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7.1 INTRODUCTION

Polymeric nanomedicine, an emerging field that involves the use of drug-containing

polymeric nanoparticles (NPs) for cancer treatment, is expected to alter the landscape

of oncology [1]. The medical application of nanotechnology has been extensive:

roughly 40 nanomedicines have already been approved by the Food and Drug

Administration (FDA) for clinical use [2–4] and a handful of NPs are currently in

preclinical investigations [2,5]. Incorporation of chemotherapeutic agents in NP

delivery vehicles can improve water solubility, reduce clearance, reduce drug resist-

ance, and enhance therapeutic effectiveness [6]. Broadly speaking, two approaches

havebeenused to loaddrugs inNPs fordelivery.One is to encapsulate drugswithinNPs

via noncovalent bonds, that is, distribution of the drug throughout a polymeric matrix

during formulation (Figure 7.1a) [7]. The second loading strategy is the formulation of

NPs using polymer–drug conjugates, a technique first proposed in 1975 (Figure 7.1b)

[8]. In this chapter, we discuss the pros and cons of the two strategies and introduce

newly developed polymer-drug conjugates—so-called nanoconjugates—as a formu-

lation strategy which addresses challenges faced by both encapsulates and conjugates
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(Figure 7.1c). Along theway, we also discuss topics related to regioselective polymer–

drug conjugation chemistry, in vitro formulation and characterization, and present

preliminary in vivo studies that highlight the potential clinical translation of

nanoconjugates.

7.2 CURRENT STATUS OF NANOENCAPSULATES

AND POLYMER–DRUG CONJUGATES

7.2.1 Nanoencapsulates

Nanoparticles loadedwith a drug via encapsulationwithin a polymermatrix are termed

nanoencapsulates. Although nanoencapsulate formulation is straightforward in

both concept and fabrication, their clinical use is challenged by a variety of issues

(Figure 7.1a). First, nanoencapsulates often show “burst” drug release profiles in

aqueous solution,with asmuch as 80–90%of the encapsulated drug releasedduring the

first few to tens of hours [9]. The rapid drug release, also called dose dumping, can

prevent the drug from operating within its therapeutic window and cause severe

systemic toxicity [10].Second,drugloadinginnanoencapsulates isvery low—typically

in the range of 1–5% for most NPs studied—and is widely variable depending on the

amount of drug being used, the hydrophobicity/hydrophilicity of the drug aswell as the

compatibility between the drug and the polymer [9,11]. Drug loading, in particular, is

a critical measure of the feasibility of nanoencapsulate delivery systems in clinical

Nanoencapsulates

Polymer–drugs conjugates 

Nanoconjugates
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Simple formulation•

Burst release•
Low drug loading•
Heterogeneity: large size •
distribution
Difficulty of long-term storage•
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FIGURE 7.1 Pros (black) and cons (gray) of (a) nanoencapsulates (NEs) and (b) polymer–

drug conjugates. We propose (c) nanoconjugates (NCs) with reduced heterogeneity to address

the challenges in both encapsulated and conjugated systems.
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settings [11]. At low drug loading, large amounts of delivery vehicles are needed to

achieve therapeutic concentrations. However, because of the limited body weight and

bloodvolumeofanimals, administrationvolumesarefixed.Formicewith20–30 gbody

weight, the intravenously injectedvolumemustbekept around100–200mL[12].Thus,

the intravenous administration of NPs with 1% drug loading in a 100mL solution at a

dose of 50mg/kg (e.g., docetaxel) would require a 1 g/mLNP solution. In practice, it is

impossible to formulate such concentrated solutions and inject them intravenously.

Another problem related to drug loading is the lack of a general strategy to achieve

quantitative drug encapsulation in many NPs (e.g., polylactide (PLA) and poly(lactic-

co-glycolic acid) (PLGA) NPs). In this instance, nonencapsulated drugs may self-

aggregate, thus complicating their removal from the NPs [13]. Ultimately, these

formulation challenges significantly impact the processability and the clinical transla-

tion of nanoencapsulate delivery vehicles for cancer therapy.

7.2.2 Polymer–Drug Conjugates

As difficulties facing nanoencapsulate drug loading began emerging, considerable

interest was shifted to drug delivery strategies employing polymer–drug conjugates

(Figure 7.1b). In fact, a polymer–protein drug conjugate has already been approved

for use in Japan, and a handful of other polymer–drug conjugates are presently

transitioning from later clinical trials to the wider market [10,14]. One of the first

systems explored, N-(2-hydroxylproply)methacrylamine (HPMA) polymer–drug

conjugates developed by Duncan and Kopecek in the late 1970s, has led to various

clinical trial candidates [14,15]. Other interesting types of polymer–drug conjugates

include cyclodextrin-containing polymers with conjugated camptothecin developed

by Davis laboratory (IT-101) [16–20] and dendritic polyester–drug conjugates

developed by Frechet and coworkers [21,22].

One of the primary challenges facing polymer–drug conjugate delivery systems is

the actual conjugation step. Not only does the conjugation often require extensive

post-conjugation purification steps, the heterogeneity of polymer–drug conjugates

arising from nonsite-specific coupling reactions may also present bottlenecks to

the clinical translation [10]. As shown in Figure 7.2, heterogeneities of polymer–

drug conjugates result from (1) molecular weight distributions (MWDs, Mw/Mn) of

the polymers (Figure 7.2a), (2) lack of control of the drug conjugation site on the

polymer backbone (Figure 7.2b), and (3) lack of regioselectivity with regard to

the conjugation site on drugs with multiple conjugation-amenable functional groups

(Figure 7.2c). This last point is particularly relevant, as many of the best-selling

anticancer small molecule drugs (e.g., paclitaxel, docetaxel, and doxorubicin)

contain multiple functional groups (e.g., multihydroxyl groups in all three agents;

ketone and amine groups in doxorubicin) for conjugation [23]. In the past several

decades, there have been numerous efforts to minimize heterogeneities within

polymer–drug conjugates. These include the development of polymers with low

MWDs (e.g., dendrimers) [22,24–31], the conjugation of therapeutic agents to

specific sites along the polymer backbone (e.g., the termini) [16,32–38], and the

activation of specific functional groups on the therapeutic agents by means of
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protection/deprotection chemistry [39,40]. However, concise synthetic strategies

that yield polymer–drug conjugates with minimal heterogeneity for clinical appli-

cation are still lacking (Figure 7.2a–c).

