy.

However, lipophilic ester prodrugs are less cytotoxic in vitro and
in vivo, reflecting esterase-dependent hydrolytic conversion,
which may vary according to type of esterase, substrate
specificity, and interindividual differences in enzyme levels.”
For PEG-b-PLA micelles, we hypothesize that o(LA),-PTX
will have higher loading and slower release in comparison to

oly(ethylene glycol)-block-poly(p,L-lactic acid) (PEG-b-
PLA) micelles have been widely studied in anticancer
drug development and delivery due to a capacity for drug
solubilization, and this class of injectable nanocarriers has
progressed to humans for paclitaxel (PTX) as a safer alternative

to Cremophor EL and ethanol found in Taxol (PTX) injection. PTX (Figure 1), and upon release, o(LA),-PTX will undergo
Termed Genexol-PM and Cynviloq in Asia and the USA., conversion by a backbiting mechanism: intramolecular attack of
respectively, PEG-b-PLA micelles permit dose escalation of

PTX with less induction of life-threatening hypersensitivity Received: April 19, 2016

reactions relative to Taxol." Genexol-PM is approved in Asia Published: July 3, 2016
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Figure 1. Oligo(lactic acid),-paclitaxel prodrugs for PEG-b-PLA
micelles: Loading, release, and backbiting conversion for anticancer
activity.

the terminal-hydroxyl of o(LA), on the penultimate ester bond,
loss of lactoyllactate, and stepwise chain end scission. We note
three distinct features of o(LA), as a pro-moiety for PTX: (1)
Release of o(LA),-PTX from PEG-b-PLA micelles may be
tuned by adjusting the chain length of o(LA),; (2) conversion
of o(LA),-PTX may be preprogrammed as a function of chain
length of o(LA),, contrasting with earlier lipophilic acyl ester
prodrugs that rely on esterases; and (3) lactoyllactate, major
degradation product of o(LA),, hydrolyzes into two units of
nontoxic D,L-lactic acid. In the research of Tong and Cheng, the
2'-OH of PTX was used to polymerize p,L-lactic acid, forming
PLA—-PTX conjugates of varied chain length for the
preparation of novel conjugate nanoparticles.” Although the
2’-OH of PTX is the most reactive and the most common site
for prodrug synthesis, complete removal of the pro-moiety is a
requirement for bioactivity.” Alternatively, esterification of the
7-OH of PTX has been shown to minimally impact the
assembly of microtubules, and this site was chosen for the
coupling of o(LA), on PTX, characterization of o(LA),
conversion, and evaluation of o(LA),-PTX bioactivity in vitro
and in vivo.

TBS-PTX was esterified at the 7-OH position with TBS-
o(LA)g or TBS-o(LA),s by 1,3-dicyclohexylcarbodiimide
coupling, followed by deprotection, resulting in o(LA)g-PTX
and o(LA),,-PTX prodrugs (Scheme 1). An orthogonal
synthetic strategy afforded monodisperse o(LA), for detailed
structure—activity relationships for o(LA),-PTX prodrugs.'’
The chemical structures of o(LA)y-PTX and o(LA)+PTX
prodrugs were supported by 'H NMR spectroscopy and
electrospray mass spectroscopy analysis (Figure S1). Selective

Scheme 1. Synthetic Scheme for 0(LA)g-PTX and o(LA)¢-
PTX Prodrugs
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reduction of o(LA)g-PTX at the 13-ester group produced
(1S,2R)-N-1-(1-phenyl-2,3-dihydroxypropyl)benzamide
(DPPB) and o(LA)g-baccatin III, based on reverse-phase
HPLC analysis and mass spectroscopy (Figures S2—SS),
providing support for coupling of o(LA)g or o(LA)¢ solely
at the 7-OH position of PTX.

Physicochemical properties of PEG-b-PLA micelles contain-
ing PTX, o(LA)g-PTX, or o(LA),c-PTX prodrug are
summarized in Table 1. PEG-b-PLA micelles increased the
water solubility of PTX from ~10 mg/L to 0.9 mg/mlL,
forming micelles with an average hydrodynamic diameter at
30.5 nm and 8.6% drug loading. However, an increase in the
water solubility of PTX was not realized by a 6-fold increase in
the initial level of PTX used in drug loading. Instead, loading
efficiency of PTX was low, ~21%, and drug loading for PEG-b-
PLA micelles leveled off 11.2% drug loading. Notably, PEG-b-
PLA micelles containing PTX were unstable at room
temperature, precipitating in <2 h. By contrast, drug loading
of o(LA)g-PTX prodrug for PEG-b-PLA micelles increased
from 8.7 to 37.1 and 54.5% with a 6-and 12-fold increase in the
initial level of prodrug, respectively, and loading efficiency was
~100%. The hydrodynamic diameter of PEG-b-PLA micelles
containing 0(LA)g-PTX prodrug at 37.1 and 54.5% increased to
58.8 and 100 nm, respectively. Drug loading of o(LA),PTX
prodrug was also higher than PTX for PEG-b-PLA micelles,
~39% and 6.2 mg/mL in water. Notably, PEG-b-PLA micelles
containing 0o(LA)g-PTX or o(LA),,-PTX prodrug were stable
at 37 °C >72 h, indicating thermodynamic stability for o(LA)s-
PTX or o(LA);cPTX prodrug solubilization. At 9% drug
loading and particle size at 30 nm, PEG-b-PLA micelles rapidly
released PTX in vitro, resulting in precipitation of PTX <4 h
(Figure 2). By contrast, in vitro release of o(LA)y-PTX or
o(LA),4-PTX prodrug from PEG-b-PLA micelles was gradual,
with t,,, = 14.2 and 26.5 h, respectively, indicating control of
prodrug release by tuning of o(LA), chain length. In summary,
o(LA)g or o(LA);s as a pro-moiety acts as a compatibilizer
between 0o(LA)g-PTX or o(LA),-PTX prodrugs and PEG-b-
PLA micelles, resulting in improvements in drug loading,
physical stability, and drug release in comparison to PTX.

