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ABSTRACT: Solution self-assembly of block copolymers
(BCPs) typically generates spheres, rods, and vesicles. The
reproducible bottom-up fabrication of stable planar nanostruc-
tures remains elusive due to their tendency to bend into closed
bilayers. This morphological vacancy renders the study of
shape effects on BCP nanocarrier-cell interactions incomplete.
Furthermore, the fabrication of single BCP assemblies with
built-in drug delivery functions and geometry-optimized
performance remains a major challenge. We demonstrate
that PEG-b-PCPTM polyprodrug amphiphiles, where PEG is
poly(ethylene glycol) and PCPTM is polymerized block of
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reduction-cleavable camptothecin (CPT) prodrug monomer, with >50 wt % CPT loading content can self-assemble into four
types of uniform nanostructures including spheres, large compound vesicles, smooth disks, and unprecedented staggered lamellae
with spiked periphery. Staggered lamellae outperform the other three nanostructure types, exhibiting extended blood circulation
duration, the fastest cellular uptake, and unique internalization pathways. We also explore shape-modulated CPT release kinetics,
nanostructure degradation, and in vitro cytotoxicities. The controlled hierarchical organization of polyprodrug amphiphiles and
shape-tunable biological performance opens up new horizons for exploring next-generation BCP-based drug delivery systems

with improved efficacy.

B INTRODUCTION

Learning from the hierarchical structures and functions of
complex biological systems such as viral capsids, discoidal red
blood cells (RBCs), and platelates, has greatly promoted the
biomimetic engineering of synthetic materials.'™” In the
biomedical field, synthetic nanostructures are routinely utilized
as nanocarriers for the delivery of therapeutic drugs and
imaging agents. Their fabrication mainly involves top-down and
bottom-up approaches.® For the former, particle replication in
nonwettin% templates (PRINT) technology developed by
DeSimone’ "> and film-stretching technique proposed by
Mitragotri137 > represent two most recent advances. Both of
them allow for highly controlled fabrication of uniform micro-
and nanoparticles (NPs) with controlled shapes; however, there
are limitations such as huge investment in apparatus,
complicated fabrication procedures, and considerable technical
challenges for the fabrication of <100 nm NPs. As opposed to
top-down approaches, bottom-up ones have been more actively
explored to construct hierarchically ordered nanostructures
with unmatched intricacy, leading to huge success in drug and
gene delivery. Among them, lipid vesicles (liposomes) and
polymeric NPs (vesicles and micelles), both spherical in shape,
are the two most representative types.lé_18

Recently, scientists have been aware that NP shapes or
geometries also exert important roles in determining
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phagocytosis, cellular interactions, and biodistribution of
nanocarriers.'” " For example, by using particles fabricated
via a film-stretching technique,” it was demonstrated that
particle shape, instead of size, dominates the phagocytosis
process. Longer blood circulation duration and specific
biodistribution were observed for top-down fabricated disks
compared to those of spheres.>” In addition, cellular
internalization of rodlike NPs, fabricated via the PRINT
technique, with hi§her aspect ratios occurs much faster than
that of lower ones.”® However, it was also shown that spherical
Au NPs exhibit much faster cellular internalization compared to
Au nanorods”’ and that carbon nanotubes enter cells via unique
tip-recognition and rotation mechanisms.”® These results
suggest a necessity to more carefully scrutinize the respective
contribution of particle geometries, chemical compositions, and
fabrication procedures toward relevant biological functions.

In the context of biomimetic fabrication of synthetic
nanostructures, the bottom-up hierarchical self-assembly
approach is more promising in emulating nature’s sophisti-
cation.”® For instance, solution self-assembly of block
copolymers (BCPs) can lead to a variety of complex
nanostructures including spheres, cylinders, lamellae, vesicles
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Scheme 1. Multiple Hierarchical Assemblies of PEG-b-PCPTM Polyprodrug Amphiphiles for Intracellular Reduction-

Responsive Drug Delivery”
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?(a) Schematic illustration for the self-assembly of polyprodrug amphiphiles into four types of uniform nanostructures (including spheres, smooth
disks, flowerlike large compound vesicles, and staggered lamellae with spiked periphery), which exhibit shape-dependent performance in the context
of blood circulation, cellular internalization and transport, subcellular distribution, and degradation kinetics. (b) Synthesis of reduction-responsive
CPT prodrug monomer, CPTM, and polyprodrug amphiphiles, PEG-b-PCPTM. (c) Proposed mechanism of reduction-responsive CPT parent drug

release from PEG-b-PCPTM polyprodrug amphiphiles.

and bicontinuous ones, and NP geometries might also affect
various biological processes.’*™> It was previously shown that
spherical BCP micelles exhibit distinct intracellular organelle
distributions.*® Self-assembled BCP filaments with longitudinal
lengths reaching cellular diameters exhibited longer blood
circulation times than spherical particles.>* In addition, shell
cross-linked spherical micelles self-assembled from BCPs were
internalized to a greater extent than the cylindrical counter-
parts,>® which is as opposed to those reported for PRINT
particles of comparable geometries.”® However, a systematic
investigation and comparison of the effects of various self-
assembled BCP NP shapes on cellular interactions and
endocytosis is still lacking. A prerequisite for this is the
controlled creation of BCP nanostructures with more complex
geometries and cornpos.itions.%_40

Although spherical and cylindrical micelles and vesicles can
be routinely fabricated via solution assembly of amphiphilic
BCP in aqueous media, the reliable and reproducible
fabrication of lamellae nanostructures has remained elu-
sive."' =" This is mainly due to their strong tendency, being
thermodynamically unfavorable, to close into vesicles to
compensate for the high rim energy of open lamellae.***
This morphological vacancy renders incompletion of the study
of BCP nanoparticle shape effects on cellular interactions and
other biological processes. In principle, the fabrication of open
lamellae nanostructures can be made more feasible by
introducing nonspecific interactions within hydrophobic seg-
ments to increase membrane rigidity and the corresponding
curvature energy penalty.

