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effectively control drug delivery in vivo. Undesired drug release

ABSTRACT: Encapsulation of small-molecule drugs in from micelles is another critical challenge to overcome.’ It is very
hydrophobic polymers or amphiphilic copolymers has difficult, if not entirely impossible, to control the composition
been extensively used for preparing polymeric nano- and stability of the formulated polymeric micellar NPs for their
particles (NPs). The loadings and loading efficiencies of a clinical applications.* In this Communication, we report an
wide range of drugs in polymeric NPs, however, tend to be unprecedented approach to prepare dimeric drug-encapsulating
very low. In this Communication, we report a strategy to polymeric NPs that can effectively address the challenges of
prepare polymeric NPs with exceptionally high drug polymeric nanomedicine mentioned above.

loading (>50%) and quantitative loading efficiency. During the self-assembly of drug molecules and amphiphilic
Specifically, a dimeric drug conjugate bearing a trigger- copolymers to form the intended drug-encapsulating micelle-like
responsive domain was designed and used as the core- NPs, large drug aggregates often form (Scheme 1a), which
constructing unit of the NPs. Upon co-precipitation of the significantly lowers the drug loading and loading efficiency in
dimeric drug and methoxypoly(ethylene glycol)-block- NPs. In the case of hydrophobic drugs that tend to precipitate in

polylactide (mPEG-PLA), NPs with a dimeric drug core
and a polymer shell were formed. The high-drug-loading
NPs showed excellent stability in physiological conditions.
No premature drug or prodrug release was observed in
PBS solution without triggering, while external triggering
led to controlled release of drug in its authentic form.

aqueous solution, the kinetic process for forming drug
aggregates, instead of drug-embedded micelles, may dominate.
For example, polymeric micelle formulation with encapsulated
camptothecin (CPT),> a well-known anticancer agent, yields
heterogeneous compositions and very broad particle size
distributions (from sub-100 nm to sub-micrometer), presumably
due to the fast self-aggregation of CPT molecules because of 7—n
interaction of its planar pentacyclic aromatic ring structure that

P olymeric micellar nanoparticles (NPs) are one of the most leads to micrometer-size large aggregates (Figure 1a). Moderate
w1dely used drug delivery platforms in nanomedicine.] This encapsulation efﬁciency and very low drug loading have been
type of NPs contains an internal hydrophobic polymer core and reported for CPT polymeric micelles (<5%).5 To form polymeric
an exterior hydrophilic polymer shell, formed through self- NPs with high loading and loading efficiency, we envisioned a
assembly of an amphiphilic copolymer. Hydrophobic drug new NP structure with the amphiphilic polymers acting as surface
molecules can be embedded in the micellar hydrophobic cores stabilizers while the drug molecules constitute the bulk structure
during the self-assembly process. Although there have been in the NPs. We hypothesize that inhibiting the fast kinetics of
intensive studies on micellar NP-based delivery in the past few drug aggregation may lead to drug aggregates small enough to be
decades, clinical success has yet to be realized, due in part to the used as the core to form high-drug-loaded NPs upon interaction
formulation challenges and intrinsic properties of micelles (e.g., with amphiphilic copolymers.

uncontrolled drug release, poor NP stability, etc.) Polymeric To prevent formation of large drug aggregates/crystals in the
micellar NPs usually have very low drug loadings. Drug loadings formulation (Scheme 1la), one approach is to introduce
in most reported micellar systems are lower than 5%; some are “structural defects” to the drug/prodrug molecules and make
even substantially less than 1%.> Heterogeneous composition is the drug molecules structurally less rigid so that their packing
also major drawback in micelle formulation. Not only do the efficiency is reduced, preventing long-range order of drug
micelles tend to have broad size distribution, but the

formulations often have non-encapsulated drug aggregates, Received: December 22, 2014

making it very difficult to achieve a safe formulation that can Published: March 5, 2015
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Scheme 1. Schematic Illustration of Encapsulating
Hydrophobic Drugs into Nanoparticles®
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“(a) Hydrophobic drugs are encapsulated in a polymeric micelle with
undesired formation of large drug precipitates. (b) Illustration of drug
dimer nano-aggregation followed by surface coating and particle
stabilization by an amphiphilic polymer via hydrophobic interaction.
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Figure 1. (a) Chemical structure of camptothecin (CPT) and size
distribution of CPT/mPEG-PLA NPs formulated through nano-
precipitation at CPT/mPEG-PLA weight ratios of 1:1 (i) and 1:10
(ii). (b) Chemical structure of CPT-SS-CPT and size distribution of
CPT-SS-CPT/mPEG-PLA NPs formulated through nano-precipitation
at CPT-SS-CPT/mPEG-PLA weight ratios of 1:1 (i) and 10:1 (ii).