7.3 NANOCONJUGATES: DESIGN AND SYNTHESIS

7.3.1 Design and General Consideration

We present here a new synthetic strategy to address challenges faced by both

nanoencapsulates and polymer–drug conjugates. In particular, we focus on chemistry

that allows for site-specific conjugation of a drug to a polymer with a narrow

molecular weight distribution (MWD) with quantitative incorporation efficiency.

Different 
functional
groups on 
drug

Activation Initiation

n

Propagation

: Drug with multiple hydroxyl groups 

: Catalyst: Monomer: Polymer

: Regioselectively activated hydroxyl

(d)

:  Unactivated hydroxyl

(a) (b) (c)Conjugation of drugs to 
polymers with variable 
chain lengths

Conjugation of drugs to the 
different sites of polymer 
chains

Conjugation of drug 
via its different 
functional groups

Regioselective nanoconjugates

FIGURE 7.2 Heterogeneities in polymer-drug conjugates: (a) polymer–drug conjugates

with a broad distribution of polymer chain lengths; (b) polymer–drug conjugates in which the

conjugation site on the polymer backbone is uncontrolled; (c) polymer–drug conjugates in

which a multifunctional therapeutic agent is conjugated without regioselectivity. Our solution

to the heterogeneity problem: (d) drug-initiated, controlled polymerization for the synthesis of

polymer–drug conjugates with low MWDs; the drug molecules are conjugated regioselec-

tively to the polymer termini.
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In designing such a synthetic strategy, we first considered chemical systems which

already benefit from controlled and precise chemistry, like the well-established and

controlled polymerization methodologies allowing for the preparation of polyesters

[41,42], polypeptides [43,44], and hydrocarbon-based synthetic biopolymers [45]

with precisely controlled molecular weights (MWs) and narrow MWD. By incor-

porating these existing strategies in our design, polymer–drug conjugates can be

produced with precise and homogeneous chemical structure and, ultimately,

improved performance.

Ring-opening polymerization (ROP) for the preparation of PLA polyesters has

been investigated extensively [46,47]. The polymerization reaction typically

involves lactide (LA) ring opening by a metal–alkoxide (LnM–OR) to form a

RO-terminated LA–metal alkoxide (ROOCCH(CH3)O-MLn) followed by chain

propagation to form RO-terminated PLA [41,46,47]. According to this mechanism,

the RO group ultimately is connected to the PLA terminus through an ester bond

(Figure 7.3a). This process is well understood and has been used extensively for the
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FIGURE 7.3 (a) Mechanism of ROP of PLA initiated by R-OH/BDI-metal catalyst. We

propose the mechanism can be applied to (b) complex molecules with dense hydroxyl groups,

for example, Ptxl, to initiate ROP. (c) Regioselective coordination of (BDI-II)ZnN(TMS)2 onto

20-OH of Ptxl to initiate ROP of LA. The polymers can be nanoprecipitated with PLGA–mPEG

or PLA–mPEG to formulate sub-120 nm NPs.
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incorporation of hydroxyl-containing small molecules [38], macromolecules [48],

and NPs [49] to the termini of PLA.

In the context of delivery technology, hydroxyl groups of drugs can be utilized to

achieve controlled living polymerization of LA. The hydroxyl group is the most

abundant functional group in natural products, being found in about 65% of the

�78,000 known pharmacophores as well as in several of the best-selling anticancer

small molecule drugs. Thus, the active initiator for PLA polymerization can be

prepared in situ by mixing a hydroxyl(s)-containing drug with an active metal

complex, such as a metal-amido [41,50]. If well designed, the in situ formed M–ORs

can initiate controlled polymerization of LA, resulting in quantitative incorporation

of ORwith 100%monomer conversion (Figure 7.3b) [41,46]. By judicious control of

the metal catalyst ligand, it is also possible to control the regioselective coordination

of a structurally complex drug molecule bearing multiple hydroxyl groups

(Figure 7.2d). After ROP, the linear PLAwill be covalently linked onto the specific

hydroxyl group of the drug via an ester bond. PLA–drug conjugates can then be

driven to form NPs—called nanoconjugates (NCs)—by nanoprecipitation methods

(Figure 7.3c). Unlike nanoencapsulates, the use of a degradable ester linkage

between a drug and a polymer prevents burst release from the NPs and facilitates

the controlled release of drugs from the conjugates.

ROP of LA to generate polymer–drug conjugates with precise and homogenous

chemistry has been examined in several studies performed by the Cheng laboratory

[10,51,52]. For these studies, the ROP of LAwas catalyzed by (BDI-X)MN(TMS)2
(BDI¼ 2-((2,6-dialkylphenyl)amino)-4-((2,6-dialkylphenyl)imino)-2-pentene, M¼
Mg or Zn, Table 7.1), a class of catalysts developed by Coates and coworkers for the

controlled ROP of LA [41,50]. The strategy allows for quantitative incorporation of

multihydroxyl drugs [51] (e.g., paclitaxel (Ptxl), docetaxel (Dtxl), and doxorubicin

(Doxo)), other hydroxyl-containing therapeutic molecules [52] (e.g., camptothecin

(Cpt), cyanine, cyclopamine) and even small peptides (goserelin) via ester bonds. By

tuning the substituents on the N-aryl groups (R1 and R2) and the b-position (R3) of

TABLE 7.1 (BDI-X)ZnN(TMS)2 for NCs Synthesis

Ligand R1 R2 R3

NN
R1

R1

R3

R2

R2
Zn

N
TMS TMS

(BDI-X)ZnN(TMS)2

BDI-II iPr iPr H

BDI-EE Et Et H

BDI-EI Et iPr H

BDI-IICN iPr iPr CN
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the BDI ligand (Table 7.1) [53], regioselective polymerization on specific hydroxyl

groups can be achieved (Table 7.2). The controlled polymerization also can be

expanded to other biopolymers, such as poly(d-valerolactone), poly(trimethylene

carbonate), and poly(e-caprolactone) (Table 7.3 for various polymers loaded with

Ptxl and Dtxl). Apart from their controlled chemistry, drug–PLA conjugates can be

nanoprecipitated to generate NPs with sub-120 nm diameter, high drug loading,

nearly quantitative loading efficiencies, controlled release profiles without burst

release, and narrow particle size distributions [51,52,54,55].