In addition, conventional nanocarriers based on BCP
assemblies are pharmaceutically inactive by themselves and
only simply serve as a scaffold or physical reservoir for drugs,
exhibiting intrinsic limitations such as low drug loading content,
burst release and non-sustained release, and poor shelf
stability."”*® On the other hand, drug-conjugated BCPs can
endow self-assembled nanostructures with enhanced stability,
but often with limitations such as low drug loading content and
undesirable drug cleavage pathways. The controlled and
sustained release of conjugated drugs in the active form in
response to biological milieu is highly desirable.*~*

Thus, the fabrication of single BCP solution assemblies with
built-in drug delivery functions and geometry-optimized
performance remains a major challenge. Here we describe the
synthesis, hierarchical self-assembly, and relevant biological
functions of amphiphilic block copolymers, PEG-b-PCPTM,
consisting of hydrophilic poly(ethylene glycol) (PEG) and
polymerized block of reduction-responsive camptothecin
(CPT) prodrug monomer (Scheme 1). These diblock
copolymers are termed as polyprodrug amphiphiles, with
considerably high drug loading content (>S50 wt %). They
can self-assemble into four types of uniform and stable
nanostructures including spheres, flowerlike large compound
vesicles (LCVs), and in particular smooth disks and staggered
lamellae with spiked periphery, with the latter being
unprecedented. Among these, staggered lamellae outperform
the rest of the three NP types, exhibiting extended blood
circulation duration, the fastest cellular uptake, and unique
internalization pathways. We also explore reductive milieu-
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triggered release kinetics of parent CPT drugs and nanostruc-
ture degradation, and shape-modulated in vitro cytotoxicities.
The modularity of hierarchical self-assembly of polyprodrug
amphiphiles and BCP nanostructure geometry-correlated
biological functions exhibited in this system is a significant
advance toward the design of next-generation drug conjugates
and nanocarriers.

B RESULTS AND DISCUSSION

Synthesis of PEG-b-PCPTM Polyprodrug Amphiphiles.
We choose CPT, which is isolated from Chinese Camptotheca
acuminata (happy tree), as the model drug due to its
remarkable anticancer activity and that the 20-hydroxyl
functionality remains to be functionalizable, but with poor
solubility and stability in aqueous media. The hydrophobic
prodrug monomer, CPTM, was synthesized via two-step
procedures in an overall yield of >60% (Scheme 1b). 'H
NMR, *C NMR, APCI-MS, and RP-HPLC analyses of CP'TM
confirmed its chemical structure (Figure SI in the Supporting
Information [SI]). The concept of conjugating small molecular
drugs onto polymer scaffolds via reversible linkers has been
broadly employed,®®*" but only a few examples exist for the
direct polymerization of cleavable prodrug monomers.*>~>°

Here we employed reversible addition—fragmentation trans-
fer (RAFT) technique to polymerize prodrug monomer using
PEG-based macroRAFT agent, affording PEG-b-PCPTM
amphiphilic BCPs with CPT moieties in the hydrophobic
block. These polyprodrug amphiphiles typically possess >50 wt
% drug loading content (Table 1). A series of polyprodrug

Table 1. Molecular Weights, Molecular Weight
Distributions, and Drug Loading Content of PEG-b-PCPTM
Polyprodrug Amphiphiles

polyprodrug diblock M, nvr M, cpc M,/ DLC/
amphiphiles DP®  (kDa)“ (kDa) MY %
PEG,-b-PCPTM,, 24 16.6 159 119 503
PEG,;-b-PCPTM,, 52 333 326 123 544
PEG,s-b-PCPTM, 87 542 50.3 121 $59
PEG,-b-P(CPTMygo-co- 33 219 216 L18 523
NBDyg,,)33

“Number averaged molecular weights of diblock copolymers and
average degrees of polymerization (DPs) for the PCPTM block were
determined by 'H NMR. “Molecular weights and molecular weight
distributions, M,,/M,, were evaluated by DMF GPC with polystyrene
standards. “Drug loading content (DLC) was calculated as the ratio of
conjugated drug weight to the weight of polyprodrug amphiphiles.

amphiphiles with varying DPs of CPTM block, PEG,;-b-
PCPTM,,, PEG,-b-PCPTM,, PEG,s-b-PCPTMj;, and dye-
labeled PEG,4-b-P(CPTM, 49-co-NBDy ¢, )53, where NBD is the
fluorescent dye-containing monomer, 4-(2-methylacryloylox-
yethylamino)-7-nitro-2,1,3-benzoxadiazole, were synthesized
with narrow molecular weight distributions and high monomer
conversions (>96%) (Figure S2 in SI and Table 1). It can be
envisaged that the covalently conjugated nature of CPT drug
within polyprodrug amphiphiles will afford high loading stability,
but still with capability of self-assembling in aqueous media and
releasing active CPT moieties in response to intracellular
reductive milieu (Scheme 1c).

Fabrication of Multiple Hierarchical Nanostructures
from Polyprodrug Amphiphiles. The self-assembly process
was triggered by adding water into a solution of PEG-b-
PCPTM in organic solvents, thereby reducing the solubility of

PCPTM blocks. Intriguingly, when the self-assembly was
conducted at constant initial polymer concentration and also
amount of organic solvents and added water, it was found that
self-assembled nanostructures were strongly dependent on
water addition rates and organic solvent compositions. Multiple
hierarchical assemblies, including smooth disks (Figure la),
staggered lamellae with spiked periphery (Figure 1h), flowerlike
LCVs (Figure 1m) and spheres (Figure 1n), were fabricated
from PEG,5-b-PCPTMy, in a highly controlled manner. All four
of these main types of nanostructures were investigated in
parallel in subsequent sections. Macroscopic images of their
dispersions at equal concentrations also exhibited distinct
contrast (insets in Figure S3a, SI).

