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A multifunctional biodegradable brush polymer-drug conjugate (BPDC) is developed for the co-delivery of
hydrophobic paclitaxel (PTX) and hydrophilic gemcitabine (GEM) chemotherapeutics, as well as a tumor
imaging agent. A novel ternary copolymer of conventional, acetylenyl-functionalized and allyl-
functionalized lactides is prepared to serve as the backbone precursor of the BPDC. Acetylenyl groups of
the copolymer are then reacted with azide-functionalized poly(ethylene glycol) (PEG) and cyanine5.5,
a fluorescent probe, via azide—alkyne click reactions. Subsequently, the allyl groups of the yielded PEG-
grafted brush polymer are used to covalently link PTX and GEM onto the backbone via thiol-ene click
reactions. The resulting BPDC exhibits an average hydrodynamic diameter of 111 nm. Sustained and
simultaneous release of PTX and GEM from the BPDC is observed in phosphate buffered saline, with the
release of PTX showing sensitivity under mildly acidic conditions. In vitro studies using MIA PaCa-2
human pancreatic cancer cells illustrate the cellular uptake and cytotoxicity of the BPDC. In vivo, the
BPDC undergoes long blood circulation and tumor accumulation, and enables optical tumor imaging.
Further development and testing are warranted for multifunctional conjugated brush polymer systems

rsc.li/nanoscale-advances

1. Introduction

As one of the most commonly used combination therapies in
clinical practice, combination chemotherapy using multiple
anti-cancer drugs has attracted significant interest over the past
decade."™ Synergistic drug combinations can reduce undesir-
able toxicity, suppress drug resistance, overcome side effects,
and improve therapeutically relevant selectivity and the thera-
peutic index.>™ In 2013, the U. S. Food and Drug Administra-
tion (FDA) approved the combination of paclitaxel (PTX)
albumin-stabilized nanoparticle formulation with gemcitabine
(GEM) for metastatic pancreatic cancer treatment. PTX and
GEM have different mechanisms of action and there is no
overlapping toxicity; therefore such a combination is
appealing."> The FDA recommended that PTX albumin-
stabilized nanoparticle formulation is administered first on
days 1, 8, and 15 of each 28 day cycle, immediately followed by
separate administration of GEM on each day.*® In 2017, Vyxeos,
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that integrate combination chemotherapy and imaging.

as the first combination nanomedicine for cancer treatment (by
using liposomes to encapsulate two drugs), was approved by the
FDA, demonstrating the significant clinic applications of
combination nanomedicines."* Recent studies have also
revealed the promising application potential of polymer-drug
conjugates (PDCs) as combination nanomedicines.'>
Compared with separate administration of PTX and GEM,
integrated single nanomedicine formulations for co-delivery of
PTX and GEM can simplify the cancer treatment process.”
However, there is a vast difference in hydrophobicity between
PTX and GEM. PTX is hydrophobic, with minimal solubility in
aqueous solutions, while GEM is much more hydrophilic.
Because similar water solubility of drugs is preferred in typical
approaches for the fabrication of nanoparticle-based drug co-
delivery systems,* practically it is difficult to load drugs of
very different hydrophilicity into the same nanoparticles.>**
Besides the specific concern of drug loading, general issues on
the size control, drug release behavior and side effects of scaf-
folds should also be addressed in the development of PTX/GEM-
loaded co-delivery nanoparticles. To capitalize passive targeting
via enhanced permeability and retention (EPR) effects,
a hydrodynamic size range of approximately 10-100 nm is
considered optimal.”?® Relative to drug-encapsulated systems
typically involving burst release of drugs, drug-conjugated
systems allow for sustained drug release and may exhibit
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reduced systemic toxicity of drugs.”®*® Moreover, the co-delivery
scaffolds need to be biocompatible and there should also be
effective pathways to eliminate these scaffolds, in order to
minimize their side effects.*