The controlled chemistry mentioned earlier was validated in the synthesis of Ptxl–

PLA, and Doxo–PLANCs. In the following discussion of these NCs, we examine the

catalyst metal selection to achieve selective activation of hydroxyls in Cpt without

disrupting the lactone ring structure [54]. Regioselective polymerization chemistry is

also explored in the synthesis of Ptxl–PLA and Doxo–PLA NCs, whose initiator

drugs possess multiple hydroxyl groups as well as other functional moieties.

Combined, these experiments demonstrate that the proposed NC synthetic strategy

is widely applicable for the synthesis of drug–polymer conjugates with various

hydroxyl-containing therapeutics and with various polymer backbones.

7.3.2 Synthesis of Cpt–PLA Nanoconjugates

20(S)-Camptothecin (Cpt), a topoisomerase I inhibitor isolated from the Chinese tree

Camptotheca acuminate, exhibits a broad range of anticancer activity in various

animal models [56,57]. In terms of usability, Cpt has low aqueous solubility in its

therapeutically active lactone form and is transformed rapidly to its carboxylate

analog at physiological pH, producing a highly toxic and therapeutically inactive

molecule (Figure 7.4a) [58,59]. While Cpt–polymer conjugates have been prepared

to overcome the solubility limitation of the drug, conjugates prepared with conven-

tional coupling chemistry are plagued by various heterogeneities. For example,

experiments exploring the conjugation of Cpt via condensation reactions yield

MWDs over a range 1.5–2.5 [16]. Meanwhile, direct conjugation of Cpt through

its C20-tertiary hydroxyl is a difficult multistep reaction: Cpt must first be converted

to a Cpt–amino ester and then conjugated to a polymer containing carboxylate

groups via the amine end group of the Cpt–amino ester [16,60]. If the polymer has

pendant functional groups, Cpt conjugation is further complicated.

To synthesize Cpt–PLA NCs via ROP, we first explored its ability to form Cpt–

metal complexes with various BDI catalysts. When mixed with (BDI-II)MgN

(TMS)2, the C20-OH of Cpt formed a (BDI-II)Mg-Cpt alkoxide in situ. ROP of

LAwith this complex resulted in 100% LA conversion. HPLC analysis showed that

Cpt was entirely conjugated to PLAwith no detectable free Cpt in the polymerization

solution. Although the Mn of the resulting polymer was in good agreement with the

expectedMn, the MWD of Cpt–LA100 was relatively broad (1.31) due in part to chain

transfer during polymerization [41]. In order to achieve a better controlled polym-

erization, we next tested (BDI-II)ZnN(TMS)2. However, the (BDI-II)ZnN

(TMS)2/Cpt-mediated ROP resulted in only 61% Cpt incorporation, indicating

inefficient formation of Cpt–Zn complexes during the initiation step (Table 7.4)
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[54]. The insufficient activation of the C20-OH of Cpt by (BDI-X)Zn was

addressed by subtly tuning the 2- and 6-substituents of the N-aryl groups on

the catalyst. Doing so, 100% incorporation efficiencies were observed in both

(BDI-EE)ZnN(TMS)2/Cpt- and (BDI-EI)ZnN(TMS)2/Cpt-mediated polymeriza-

tions (Table 7.4) [54].
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FIGURE 7.4 (a) Equilibrium of Cpt Lactone and carboxylate forms. (b) Suggested inser-

tion-coordination mechanism of (BDI)Zn-OR mediated ring-opening of lactide (LA) and

succinic anhydride (SA). R group represents the PLA polymer chain or agents containing

hydroxyl group(s) (e.g., Cpt).

TABLE 7.4 Ring Opening Reaction of SA and Polymerization of LA, Mediated

by Cpt– (BDI-X)MN(TMS)2 (M¼Mg or Zn)a

Catalyst

Cpt loading

efficiency (%)

Polymer

MWD

Cpt–SA

(%) Cpt–Carboxylatea

(BDI-II)MgN(TMS)2 >99 >1.3 78 Yes

(BDI-II)ZnN(TMS)2 61 <1.1 19 Yes

(BDI-EE)ZnN(TMS)2 >99 >1.2 N.D. N.D.

(BDI-EI)ZnN(TMS)2 >99 �1.1 89 No

MWD, molecular weight distribution.
aDetermined by HPLC analysis of Cpt–SA reaction mediated by different metal catalysts. The Cpt–

carboxylate form indicated that the catalyst might have deleterious effect toward Cpt.
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In addition to concerns regarding the ROP of LA, we also examined the retention

of the lactone ring of Cpt throughout polymerization. As mentioned earlier, the

lactone ring of Cpt is unstable and subject to ring opening in the presence of a

nucleophile. To ensure that the therapeutically active form of Cpt is released in

physiological conditions, the lactone ring of the drug must be maintained throughout

the conjugation reaction. As LA is subject to rapid polymerization and the resulting

Cpt–PLA conjugate is difficult to be characterized precisely, we used succinic

anhydride (SA) as a model monomer to study (BDI-X)ZnN(TMS)2/Cpt-mediated

initiation. The ring opening of SA follows the same coordination–insertion mecha-

nism as the initiation step of LA ROP but does not involve the subsequent chain

propagation. Thus, the resulting product, Cpt–succinic acid (Cpt–SA), is a small

molecule instead of a polymer. As a small molecule, the structure of Cpt–SA can be

determined by routine characterization methods (Figure 7.4b). Experiments with SA

revealed that Cpt activation by (BDI-II)MgN(TMS)2 resulted in Cpt lactone ring

opening (Table 7.4) [54]. The catalyst (BDI-EI)ZnN(TMS)2, however, was able to

prevent Cpt carboxylate formation. Using this catalyst, controlled polymerizations

were observed over a broad range of LA/Cpt ratios from 75 to 400 in excellent

agreement with the expected MWs and with narrow MWDs (1.02–1.18) [54].