Using DMSO as the common solvent at 8 mL/h water
addition rate, smooth disks with uniform surface electron
densities were obtained from PEG,s-b-PCPTM;, (Figure la—
c). The average diameter of smooth disks was ~180 nm with
low size polydispersity. To further verify the disk morphology
and gauge the thickness of smooth disks, the sample stage was
tilted. If disks are present, the tilting process should alter the
two-dimensional projections, transforming them from circles to
ellipses. Indeed, the tilting image was slightly elliptical
compared to the original one (Figure 1, b vs a). Meanwhile,
we can clearly discern the two layered disk morphology with an
overall disk thickness of ~28.6 nm calculated from the tilting
shadow (Figure 1b and Table 2). The contour length of
hydrophobic PCPTM block is ~13.1 nm, whereas the single
bilayer thickness in smooth disks is ~14.3 nm, suggesting that
PCPTM segments are not fully stretched and arranged in an
interdigitated manner within each bilayer.

Section analysis of tapping mode atomic force microscopy
(AFM) displayed a flat surface with an average height of ~28.4
nm, further confirming the disklike nature (insets in Figure S3b,
SI). Additionally, the form factor of disk nanostructures fits the
experimental data of static laser light scattering (LLS) very well,
revealing a disk diameter of ~240 nm and a height of ~30 nm.
These results are reasonable, considering the contributions
from the swelling and stretching of PEG coronas in the solution
state, as compared to those measured by TEM and AFM in the
dry state (Figure 1a, Table 2, Figure S3a,b in SI). Uniform disk
nanostructures are quite rarely observed compared to
polymeric vesicles and micelles, with existing examples mostly
limited to BCPs containing fluoropolymer®” > or semicrystal-
line polyethylene segments® or through special processing or
blending.*"”"™>® The fabrication of uniform disks from
amphiphilic BCPs via direct self-assembly in aqueous media is
even rare.*' ™%

Keeping the water addition rate at 8 mL/h, when the organic
solvent composition was changed to 1,4-dioxane/DMSO (9/1,
v/v), stacked disks with less smooth periphery were obtained
with a diameter of ~260 nm (Figure 1d—f). Using pure 1,4-
dioxane as the cosolvent, staggered lamellae with spiked
periphery and a diameter of ~300 nm were obtained (Figure
1g—i). To our knowledge, this type of staggered lamellae
nanostructure was unprecedented in the context of BCP self-
assembly. SEM images further confirmed the stacked nature of
disk nanostructures and revealed the size and shape uniformity
(Figure 1f and i). As previously proposed by Eisenberg et al,,*
the observed cosolvent composition-dependent morphologies
reflect combined effects of solvent characteristics (e.g.,
solubility parameters and dielectric constants) and kinetic
control of self-assembling pathways.

dx.doi.org/10.1021/ja409686x | J. Am. Chem. Soc. 2013, 135, 17617—17629



Journal of the American Chemical Society

Figure 1. Multiple hierarchical assemblies fabricated from PEG,;-b-PCPTMs, polyprodrug amphiphiles. TEM (left and middle columns) and SEM
(right column) images recorded for self-assembled nanostructures formed by adding 9 mL deionized water into PEG,5-b-PCPTM, solution (2.0 g/
L, 1 mL) in common organic solvents, in which the water addition rate and solvent composition are varied. (a—c) Disklike nanostructure with
smooth periphery (pure DMSO, 8 mL/h water addition rate). (b) Image of (a) after a tilting of —20° (the arrow indicates the direction of
shadowing). (d—f) Stacked disks with less smooth periphery (1,4-dioxane/DMSO (9:1, v/v), 8 mL/h water addition rate). (g—i) Staggered lamellae
with spiked periphery (pure 1,4-dioxane, 8 mL/h water addition rate). (j—1) Coexistence of staggered lamellae and closed bilayers (pure 1,4-dioxane,
2 mL/h). (m and o) Flowerlike, large compound vesicles (pure 1,4-dioxane, 0.5 mL/h). (n) Spheres obtained by quickly injecting PEG,s-b-
PCPTM;, (2.0 g/L, 1 mL) solution in DMSO into 9 mL deionized water. (e, h, and k) are magnified images for (d, g and j), respectively.

Table 2. Detailed Structural Parameters of Smooth Disks Fabricated from PEG-b-PCPTM Polyprodrug Amphiphiles

LLS diameter thickness
smooth disks PCPTM length/nm®  (R;)/ nm®  (R,)/ nm® p? drew/ nm°  dping/ nm’ Peing/ nm’ Retiing/ N0 Bapy/ nm”
PEG,s-b-PCPTM,, 6.0 71.7 78.8 091 109 160 20 17.8 18.6
PEG,s-b-PCPTMs, 13.1 117.8 122.7 0.96 180 240 30 28.6 284
PEG,s-b-PCPTMg, 21.8 85.8 92.3 0.93 153 170 60 58.3 57.3

“Calculated assuming a fully stretched contour length for the hydrophobic PCPTM block. Average root-mean-square radius of gyration, (R), as
determlned by LLS. “Intensity averaged hydrodynamic radius, (R;), as determined by LLS. 9 = (Rg)/(Ry). “Disk dlameter as determined by TEM.
/Disk diameter and thickness obtained by form factor fitting. #*Thickness of smooth disks calculated by TEM tilting. " Thickness of smooth disks
characterized by AFM section analysis.

The effect of water addition rates on the self-assembly was water addition rate of 2 mL/h, multigeometric NPs containing
then explored by using pure 1,4-dioxane as the cosolvent. At a staggered lamellae and partially closed bilayer (vesicles) shapes
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Figure 2. Four types of nanostructures self-assembled from PEG,s-b-PCPTM,, polyprodrug amphiphiles. TEM images recorded for hierarchical
assemblies fabricated from PEG,5-b-PCPTM,, polyprodrug amphiphiles by using the same protocol as for PEG,5-b-PCPTMj, (common solvent and
water addition rate). (a) Smooth disks. (b) Spheres. (c) Staggered lamellae. (e) Flowerlike large compound vesicles. (d) and (f) are SEM images for
(c) and (e), respectively (Insets: close-up shots of the corresponding nanostructures).

within the same particles with an overall diameter of ~370 nm
were observed (Figure 1j—1).** Upon further decreasing the
addition rate to 0.5 mL/h, flowerlike LCVs with a diameter of
~790 nm were obtained (Figure 1m). The corresponding SEM
image demonstrated a clear three-dimensional morphology
with protruding small vesicles located around the multicavity
core (Figure 1o).

