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Controlled Formulation of Doxorubicin-Polylactide Nanoconjugates
for Cancer Drug Delivery

Rong Tong, Li Tang, Linda Yala and Jianjun Cheng

Abstract—We report here the synthesis of doxorubicin-
polylactide conjugate via doxorubicin-initiated lactide
polymerization.

I. INTRODUCTION

OLYMERIC nanomedicine, an emerging field that

involves the development of polymeric nanostructures

for cancer treatment, is expected to alter the landscape of
oncology [1]. In current formulation of anticancer
polymeric nanostructures, drug molecules are -either
covalently linked to hydrophilic polymers through
conventional coupling chemistry (Scheme 1la) [2] or non-
covalently encapsulated into hydrophobic polymeric
nanoparticles (NPs) (Scheme 1b) [3]. Several systems
derived from these two strategies have been approved for
clinical use of cancer therapy [4]. In this communication we
report a new nanoparticle formulation method through a
doxorubicin (Doxo)-initiated, chemo- and regionselective
lactide (LA) ring-opening polymerization (ROP) followed
by nanoprecipitation of the resulting Doxo-polylactide
(Doxo-PLA) conjugate (Scheme 1c) [5, 6].

ROPs of LA are usually mediated by a metal-alkoxide
(RO-M) [7] or by a metal-carboxylate in the presence of a
hydroxyl-containing initiator (R’OH) with RO (or R’O)
being attached to the terminus of the resulting PLA through
an ester linker. This process has been extensively used for
incorporation of hydroxyl-containing substrate such as
vitamin [8], macromolecule [9], drug [6] and even
nanoparticle to PLA. [10] To incorporate Doxo, a complex
therapeutic agent containing multiple functional groups
(Scheme 1d), control of chemoselectivity is essential to
ensure the success of this proposed formulation strategy
(Scheme 1c).

II. RESULTS AND DISCUSSION

Tin(Il) ethylhexanoate [9], a well-known LA polymerization
catalyst, was first chosen to study. However, this catalyst
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gave poorly controlled Doxo incorporation and LA
polymerization (data not shown). Luckily, when
(BDD)MN(TMS), (M = Mg and Zn), a series of catalysts
developed by Coates and coworkers [7], were mixed with
Doxo to initiate LA polymerizations, excellent control over
chemoselective incorporation of Doxo to PLA was
observed. When 100 equiv. LA was added to the mixture of
(BDI)MgN(TMS), and Doxo, the polymerization completed
within 12 h with 100% Doxo incorporation efficiency.
After Doxo-LA g, the Doxo-PLA conjugate prepared at a
LA/Doxo ratio of 100, was treated with 0.1M NaOH, nearly
quantitative recovery of Doxo in its original form was
observed. This study demonstrated that Doxo molecules are
linked to PLA exclusively through ester linkers that are
subject to base-induced rapid hydrolysis (Scheme 1d).
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Scheme 1. Illustration of (a) polymer-drug conjugate, (b) polymer/drug
nanoparticle, and (c¢) polymer-drug nanoconjugate via drug-initiated ROP
followed by nanoprecipitation. (d) Preparation of Doxo-PLA conjugate
through Doxo/(BDI)MN(TMS), (M = Mg or Zn)-initiated LA ROP.

Formation of amide bonds is wusually favored in
conventional carboxylate coupling when both amine and
hydroxyl groups are present. Interestingly, the unprotected
amine group of Doxo did not interfere with this Mg-Doxo
initiated polymerization and remained intact in the resulting
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(Pyr-NH,) as the corresponding model hydroxyl and amine
initiator. An equal molar mixture of Pyr-NH, and Pyr-OH
with 1 equiv. (BDI)MgN(TMS), initiated a LA
polymerization exclusively through Pyr-OH, whereas Pyr-
NH, remained intact in the polymerization solution.

Doxo/(BDI)MgN(TMS),-mediated LA polymerizations
gave Doxo-PLAs with well-controlled molecular weights
(MWs). The obtained M, of Doxo-LA, (3.12 x 10* g/mol)
was in good agreement with the expected M, (2.93 x 10*
g/mol). Nonetheless, a broad MW distribution (MWD)
(My/M, = 1.50) was observed, which is attributed
presumably to the slow initiation relative to chain
propagation as well as to potential trans-esterification
reactions [6, 7]. It is known that Zn-alkoxide undergoes
slightly slower but better controlled living polymerization
compared with their Mg analogue [7, 11]. When
(BDI)ZnN(TMS), was used in a similar polymerization, the
resulting Doxo-LA,y had the expected M, (3.01 x 10*
g/mol) with significantly reduced MWD (M,/M, = 1.15).
The MWs of Doxo-PLA conjugates could be readily
controlled by adjusting the LA/Doxo feeding ratio. Covalent
attachment of Doxo to the resulting Doxo-PLA was
confirmed by end group analysis of the Doxo-PLA using
MALDI-TOF MS.
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Fig. 1. MS analysis of the mixture of (a) Doxo, 1 eq. (BDI)ZnN(TMS), and
3 eq. SA, and (b) Doxo, 1 eq. Zn(N(TMS),), and 3 eq. SA. Peak
assignment: (a) Doxo-SE: (M+H) 644.3; (b) Doxo-2SE: (i = (M+H) 742.3,
ii = (M+NHy) 759.7; Doxo-3SE: (i = (M+H) 842.3, ii = (M+Na) 863.3)