With enhanced polymerization chemistry, Cpt–PLA NCs have improved formu-

lation properties. Because both monomer conversion and drug incorporation are

quantitative in Cpt–PLA synthesis, drug loadings can be predetermined by adjusting

LA/Cpt feeding ratios. At a low monomer/initiator (M/I) ratio of 10, the drug loading

can be as high as 19.5% (Cpt–LA10, Table 7.2). To our knowledge, this Cpt–PLA NC

has one of the highest loadings of Cpt ever reported [54]. Even at this high drug

loading, sustained release of Cpt from Cpt–LA10 NC was observed through the

hydrolysis of the ester linker that connects the Cpt and the PLAwithout any observed

burst release. Furthermore, the released Cpt (in PBS) had an HPLC elution time

identical to authentic Cpt and was confirmed to have an identical molecular structure

after isolation and characterization by 1H NMR [54]. In contrast, PLA/Cpt NPs

prepared by co-precipitation have been previously reported to give low drug loading

(0.1–1.5%), low loading efficiency (2.8–38.3%), and poorly controlled release

kinetics (20–90% of the encapsulated Cpt released within 1 h in PBS) [61]. Our

unique conjugation technique allows for formation of Cpt-containing PLA NCs with

superbly controlled formulation parameters, thus making Cpt–PLA NCs potentially

useful agents for sustained treatment of cancer in vivo.

7.3.3 Synthesis of Ptxl-PLA (Dtxl-PLA) Nanoconjugates

Initially isolated from the bark of the yew tree, Ptxl is a potent anticancer drug that

was originally used as a treatment for ovarian and breast cancer. Its use has since

expanded and the drug is now also used to treat lung, liver, and other types of cancer.

Clinical application of Ptxl is often accompanied with severe, undesirable side

effects partially due to the solvent Cremophor EL in the commercial formulation

of TaxolTM. To reduce the side effects, various nanoparticulate delivery vehicles

have been developed and investigated in the past few decades [62–65], including
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the FDA-approved albumin-bound Ptxl NPs (AbraxaneTM). Ptxl’s analog, Dtxl

(TaxotereTM), is currently one of the best-selling chemotherapeutic agents and is

used in the treatment of breast, ovarian, prostate, and nonsmall cell lung cancer.

Many current NP formulations of both taxanes typically have low drug loadings,

uncontrolled encapsulation efficiencies, and significant drug burst release effects

when used in vivo [10,13,66,67]. Adding to formulation troubles, the densely

functionalized structures of both molecules make it difficult to produce homoge-

neous Ptxl– and Dtxl–polymer conjugates.

Ptxl has three hydroxyl groups at its C20, C1, and C7 positions which can initiate

LA polymerization, resulting in Ptxl–PLA conjugates with 1–3 PLA chains attached

(Figure 7.5a). The three hydroxyl groups differ in steric hindrance in the order of

20-OH< 7-OH< 1-OH. The tertiary 1-OH is least accessible and is typically inactive

[68]. The 7-OH, however, can potentially compete with 20-OH [69] for coordination

with metal catalysts. In order to differentiate the initiation site between the two

hydroxyl groups, we postulated that a metal catalyst with a bulky chelating ligand

would preferentially form Ptxl–metal complexes through the 20-OH for site-specific

LA polymerization.

A selective reduction reaction was used to divide Ptxl into two fragments—one

with the 20-OH and the other with the 1- and 7-OHs—in order to study the impact of

catalyst on regioselectivity [70]. Tetrabutylammonium borohydride (Bu4NBH4) can

selectively and quantitatively reduce the C13-ester bond of Ptxl to produce baccatin

III (BAC) and (1S,2R)-N-1-(1-phenyl-2,3-dihydroxypropyl)benzamide (PDB; Fig-

ure 7.5a) [70]. Thus, Ptxl–LA5 was generated using a variety of catalysts, reduced

with Bu4NBH4 and examined using HPLC–MS analysis. Doing so, we found thatMg

(N(TMS)2)2—a catalyst without a chelating ligand—initiates polymerization non-

preferentially at both the 20-OH and the 7-OH. Its counterpart with a bulky BDI-II

ligand (e.g., (BDI-II)MgN(TMS)2) preferentially initiates polymerization at the

20-OH position. However, the resulting Ptxl–PLAs displayed fairly broad MWD

(>1.2). We reasoned that the observation was attributable to fast propagation relative

to initiation for the Mg catalysts [41]. Thus, to reduce the MWD of polymers, we

utilized a zinc analog, (BDI-II)ZnN(TMS)2, to give a more controlled LA polymeri-

zation with a narrow MWD (1.02, Figure 7.5b) [41].

We further examined the effect of the ligand on initiation regioselectivity and LA

polymerization by (BDI-X)ZnN(TMS)2/Ptxl by varying the steric bulk of the N-aryl

substituents (R1 and R2) and the electronic properties of R3 (Table 7.5) [41,53,71,72].

While both PDB–PLA and BAC–PLA are observed for Ptxl–LA5 initiated by (BDI-

EE)ZnN(TMS)2/Ptxl, analysis of the fragments of the reductive cleavage of (BDI-EI)

ZnN(TMS)2/Ptxl showed relatively reduced amounts of BAC–PLA. This indicates

that a Zn catalyst with bulky N-aryl substituents will preferentially coordinate with

the 20-OH of Ptxl to initiate PLA polymerization. Of note, various studies suggest

that the polymerization process does not lead to deleterious effect on Ptxl—the Ptxl

can be loaded and released with intact structure.

SAwas again used as a model monomer to study the initiation step of ROP. Such

reactions yield a small molecule, Ptxl–succinic acid (Ptxl–SA), whose structure can

be determined easily by routine characterization methods (Table 7.5). The results
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show that the regioselectivity of the Ptxl/SA reaction increases as the sizes of R1 and

R2 increase, in good agreement with the reductive reaction study using Bu4NBH4.