Finally, spherical NPs with a diameter of ~43 nm were also
facilely obtained via nanoprecipitation of PEG,s-b-PCPTMj,
solution in DMSO into water (Figure 1n). Four types of typical
nanostructures of PEG-b-PCPTMj, all revealed monomodal
hydrodynamic radius distributions as determined by dynamic
LLS (Figure S3a in SI). When the self-assembly process was
conducted in the presence of water-soluble calcein dye, only the
LCV dispersion exhibited the strong fluorescence characteristic
of calcein (Figure S3c in SI), indicating the encapsulation of
hydrophilic calcein within the aqueous interior of LCVs. These
results also indirectly verify the morphologies of smooth disks,
staggered lamellae, and spheres, within which the encapsulation
of calcein cannot be realized.

Insight into the Self-Assembling Mechanism of
Polyprodrug Amphiphiles. The self-assembly of amphiphilic
BCPs is typically under both thermodynamic and kinetic
controls, and nanostructure morphologies can be affected by
various factors such as cosolvent compositions, polymer
concentrations, temperatures, and water contents and addition

rates.>® Four typical nanostructures including smooth disks,
staggered lamellae, LCVs, and spheres were fabricated from
PEG,s-b-PCPTM;, BCPs by simply varying cosolvent
compositions and water addition rates (Figure 1). We then
attempted to explore the self-assembly mechanisms for each of
these uniform nanostructures. Upon water addition at 25 °C
into copolymer solution in organic solvents, the critical water
contents (CWCs) defining abrupt decreases in optical
transmittance were determined to be ~1 v/v%, ~5 v/v%, and
~10 v/v% during formation pathways of smooth disks (DMSO
cosolvent, 8 mL/h water addition rate), LCVs (1,4-dioxane, 0.5
mL/h), and staggered lamellae (1,4-dioxane, 8 mL/h),
respectively (Figure S4 in SI).

The process of smooth disk formation (DMSO, 8 mL/h
water addition) was monitored at different water contents by
TEM analyses (Figure SS in SI). At 2.5 v/v% water content,
primary aggregates including branching rods coexisting with
possible small disks start to form. This is followed by the
obvious adhesion and fusion among primary aggregates or
between primary aggregates and diblock chains, leading to the
formation of more disklike nanostructures at elevated water
content. Further water addition leads to the freezing and
retaining of disk nanostructures at ~20 v/v% water content,
which qualitatively agrees with the optical transmittance results
(Figure S4 in SI).
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Figure 3. Multiple hierarchical assemblies of PEG,s-b-PCPTMj; polyprodrug amphiphiles. TEM (a, b, ¢, e) and SEM (d, f) images recorded for
nanostructures self-assembled by adding 9 mL of deionized water into PEG,5-b-PCPTMj; solution (2.0 g/L, 1 mL) in common organic solvents, in
which the water addition rate and solvent composition are varied. (a) Smooth disks (pure DMSO, 8 mL/h water addition rate). (b) Spheres
obtained by quickly injecting PEG,s-b-PCPTMjg; (2.0 g/L, 1 mL) solution in DMSO into 9 mL of deionized water. (c,d) Stacked disks (pure 1,4-
dioxane, 8 mL/h water addition rate). (e,f) Large compound vesicles (pure 1,4-dioxane, 0.5 mL/h water addition rate).

Employing similar fabrication procedures, smooth disks were
also obtained from other polyprodrug amphiphiles with varying
hydrophobic chain lengths. For example, PEG,s-b-PCPTM,,
can form smooth disks with an average diameter of ~109 nm
and height of 17.8 nm (Figure 2a), and the flat disk surface with
a height of ~18.6 nm was further confirmed by AFM (Figure
S6¢c in SI insets). Polyprodrug amphiphiles with longer
hydrophobic block length, PEG,s-b-PCPTMjg,, can also self-
assemble into smooth disks under similar conditions, exhibiting
an average diameter of ~153 nm and height of ~58.3 nm
(Figure 3a). For the TEM image shown in Figure 3a, individual
disks appeared to irregularly aggregate to some extent, and this
is probably an artifact during the preparation of TEM specimen
(ie., the drying process). Indeed, well-dispersed smooth disks
of PEG45-b-PCPTMg; can be clearly observed when the self-
assembled dispersion was further diluted to a concentration of
~0.04 g/L prior to TEM specimen preparation (Figure S7a in
SI).

For nanostructures of PEG,-b-PCPTMg;, AFM analysis
revealed a flat surface with an average height of ~57.3 nm
(Figure S6d in SI insets). In addition, the static LLS profiles of
smooth disk dispersions of PEG,s-b-PCPTM,, and PEGy;s-b-
PCPTMg; can be well-fitted with the form factor of circular
disks (Table 2, Figure S6¢,d in SI). Moreover, (R,)/(Ry) values
determined by LLS for all three smooth disk dispersions are
close to 1, which match well with disk morphologies (Table 2).

To further interrogate why smooth disk nanostructures can
facilely form in this system, we examined the physicochemical
properties of BCPs. In DSC thermograms, CPTM monomer
exhibited one endothermic melting peak at ~141.5 °C; whereas
PEG,5-b-PCPTM;, and PCPTM,, homopolymer only exhibit
glass transition temperatures, T, of 48.6 and 50.2 °C,
respectively, and do not present any endothermic peaks (Figure
S8a in SI). This demonstrates that PCPTM block in PEG,¢-b-
CPTMs, does not exhibit any crystallinity, which is further
confirmed by XRD analysis (Figure S8b in SI). On the other
hand, upon heating BCPs film from room temperature to 180
°C, the observation under polarized optical microscopy (POM)
does not reveal any textures characteristic of liquid crystal
mesophases. Thus, nanostructure formation processes will not
be affected by any crystallization process or liquid crystal
features.

