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Using the 3™ generation of Grubbs® catalyst as the initiator, diblock brush polymer drug conjugates (BPDCs) were synthesized by
sequential ring-opening metathesis polymerization (ROMP) of a hydrophilic poly(ethylene glycol) (PEG)-based norbornene (NB)-
functionalized macromonomer and a hydrophobic paclitaxel (PTXL)-based NB-functionalized monomer. These amphiphilic diblock
BPDCs had well-defined structures, with narrow molecular weight distributions (M,/M,, = 1.10-1.16). They self-assembled into multi-
molecular nanostructures in aqueous solutions. Although the PTXL moieties were connected to backbone with cycloacetal-based
conjugation linkages, the cleavage of these linkages from the assemblies of diblock BPDCs was relatively slow and exhibited limited
acid-sensitivity, indicating significant influence of the macromolecular structure and assembly of BPDCs on their drug release behaviour.
Cytotoxicity study not only showed that the diblock BPDCs were therapeutically effective against cancer cells, but also revealed a
correlation between cytotoxicity and grafting structures of BPDCs. In summary, the results obtained in this work provide new insights

towards the structure-dependent properties of brush polymer-based drug delivery systems.

Introduction

With versatile properties, polymers have been broadly
investigated for applications in drug delivery.'" Drugs can be
loaded into polymers by either encapsulation or conjugation. For
drug-encapsulated systems, the drug is physically trapped in
polymer matrix and its release is realized through diffusion.
Therefore, their drug release behaviour can be effectively tuned
through the matrix properties. For instance, because the diffusion
resistance for encapsulated drug molecules decreases with the
dissociation of assembled scaffolds, drug release can be
manipulated through the triggered disassembly of scaffolds.® On
the other hand, drug release from polymer-drug conjugates
(PDCs) is more complicated, because the cleavage of the
conjugation bond is required before the drug moieties can diffuse
from the polymeric scaffolds.”® In principle, the drug release
behaviour of PDCs can be affected by the structures and
properties of not only the conjugation bonds, but also the entire
scaffolds.

Because cancer is a leading cause of death, the delivery of
anticancer drugs, such as paclitaxel (PTXL), doxorubicin (DOX)
and camptothecin (CPT), using polymer-based systems has
attracted broad interest.”'> Comprehensive considerations are
required to design polymeric scaffolds for anticancer drug
delivery.""* Specifically, it is important to control the dimensions
of these scaffolds within the range of 10-200 nm, in order to
avoid rapid clearance and to enable passive tumour targeting via
the enhanced permeability and retention (EPR) effect.'®

With densely grafted macromolecular architectures, brush
polymers can possess a variety of well-defined unimolecular
nanostructures,  as as intermolecularly assembled
superstructures.'”?'  Drug delivery using brush polymers as
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encapsulation scaffolds has attracted considerable interests in
recent year.”*?* Brush copolymers with amphiphilic poly(e-
caprolactone)-b-poly(ethylene glycol) (PCL-6-PEG) diblock
grafts have been studied for the encapsulation and release of
doxorubicin (DOX).*** As reported by Wang and co-workers,?
these brush copolymers assembled into spherical multi-molecular
micelles in aqueous solutions, and these micelles exhibited higher
loading and slower release of DOX than the spherical micelles of
the corresponding linear PCL,o-b-PEGys diblock copolymer.
Similar systems with longer PEG blocks were studied by Chen
and co-workers;>* however, unimolecular micelles were obtained
from these brush copolymers, and they showed lower loading and
faster release of DOX than the spherical micelles of the
corresponding linear PCL,;-b-PEG;;3 diblock copolymer.
Comparison of the results reported by these two groups indicated
that the assembly behaviour of brush polymers can critically
affect their drug encapsulation and release performance. Brush
copolymers with block structures have also been investigated for
drug delivery applications. For instance, amphiphilic diblock
brush copolymers having a cholesterol-containing block and a
PEG-based block were studied by Kasi, Lu and co-workers.>*%
The self-assembled nanostructures of these copolymers were
capable of encapsulating a high wt% of DOX, and in vivo studies
showed that the resulting DOX-loaded nanostructures can lead to
improved DOX delivery to tumour tissues as compared to free
DOX.”