The catalyst (BDI-II)ZnN(TMS)2 showed the best regioselectivity while (BDI-EE)

ZnN(TMS)2 showed the worst. Changing R3 from –H (BDI-II) to the electron-

withdrawing –CN group (BDI-IICN) did not change the regioselectivity of the

Ptxl/SA reaction. However, the addition of the CN group enhanced the reactivity of

the resulting catalyst ((BDI-IICN)ZnN(TMS)2), leading to a higher yield of Ptxl–2
0-

SA (Table 7.5). Controlled polymerization of PLAwas observed when (BDI-II)ZnN

(BDI)ZnN(TMS)2(BDI)MgN(TMS)2Mg(N(TMS)2)2
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FIGURE 7.5 (a) Bu4NBH4-induced site-specific degradation of Ptxl for the formation of

PDB and baccatin (BAC). (b) Scheme of Ptxl–PLA conjugates mediated by different catalysts,

with the indication of regioselectivity and molecular weight distributions (MWDs).
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(TMS)2/Ptxl was used at various [LA]/[Ptxl] ratios (50/1–300/1), with the obtained

MWs in excellent agreement with the expected MWs and the monomodal MWDs in

the range of 1.02–1.09.

Dtxl, the Ptxl analog, has four hydroxyl groups at C20, C1, C7, and C10

(Table 7.2). To examine the regioselectivity of Dtxl-initiated ROP of LA, we

examined the Dtxl/(BDI-X)ZnN(TMS)2-mediated ring opening reaction of SA.

When complexed with (BDI-II)ZnN(TMS)2, Dtxl reacted with SA to yield Dtxl–

20-SA with 100% regioselectivity and 71.5% yield. (BDI-II)ZnN(TMS)2/Dtxl also

showed excellent control for the ROP of LA, affording Dtxl–PLA with predictable

MWs and very narrow MWDs. NCs formed with either Ptxl–PLA or Dtxl–PLA

showed unprecedented high loading—up to 28.3 wt% in Ptxl–LA NCs and up to

35.9wt% in Dtxl–LA NCs. The detailed formulation methods and efficacy of both

conjugates are further discussed in Section 7.4.

Poly(d-valerolactone) (PVL), poly(trimethylene carbonate) (PTMC), and poly

(e-caprolactone) (PCL) have been used extensively as alternatives to PLA in

suturing, drug delivery, and tissue engineering applications. We were therefore

interested as to whether the Ptxl (or Dtxl)/(BDI-II)ZnN(TMS)2-mediated ROP of LA

could be extended to the synthesis of Ptxl–PCL, Ptxl–PVL, and Ptxl–PTMC

conjugates. Ptxl/(BDI-II)ZnN(TMS)2 showed excellent control over the polymeri-

zation of d-valerolactone (VL), trimethylene carbonate (TMC), and e-caprolactone
(CL). All the polymerization reactions gave drug–polymer conjugates with the

expected MWs and narrow MWDs (Mw/Mn< 1.2) (Table 7.3). Furthermore, the

polymerizations of VL and CL proceeded at room temperature, and the monomer

conversions were quantitative. The polymerization of TMC, however, required a

slightly elevated reaction temperature (6 h at 50�C).

7.3.4 Synthesis of Doxo–PLA Nanoconjugates

Doxo is commonly used in the treatment of a wide range of cancers and leukemia.

Clinically, Doxo is administered as DoxilTM, a PEGylated liposome-encapsulated

form of the drug [74,75]. Owing to its high hydrophilicity, the encapsulation of Doxo

within a hydrophobic polymer matrix can be challenging. For micelles formed by co-

precipitating Doxo and PLGA–PEG, reported values indicate Doxo loading and

loading efficiency as low as 0.51% and 23%, respectively [76]. Doxo loadings of

0.6–8.7%with loading efficiencies of 11.4–43.6% have also been reported by Hubbell

and coworkers in their encapsulation studies using inverse emulsion polymerization of

nonprotonated Doxo [77]. However, even with techniques allowing increased loading,

burst release of Doxo is reported in many NP delivery systems [40,76,77].

Conjugation of Doxo to polymers can be difficult due to the diverse functional

groups presented by the drug. Doxo has three hydroxyl groups, two phenolic

hydroxyls, one ketone group, and one amine group. Doxo is also sensitive to pH,

heat, metal ions, and light, further complicating its conjugation chemistry [78].

One conjugation strategy is to couple the terminal carboxylate of PLAwith Doxo by

creating an amide linkage through the 30-NH2 of Doxo [39,79]. Such Doxo–PLA

conjugates, however, cannot release Doxo in its original form by hydrolysis.
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Instead, Doxo-30-lactamide, a prodrug of Doxo, is formed, which does not easily

degrade in vivo due to the stability of amide bond [80]. Other efforts have been devoted

to conjugation between the C13-ketone group of Doxo and hydrazine groups of

polymeric carriers by forming an acid-labile hydrazone bond [22,81–83]. However,

clinical studies of immunoconjugates with Doxo connected to monoclonal antibodies

via hydrazone linkers gave unsatisfactory antitumor effects, ultimately leading to the

termination of the clinical development of such immunoconjugates [84].

In previous studies involving the use of metal catalysts for LA polymerization,

ROP of LA proceeded predominately by metal–alkoxides (M–ORs) rather than by

metal-amides (M-NHRs) [47]. M–OR complexes typically have higher activities for

LA ring opening than their amine analogs. For instance, Coates and coworkers

reported that (BDI)ZnOCH(CH3)2 initiated and completed an LA polymerization

within 20min at a M/I ratio of 200 while a similar polymerization mediated by (BDI)

ZnN(TMS)2 required 10 h to complete [41]. The chemoselectivity of -OH instead of

-NH2 for Zn catalysts has also been confirmed by another molecular pair,

1-pyrenemethanol (Pyr-OH) and 1-pyrenemethylamine (Pyr-NH2) [52].

Doxo has three hydroxyl groups, one at each of its C40, C9, and C14 positions.

Theoretically, LA polymerization can be initiated by any or all of these hydroxyl

groups. C9-OH is the most sterically hindered and thus unlikely to initiate polymer-

ization. To evaluate the initiation regioselectivity, we mixed Doxo with the catalyst

(BDI-II)ZnN(TMS)2 and succinic anhydride (SA) to mimic the initiation step of LA

polymerization. ESI–MS results coupled with NMR analysis revealed that the SA

ring was opened by the C14-OH of Doxo rather than by the C40-OH or C30-NH2 of

Doxo. When (BDI-II)ZnN(TMS)2 was replaced by Zn(N(TMS)2)2, a Zn catalyst

without ligands, the initiation regioselectivity completely disappeared, with Doxo–

40, 14-bissuccinic ester (Doxo–2SA), and Doxo–40, 9, 14-trisuccinic ester (Doxo–-

3SA) being the predominant products (Figure 7.6). Interestingly, the metal activity

also had a profound effect on regioselectivity. When the more highly active (BDI-II)

MgN(TMS)2 catalyst was used in a similar reaction, the most prevalent product was

Doxo–2SA. Thus, by rationally designing ROP metal catalysts, Doxo–PLA con-

jugates with highly controlled regio- and chemoselectivity are achievable within one

step without having to protect the C30-NH2 and other competing hydroxyl groups of

Doxo [52].