For PEG,s-b-PCPTM,,, PEG,-b-PCPTMs,, and PEG,-b-
PCPTMg, BCPs, the fractions of hydrophobic blocks are in the
range of 34.7—65.9 mol %. Though PEG,s-b-PCPTM,,
possesses a relatively low hydrophobic fraction (34.7 mol %),
it can still form stable smooth disks. However, it is expected
that, for conventional uncharged BCPs with this composition,
they should form spheres or rods.%" In addition, for disklike
micelles, they have a strong tendency to close up into vesicular
nanostructures at the price of increased curvature energy but
diminished rim energy of open lamellae. Due to the PCPTM

dx.doi.org/10.1021/ja409686x | J. Am. Chem. Soc. 2013, 135, 17617—17629
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Figure 4. Cellular internalization and colocalization analysis for four types of assemblies of PEG,5-b-PCPTM,. (a) Overlay CLSM images of HepG2
cells upon incubation with four types of distinct nanostructures (spheres, smooth disks, large compound vesicles, and staggered lamellae) with
varying time intervals. The late endosomes and lysosomes were stained with Lysotracker Red (red channel), and blue channel fluorescence emission
originated from CPT moieties. (b) Normalized fluorescence intensity (blue channel) of HepG2 cells was quantified from CLSM observations. (c)
Colocalization ratio of blue fluorescence from polyprodrug amphiphiles with the red fluorescence of Lysotracker Red for four types of
nanostructures. All data are mean values (~50 cells, three parallel experiments, P < 0.05).

block bearing large bulky side groups (CPT drug monomer M,,
~ 600 Da), we expect that the hydrophobic block will adopt a
rigid chain conformation due to steric hindrance effect;
moreover, strong n—z stacking interactions will also occur
between CPT side groups. The above two factors can favorably
contribute to the formation of flat membranes with relatively
low interfacial curvature.** In addition, 7—7 stacking
interactions between PCPTM blocks within the hydrophobic
membrane will accordingly elevate the curvature energy penalty
during closure of rigidified membranes, thus energetically
favoring open flat lamellae nanostructures instead of polymeric
vesicles.

Staggered lamellae nanostructures were formed from PEG,;-
b-PCPTM;, when using 1,4-dioxane as cosolvent at a water
addition rate of 8 mL/h (Figure 1lg-i). The nanostructure
evolution at increasing water contents was then checked. Small
sheetlike primary aggregates with curled peripheries formed at
10 v/v% water content (Figure S9a in SI). Subsequent
structural evolution including intense adhesion, fusion, and
structural rearrangement then occurred, generating large
sheetlike microstructures coexisting with discrete primary
aggregates (Figure S9b—d in SI). At >40% water content,
uniform staggered lamellae with irregularly spiked periphery
eventually formed (Figure S9e—g in SI). Upon ultrasonication,
staggered lamellae disintegrated into small sheetlike nanostruc-

tures, suggesting that they might act as primary building blocks
(Figure S9a,h in SI). Tween-20 was also added into the
staggered lamellae dispersion followed by extensive ultra-
sonication, and TEM analysis revealed uniform spherical NPs
of ~23 nm in diameter, suggesting the disruption of staggered
lamellae and coassembly with surfactant micelles (Figure S9i in
SI). By using similar procedures, staggered lamellae with a
diameter of ~380 nm were also fabricated from PEG,s-b-
PCPTM,, (Figure 2c,d). However, for PEG,s-b-PCPTMy,,
stacked disks with relative smooth periphery were obtained,
exhibiting an overall diameter of ~220 nm (Figure 3c,d).

The observation that water addition rates can dramatically
affect self-assembling morphologies, i.e, 8 mL/h for staggered
lamellae and 0.5 mL/h for LCVs, when using 1,4-dioxane as the
cosolvent is actually quite serendipitous. At 0.5 mL/h water
addition rate, PEG,-b-PCPTMs, self-assembles at first into
sheetlike primary aggregates at ~S v/v% water content (Figure
S10a in SI). With progressive water addition, large aggregates
were generated due to adhesion and fusion (Figure S10b—d in
SI). At a water content of ~20 v/v%, only stacked lamellae
morphology can be discerned, which should represent a
bridging one to final formation of LCVs (Figure S10e in SI).
At water contents >40 v/v%, we can observe the closure of
lamellae into vesicles. Further increasing water contents leads
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to the maturing of LCVs and size growth of protruding small
vesicles at the periphery (Figure S10f—i in SI).

The effect of water addition rates (8 mL/h vs 0.5 mL/h) on
the nanostructure formation suggests that two competing
processes exist: (i) decreased solvent plasticization of aggregate
cores and increased bilayer rigidity and bending energy at
increasing water contents; (ii) the closure of lamellae
nanostructures into vesicular ones, which is a time-consuming,
energy-dependent, and kinetically controlled process. If we
assume S50 v/v% water content as the critical value at which all
nanostructures were frozen, in the current case (1 mL diblock
solution in 1,4-dioxane initially), the duration of a dynamic self-
assembly process (i.e, before microstructure freezing) is
estimated to be ~7 min and ~120 min at water addition
rates of 8 mL/h and 0.5 mL/h, respectively. Thus, a high water
addition rate favors the formation of lamellae nanostructures
owing to their not being given enough time to ripen into
vesicles before being kinetically frozen, whereas at a lower water
addition rate, the formation of LCVs was rendered temporally
possible.%>