Several nanoparticle-based systems developed for the co-
delivery of PTX and GEM have been reported.>**"**> Zhang and
co-workers developed an innovative approach to load a small
molecule PTX-GEM conjugate, instead of two individual drugs,
into lipid-coated biodegradable poly(lactic-co-glycolic acid)
nanoparticles with an average hydrodynamic size of ~70 nm.*
Although the reported loading amounts of the conjugate were
relatively limited, this work demonstrated precise control of the
molar ratio of the conjugated drugs, acid-sensitive sustained
drug release, and remarkable in vitro therapeutic efficacy of
conjugate-loaded nanoparticles. The co-delivery of PTX and
GEM via PDCs has also been explored. Haam and co-workers
reported multi-PDC nanocarriers consisting of two PDCs, i.e.
poly(i-lysine)-carboxylate PTX and hyaluronic acid-conjugated
GEM.*' PTX/GEM-containing nanoparticles (>200 nm) were
formed from the two PDCs via electrostatic attractions, and
showed a remarkable cellular uptake in target cells and syner-
gistic cancer therapeutic efficacy. As demonstrated by Kopecek
and co-workers,** employing a PDC that integrates both PTX
and GEM with the same base polymer is an appealing strategy
for the co-delivery of the two drugs. Linear poly(N-(2-hydrox-
ypropyl)methacrylamide) (PHPEA) was utilized as the base
polymer in their investigation. While the specific PHPMA-PTX/
GEM conjugate formulation showed moderate antagonism,
further optimization of the structure and physicochemical
properties of such a PDC with two types of conjugated drugs
may be required to achieve highly promising therapeutic
results.

Multifunctional systems integrating anticancer therapeutic
delivery and cancer imaging hold great promise for the diag-
nosis and treatment of cancer.***° Because there are a variety of
imaging technologies and a broad range of anticancer thera-
peutics in clinical use, in principle, there is a substantial
research space for the development of such integrated systems.
The integration of co-delivered anticancer drugs with cancer
imaging agents is an approach that could be of interest.**°
However, integrated systems demonstrating PTX/GEM co-
delivery with cancer imaging agents have not yet been reported.

Herein, a brush polymer-drug conjugate (BPDC or densely
grafted PDCs) with both hydrophobic PTX and hydrophilic
GEM, together with a fluorophore, conjugated to the backbone
of a brush-like polymer scaffold is reported for the co-delivery of
two anticancer drugs and for cancer imaging. As a new class of
PDCs, BPDCs not only possess the general merits of PDCs (such
as explicit molecular structures and precise drug loading
amounts), but also provide well-controlled nanoscopic dimen-
sions and offer a protective chemical environment for the
conjugated drugs.**** In recent years, with thoughtful consid-
eration of concerns of long-term biocompatibility and side
effects of polymer-based therapeutic systems, we have made
significant research efforts to develop BPDCs with biodegrad-
able architectures.** Our previous studies have demonstrated
the therapeutic efficacy of BPDCs in the delivery of individual

2762 | Nanoscale Adv., 2019, 1, 2761-2771

View Article Online

Paper

drugs (i.e. PTX** and doxorubicin®'), whereas the objective of the
current work is to further illustrate the feasibility of co-delivery
of multiple drugs and cancer imaging via biodegradable BPDCs.
PTX and GEM, with a mass feed ratio of 1 : 2.5 for conjugation
reactions, were selected as anticancer drugs for combinational
therapeutic effects in this work. This drug ratio was chosen
because it is within the range of PTX/GEM mass ratios (from
1:1 to 1:25) studied in the literature on co-delivery of these
two anticancer drugs.?*33>32%7