Recently, brush polymer-drug conjugates (BPDCs) have also
been synthesized and studied***® Based on ring-opening
metathesis polymerization (ROMP), Johnson et al. obtained
BPDCs with each backbone repeat unit simultaneously carrying a
PEG chain and a photocleavable drug (DOX or CPT) moiety.**!
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Fig 1 Schematic illustrations of a) diblock BPDC, and b) statistical
BPDC.

We also prepared BPDCs by statistical copolymerization of a
PEG-based norbornene (NB)-functionalized macromonomer and
PTXL-based NB monomer with an acid-sensitive cycloacetal-
based conjugation linkage.** In each case, the light scattering
data suggested the presence of unimolecular micelles of BPDCs
in aqueous solutions, and environmentally triggered cleavage of
conjugation linkage for drug release was observed.*%*

Based on our previous work on the BPDCs as statistical
copolymers,”> we are interested in investigating BPDCs with
block-wise distribution of pendent drug moieties and hydrophilic
grafts, in order to further evaluate the influence of the structures
of BPDCs on their assembly behaviour, drug release profile and
therapeutic effects. To the best of our knowledge, such diblock
BPDCs have not been reported. In this article, we report the first
examples of well-defined diblock BPDCs. Results on the
synthesis, characterization and property studies of the diblock
BPDCs are described. Comparisons of the properties of the
diblock BPDCs and the statistical BPDCs (Fig. 1) are further
made to reveal the correlations between the structures and
properties of BPDCs, and to provide insightful guidance on the
structural design of BPDCs for achieving optimal drug delivery
behaviour.

Experimental
Measurements

'"H NMR spectra were obtained on a Varian INOVA-500
spectrometer at room temperature. The samples were dissolved
in CDCl; containing 1.0 vol% tetramethylsilane (TMS) as an
internal reference.

Gel permeation chromatography (GPC) was conducted using
Viscotek GPC system equipped with a VE-3580 refractive index
(RI) detector, a 270 dual detector system having a viscometer
detector and a dual-angle (7° and 90°) laser light scattering
detector, a VE 1122 pump, and two mixed-bed organic columns
(PAS-103M and PAS-105M). N,N’-dimethylformamide (DMF;
HPLC grade) with 0.1 M LiBr was used as solvent for polymers
and eluent for GPC with a flow rate of 0.50 mL/min at 55 °C.
Polymer solutions were prepared at a known concentration (ca.
2.0 mg/mL) and an injection volume of 100 pL was used. The
system was calibrated with linear polystyrene standards with
narrow polydispersities (PDI < 1.1; Polymer Laboratories, Varian
Inc.).

HPLC analysis was performed on Agilent 1100 series HPLC
system with G1322A online degasser, G1312A binary pump, and
G1313A autosampler. Chromatographic separation was achieved
by using a reversed phase C18-column (ZORBAX SB-C18, 250
x 4.6 mm, 5 um) at 25 °C. The mobile phase consisted of
deionized water and HPLC grade acetonitrile, with linear
so gradients of acetonitrile/water (1:9~4:6 v/v, 0~10 min; 4:6~6:4
v/v, 10~15 min; 6:4~4:6 v/v, 15~22 min; 4:6~1:9 v/v, 22~24 min)
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at a flow rate of 1.0 mL/min.
detection of PTXL-based moieties was set at 227 nm.

Dynamic light scattering (DLS) measurements were performed
using a Nano ZS90 Zetasizer (Malvern Instruments). A 4 mW
633 nm HeNe laser was used as the light source and all
experiments were performed at room temperature with a
measuring angle of 90° to the incident laser beam. The
correlation decay functions were analyzed by cumulants method
coupled with the Mie theory to obtain size distribution.