For polyprodrug amphiphiles with other hydrophobic chain
lengths, flowerlike LCVs with a diameter of ~980 nm were also
fabricated from PEG,s-b-PCPTM,, (Figure 2e,f). In addition,
LCVs of PEG-b-PCPTMg, with a diameter of ~760 nm
exhibit entangled and interconnected microstructures (Figure
3e). SEM image further reveals the presence of spherical
aggregates with rough surfaces (Figure 3f). We speculate that
these morphological differences reflect the effect of PCPTM
block length variations.**
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In addition, hydrodynamic radius distributions of four types
of nanostructures of PEG,-b-PCPTM,, and PEGys-b-
PCPTM;; all revealed monomodal distributions (Figure S6a,b
in SI), suggesting the size and microstructure homogeneity.
Furthermore, dye-labeled polyprodrug amphiphile, PEG,;s-b-
P(CPTM,ge-co-NBDj; )33, can also self-assemble into four
types of distinct nanostructures (Figure S7b—f in SI). We
envisage that the observed microstructural diversities should be
rooted in nonspecific interactions between hydrophobic and
bulky CPT moieties within polyprodrug amphiphiles. There-
fore, circular dichroism (CD) spectra were checked for aqueous
dispersions of four types of nanostructures. Compared with the
CD spectra of polyprodrug amphiphiles molecularly dissolved
in DCM, the aqueous dispersions of their assemblies displayed
enhanced signals in the CPT absorption regions at 250 nm and
300—400 nm, which well corresponded with CPT absorption
peak maxima at ~250 nm and ~370 nm (Figure S11 in SI).
The positive couplet signals at the highest wavelength most
probably suggested the right-handed arrangement of CPT
moieties within self-assembled nanostructures, implying a chiral
packing of CPT moieties due to strong z—n stacking
interactions among CPT side functionalities, although the
exact mechanism currently remains unclear and requires further
exploration.®®

Cellular Internalization and Intracellular Trafficking.
The cellular internalization of four types of nanostructures,
including smooth disks, staggered lamellae, LCVs, and spheres
fabricated from PEG,s-b-PCPTMj, was then examined against
HepG2 cells. The kinetics of cellular uptake was evaluated by
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quantification from CLSM analysis during the time course from
30 min to 4 h incubation (Figure 4a, Figure S12—S15 in SI).
Meanwhile, late endosomes and lysosomes were stained with
Lysotracker Red for colocalizing self-assembled nanostructures.
It was found that the relative uptake rates were quite different
for each nanostructure type (Figure 4b), with staggered
lamellae exhibiting the fastest internalization rate among the
four types of nanostructures. Flowerlike LCVs were internalized
to a lesser extent compared to staggered lamellae, but faster
than smooth disks and spheres. Slightly delayed endocytosis of
spheres vs smooth disks was observed, which was consistent
with previous observations by Mitragotri and co-workers® that
cellular internalization of trastuzumab-coated disks occurred at
a faster rate than that of trastuzumab-coated spheres. The
relative cellular uptake rates were further confirmed by
evaluating four types of nanostructures of NBD-labeled PEG-
b-P(CPTM-co-NBD) using flow cytometry (Figure S16 in SI).
NP shape, size, and surface functionalities will all affect their
interactions with cell membranes and consequently cellular
uptake. It has been previously proposed that surface roughness
of NPs can significantly accelerate their cellular internal-
ization.”” ~”® The simulation of NPs interacting with synthetic
membranes demonstrates that nanoscale surface roughness can
greatly minimize repulsive interactions (including electrostatic
and hydrophilic rezpulsion), thereby promoting adhesion and
entry into cells.”"”> Thus, it is plausible to observe the relative
high internalization rate of self-assembled staggered lamellae
and LCVs, as compared to smooth disks and spherical micelles.
Colocalization analysis of self-assembled nanostructures and
endolysosomes during cellular uptake pathways revealed that
particularly low colocalization ratio was observed for both
staggered lamellae and LCVs throughout the observation
period (Figure 4a,c). Staggered lamellae and LCVs appeared
to efficiently disperse within the entire cytoplasmic region
immediately after cellular entry. The low extent of colocaliza-
tion with endolysosome also suggests that staggered lamellae
and LCVs either possess high endosomal escape capability or
mainly follow other endocytic pathways unrelated to the
endolysosomal one. In contrast, smooth disks and spheres were
mainly entrapped within endolysosomes during the initial
incubation duration. Upon extended incubation, smooth disks
could more efficiently escape from endolysosomes compared to
spheres. Further colocalization staining with endolysosomes
and mitochondria for HepG2 cells and A549 cells confirmed
that, upon 4 h incubation, smooth disks, staggered lamellae, and
LCVs were mostly localized within the cytosol, whereas spheres
were mainly trapped in endolysosomes (Figure S17 in SI). The
fluorescence intensities of CPT channels further validated the
relative uptake rates among the four types of nanostructures.
To probe the role of specific endocytic pathways involved in
the internalization of self-assembled nanostructures, HepG2
cells and A549 cells were treated with potent biochemical
inhibitors of energy-dependent processes, clathrin-mediated
endocytosis, caveolae-mediated endocytosis, and macropinocy-
tosis (Figure Sab). NaN;/2-deoxyglucose (NaN;/DOG) was
employed to inhibit the energy-dependent pathway, resulting in
dramatic decrease in the cellular uptake rate of all four types of
nanostructures (65—86% decrease compared to control). It
should be noted that no complete inhibition was observed due
to the presence of glucose and exogenous ATP in the serum-
free media. Sucrose treatment of cells is known to perturb
clathrin-mediated endocytosis, which caused dramatic decrease
(~73%) in the uptake of spheres against two cell lines, and to a

lesser extent that for smooth disks. However, no remarkable
decrease was discerned for LCVs and staggered lamellae. The
methyl-f-cyclodextrin (MBCD)-blocking caveolae-mediated
endocytosis pathway exerts a significant effect on the uptake
of smooth disks for both HepG2 cells and A549 cells, exhibiting
53% and 50% decrease, respectively. Amiloride, an inhibitor of
pinocytosis, did not show any obvious effect on the endocytosis
for all nanostructure types. Briefly, none of the above specific
chemical inhibitors led to >90% inhibition of cellular uptake.
Thus, hierarchical nanostructures of PEG-b-PCPM might
follow multiple endocytic pathways into cells.