Prior research by Hennink et al. showed that o(LA), with a
free hydroxyl-containing chain end degrades by chain end
scission by a backbiting mechanism, as opposed to a random
chain scission mechanism observed for high molecular weight
PLA."' In a 1:1 mixture of acetonitrile and PBS buffer (pH 7.4,
10 mM), used to gain solubility, o(LA)s-PTX prodrug eluted at
~23 min, and upon conversion, it produced a series of well-
defined peaks with shorter elution times, approaching the
elution time of PTX, ~12 min (Figure 3). The major peaks
were assigned to even number degradation products of o(LA)g-
PTX upon the loss of lactoyllactate upon backbiting: o(LA),-
PTX, o(LA),-PTX, o(LA),-PTX, and PTX, whereas noticeably
smaller peaks corresponded to odd number degradation
products from random hydrolysis. The relative area (%) of
o(LA)g-PTX prodrug, even number degradation products, and
o(LA),-PTX were plotted vs time (Figure 4). The ¢/, for the
conversion of o(LA)g-PTX prodrug was ~7.3 h, producing
0(LA),-PTX as the major species and to a lesser extent o(LA);-
PTX and PTX over 300 h (Figure S6). Similarly, o(LA),s-PTX
prodrug generated a backbiting degradation profile based on
reverse-phase HPLC analysis (Figures S7—S8): t,/, = 7.4 h and
even number degradation products, mostly o(LA),-PTX. On
the other hand, conversion of o(LA)g-PTX or o(LA),<PTX
prodrugs in PEG-b-PLA micelles slowed considerably: t,,, =
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Table 1. Physicochemical Properties of PEG-b-PLA Micelles Containing PTX, o(LA)s-PTX, or o(LA);c-PTX Prodrug

drug initial level of PTX (mg)®  drug loading efficiency (%)
PTX 1 93.8 £ 12.8
6 21.0 £ 23
o(LA);-PTX 1 949 + 3.6
6 98.4 + 10.0
12 100.7 + 10.0
o(LA),¢PTX 1 964 + 33
6 104 + 5.0
12 45.8 + 3.6

drug loading (%) size (nm) apparent solubility (mg/mL)  stability (h)
86+ 1.1 30.5 £ 0.3 09 + 0.1 <2
112 £ 1.1 37.0 £ 5.7 12 +0.1 <2
8.7 + 04 32.7 +£ 0.6 09 + 04 >72
371 £23 58.8 +£ 0.3 59 + 0.6 >72
545 £ 43 100.0 + 1.3 12 + 1.0 >72
8.8 + 0.3 310 £ 0.2 1.0 + 0.3 >72
38.6 + 1.0 87.7 £ 0.8 62 + 02 >72
354 £ 1.8 89.0 + 6.3 55+04 >72

?10 mg of PEG-b-PLA was used in each formulation. (mean + SD, n = 3) ; M, of PEG = 4000 g/mol; M, of PLA = 2200 g/mol.
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Figure 2. In vitro release of PTX, o(LA)s-PTX, or o(LA),,-PTX
prodrug from PEG-b-PLA micelles (mean + SD, n = 3).
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Figure 3. Reverse-phase HPLC chromatograms of o(LA)g-PTX
prodrug and its backbiting conversion products after incubation in
1:1 CH,CN/10 mM PBS at 37 °C, pH 7.4 at 0, 4, 12, 96, and 168 h.

100 - PTX O(LA);-PTX
= O(LA)PTX = O(LA)PTX
80 OLA)PTX o= o(LA)-PTX

60

40

Relative area (%)

* .'Mwﬁ

0 100 200 300
Time (ours)

Figure 4. Backbiting conversion of 0(LA)s-PTX prodrug into o(LA),-
PTX, o(LA),-PTX, o(LA),-PTX, and PTX (mean + SD, n = 3).

157 and 315 h, respectively (Figures S9—S10), consistent with
hindered backbiting reaction in a nonpolar environment (PLA
core).'"'” In summary, conversion of 0(LA)g-PTX or o(LA) 4
PTX prodrugs in an aqueous solution proceeds rapidly by a
backbiting reaction, but slowly in PEG-b-PLA micelles in water.
Thus, PEG-b-PLA micelles can stably carry o(LA)g-PTX or

o(LA),-PTX prodrug, and upon release, o(LA)s-PTX or
0(LA),,-PTX prodrug undergoes rapid backbiting, primarily
generating o(LA),-PTX and to a lesser extent o(LA),-PTX and
PTX.