Having completed preliminary investigations with SA, we next studied Doxo-

initiated LA polymerization. Doxo/(BDI-II)ZnN(TMS)2-mediated LA polymeriza-

tion resulted in Doxo–PLAwith narrow MWD (<1.2) and the expected MWs. At a

low M/I ratio of 10, the drug loading was as high as 27.4% (Doxo–LA10). To our

knowledge, this is by far the highest loading ever reported in Doxo-containing

polymeric NPs [52]. HPLC analysis revealed that Doxo–LA10 conjugates incubated

in PBS at 30�C released Doxo in its original, therapeutically active form. In a

separate experiment, Doxo–LA100 treated with 0.1M NaOH was shown to release

88–92% of the Doxo in its original form. In this case, the incomplete recovery is

likely due to instability of Doxo in NaOH. Combined, these studies suggest that

Doxo molecules were linked to PLA through its hydroxyl group(s) by forming ester

linker(s) with PLA, which could be hydrolyzed in an alkaline condition. Even at high
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drug loading (27.4%), sustained release of Doxo from Doxo–LA10 NC was observed

without burst release. This is in sharp contrast to the burst release of PLA/Doxo NPs

prepared by co-precipitation, in which 90% of the Doxo is released within 3 h [52].

The sustained release of Doxo from NCs with high loading may help alleviate the

systemic side effects of DoxilTM without reducing the overall dosage.

7.4 NANOCONJUGATES: FORMULATION AND POTENTIAL

APPLICATION

7.4.1 Formulation

Particle size is an important aspect of drug delivery. For cancer therapeutics,

formulated particles should have a uniform, monomodal distribution and a diameter

<200 nm to take advantage of the enhanced permeability and retention (EPR) effect.

As such, particles formed by nanoprecipitation of Ptxl–PLAwere evaluated for their

size. In general, Ptxl–PLA yielded particles with monomodal distributions while

their nanoencapsulate (NEs, see Section 7.2.1) counterparts were polydisperse

(Figure 7.7a) [13,85]. As the multimodal distribution of NEs is due in part to the

aggregation of nonencapsulated free drug [13], the monomodal distribution observed

with NCs is likely related to the unimolecular structure of Ptxl–PLA conjugates. The

actual size of Ptxl–PLA NPs prepared by nanoprecipitation can be manipulated by

changing the solvent as well as polymer concentration. At a fixed Ptxl–PLA

concentration, the size of NCs prepared by precipitating a DMF solution of conjugate

NN
Zn

N
TMSTMS

OO O

O

O

OH

OHO O

OH

O

O

HO NH2

O O

OHO

Doxo-SA

OO O

Zn N
TMS

TMS

2

O

O

OH

OHO O

OH

O

O

NH2

O O

OHO

OO

OHO

O

O

OH

OHO O

O

O

O

NH2

O O

OHO

OO

OHO

O

OH
O

Doxo-2SA Doxo-3SA

O

O

OH

OHO O

OH

O

O

HO NH2

OH
14

9

4'

FIGURE 7.6 Scheme of Doxo–SA reaction (1:3 molar ratio) mediated by different Zn

catalysts.

NANOCONJUGATES: FORMULATIONAND POTENTIAL APPLICATION 17



is typically in a range 60–100 nm, 20–30 nm smaller than those prepared with

acetone or THF as a solvent [13]. When nanoprecipitation is carried out using a

1:20 (v:v) mixture of DMF and water, the size of Ptxl–LA NCs shows a linear

correlation with the conjugate concentration and can be used to precisely form

particles with diameters from 60 to 100 nm.

Surface modification of NPs with PEG is widely used for prolonged systemic

circulation and reduced aggregation of NPs in blood [86]. To avoid the removal of

unreacted reagents and by-products, poly(lactide)-b-methoxylated PEG (PLA–

mPEG)—an amphiphilic copolymer that has a 14 kDa PLA and a 5 kDa PEG

segment [87]—was used to PEGylate NCs instead of covalently conjugating

PEG to NCs [65,85]. The PEGylated structure of the NCs can be seen by scanning

transmission electron microscopy (Figure 7.7b). Ptxl–LA NCs with a PEGylated

surface have a negative surface zeta potential and thus remain nonaggregated in

water and PBS solution by means of surface charge repulsion. In addition, we also

FIGURE 7.7 (a) Ptxl–LA25 NCs were analyzed by dynamic light scattering (DLS) and

scanning electron microscopy (SEM). (b) SEM image of Ptxl–LA25/PLGA–mPEGNCs (Scale

bar¼ 150 nm). The different density of materials were indicated with different gray scale:

PEG layer (white color) and hydrophobic PLA part (gray color) (c) Release kinetics of Ptxl

from Ptxl–PLANCs and Ptxl–PLANE (Prepared by nanoprecipitation of a mixture of Ptxl and

PLA (Ptxl–PLA (wt/wt)¼ 1/12) at 37�C in PBS. (d) IC50 values determined by MTT assay of

Ptxl–PLA NCs and free Ptxl, which were incubated with PC-3 cells for 24 h. (Source: Figures

reproduced with permission from Reference [51].)
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developed a one-step co-precipitation method to formulate NCs that could stay

nonaggregated in a salt solution with an amphiphilic triblock copolymer PLA–PEG–

PLA, a feature that diblock PLA–PEG did not provide [55].

