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ABSTRACT: We have successfully designed and synthesized
polycarbonate-based brush polymers with detachable, disul-
fide-linked side chains. A polycarbonate backbone with
disulfide-linked, hydroxyl-terminated pendant side chains was
first prepared. Poly(trimethylene carbonate) or poly(L-lactide)
brushes were then grafted from the terminal hydroxyl groups
using an acid- or base-catalyzed ring-opening polymerization.
Inspired by how cells use glutathione to mediated reduction of
disulfides in cytoplasmic proteins, we also demonstrate that
the side chains are easily detached under mild reductive
conditions (e.g., with 1,4-dithiothreitol). L-Lactide and tri-
methylene carbonate were selected as model building blocks
for the polymer grafts because of their commercial availability and routine use in polymeric drug delivery systems.

For systemic drug delivery carriers, it is widely accepted that
composition, size, and shape play a critical role in the

ability of particles to effectively encapsulate cargo, navigate
biological barriers, and release cargo in target tissue.1−4

Polymeric systems show great promise as drug delivery
carriers.5 Through recent advances in polymerization techni-
ques, carriers with controlled composition and architecture can
be designed to regulate drug solubility, biodistribution,
bioavailability, and pharmacokinetics.2

A common method for constructing delivery vehicles is the
self-assembly of block copolymers to form micelles.6−10

Therapeutics can be sequestered in the carrier during the
micellization process, providing a facile means for the
encapsulation and protection of cargo (Figure 1a).9−11 This
technique is invaluable for administering compounds that
would otherwise be extremely difficult to deliver because of
poor in vivo solubility and short half-lives.11 Unfortunately,
disparity in aggregation number during the micellization
process can cause a distribution in particle size, which can
significantly alter the circulation half-life, biodistribution, and
cellular uptake. In addition, a critical micelle concentration
(CMC) exists for the self-assembly of amphiphilic polymers.
Upon dilution past their respective CMCs, these assemblies
may disintegrate prematurely randomly releasing their contents
instead of selectively delivering them to target tissues.12 Various
techniques have been applied to resolve this issue, many with
great success.13−15 However, these strategies all require
additional functionality and, thus, extra synthetic steps, to
provide the needed stability under high dilution conditions.

Furthermore, with this type of delivery vehicle, therapeutic
release is often diffusion, or polymer degradation, driven16

rather than a triggered release.
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Figure 1. Schematic of (a) diblock copolymer micelle, (b) brush
polymer, and (c) disulfide-linked brush polymer delivery vehicles.
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Unimolecular carriers derived from star and brush polymers
provide an elegant solution to the above-mentioned limitations
(Figure 1b). These materials can be synthesized in a controlled
fashion to give carriers of uniform size and composition.
Recently, we reported the synthesis of polycarbonate and

polylactide star polymers using common dendrimers and
commercially available molecules as initiators for organo-
catalyzed ring-opening polymerization (ROP) of trimethylene
carbonate (TMC) and L-lactide (Lac).12 These materials are
promising candidates for degradable unimolecular therapeutic
delivery carriers that would rely on polymer degradation and
diffusion to release cargo. To extend this work, we sought to
incorporate a trigger that would break apart the unimolecular
carrier upon entry into target cells. Disulfide linkages are
chemically stable linkages in the bloodstream and in the
extracellular environment but become labile within the
intracellular matrix, where glutathione reduces the disulfides
to thiols.5,17−20 High concentrations of glutathione are naturally
found in the cell cytosol.21 Cells use this strategy to mediate
reduction of disulfides in cytoplasmic proteins. Here we present
our recent advances in the synthesis of polycarbonate
unimolecular carriers containing disulfide linkages for the
controlled delivery of therapeutics. More specifically, brush
polymers with a polycarbonate backbone were prepared where
the polymer grafts were attached through disulfide linkages
(Figure 1c). The polymer side chains were grafted from
pendant hydroxyl groups attached to the polycarbonate
backbone using an acid-22,23 or base-13,25 catalyzed ROP,24