Transmission electron microscopy (TEM) images were
obtained by using a JEOL 2010 microscope. TEM samples were
prepared by dip coating 300 mesh carbon-coated copper grids
with dilute solutions of BPDCs (~0.2 mg/mL). A freshly
prepared 0.2 % solution of ruthenium tetroxide (RuO,) obtained
by the reaction between sodium periodate and hydrated
ruthenium dioxide in water was used as the staining agent for the
TEM samples.*® The dried samples were treated with the volatile
vapour of RuO, prior to TEM measurements.

The UV wavelength for the
37

Materials

The 1% generation Grubbs catalyst, benzylidenebis(tricyclohexyl-
phosphine)dichlororuthenium, was purchased from Sigma-
Aldrich. Ethyl vinyl ether (EVE; 99%) was purchased from
Acros. Dichloromethane (DCM; HPLC) was purchased from
Fisher Chemical, and dried by distillation over CaH,. All
chemicals were used without further purification unless stated
otherwise. The 3™ generation Grubbs catalyst, dichloro[1,3-
bis(2,4,6-trimethylphenyl)-2-
midazolidinylidene](benzylidene)bis(3-brom-
opyridine)ruthenium(Il), was prepared according to a literature
method.* PEG-based NB macromonomer 1 and the PTXL-based
NB macromonomer 2 were prepared following the synthetic
approaches we reported previously.*

ROMP Synthesis

Diblock BPDCs were synthesized using the following procedure.
To a 10 mL Schlenk flask with a magnetic stir bar were added
PEG-based macromonomer 1 (101 mg, 0.042 mmol) and DCM
(2.0 mL; as reaction solvent) under a nitrogen atmosphere. After
1 was completely dissolved, a DCM solution of the 3™ Grubbs
catalyst (1.48 mg, 1.26 x 10~ mmol for the synthesis of BPDC
3a; 0.37 mg, 4.2 x 10 mmol for the synthesis of BPDCs 3b and
3¢) was added to induce polymerization at room temperature.
When the polymerization time for the first block (15-60 min) was
reached, a DCM solution of PTXL-based monomer 2 (50 mg,
0.042 mmol) was added, and then the polymerization solution
was quenched 15-30 min later with ethyl vinyl ether. The
polymerization solution was then precipitated in cold diethyl
ether and gave BPDC as a white solid.

A BPDC 4 was prepared by statistical copolymerization of 1
and 2 initiated by the 3™ Grubbs catalyst ([1]5:[2]o:[1]o = 25:25:1),
as we reported previously.*> A PEG-based brush polymer 5 was
prepared following the same procedure for the preparation of
BPDC 4, except that PTXL-based monomer 2 was not added to
the polymerization system.

Drug Release Study

The pH 7.4 and pH 5.5 phosphate buffer solutions with 0.04
mg/mL of BPDC were prepared. At different time intervals,
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every time 3 mL of BPDC solution was withdrawn and extracted

by DCM (3 x 2 mL). Following our previously established

procedure,* the extracted organic phase was separated by TLC,

and the released PTXL-based moieties were collected and then
s quantified by HPLC analysis.
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Fig. 2 Synthesis of diblock BPDCs 3 by sequential ROMP of PEG-based
macromonomer 1 and PTXL-based monomer 2.
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elution time (min)

Fig. 3 GPC curves of BPDCs 3a, 3b, and 3c.
Cytotoxicity Assay

10 The cytotoxicity of BPDC 3a against cancer cells was assessed
by the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphen-
yl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Promega,
Madision, WI). The cells were seeded onto a 96-well plate at a
density of 5 x 10° to 1 x 10* cells per well in 180 pL of