Because of the steric bulk of BDI, Doxo likely forms
alkoxide complex with the BDI-metal catalyst more readily
through its less sterically hindered 14-OH group than
through the more sterically hindered 4’-OH or 9-OH groups
to facilitate regioselective initiation and polymerization. To
prove this regioselectivity, we mixed
Doxo/(BDI)ZnN(TMS), with succinic anhydride (SA) to
mimic the initiation step of Doxo/(BDI)ZnN(TMS),-
mediated LA polymerization, and characterized the reaction
mixture by MS (Figure 1a) and NMR. As expected, Doxo-
14-succinic ester (Doxo-SE) was the predominate product
(Figure la). When (BDI)ZnN(TMS), was replaced by
Zn(N(TMS),),, the regionselectivity disappeared and Doxo-
4’ 14-bissuccinic ester (Doxo-2SE) and Doxo-4’,9,14-
trisuccinic ester (Doxo-3SE) became the predominant

products (Figure 1b). These and additional studies
demonstrated that both ligand and metal catalyst have
dramatic effect on regioselectivity during initiation and on
polymer MWs.

Table 1. A Mixture of Doxo and (BDI)ZnN(TMS), Initiated LA
Polymerization and NC Formation®

NC size

M/ LD(%) CV(%) IE(%)  NC° SO (am) PP *SD

100 3.6 >99 >99 Doxo-LA 90.6+0.6 0.080.01
50 74 >99 >99 Doxo-LAs, 76.0+1.1 0.09 £0.01
25 131 >99 96 Doxo-LAy 76.1+81 0.16+0.02
10° 274 >99 94 Doxo-LAj 1252+23 0.11+0.01

*Abbreviations: M/I = LA/Doxo ratio; LD = Doxo loading in wt%; CV =
conversion of LA; IE = incorporation efficiency of Doxo; SD = standard
deviation; PD = polydispersity of NC. ®NCs are denoted by Doxo-LAwi ratio-
‘Prepared with (BDI)MgN(TMS),

Doxo-PLA  conjugated nanoparticles, or called
nanoconjugates (NCs), were readily prepared through the
nanoprecipitation of PLA-Doxo conjugates (Scheme 1d).
Sub-100 nm NCs with narrow, monomodal particle
distribution were obtained in all cases (Table 1). This
narrow size distribution is in contrast to the multimodal
particle distributions frequently observed in NPs prepared
by co-precipitation of polymers and drugs [12, 13]. As the
multimodal particle distributions were attributed in part to
the self-aggregation of non-encapsulated drugs [12],
nanoprecipitation of unimolecular structured polymer-drug
conjugates has clear advantage for eliminating particle
heterogeneity.

Because both monomer conversions and drug
incorporation were quantitative (Table 1), Doxo loadings in
Doxo-PLA NCs could thus be precisely pre-determined by
adjusting LA/Doxo feeding ratios. At a low M/I ratio of 10,
drug loading could be as high as 27.4% (Doxo-LA,,, Table
1). To our knowledge, this is by far the highest loading ever
reported in Doxo-containing polymeric NPs. Even at this
high drug loading, sustained release of Doxo from Doxo-
LAy NC was observed through the hydrolysis of the ester
linker connecting the Doxo and the PLA. No burst release of
Doxo was observed in Doxo-LA;p, which was in sharp
contrast to the burst release of PLA/Doxo NP prepared by
co-precipitation.  The release rates correlate to drug
loadings; therefore toxicities of NCs can be tuned by
controlling drug loadings.

III. CONCLUSION

Preparation of Doxo-PLA conjugates with controlled
loading and release profiles have been previously reported
using conventional coupling chemistry [14]. Here we report
a different conjugation method by taking advantage of
Doxo-initiated, chemo- and regioselective ROPs for facile
formation of PLA-Doxo conjugates with pre-determined
drug loadings and quantitative loading efficiencies. The
metal catalysts do not have deleterious effects on Doxo. This

2401



method has been extended to the formation of PLA NCs
with several other hydroxyl-containing therapeutic agents,
which demonstrates its potentially widespread utility for the
formulation of polymer nanoparticles for drug delivery
applications.

IV. EXPERIMENTAL

In a glove box, Doxo (5.5 mg, 0.01lmmol) was dissolved
in anhydrous THF (1 mL). (BDI)MgN(TMS), (18.1 mg,
0.03 mmol) was added to the Doxo solution. The mixture
was stirred for 15-20 min at room temperature. LA (144
mg, 1.0 mmol) in DMF (1 mL) was added dropwise to the
vigorously stirred mixture of Doxo and (BDI)MgN(TMS),.
The polymerization was monitored by following the lactone
band at 1772 cm™ using FTIR or by checking the methine (-
CH-) peak of LA around 5.2-5.0 ppm using '"H-NMR. After
the polymerization was complete (usually within 90 min), an
aliquot of the polymerization solution was injected to HPLC
to quantify the unreacted Doxo in order to determine the
incorporation efficiency of Doxo to the Doxo-PLA
conjugate. One drop of water was added to the
polymerization solution to hydrolyze the Mg-Doxo alkoxide
and to terminate the polymerization. The resulting Doxo-
LA,p was precipitated with ethyl ether (10 mL), washed
with ether and methanol/acetic acid (v/v = 100/1, 10 mL) to
remove BDI ligand, and dried under vacuum. Complete
removal of BDI from Doxo-LA o conjugate was verified by
NMR. A Doxo-LAjy conjugate in DMF (100 pL, 10
mg/mL) was dropwise added to nanopure water (2 mL).
The resulting Doxo-LA;p NC was collected by
ultrafiltration (15 min, 3000 x g, Ultracel membrane with
10,000 NMWL, Millipore, Billerica, MA) and used for
characterization of size, drug loading, release kinetics, etc.
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