The research design of this work is different from the orig-
inal PTX-GEM combination polymer conjugate produced by
Kopécek and co-workers in both the base polymer and the
conjugation linkages. In their work, PHPEA was used as the
base polymer of the PDC, and enzyme-sensitive Gly-Phe-Leu-
Gly (GFLG) conjugation linkers were employed. In this work,
a polylactide-graft-poly(ethylene glycol) (PLA-g-PEG) brush
polymer (BP) was designed as the base polymer, allowing the
resulting BPDC to easily reach nanoscopic dimensions for
capitalizing passive targeting via enhanced permeability and
retention (EPR) effects.® The PLA backbone was selected
because of its biodegradability.**** PEG chains were chosen as
the grafts of the scaffold because PEG is a commonly used
solubilizing moiety for drug carriers.®® PEG can reduce cyto-
toxicity and increase the biocompatibility and blood circulation
time of drugs.®* Because there are numerous PEG chains per
BPDC molecule, PEG chains with a molecular weight (MW) of
~900, instead of higher-MW ones, were selected in this work
because they can lead to an appropriate hydrodynamic size and
high wt% of drugs for the BPDC. Hydrolysable ester-thioether
(-OCOCH,CH,S-) and amide-thioether (-NHCOCH,CH,S-)
conjugation linkages were selected to link polymeric scaffolds
with PTX and GEM, respectively. These conjugation linkages
may facilitate drug release without enzyme assistance. The
ester-thioether linkage for PTX conjugation was utilized previ-
ously in PDCs,*** with a chemical environment considerably
different than that of BPDCs. The use of the amide-thioester
linkage for GEM conjugation has not been reported.

Other specific design considerations of this work include the
following aspects. While PTX and GEM were selected as anti-
cancer drugs, a fluorescent probe, cyanine5.5 (Cy5.5), was
chosen to provide near infrared imaging capabilities.** Azide-
alkyne and thiol-ene reactions were employed to conjugate PEG
chains, Cy5.5, PTX and GEM in the synthetic design of the BPDC
because of the chemoselectivity and orthogonality of these
efficient click reactions.®** Besides drug release studies, both
in vitro cytotoxicity and cellular uptake studies and in vivo
imaging and biodistribution studies using a MIA PaCa-2
pancreatic cancer model were performed for the assessment
of the therapeutic properties and tumor imaging function of the
BPDC.*

2. Results and discussion
2.1. Synthesis

The synthesis of the BPDC carrying both PTX and GEM with
a PLA-g-PEG BP scaffold is illustrated in Scheme 1. Acetylenyl/
allyl-functionalized PLA 1 was prepared by ring-opening

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Synthesis of the Cy5.5-labelled BPDC conjugated with PTX and GEM.

polymerization (ROP) of r-lactide (LA), acetylenyl-functionalized
LA (ACLA), and allyl-functionalized LA (ALLA), using benzyl
alcohol (BnOH) as the initiator and 4-dimethylaminopyridine
(DMAP) as the organocatalyst in  dichloromethane
([LA], : [ALLA], : [ACLA], : [BnOH], : [DMAP], = 40:30:30:1: 4
at 35 °C for 7 days). According to gel permeation chromatography
(GPC) analysis (Fig. 1a), it had a number average molecular
weight (M,,) of 30.9 kDa and a narrow molecular weight dis-
persity (P) of 1.21, relative to linear polystyrenes. "H NMR
spectra of 1 were obtained in CDCl; and DMSO-d, (Fig. S1a and
bt). Both spectra showed an area ratio of 1.00 : 9.55 for the
resonance peak of terminal Ar-H at ~7.3-7.4 ppm to that of
-CH= protons from the allyl group of ALLA at ~5.8 ppm,
indicating the presence of on average 49.8 ALLA units per
molecule of 1. In Fig. Sla,f an area ratio of 9.55 : 8.93 for the
resonance peak of -CH= protons of ALLA to that of CH=
protons from the acetylenyl group of ACLA at 2.00-2.13 ppm
further revealed the presence of on average 44.6 ACLA units per
molecule of 1. Based on the area ratio of 9.55:84.2 for the
resonance peak of -CH= protons of ALLA and the overlapped
resonance peak of CH,= protons of ALLA and -CH< protons of
all monomer units, on average the presence of 68.4 LA units per
molecule of 1 could be deduced. Therefore, the structural

This journal is © The Royal Society of Chemistry 2019

formula of 1 was poly(LAg 45-c0-ALLA 30-c0-ACLA 55)163, COITE-
sponding to a My™® of 26.0 kDa.