15 Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), and then 20 pL of samples
with different BPDC concentrations were added. The cells were
incubated for 48 h at 37 °C in 5% CO, atmosphere, followed by
adding 110 pL of MTS solution. After incubating the cells for

20 another 2 h, the resulting solutions were measured for absorbance
at 490 nm by a multiwell plate reader (Opsys MR, Dynex). The
cell viability was calculated as a percentage of absorbance of the
sample well compared to that of the control well with untreated
cells. The cytotoxicity of free PTXL, statistical BPDC 4, and

s PEG-based brush polymer 5 as controls against cancer cells was
evaluated with a similar procedure, except that trace amounts of
DMSO (~0.1%, v/v) were present in the aqueous solutions of
PTXL to increase its solubility.

Results and Discussion

30 With high reactivity and living characteristics, ROMP has been
utilized for the synthesis of a variety of block brush polymers via
“grafting through” different types of macromonomers.***!
Therefore, using the PEG-based  NB-functionalized
macromonomer 1 (M,"™R = 2.4 kDa, DPpgs "} = 50, PDIC?C =
1.1) and the PTXL-based NB macromonomer 2 (MW = 1188.27
Da), ROMP “grafting through” approach was selected for the
synthesis of diblock BPDCs 3 in this work. The preparations of 1
and 2 were reported previously.> With a block-wise distribution
of pendent PEG grafts and PTXL moieties, diblock BPDCs 3
40 were prepared by sequential polymerizations of 1 and 2 via
ROMP in CH,Cl, at room temperature (Fig. 2). Because the
linear PEG chain of 1 is less bulky towards the NB group than the
PTXL moiety of 2, 1 was chosen as the first monomer for the
ROMP process in order to get a fast crossover relative to the
ss chain growth of the second block. Ru-based Grubbs’ catalysts
were selected as the initiators because of their high functional
group tolerance. The 1% generation of Grubbs’ catalyst was tried
at first ([1]9:[2]o:[I]o = 25:25:1; 3 h for polymerization of 1, 18 h
for polymerization of 2). However, GPC analysis of the resulting
so polymerization solution showed incomplete conversions of
monomers, indicating insufficient reactivity of the catalyst.
Therefore, the highly reactive 3™ generation of Grubbs® catalyst
was synthesized and used as an initiator in ROMP ([1]:[2]o:[I]o =
25:25:1 or 100:100:1) to yield well-defined poly(1)-b-poly(2)
ss diblock BPDCs, i.e. 3a-¢ (Table 1).* According to the GPC
analysis of the polymerization solutions, the ROMP process was
quite fast, leading to complete conversions of 1 and 2 within
relatively short polymerization times. Their experimental M,
values determined by GPC were somewhat higher than the
o calculated values, presumably because of minor losses of the
ROMP initiator at initiating stages.*” The narrow molecular
weight distributions of these diblock BPDCs (M,,/M,, = 1.06-1.16)
further indicated the excellent living feature of the ROMP
process (Fig. 3). 'H NMR analysis verified the precise
s composition control in ROMP synthesis, and each of BPDCs 3a-c¢
had 50 mol% of 2 and 24 wt% of PTXL*?> Based on the
experimental M, values of 3a-c, it can be further estimated that
on average each 3a and 3b/3¢ macromolecule carries ~35 and
~170 PTXL moieties, respectively.

w
&

70 Table 1. Preparation of diblock BPDCs by ROMP*

- b C d
Time Mn,calcd. Mn.exptl.

sample  [1]o:[2]0:[1]o ) (kD) (kDa) MM
3a 25:25:1 1+05 90 125 1.06
3b 100:100:1 1+0.5 360 594 1.16
3¢ 100:100:1 0.25+0.25 360 595 1.10

* Reaction conditions: dry DCM as solvent, room temperature; complete
conversions of 1 and 2. ® Time = polymerization time of 1 +
polymerization time of 2. © M, caca = (Mn1 * [1]o/[1]o) + (MW x [2]¢/[1]o)
+ 104. “By GPC with both RI and light scattering detectors.