resulting in brush polymers with detachable, disulfide-linked
side chains. Lac and TMC were selected as model building
blocks for the polymer grafts because of their commercial
availability and routine use in polymeric delivery systems.
Varying grafting densities were selected to study the effect of
grafting density on side chain cleavage rate.
The synthetic strategy employed to make the brush polymer

backbone is shown in Scheme 1. MTC-OTrThiol was prepared
by reacting 2-(tritylthio)ethanol with an activated pentafluor-
ophenol ester, as previously reported.25 Statistical copolymers,
poly(MTC-OBn)-s-poly(MTC-OTrThiol) with a degree of
polymerization of 100 were prepared by the ROP of MTC-
OTrThiol and MTC-OBn. Conversion of monomer to polymer
was monitored by 1H NMR. The diol, MPA-OBn, was used as
an initiator, and the Lewis acid 1-(3,5-bis(trifluoromethyl)-
phenyl)-3-cyclohexyl-2-thiourea (TU), and the Lewis base, 1,8-
diazobicyclo[5.4.0]undec-7-ene (DBU), were used as cocata-
lysts.26 This organocatalyst system was selected over a
traditional metal catalyst such as stannous octoate because
metal catalysts are difficult to remove and are toxic.27 The
resulting polymer was deprotected and reacted with 2-(2-
pyridyldithio)ethanol to yield a hydroxyl group attached to the
polymer backbone through a disulfide linkage.
Figure 2 shows representative 1H NMR spectra of each step

in the formation of the polymer backbone. Complete
deprotection of the thiol was observed, as shown by the
disappearance of the trityl protons (peaks e−g) and appearance
of the thiol proton (peak j). The disulfide linkage was
successfully installed, as indicated by the appearance of the
two peaks k and m, associated with attachment of 2-
mercaptoethanol. Tetrahydrofuran (THF) gel permeation
chromatography (GPC) traces were obtained for each step in
the formation of the polymer backbone. The results are
summarized in Table 1. For each step in the process, similar
molecular weights and narrow polydispersity indexes (PDIs;

<1.25) were observed, indicating the backbone remained intact
throughout the synthetic process.
Brush polymers were prepared via grafting from the disulfide-

containing initiators on the polycarbonate backbone by ROP of
Lac and TMC (Figure 3a). A degree of polymerization of 20
was selected for the side chain length. Catalyst selection was
critical because of the sensitivity of the disulfide linkage. For
initiating the formation of poly(Lac) side chains, a dual catalyst
system of (−)-sparteine and TU was selected because of the

Scheme 1. (a) Synthesis of MTC-OTrThiol Monomer and
(b) Synthesis of Polycarbonate Backbone for Brush
Polymersa

aReagents and conditions: (i) 1 equiv proton-sponge, THF, rt, 18 h;
(ii) DBU/TU, rt, 20 min; (iii) i-Pr3SiH, CF3CO2H, CH2Cl2, rt, 3−5 h;
and (iv) CH2Cl2, rt, 18 h.

Figure 2. 1H NMR of polymer backbone for the (a) protected
polymer, (b) deprotected polymer, and (c) macroinitiator in CDCl3.
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mild basicity associated with (−)-sparteine. As shown in the
GPC traces of Figure 3b, a significant shift in molecular weight
was observed after the polymerization of the poly(Lac) side
chains. Furthermore, initiation from all hydroxyl groups was

observed. As confirmed by 1H NMR analysis, complete
disappearance of the proton signal m, coincided with the
quantitative conversion of the pendant hydroxyl groups
(Figures 2c and S2). For the formation of poly(TMC) side
chains, the catalyst pair DBU/TU was used, but the strong
basicity of DBU ended up cleaving the disulfide bonds. An acid
catalyst, p-toluenesulfonic acid was employed instead, affording
polymer side chains with narrow polydispersity (Figure 3c).
Complete initiation of all hydroxyl groups was observed
(Figure S3), as indicated by the disappearance of proton peak
m (Figure 2c).
For both the poly(Lac) and poly(TMC)-based brush

polymers, a small secondary peak was present in the GPC
traces. This peak could be the result of residual 2-(2-
pyridyldithio)ethanol (or the disulfide, 2,2′-disulfanediyldietha-
nol) in the macroinitiator, transesterification reactions,28 or
scrambling of the polymers due to the high concentration of
polymer side chains. The results for the brush polymers are
summarized in Table 1.
To study the reduction of the disulfide linkages, the brush