packing. One such specific approach is to covalently link drug
dimers with ¢ bonds that can freely rotate (Scheme 1b). We
hypothesize that this drug dimer design can substantially inhibit
long-range-ordered drug molecule packing and therefore prevent
formation of large particles. In addition, compared to free drug,
dimeric prodrug should have increased intermolecular hydro-
phobic interactions because of increased surface area and an
augmented tendency for prodrug aggregation due to the freely
rotatable ¢ bonds that can position the drug molecule at any
desired angle for intermolecular drug interaction (Scheme 1b),
which leads to core cross-linking and improved NP stability. In
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addition, when the linkage in the dimeric drug conjugate is
cleaved to give two single drugs in the aggregates, the drug
molecules would be much less stably packed and more prone to
dissociate (be released) from the aggregates. Therefore, such
dimeric drug design can potentially result in particles with much
lower prodrug release tendency until the dimeric drug is cleaved
to a single drug, minimizing undesired drug release during
formulation and post-formulation processes, which is a key
challenge for drug encapsulation. If the drug dimers could self-
aggregate to certain sizes (<200 nm, typical size of nano-
medicine) before stabilization of the particle surfaces by
amphiphilic copolymers, exceptionally high drug loading and
quantitative loading efficiency would be expected.

We used CPT as a model drug to validate our design. We first
precipitated CPT from DMF to water without addition of
amphiphilic copolymers. CPT precipitates were formed
instantaneously upon addition of water to the CPT/DMF
solution (Supporting Information, Figure S2). When CPT was
co-precipitated with mPEG-PLA at 1:1 (w/w) ratio, micrometer-
size particles (precipitates) and multiple distributions were
observed (Table 1, entry 1, and Figure 1a(i)). When the amount

Table 1. Formulation of CPT, CPT-SS-CPT, and Dox-SS-Dox
with mPEG-PLA via Nanoprecipitation in DMF—H,0“

ratio (w/w) drug/ LE DL
entry drug mPEG-PLA d(nm)  (%)° (%)°
1 CPT 1.0 26697
2 CPT 0.1 45887
3 CPT-SS- 1.0 171 >99 29
CPT
4 CPT-SS- 4.0 174 >99 46
CPT
S CPT-SS- 6.0 165 >99 49
CPT
6 CPT-SS- 10.0 181 >99 52
CPT
7 Dox-SS-Dox 4.0 221 88 53

“100 uL of a DMF solution of drug/mPEG-PLA was added dropwise
into 2.0 mL of deionized water. bDrug loading efficiency, defined as
the ratio of the amount of drug in the nanoparticle to the total amount
of drug applied in formulation of the nanoparticles. “Drug loading of
CPT/Dox, defined as the weight ratio of drug to nanoparticles. dLarge
aggregates were observed.

of CPT was reduced by 10 times to a CPT/mPEG-PLA ratio of
0.1 (w/w) (Table 1, entry 2), there was no substantial change in
the heterogeneity of the formulation; multimodal dynamic light
scattering (DLS) peaks depicted the co-existence of sub-100 nm
polymeric micelles and micrometer-size drug aggregates (Figure
la(ii)). Thus, CPT/mPEG-PLA NPs prepared via nano-
precipitation follow the typical micellation and drug aggregation
process as shown in Scheme 1la.