75 Because the PEG-based poly(1) block is hydrophilic and the
PTXL-based poly(2) block is hydrophobic, the diblock BPDCs 3
were expected to possess self-assembled nanostructures in
aqueous solutions. Using 3a and 3c as the representative
samples, the morphology of these diblock BPDCs were studied

so by using DLS and TEM. As determined by DLS in their aqueous
solutions (Fig. 4), 3a and 3¢ showed Z-average hydrodynamic
diameters (Z,,) of 100.2 and 149.2 nm respectively, with a

This journal is © The Royal Society of Chemistry [year]
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mono-modal size distribution. Because the statistical BPDCs
with the same composition and comparable M, values exhibited
much smaller hydrodynamic sizes,*” it can be inferred that 3a and
3¢ formed multi-molecular assembles. However, DLS analysis
could not give aggregation numbers for these assembles, and
therefore, the average number of PTXL moieties per nanoparticle
could not be estimated reliably. TEM imaging using RuO, as the
staining agent showed that, when drop-casted from their aqueous
solutions, 3a and 3¢ gave nanoparticles on TEM grids with sizes
oup to ~60 and ~90 nm respectively (Fig. 5). Because brush
polymers with the backbone longer than the side chains typically
would exhibit considerable aspect ratios,'” the small aspect ratios
or round morphologies of these nanoparticles also suggested their
multi-molecular aggregated nanostructures on TEM grids.

o
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Fig. 4 DLS histograms of a) BPDC 3a, and b) BPDC 3¢ in aqueous

solutions

Fig. 5 TEM images of a) 3a and b) 3¢ drop-casted from aqueous
solutions. Samples were stained by RuOs.

20 Using 3a as the representative sample, the release of the PTXL
moieties from the diblock BPDCs by the cleavage of the
cycloacetal-based conjugation linkages in phosphate buffer
solutions with different pH (7.4 and 5.5) was investigated (Fig.
6). During the cleavage process, 2’-malyl PTXL, a prodrug of

»s PTXL with the anticancer activity similar to PTXL, would be
formed at first, and then transform spontaneously into PTXL
(Fig. S1).** Our previous study of the statistical BPDC 4, which
has the same composition as 3a, showed that the drug release
was triggered in acidic conditions due to the acid-sensitive

30 cycloacetal linkages, and 90% of the initially conjugated PTXL
moieties in 4 were released within 6 h at a buffer solution with
pH of 5.5.% However, the drug release from the diblock BPDC
3a exhibited a lower acid-sensitivity and slower release at acidic
conditions than that from the statistical BPDC 4. As shown in

35 Fig. 6, although the drug release at pH of 5.5 (28% at 24 h) was
faster than that at pH of 7.4 (18% at 24 h) at the initial stage, the
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overall drug release profiles under the two pH conditions were
quite similar. It took 240 h for the release of ~90% of the initially
conjugated PTXL moieties on diblock BPDC 3a in both cases.
Such results may be ascribed to a slow cleavage of conjugation
linkage of BPDC 3a and a slow diffusion of the cleaved PTXL
moieties from the assembled matrix. Unlike the BPDC 4 with
statistical distribution of the PEG side chain and the conjugated
PTXL moieties along the backbone, BPDC 3a has its conjugated
PTXL moieties not so adjacent to PEG chains. Therefore, the
low concentrations of hydrated protons in the highly hydrophobic
PTXL-enriched nanoscopic domains in the multi-molecular
assemblies of 3a may significantly retard the cleavage of the
cycloacetal-based conjugation linkages. Moreover, because the
assemblies of 3a were much bigger than the unimolecular
micelles of 4, after the cleavage of conjugation linkages the
diffusion resistance of the PTXL-based moieties would be much
larger within the matrix of the assemblies of 3a, resulting in slow
diffusion of these moieties. It should be noted that DLS
monitoring of the incubated buffer solutions showed relatively
slight decrease of the Z,,. values with an increase of the
incubation time, suggesting the continuous presence of multi-
molecular aggregates during the drug release process (Fig. S2).
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Fig. 6 Release of PTXL moieties from BPDC 3a in pH 7.4 and pH 5.5
phosphate buffer solutions.