polymers were dissolved in THF and treated with 1,4-
dithiothreitol (DTT) and triethylamine (TEA) (Figure 4a).
DTT is a well-known reducing agent for disulfide bonds under
basic conditions.29,30 After complete reduction of the disulfide
linkages, GPC traces were obtained to determine the
polydispersity of the detached poly(Lac) and poly(TMC)
side chains (Table 1; Figure 3). For all brush polymers studied,
the cleaved side chains showed narrow polydispersities of
<1.10. These results are comparable to what has been observed
when looking at the polydispersity of polymer grafts grown
from solid surfaces. For example, Malmstrom et al. has grown
polymer grafts from a solid substrate through a disulfide
initiator using atom transfer radical polymerization. These
grafts had PDI values of <1.22.30

The process of disulfide cleavage was also monitored as a
function of time using GPC. Figure 4b is a representative
kinetic study of the disulfide reduction using the 50:50 MTC-
OTrThiol/MTC-OBn backbone (remaining studies can be
found in the Supporting Information). At t = 0 h, there is a
single peak correlating to the intact brush polymer. At 17 h, the
brush polymer peak shifted to the right, indicating a drop in
molecular weight, while a new peak corresponding to the
detached polymer side chains appeared. This second peak is
present at each additional time-point, while the peak
corresponding to the brush polymers disappears over time,
indicating the successful cleavage of the polymer side chains
without any degradation of the polycarbonate and polylactide
backbones. When comparing the rate of disulfide reduction to
the density of the disulfides on the polymer backbone (Figure
S1), we found higher rates of cleavage with higher disulfide
densities. It is possible that the steric bulk conferred by a high
proportion of benzyl groups is shielding the disulfide linkages

Table 1. Summary of GPC (THF) Data for Various Polymer Backbones, Brush Polymers, and Detached Side Chains

repeat units protected polymer
deprotected
polymer macroinitiator brush polymer

detached side
chains

I.D. MTC-OTrThiol MTC-OBn Mn PDI Mn PDI Mn PDI side chain Mn PDI Mn PDI

T25 25 75 16200 1.25 15400 1.16 15000 1.19 poly(Lac) 103000 1.42 7790 1.08
T50A 50 50 15900 1.13 13500 1.14 13700 1.22 poly(Lac) 69000 1.21 6950 1.10
T50B 50 50 18800 1.16 17300 1.21 16400 1.12 poly(TMC) 81000 1.20 4371 1.06
T75 75 25 15400 1.37a 12000 1.17 11500 1.21 poly(Lac) 138000 1.19 7300 1.10

aThe broad PDI is most likely a result of aggregation caused by the high poly(MTC-OTrtThiol) content, which has lower solubility in THF.

Figure 3. (a) Synthesis of brush polymers via acid (p-toluenesulfonic
acid) and base ((−)-sparteine/TU) catalyzed ROP and GPC traces of
the backbone, brush polymers, and side chains after disulfide reduction
of (b) poly(Lac) side chains with T50A backbone and (c) poly(TMC)
side chains with T50 backbone.
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from the DTT. Incorporation of bulky substituents adjacent to
the disulfide linkage is a common strategy for sterically
shielding and stabilizing prodrugs containing a disulfide trigger,
resulting in better control of the prodrug to drug transition.31

In summary, we have successfully designed and synthesized
polycarbonate-based brush polymers with detachable, disulfide-
linked side chains. Inspired by how cells use glutathione to
mediate reduction of disulfides in cytoplasmic proteins, we have
also demonstrated that our poly(Lac/TMC) side chains are just
as easily detached under mild reductive conditions (e.g., with
DTT). This biodegradable platform that we have devised can
potentially be used to encapsulate and protect sensitive
therapeutics for selective delivery into target cells, whereupon
the thiol-induced breakdown of the polymeric host will result in
the triggered release of its payload. The generality of our
synthetic approach also allows for a plethora of functionalized
polycarbonates to be tailor-made for any specific purpose.
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