Among these, spherical NPs mainly follow clathrin-mediated
endocytosis, whereas clathrin- and caveolae-mediated endocy-
tosis events are both prominent pathways for smooth disks.
However, clathrin- and caveolae-independent endocytosis most
probably plays a crucial role for the uptake of staggered lamellae
and LCVs, which bypasses the endolysosomal compartments.
This is highly advantageous for the retaining of structural
integrity and potency of conjugated CPT drugs within
polyprodrug amphiphiles. Comparable endocytic pathways
were previously proposed for the quick cellular uptake of rod
NPs,”® though remained poorly understood in the context of
cell biology. It should be mentioned that the clathrin-mediated
pathway is known to render the formation of primary
endosomes, which consequently form late endosomes and
lysosomes. Thus, spheres of PEG-b-PCPTM are mainly trapped
within endolysosomes. These results agree well with those
concluded from the colocalization analysis (Figure 4, Figure
S17 in SI).

In Vitro Serum Stability and Degradation Kinetics of
Polyprodrug Nanostructures and On-Demand Drug
delivery. Forster resonance energy transfer (FRET) technique
was employed to examine the in vitro stability of different types
of self-assembled nanostructures.”® For nanostructures encap-
sulating both FRET donor and acceptor molecules (DiO and
Dil) and when excited at 484 nm, energy transfer occurred and
strong acceptor dye emission can be observed at ~577 nm
(Figure S18a in SI). When nanostructure dispersions were
treated with 40-fold DMF (v/v), all nanostructures were
disintegrated, accompanied by the prominent decrease of FRET
efficiency and dramatic shift of emission peaks from ~577 nm
(acceptor emission) to ~514 nm (donor emission). Residual
nanostructure fractions (RNF%) were then quantified on the
basis of changes in normalized FRET intensity ratios (see SI for
details). Upon incubation for 48 h at 37 °C in pure PBS buffer,
RNF values were >90% for all four types of nanostructures
(Figure S18b in SI). The presence of bovine serum albumin
(BSA, 45 g/L) did not exhibit obvious destruction on
nanostructures after incubation for 48 h; specifically, RNF
values were 83.7% for staggered lamellae, 75.6% for smooth
disks, 76.9% for LCVs, and 69.6% for spheres (Figure S18c in
SI). It is worthy of noting that even high content of fetal bovine
serum (FBS, 90v/v%) cannot destroy these nanostructures, and
RNF values were 79.1% for staggered lamellae, 74.3% for
smooth disks, 68.9% for LCVs, and 59.9% for spheres (Figure
S18d in SI). On the basis of the above results, staggered
lamellae were found to demonstrate the highest stability among
four types of self-assembled nanostructures. The observed high
serum stability of nanostructures can be ascribed to strong 7—7x
stacking interactions between CPT moieties within the
hydrophobic block and the protection of PEG coronas.

For nanostructures assembled from PEG-b-PCPTM, cova-
lently conjugated CPT prodrug moieties are buried within
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time point and three repetitions, P < 0.0S.

hydrophobic micellar cores or bilayer/lamellae membranes,
thereby effectively preventing CPT from undesirable trans-
formation into the inactive carboxylate form. This was
confirmed by the fluorescence emission spectra (Figure S3d
in SI).”* Additionally, the CPT-containing control molecule
without unsaturated double bond, CCPTM, was designed to
illustrate the reduction-cleavable nature of CPTM (Figure S19a
in SI). According to RP-HPLC analysis, upon treating with
DTT, CPT is released from CCPTM. Comparatively, aqueous
dispersion of PEG-b-PCPTM nanostructures upon incubation
with DTT will also afford CPT parent drugs (Figure S19b in
SI). Together, these results suggest that disulfide bonds in
PEG-b-PCPTM can be cleaved under reductive milieu and the
resulting thiol-containing intermediate undergoes intramolecu-
lar nucleophilic substitution at the carbonate functionality,
forming a five-membered ring thiolactone and releasing CPT.
These results demonstrate reduction-responsive on-demand
dru§57r5el7e7ase from polyprodrug amphiphiles (Scheme

Dynamic LLS was employed to monitor the degradation of
four types of nanostructures upon incubating with DTT to
simulate tumor intracellular microenvironments (Figure S20a
in SI). Spheres exhibit the fastest degradation rate, smooth
disks possess slightly lower degradation rate than spheres, and
staggered lamellae have the slowest degradation rate. The
intermediate morphologies (6 h incubation with DTT) during
degradation were then captured and observed under TEM,
which agrees well with their initial morphologies and confirms
prominent nanostructure disassembly (Figure S20b—e in SI).
After ~100 h incubation with DTT for staggered lamellae, no
polymeric nanostructures can be observed, and the released
CPT drugs just formed macroscopic sediments at the bottom of
the vial (Figures S3a inset and S20f in the SI).
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In vitro CPT release experiments were then performed for
smooth disks, staggered lamellae and LCVs in parallel,
exhibiting reduction-responsive controlled release profiles
(Figure S21a—c in SI). Less than 5% cumulative CPT release
was observed in the absence of DTT or in the presence of 2
UM DTT after incubating for 94 h, suggesting a minimal drug
leakage during blood circulation. Upon incubation for 24 h in
the presence of 10 mM DTT, high cumulative drug release was
achieved in a controlled manner for the three nanostructure
types; specifically, 77.3% for smooth disks, 64.5% for staggered
lamellae, and 70.1% for LCVs, which corresponded well with
their relative degradation rates (Figure S21a in SI). In addition,
Dox-HCI release kinetics from the Dox-HCl-loaded LCVs was
also performed, suggesting less than 15% cumulative release in
the absence of DTT or in the presence of 2 yM DTT
throughout the observation period due to limited permeability
of hydrophobic vesicle bilayers,”®™** whereas >95% cumulative
release was achieved in the presence of 10 mM DTT for 24 h
(Figure S21d in SI). Thus, it is possible to encapsulate other
hydrophilic therapeutic drugs or inhibitors within the multi-
interiors of LCVs to achieve on-demand drug co-release and
combinational chemotherapy.