Drug burst release is a long-standing formulation challenge to NEs and often

results in undesirable side effects and reduced therapeutic efficacy [67]. Conven-

tional NEs typically show burst release of 60–90% of their payload within a few to

tens of hours [9]. Since the Ptxl release kinetics of Ptxl–PLA NCs is determined not

simply by diffusion—as is the case with NEs—but by the hydrolysis of the Ptxl–PLA

ester linker followed by diffusion out of NCs, the release kinetics of Ptxl from NCs

are more controlled and show significantly reduced burst release (Figure 7.7c). For

example, Ptxl released from Ptxl–LA25 NCs (19.2 wt%) was 8.7% at Day 1 and

70.4% at Day 6. In comparison, 89% of Ptxl was released within 24 h from Ptxl/PLA

NE (Figure 7.7c). Release of Ptxl from Ptxl–LA50 NCs was slower than from Ptxl–

LA25 NCs, presumably because of the higher MW of Ptxl–LA50 and more compact

particle structure. With its controlled drug release, the in vitro toxicity of Ptxl–LA

NCs correlates with the amount of Ptxl released (Figure 7.7d). For example, Ptxl–

LA15 NCs have a nearly identical IC50 to free Ptxl (87 nM) while the IC50 of Ptxl–

LA50 NCs is an order of magnitude higher. As a result, the toxicity of NCs can be

tuned in a wide range simply by controlling NC drug loading.

Aptamers are either single-stranded DNA or RNA that specifically binds to target

ligands [88,89]. When used for cancer targeting, aptamers are capable of binding to

target antigens with extremely high affinity and specificity in a manner resembling

antibody-mediated cancer targeting [90,91]. Unlike antibodies, synthesis of

aptamers is an entirely chemical process and thus shows negligible batch-to-batch

inconsistency [92,93]. Moreover, aptamers are typically nonimmunogenic and

exhibit remarkable stability against pH, temperature, and solvent. The A10 aptamer

with 20-fluoro-modified ribose on all pyrimidines and a 30-inverted deoxythymidine

cap has been identified and utilized to target extracellular prostate-specific mem-

brane antigen (PSMA) [94]. A10 binds to PSMA-positive LNCaP prostate cancer

cells but not PSMA-negative PC-3 prostate cancer cells. To demonstrate NC

targeting, amine-terminated A10 aptamer was conjugated to PLA–PEG–

COOH/Cy5–PLA NCs through carboxylic acid–amine coupling in the presence

of EDC and NHS to give aptamer/PLA–PEG–COOH/Cy5–PLA NCs (aptamer–Cy5

NC) [90]. Incubation of aptamer–Cy5 NCs with LNCaP cells for 6 h resulted in

substantially increased NC internalization (Figure 7.8) compared to PC-3 cells.

These in vitro studies demonstrated that NCs conjugated with aptamer-targeting

ligand can potentially be used for prostate cancer targeting.

Small-scale NPs that stay nonaggregated in PBS for in vitro or in vivo laboratory

studies are straightforward. However, in order to facilitate clinical translation, NPs

need to be prepared in large quantity with well-controlled properties that remain

unchanged during the processes of manufacturing, storage, and transport. Because

Ptxl is covalently conjugated to PLA through an ester bond that is subject to

hydrolysis upon exposure to water, handling of Ptxl–PLA NCs in aqueous solution is

undesirable. Thus, NCs have to be formulated in solid form for clinical use. By

screening various molecules, we discovered that albumin functions as an excellent
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lyoprotectant for Ptxl–PLA and yields solid NCs that do not aggregate when

reconstituted in PBS. By incorporating the albumin-based lyoprotection technique,

we demonstrated for the first time that polymer nanoparticles containing a conju-

gated nucleic acid targeting ligand can be prepared in solid form and still be

reconstituted to well-dispersed, nonaggregated particles with functional targeting

capability [55].

7.4.2 Theranostic Nanoconjugates

There is growing interest in developing noninvasive, whole-body fluorescent imag-

ing techniques to assess the biodistribution of drug delivery systems or diagnostic

agents within patients. To ensure effective measurement of fluorescent signal in vivo,

it is crucial to use red or near-IR dyes. Quantum dots, a class of inorganic nano-

crystals with excellent fluorescent intensity and photostability, can readily be

prepared to have a far-red emission band. However, there is a general consensus

FIGURE 7.8 Confocal images of LNCaP (a) and PC-3 (b) cells treated with aptamer-

functionalized nanoconjugates (NC–Apt, top) and nanoparticles without aptamer (NC,

bottom).The Cy-5 incorporated NC or NC–Apt are shown in red. The cells counter stained

with Alexa-Flour 488 Phalloidin (binding to cellular actin) are shown in green.

20 POLYMER–DRUG NANOCONJUGATES



that quantum dots cannot be used in humans because of their toxicity. Currently, small

molecule organic dyes aremore promising probes to be coupled with imaging systems

for clinical applications as compared to quantum dots. Polymeric nanoparticles can

function as good carriers for the delivery of small molecule imaging materials because

they can provide prolonged systemic circulation and improved tumor accumulation

compared to unformulated drugs. To meet this challenge, it is particularly important

that NPs be formulated with stably incorporated fluorescent ligands and controlled

formulation parameters (size, surface properties, etc.). Accordingly, our monomodal,

narrowly distributed PEGylated Cy5–PLANPs have the potential to be candidates for

whole body in vivo imaging. Preliminary in vivo studies demonstrated that Cy5–PLA

NCs can be easily visualized in various visceral organs with low autofluorescent

background ratios (Figure 7.9). Owing to their sub-100 nm size, the Cy5–PLA NCs

also can be used to study the lymphatic biodistribution of NPs when coupled with

whole-body optical imaging [95]. These promising results support the further devel-

opment of Cy5–PLANCs as a model system to assess the in vivo pharmacological and

pharmacokinetics profiles of NCs.

7.4.3 Nanoconjugates Against Other Diseases

Considering that molecular targeting of cell-based targets may be confounded by

inter- or intra-patient heterogeneity in cell surface antigen expression, targeted NPs

that can recognize the extracellular matrix have attracted considerable attention for

FIGURE 7.9 Distribution of Cy5 dye-labeled PLA NCs in various visceral mice organs.