Subsequently, the azide-alkyne reaction of methoxyl PEG
azide (CH3;0-PEG-N3; MW = 897 Dalton, Fig. S21) and Cy5.5 azide
(Cys.5-N3) with acetylenyl/allyl-functionalized PLA 1 was per-
formed, using CuBr as the catalyst and N,N,N',N" ,N’-pentam-
ethyldiethylenetriamine  (PMDETA) as the ligand in
DMF ([acetylenyl group of 1], :[CH30-PEG-N;], : [Cy5.5-Ns]o-
: [CuBr]y : [PMDETA], = 1:1.07 : 0.025: 1 : 1; at room temper-
ature for 45 h). As determined by GPC analysis using an RI
detector, the resulting Cy5.5-labelled PLA-g-PEG, i.e. BP 2, had
a M, of 41.4 kDa and a P of 1.41, relative to linear polystyrenes
(Fig. 1). When a UV-vis detector (685 nm) was used, the presence
of the GPC curve of 2 indicated the successful conjugation of
Cy5.5 moieties, and on average about one Cy5.5 moiety per
molecule of 2 was estimated from the quantitative analysis of the
UV-vis absorbance of 2. The '"H NMR spectrum of BP 2 was
recorded using CDCl; as the solvent (Fig. 2a). Along with the
quantitative presence of resonances from protons of PEG grafts,
the disappearance of resonances of characteristic protons of
ACLA units (ie.,, CHCH,C=CH protons at ~2.9 ppm and
CHCH,C=CH protons at ~2.1 ppm) indicated the consumption
of all acetylenyl groups on copolymer 1 and on average the

Nanoscale Adv., 2019, 1, 2761-2771 | 2763
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Fig. 1 GPC curves obtained from the (a) Rl detector and (b) UV/vis
detector (685 nm).

presence of 43.6 PEG grafts per molecule of 2. Thus, BP 2 had
a Ma™® of 65.7 kDa, with 59.5 wt% PEG. The quantitative pres-
ence of -CH= protons from allyl groups at 5.68-5.89 ppm illus-
trated that the allyl groups of 1 were intact under the azide-
alkyne reaction conditions.

Finally, a UV-induced thiol-ene reaction of thiol-
functionalized PTX (PTX-SH) and GEM (GEM-SH) with BP 2
was performed in a mixed solvent of CHCl; and MeOH (v/v,
5:1), with 2,2-dimethoxy-2-phenylacetophenone (DMPA) as
the photoinitiator. The thiol-functionalized drugs, PTX-SH and
GEM-SH, were prepared according to the literature,*>*® and
their "H NMR spectra are shown in Fig. S3 and S4.7 The feed
ratio of reagents of the thiol-ene reaction was [allyl group of
2], : [PTX-SH], : [GEM-SH], : [DMPA], = 1:0.12:0.91 : 0.50,
with a mass ratio of PTX to GEM of 1 : 2.5.

The reaction system was irradiated under UV light (Anax =
365 nm) for 90 min, to yield the PTX/GEM-dully conjugated
BPDC 3. GPC analysis showed that 3 had a M,, of 51.5 kDa, with
a b of 1.35, relative to linear polystyrenes. "H NMR analysis of 3
in CDCl;/CD3;0D (v/v, 1: 1) revealed its composition (Fig. 2b).
According to the resonance intensities of -CH= protons from
the remaining allyl groups at ~5.8 ppm, two aromatic protons
from PTX at ~8.1 ppm, >NCH= protons from GEM at ~8.3 ppm
and 55% of allyl groups of BP 2 were consumed and the ratio of
the number of conjugated units of PTX to GEM was 1.00 : 6.34
in the resulting BPDC 3. Thus, on average there were 3.8 PTX
units and 23.8 GEM units per molecule of BPDC 3, with a mass
ratio of PTX to GEM of 1 :1.95. According to such "H NMR
results, BPDC 3 had a MNMR of 77.6 kDa, with 4.1 wt% PTX and
8.1 wt% GEM.
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Fig. 2 IH NMR spectra of (a) BP 2 in CDCls; (b) BPDC 3 in CDCls/
CDsOD (v/v,1:1).