To further probe the fate of CPT drug moieties in cells,
HepG2 cells were pretreated with four types of nanostructures
for 2 and 8 h. Tubulin-Tracker Red (red) and Actin-Tracker
Green (green) were employed to selectively stain a-tubulin and
actin, respectively, to show cytoskeleton and cell outlines
(Figure Sc). After 2 h incubation, no blue fluorescence pixels
were observed for the nucleus of cells; whereas after 8 h
incubation, blue fluorescence ascribing to CPT moieties
uniformly dispersed in the nucleus and cytoplasm for smooth
disks, staggered lamellae and LCVs, but not for spheres due to
their poor endosomal escaping capability. Thus, the three
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representative nanostructures (smooth disks, staggered lamel-
lae, and LCVs) of polyprodrug amphiphiles can efficiently enter
into the cytosol and then undergo reductive milieu-triggered
cleavage, leading to the effective release of CPT in the active
form and eventual accumulation within the cell nucleus.

To further probe the intracellular release of CPT drugs and
differentiate the location of free CPT from polymer-conjugated
CPT moieties, additional CLSM colocalization analyses among
CPT moieties (blue channel), dye-labeled polymer backbones
(green channel), and cell nucleus (red channel) were
conducted for four types of nanostructures (Figure S7 in SI)
fabricated from PEG,s-b-P(CPTM,g9-co-NBDy,);; (Figure
$22 in SI). Upon incubation for 2 h, blue fluorescence pixels
from CPT moieties generally matched well with green
fluorescence pixels from NBD moieties for all types of
nanostructures, except that for LCVs and staggered lamellae
some blue fluorescence pixels started to separate from green
ones, which might be due to their fast entry into reductive
cytosol (Figure 4) and subsequent reduction milieu-triggered
CPT cleavage from polymer backbones. After 8 h incubation,
most blue fluorescence pixels and green fluorescence pixels
separated from each other, and many blue fluorescence pixels
were colocalized well with cell nucleus for smooth disks,
staggered lamellae, and LCVs. For self-assembled spheres, it
was hard to observe nuclear localization of CPT drugs even
after 8 h incubation; in addition, the low extent of separation
between blue and green fluorescence pixels further confirmed
their poor endosomal escape capability (Figure 4).

In Vitro Cell Viability and in Vivo Blood Circulation of
Polyprodrug Nanostructures. In vitro cytotoxicity of four
types of nanostructures and Dox-HCl-loaded LCVs was
evaluated using MTT assay against HepG2 cells. All types of
nanostructures except spheres showed cytotoxicity quite
comparable with that of the CPT parent drug (Figure 6a).
Additionally, Dox-HCl-loaded LCVs exhibited a higher
cytotoxicity than all PEG-b-PCPTM nanostructures, free
CPT, or Dox-HCI alone in the tested drug-equivalent
concentration range (Figure 6b). This further verified the
potency of combined drug delivery and intracellular co-release.

The in vivo blood circulation of all four types of
nanostructures was studied after intravenous injection to
healthy rats (Figure 6¢c,d). Interestingly, the elimination half-
life (t,,,) of staggered lamellae (7.62 h) was significantly higher
than that of smooth disks (2.92 h), LCVs (0.64 h), and spheres
(0.53 h). Thus, smooth disks and staggered lamellae possess
much stealthier properties than the other two nanostructures,
exhibiting a long blood circulating feature like that of RBCs due
to their excellent serum stability (Figure S18 in SI) and shape
resemblance but being much smaller in size than RBCs.*’
Persistent blood circulation is especially important in the
application of therapeutic nanomedicines. Clinical results have
suggested that circulation times of spherical nanocarriers are
generally extended by 3-fold in humans over those in rats,*' and
so long circulation times for staggered lamellae and smooth
disks in humans could also be expected. Previous reports of
long blood circulation of “top-down” fabricated disk nano-
structures™>* were again confirmed in the current system
associated with “bottom-up” self-assembly. Moreover, it is
surprising to find that staggered lamellae possess much
stealthier blood circulation than smooth disks, which further
highlights the importance of studies concerning shape and
composition-modulated cellular interactions and other bio-
logical events.

B CONCLUSIONS

As a novel polymeric drug delivery platform, polyprodrug
amphiphiles were synthesized via controlled polymerization of
stimuli-cleavable CPT prodrug monomers. PEG-b-PCPTM
polyprodrug amphiphiles possess advantages of facile fabrica-
tion, high drug loading content (>S50 wt %) and loading
stability, active drug protection, blocked premature leakage, and
on-demand controlled release. Multiple hierarchical nanostruc-
tures were fabricated from PEG-b-PCPTM polyprodrug
amphiphiles with identical chemical compositions via the facile
tuning of cosolvent types, compositions, and water addition
rates. Four representative types of uniform nanostructures are
smooth disks, unprecedented staggered lamellae, flowerlike
LCVs, and spheres.

Four types of self-assembled nanostructures provide
prototype models for shape-regulated cellular internalization,
trafficking, and drug delivery. Staggered lamellae nanostructures
displayed the fastest cellular uptake rates, with LCVs the second
and spheres the slowest. Both staggered lamellae and LCVs
mainly exhibit clathrin- and caveolae-independent endocytosis
and bypass endolysosomal compartments during cellular
transport, which differs from those exhibited by smooth disks
and spheres. All nanostructure types except spheres could
efficiently deliver CPT drugs into the cell nucleus, exhibiting
higher cytotoxicities compared to spheres. In addition,
staggered lamellae and smooth disks possess extended blood
circulatory half-lives, which outperform LCVs and spheres.

The facile synthesis of polyprodrug amphiphiles with built-in
drug delivery capability, their controlled hierarchical self-
assembly, and nanostructure geometry-regulated biological
functions (cellular uptake, trafficking pathways, reductive-
responsive release profiles, blood circulation characteristics)
well demonstrate the potency of fabricating novel nanostruc-
tures with complex chain topologies and complicated shapes for
unmatched performances. The modularity of the reported
nanoplatform allows for further integration with other
therapeutic drugs (e.g,, Dox, paclitaxel, dasatinib, dexametha-
sone, or therapeutic protein, DNA, and siRNA), targeting
ligands, cleavable linkages, and triggering motifs, which lays a
solid foundation for the invention of next-generation drug
delivery systems.
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