To validate the dimer design strategy for preparing high
loading NPs, we designed and synthesized a dimeric CPT
derivative, CPT-SS-CPT (Figure 1b). To modulate drug release
from the drug/polymer NP, we designed such CPT conjugates in
which CPT molecules are stably conjugated to the dimers via
carbonate linkages that are subject to triggered bond cleavage
and subsequent drug release by a reducing reagent.” Specifically,
two CPT molecules are conjugated to 2,6-bis(hydroxymethyl)-
aniline (BHA)” through carbonate linkages in CPT-SS-CPT.
The amine group of the aniline is protected by a disulfide bond
bearing a flexible chain. Upon triggering, cleavage of the disulfide
bond in CPT-SS-CPT would result in decomposition of the drug
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dimer, releasing CPT in its authentic form (Scheme S4). CPT-
SS-CPT has much lower water solubility (less than 10 ng/mL)
than CPT (3 pg/mL),® presumably due to stronger intermo-
lecular interactions between CPT-SS-CPT molecules (illustrated
in Scheme 1b). We compared CPT-SS-CPT with CPT in the
same formulation experiments as described above. The CPT-SS-
CPT was first precipitated from DMF to water. As expected,
CPT-SS-CPT formed much smaller aggregates than CPT
(Figure S2). When a mixture of CPT-SS-CPT and mPEG-PLA
(1:1, w/w) was precipitated in water, DLS analysis showed
monomodal distribution, indicating homogeneous NP formation
(Figure 1b(i)). No precipitation was observed during
formulation; the loading efficiency was determined to be
quantitative (Table 1, entry 3). This formulation gave a dimeric
drug conjugate loading as high as 50% (corresponding to 29%
CPT equivalent loading). We also attempted to use a mixture of
CPT-SS-CPT/mPEG-PLA at a weight ratio up to 10:1 for
making CPT-SS-CPT/mPEG-PLA NP (SS NPs) (Table 1,
entries 4—6; Table S1). In all cases, sub-200 nm NPs with
monomodal DLS distribution were obtained, suggesting
homogeneous formulation and well-controlled composition
(see representative trace of CPT-SS-CPT/mPEG-PLA (10:1,
w/w) NP, Figure 1b(ii)). The NPs are stable in phosphated
buffer saline (PBS) and human serum for at least 3 days (Figure
$3) with no size change observed. Notably, the formulated NPs
remained stable at concentrations well below the critical micelle
concentration (CMC) of the mPEG-PLA (Figure S4a,b),
indicating non-dynamic NP structures irrespective of micelles
and substantiating the suggested mode of dimeric drug
interaction (Scheme 1b). As a comparison, a “monomeric”
CPT derivative, CPT-SS, linking CPT directly to the disulfide
side chain without the aniline fragment (structure see Scheme
S2) resulted in an uncontrolled large aggregate when it was co-
precipitated with mPEG-PLA at a 1:1 drug/polymer ratio (Table
S1, entry 10). The results further demonstrate the necessity of
the dimer structure for high loading formation: dimeric structure
affords stronger intermolecular drug interactions than both CPT
and CPT-SS.

We next designed experiments to further study the NP
formulation. When a DMF solution of CPT-SS-CPT (in the
absence of mPEG-PLA) was dropwise added to water, the CPT-
SS-CPT aggregates grew larger over time, reaching ~6 ym at t =
60 min (denoted as rectangle, Figure 2a). When CPT-SS-CPT
was added to water followed by the addition of mPEG-PLA 10
and 30 s later, particle size was stabilized at 850 and 1100 nm,
respectively (denoted as triangle and circle, Figure 2a),
suggesting the successful coating of CPT-SS-CPT aggregates
with mPEG-PLA. When mPEG-PLA empty micelles (without
CPT-SS-CPT) were pre-formed (~50 nm) followed by the
addition of a DMF solution of CPT-SS-CPT (1/16 relative to
mPEG-PLA, w/w) (illustrated in Figure 2b), drug-loaded NPs
with size around 180 nm (monomodal DLS peak, Figure SS)
were formed, with complete disappearance of the 50 nm
distribution (Figure 2c). Mixing CPT-SS-CPT with pre-formed
mPEG-PLA micelles clearly modulates the original mPEG-PLA
micellar structure, as the size of the NPs increased dramatically.
Further addition of CPT-SS-CPT solutions did not change the
average size of the NPs (Figure 2c). TEM analysis revealed a
core—shell nanostructure (Figures 2d and S6), suggesting rapid
formation of CPT-SS-CPT nanoaggregate that recruited mPEG-
PLA to stabilize it through the hydrophobic interaction of
hydrophobic drug core and the hydrophobic PLA segment.
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Figure 2. (a) CPT-SS-CPT nanoaggregate size change as a function of
time without mPEG-PLA (M) and with mPEG-PLA, 10s (A) and 30 s
(@) after water dilution. (b) Schematic illustration of post-addition
experiment. DMF solution of CPT-SS-CPT was added into aqueous
solution of mPEG-PLA micelle. (c) Size change of mPEG-PLA micelles
after the addition of CPT-SS-CPT solution. Data are presented as mean
value + standard deviation of four independent measurements. (d)
TEM image of NP prepared in (c). Scale bar = 400 nm. Inset: Enlarged
view of the NP. Scale bar = 50 nm.