2.2. Characterization of nanostructures

BP 2 and BPDC 3 had amphiphilic structures, allowing them to
form self-assembled nanoparticles (NPs) in aqueous solutions
via self-assembly. These NPs of 2 and 3 were characterized by
nanoparticle tracking analysis (NTA) and transmission electron
microscopy (TEM). NTA showed that the NPs of 2 had an
average hydrodynamic diameter (Dy,) of 138 nm, with a peak Dy,
of 123 nm (Fig. S5at). These NPs exhibited a number-average
diameter of 45.1 + 5.4 nm on the TEM grid (Fig. S5b and cf¥).
TEM imaging revealed their core-shell micellar structures, with
PLA-rich cores and PEG-rich shell domains indicated by RuO,
staining. As demonstrated by NTA assessment, the NPs of 3 had
an average Dy, of 111 nm, with a peak Dy, of 70 nm (Fig. 3a). TEM
images of the NPs of 3 showed a number-average diameter of
34.1 + 3.9 nm with no core-shell structures (Fig. 3b-d). The fact
that BPDC 3 with higher M,, formed smaller NPs as compared to
BP 2 may be ascribed, at least partly, to the much more densely
grafted and stiffened backbone of 3 that can limit the aggre-
gation of 3 in aqueous solutions. It should be noted that drug
loading may affect the aggregation and final size of 3, although
the effect of drug loading was not studied in this work.

2.3. Drug release

PTX and GEM were conjugated on BPDC 3 via hydrolysable
ester-thioether and amide-thioether linkages, respectively.
Therefore, it is expected that aqueous solutions of BPDC 3 may
enable sustained release of PTX and GEM. Accordingly, the drug

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Size distribution profile of BPDC 3 in H,O based on NTA
measurements. (b) Histogram of the diameter distribution of BPDC 3
according to the TEM images. (c) and (d) TEM images of BPDC 3. TEM
samples were stained with RuQOg.

release profiles of 3 were measured by analyzing the PBS buffer
solutions of 3 at different pH (5.5 and 7.4) incubated at 37 °C,
with high-performance liquid chromatography (HPLC) at
different time intervals. Although PTX had very low solubility in
aqueous solutions (<2.0 ug mL ™" in 0.01 M PBS buffer),** HPLC
analysis showed that PTX was fully dissolved in a mixed solvent
of H,0 and acetonitrile (ACN; v/v, 1 : 4) at a concentration of 5.1
ug mL ', which was the highest concentration of PTX involved
in this study. Therefore, all samples were diluted five times with
ACN before measurements. The release profiles of PTX and
GEM from BPDC 3 are shown in Fig. 4. In agreement with prior
reports,®>® the ester-thioether linkage between PTX and the
PLA-based backbone of 3 was acid-labile. This result also
suggests that the conjugation linkages should be quite exposed
to aqueous media to facilitate acid-sensitive PTX release. On the
other hand, the amide-thioester linkage between GEM and the
PLA-based backbone of 3 did not exhibit acid-lability, presum-
ably because amide hydrolysis requires higher activation energy
at acidic pH due to the protonated amine leaving group.*”® It
should be noted that 90% PTX and 25% GEM were released
from BPDC 3 within 120 h at pH 5.5, a similar pH to endoly-
sosomes. Such results suggest that, after 3 is taken up by cancer
cells via endocytosis, faster release of PTX relative to GEM might
be achieved. This potentially can be favorable for cancer treat-
ment because PTX is recommended to be administered before
a separate administration of GEM in the FDA approved
combination formulation.™

2.4. Invitro cytotoxicity

In vitro cytotoxicity was examined to evaluate the therapeutic
effects of BPDC 3. Human pancreatic MIA Paca-2 cells were
treated with BPDC 3, a mixture of free PTX and GEM (PTX +

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Drug release profiles of PTX and GEM from PBS solutions of
BPDC 3 at pH of 5.5 and 7.4.