Selecting 3a as the representative diblock BPDC sample, the
in vitro cytotoxicity of the diblock BPDCs relative to various
controls was evaluated. As illustrated by the MTS assay against
colon-26 cancer cells (Fig. 7), although its cytotoxic effects
increased with the incubation time, the diblock BPDC 3a (ICs:
considerably larger than 0.1 pg/mL for 72 h incubation) was less
cytotoxic than the statistical BPDC 4 (ICsy: ~0.1 pg/mL for 48 h
incubation) and free PTXL (ICsy: slightly larger than 0.1 pg/mL
for 48 h incubation) at the PTXL concentrations of 0.01 and 0.1
pg/mL at the incubation times of 24, 48 and 72 h, presumably
because the slow drug release from 3a at such incubation
concentrations may not result in a relatively long time period of
therapeutic effective PTXL concentrations within colon-26 cells.
At the PTXL incubation concentration of 1 pg/mL, 3a exhibited
similar therapeutic effects towards colon-26 cells as compared to
free PTXL, but 3a was still less effective than the statistical
BPDC 4 in killing the cancer cells. In addition, the MTS assay of
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the diblock BPDC 3a against MCF-7 breast cancer cells was also
performed using free PTXL and PEG-based brush polymer 5 as
controls (Fig. S3). Relative to free PTXL, BPDC 3a (ICs,: ~0.1
png/mL) showed similar cytotoxicity towards MCF-7 cells in the

s tested PTXL incubation concentration range (0.001-1 pg/mL) at
the incubation time of 48 h. Representing the PEG-based poly(1)
block of 3a, 5 exhibited no cytotoxic effects on these cells.
Overall, the above results suggested that only the conjugated drug
moieties of the BPDCs would induce cytotoxicity through drug

1o release under the incubation conditions, and the grafting
structures of BPDCs may considerably affect the cytotoxicity of
BPDCs.

)220 W
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Fig. 7 Cytotoxicity of diblock BPDC 3a against colon-26 cancer cells
15 after 24, 48, and 72 h of incubation (free PTXL and statistical BPDC 4 as
controls).

Conclusions

Well-defined PTXL-containing diblock BPDCs were successfully
synthesized by sequential ROMP of a PEG-based macromonomer
»and a PTXL-based monomer. In principle, this “grafting-
through” synthetic approach may also be applicable for the
preparation of other types of block BPDCs. With a hydrophilic
PEG-based block and a PTXL-based hydrophobic block, these
diblock BPDCs can form multi-molecular assemblies in aqueous
»s solutions.  With the presence of cycloacetal-based cleavable
conjugation linkages, the PTXL moieties in the BPDCs can be
effectively released. Relative to the statistical BPDCs, these
diblock BPDCs showed much lower drug release rates,
presumably because of the retarded cleavage of conjugation
30 linkages and a slow diffusion of the drug moieties within the
assemblies after the cleavage. With the slow drug release
behaviour, the diblock BPDCs exhibited lower cytotoxicity than
their statistical analogues. The current work revealed that the
distribution of grafts and drug-conjugated side groups along the
35 backbones of BPDCs has critical influence on their assembly
behaviour, drug release profile and therapeutic effects.
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TOC:

The synthesis, characterization and property studies of paclitaxel (PTXL)-containing brush polymer-drug conjugates (BPDCs) is presented
and the influence of grafting structures of BPDCs on their assembly behaviour, drug release profile and therapeutic effects is discussed in

this article.
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