PTX is a potent anticancer agent as a microtubule stabilizer,
and it plays a central role in the treatment of non-small cell lung
cancer. Accordingly, PTX had a low ICy, value of 2.0 nM for
the human A549 non-small cancer cell line (Figure S). The IC,

100 [ Free form
. E3 Micelle form
-

1C5o (M)

Figure S. In vitro cytotoxicity of PTX, o(LA),-PTX, o(LA)s-PTX, or
o(LA),¢PTX prodrug against human AS49 non-small lung cancer
cells. Columns, mean of quadruplicate determinations; bars, SD; **, p
< 0.01 for o(LA)g-PTX compared to PTX for free and micelle forms.

value of 0(LA)s-PTX in the free form has a slighter higher value
of 8.9 nM, reflecting the time needed for conversion. The ICs
values of 0(LA)g-PTX and o(LA),-PTX as micelles were about
7-fold higher, ~15 nM, reflecting the time needed for release
from PEG-b-PLA micelles (over 72 h). Notably, o(LA),-PTX,
the major species generated from backbiting, was equipotent
with PTX in vitro. Thus, 2 lactic acid units at the 7-OH position
of paclitaxel does not interfere with microtubule stabilization,
defining o(LA),-PTX, o(LA),-PTX, and PTX as bioactive
species. By contrast, 2’-OH ester prodrugs require full
conversion back to PTX for cytotoxicity. In summary,
backbiting of o(LA)g-PTX prodrug generates cytotoxic species,
primarily o(LA),-PTX, without a reliance on converting
esterases, enabling a novel prodrug strategy for PEG-b-PLA
micelles.

The in vivo anticancer efficacy of PEG-b-PLA micelles
containing PTX or o(LA)g-PTX prodrug was evaluated in an
AS49 xenograft model after weekly tail vein injection at a dose
of 20 mg/kg (Figure 6a). It is noted that the MTD for Taxol
and Genexol-PM is 20 and 60 mg/kg, respectively, and the
MTD for o(LA)g-PTX prodrug has yet to be defined. Further, a
weekly IV injection schedule for PTX or o(LA)g-PTX prodrug
was evaluated because of its clinical relevance (3 weekly
injections and 1 week off X 3 cycles). With PEG-b-PLA
micelles containing PTX at 20 mg/kg, growth of A549 tumors
paralleled the tumor growth of the vehicle control for about 2
weeks, followed by tumor growth inhibition during treatment
over 71 days and delayed tumor growth. By contrast, PEG-b-

8676 DOI: 10.1021/jacs.6b03995
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Figure 6. (A) In vivo antitumor efficacy PTX or o(LA)g-PTX prodrug
(20 mg/kg) as PEG-b-PLA micelles (9% loading) in an AS49
xenograft tumor model. Mice received 3 weekly injections followed by
1 week off for 3 cycles (mean + SEM, n = 3—4). Bars, SEM; ***, p <
0.001. (B) Relative body weight of mice treated with PTX or o(LA)s-
PTX prodrug (20 mg/kg) as PEG-b-PLA micelles (9% loading). Bars:
SEM; **, p < 0.01.

PLA micelles containing o(LA)s-PTX prodrug at 20 mg/kg
decreased tumor volumes during weekly treatment over 71 days
without relapse up to 120 days (Figure 6a). Surprisingly,
0(LA)g-PTX prodrug was also less toxic than PTX in terms of
body weight change (Figure 6b).

PTX ester prodrugs are often water-soluble and less toxic but
less active as anticancer agents. However, o(LA)g-PTX prodrug
with PEG-b-PLA micelles is a unique anticancer nanomedicine
in terms of backbiting conversion, physical stability, lower
toxicity, and higher antitumor efficacy in an A549 xenograft
model. Given slower in vitro release and improved physical
stability of o(LA)g-PTX prodrug micelles vs PTX micelles,
o(LA)g-PTX prodrug may circulate longer in bloodstream,
increase AUC, reduce the distribution of PTX into nontarget
tissue, increase tumor exposure (EPR effect), and undergo
intratumoral conversion by backbiting. We note that the small
size of PEG-b-PLA micelles containing o(LA)g-PTX prodrug
(~30 nm) is favorable for the EPR effect,'* and the low C,,, of
PTX brought about o(LA)g-PTX prodrug favors low host
toxicity, especially in comparison to PEG-b-PLA micelles
containing PTX. The contribution of esterases on o(LA)g-
PTX conversion in vivo awaits characterization. In the current
context of a phase 3 clinical trial on Cynviloq and Abraxane in
the US.A, o(LA)g-PTX prodrug using proven PEG-b-PLA
micelle technology may represent an significant advance in
PTX delivery and cancer treatment. Lastly, o(LA)g as pro-
moiety may be expanded to other poorly water-soluble
anticancer agents and enhance delivery by PEG-b-PLA micelles.
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