Mice were sacrificed 24 h after i.v. injection of Cy5–PLA NCs.
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therapeutic/diagnostic delivery. We have recently engineered a peptide-conjugated

NP to target the vascular basement membrane for the treatment of injured vascula-

ture. The high affinity C11 peptide was screened from a combinatorial phage library

of hepta-peptide ligands against human collagen IV, which represents 50% of the

vascular basement membrane (Figure 7.10) [96]. Angioplasty-injured carotid artery

FIGURE 7.10 (a) Schematic of NPs synthesis by nanoprecipitation and self-assembly of

Ptxl–LA NCs with lipids and peptide ligands to adhere to the exposed basement membrane

during vascular injury. (b) Scheme of ex vivo abdominal aorta injury model; samples were

delivered into the aorta segment for 5min. (c) Fluorescence images overlaid on photographs of

balloon-injured aortas incubated with NCs with a targeting peptide, compared with scrambled-

peptide and nontargeted NPs. (d) In vivo intra-aortic administration in a carotid injury model: a

catheter was inserted via the external carotid into the common carotid and advanced into the

aortic arch. (e) Fluorescence images overlayed on photographs of carotid arteries incubated

with NCs with a targeting peptide, compared with scrambled-peptide and nontargeted NPs.

(f) In vivo systemic administration in a carotid angioplasty model. (g) Fluorescence images

overlayed on photographs of carotid arteries incubated with NCs with a targeting peptide,

compared with scrambled-peptide and nontargeted NPs. For imaging, Alexa Fluor 647–PLGA

dye conjugates were encapsulated in place of Ptxl–PLA drug conjugates. (Scale bar, 1 cm.)
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was used as a model of compromised vasculature to examine the targeting capacity

of the C11 peptide-conjugated polymeric NPs. The targeted NPs were delivered via

both intra-arterial and i.v. administration and, when compared to nontargeted NPs,

showed greater in vivo vascular retention at sites of injured vasculature in rats (Figure

7.10) [96]. Although the initial application was for vessel wall targeting in cardio-

vascular disease, the utility of this peptide-targeted NP system is broad and could be

used to diagnose and treat different human diseases where the endothelial lining

is compromised.

Immunosuppressive agents have played a pivotal role in ensuring the success of

organ transplantation and greatly improved the outcomes of patients with life-

threatening, immune-mediated diseases [97]. However, the use of immuno-

suppressive agents is hindered by the lack of selectivity as well as major adverse

drug reactions. The immunosuppressive agent cyclosporine (CsA), for example,

results in a dramatic improvement in short-term allograft survival but also poses a

risk of chronic nephrotoxicity because of its narrow therapeutic window [98–100].

We recently developed CsA–PLA NCs to achieve targeted immunosuppression for

a wide variety of immune-mediated disorders [101]. CsA–PLANCs showed superior

physicochemical properties with excellent size control, narrow size distribution, and

very well controlled release kinetics without a noticeable burst release. CsA–PLA

NCs also showed excellent stability in biological media with negligible aggregation.

Because of their ability to mediate the sustained release of CsA in vitro while

suppressing T-cell mediated immune responses, CsA–PLA NCs are an excellent

system for immunosuppression of organ rejection. We also developed a novel

strategy combining CsA–PLA NCs with dendritic cells (DCs) to efficiently deliver

CsA to draining lymph nodes to inhibit T-cell priming in a locally controlled and

sustained manner without systemic release. This innovative delivery strategy con-

stitutes a strong basis for future targeted delivery of immunosuppressive drugs with

improved efficiency and reduced toxicity.

7.5 CONCLUSIONS AND OUTLOOK

LA ROP-mediated drug conjugation allows for facile regio- and chemoselective

incorporation of drugs onto PLA. This in turn allows for the formation of drug

delivery vehicles with low polydispersity, predetermined drug loadings (up to

�30%), and quantitative loading efficiencies. The BDI–metal chelating complexes

described earlier for Cpt, Ptxl, and Doxo conjugation do not have deleterious

effects on drugs and can be easily removed by solvent extraction. Because both Zn

and Mg ions are biocompatible and, in fact, are key elements in our dietary mineral

supplements, there should be no significant safety concerns regarding the use of

these two metal catalysts. Multigram scales of drug-PLA conjugates can be readily

prepared within hours using the one-pot polymerization approaches described

here. Because drug molecules are covalently conjugated to PLA, the post-reaction

formulation process (precipitation, removal of catalysts, nanoprecipitation, steri-

lization, lyophilization, shipping and handling, etc.) has minimal impact on sample
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property as compared to drug–polymer NPs prepared via encapsulation methods.

This polymerization-mediated conjugation method may be utilized for the formu-

lation of polymer–drug conjugates not only for drug delivery, but also for other

controlled release applications (scaffolds, coatings of stents, etc.). Other cyclic

esters (e.g., e-caprolactone and d-valerolactone) are likely to replace LA and find

use as monomers in such drug-initiated polymerizations [102]. The drug/(BDI-X)

ZnN(TMS)2-initiated polymerization of these cyclic esters at room temperature

has recently been achieved in our laboratory, which will provide further tunability

of the release profiles and other physicochemical properties. Given that the lack of

a controlled formulation for nanoparticulate drug delivery vehicles is one of the

bottlenecks to their clinical development, this unique, ROP-mediated conjugation

methodology may contribute to the development of clinically applicable

nanomedicines.

Although there has been impressive progress in nanomedicine for cancer

treatment in the past few years, enormous tasks remain. The convergence of

seemingly disparate scientific fields (e.g., cancer biology, electronics, bioimaging,

biomicroelectromechanical systems, computer science, polymer and materials

chemistry, biophysics) will only accelerate the development of nanomedicine

[103]. Our work will continue in the daunting task of pushing targeted nano-

conjugates for clinical evaluation, with the expansion of our technology to other

disease-related formulations (e.g., imaging agents or implantable devices). It also

will be important to improve intratumoral penetration for enhanced efficacy

[104,105]. Given the limitations of spatial and temporal changes in the expression

of the target [106], the seemingly pedestrian issues on targeting ligand function-

ality are also likely to be challenging in vivo [107,108]. The prevention and

treatment of metastasis will be of particular interest because metastasis is

responsible for 90% of cancer deaths [109]. The coordination of different

approaches will help optimize the delivery efficiency. A deep understanding of

all aspects of the biology of cancers, including tumor microenvironment, will

continue to be crucial for design and understanding [110]. We are far from being

able to create delivery vehicles to meet the expectation of complete tumor

eradication. However, as the field of nanomedicine matures, the objective may

be on the horizon.
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