An important feature of the drug dimer design is its trigger-
responsive property due to the stable carbonate linkage and
cleavable side chain. We next evaluated the release profile of SS
NPs by model thiol triggers. Considering the elevated level of
thiol species in a variety of cells,” the SS NPs would preferentially
release active CPT intracellularly instead of a burst release during
blood circulation. Authentic CPT release from SS NPs was
measured by co-incubation with dithiothreitol (DTT). The SS
NPs showed controlled release over 48 h, while negligible CPT
release was detected in the absence of DTT (Figure 3b), and only
the free drug was detected over the course of the study (Figure
3a). Thus, this is a very rare example of drug-encapsulating NPs
(drugs not covalently bound to polymer matrices) with complete
elimination of the burst release effect, due presumably to the drug
dimer “cross-linking” as illustrated in Scheme 1b.
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Figure 3. (a) HPLC analysis of CPT release from the SS NPs in the
presence of 10 mM DTT as thiol trigger. (b) CPT release from SS NPs
with/without thiol trigger (DTT) in PBS. (c) Cytotoxicity of the SS NPs
in HeLa cells.
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The anticancer effect of the SS NPs was then evaluated in vitro
by MTT assay. By incubating HeLa cells with the SS NPs for 72
h, significant cell proliferation inhibition was observed in a drug/
NP concentration-dependent manner (Figure 3c). The ICy, of
the SS NPs was 114 nM, compared to 17 nM for free CPT.
Irinotecan (Ir), a clinically used CPT derivative, had an ICq,
value of 2700 nM under the same conditions. The significant
cytotoxicity of the high-loading NPs indicated the intracellular
thiols actively reduced the disulfide bond within the NPs,
releasing CPT in a timely manner.

We next tested whether this strategy can be used for nano-
formulation of other drugs with strong crystallization tendency,
such as doxorubicin (Dox). Dox-SS-Dox was synthesized,
sharing the same trigger-responsive linker as CPT-SS-CPT
(structure see Scheme S3). When Dox-SS-Dox/mPEG-PLA at a
ratio of 4/1 (w/w) was precipitated, NPs with size of 221 nm and
monomodal DLS distribution were obtained (Table 1, entry 7).
The loading efficiency was determined to be 88%, and the
equivalent doxorubicin loading was calculated to be 53%.
Compared with the conventional micelle'® and liposome
encapsulation'' method, this dimeric drug strategy greatly
improved the drug loading and loading efficiency of the Dox in
NPs.

In summary, we found that simply dimerizing drug and using
the drug dimer for encapsulation with amphiphilic polymer can
drastically improve drug loading and NP properties. Drug can be
encapsulated in polymer NPs with over 50% drug loading and
close to 100% loading efficiency. Unlike direct encapsulation of
free drugs in polymer micelles that have drug burst release and
micelle stability issues, this drug—dimer conjugate encapsulating
NP showed excellent stability and completely eliminated the
burst release effect. This NP formulation strategy provides a new
and likely scalable'” route to encapsulate hydrophobic drugs
efficiently without complicated carrier polymer design and
screening. We are investigating whether this strategy can be
broadly applied to nano-formulation of drugs other than CPT
and Dox and how the size can be controlled below 100 nm."

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures, stability of the NPs, TEM images of
the NPs, CMC measurement of the mPEG-PLA, and character-
ization of new compounds. This material is available free of
charge via the Internet at http://pubs.acs.org.
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