GEM) or BP 2 (as the polymeric scaffold of 3). The same PTX/
GEM concentrations ranging from 0.01/0.02 pg mL™" to 5/10
ng mL ™" were used for BPDC 3 and PTX + GEM, and the same
polymer concentrations were used for BPDC 3 and BP 2. At 72 h
post treatment, the cell viability was measured using the ala-
marBlue assay, with vehicle treated cells as the control. As
shown in Fig. 5, BP 2 did not exhibit noticeable cytotoxicity
under the experimental conditions, demonstrating that the
scaffold is highly biocompatible and thus it is a promising and
potent carrier for various therapeutic and diagnostic agents.
Although PTX and GEM had not been fully released at 72 h,
BPDC 3 showed an overall better anti-cancer efficacy than PTX +
GEM. When the PTX/GEM concentration was higher than 0.05/
0.1 ug mL™', BPDC 3 exhibited higher anti-cancer efficacy
compared to PTX + GEM. At the highest PTX/GEM concentra-
tion of 5/10 pg mL ™" used in this study, BPDC 3 (40% cell
viability) resulted in remarkably lower cell viability of MIA PaCa-
2 cells than PTX + GEM (51% cell viability), demonstrating the
higher therapeutic efficacy of BPDC 3 than the drug mixture.
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Fig. 5 Cytotoxicity of BP 2, PTX + GEM, and BPDC 3 in MIA PaCa-2
cells. The cell viability was measured at 72 h post treatment. BP 2 had
the same polymer concentrations as BPDC 3. Data were reported as
the mean =+ standard deviation (SD) of three independent experiments.
One-way ANOVA was used to assess the statistical significance of the
data. *p < 0.05 was considered as statistically significant. **p < 0.01
was considered as statistically highly significant.
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2.5. Invitro cellular uptake

Flow cytometry and confocal microscopy were used to assess the
cellular uptake of BPDC 3. The conjugated Cy5.5 dye was used as
the fluorescent probe to visualize the cellular uptake. MIA PaCa-2
cancer cells were treated with BPDC 3 at a Cy5.5 concentration of
0.2 ug mL ™. At 4 and 24 h post treatment, the cells were har-
vested and the uptake efficiency of BPDC 3 was quantitatively
analyzed by flow cytometry. As shown in Fig. 6a and b, the cellular
uptake started as early as 4 h post treatment and increased
further during the following 20 h. From 4 to 24 h post treatment,
the mean fluorescence intensity of the cells treated with BPDC 3
increased by 3.7 times, demonstrating the continuous cellular
uptake. Confocal microscopy was used to confirm that BPDC 3
was accumulated inside the MIA PaCa-2 cells, instead of attach-
ing on the cell surface (Fig. 6¢). Images from confocal microscopy
showed that BPDC 3 was taken up by the cells and remained in
the cytoplasm of the cells. The fluorescence intensity of Cy5.5 in
the cells increased with time. At 24 h post treatment, strong
fluorescence from Cy5.5 was observed in all cells, indicating
~100% cellular uptake efficiency of BPDC 3, which agreed with
the results from flow cytometry analysis.

We also investigated the cellular uptake efficiency of BP 2 to
demonstrate its use as a versatile delivery platform. The

a) b) s000- *x
8000 x
7000 /

6000

Vehicle-treated
4h

24h

50004

Count

orescence intensity
8
g
]

S 30004

§ 20004
2
O e TN 000+

b o
0100 10°  10*  10°
cy5.5

Vehlcle:(rea(ed 4I|| 24‘ h

c) Hoechst 33342 Cy5.5 Phase contrast

Merged

Vehicle-treated

4h

B
. 40 ym

24h

40 ym

Fig. 6 (a) Flow cytometry data showing the cellular uptake of BPDC 3
in MIA PaCa-2 cells at 4 and 24 h post treatment compared with
vehicle treated cells. (b) Mean fluorescence intensity of Cy5.5 obtained
from flow cytometry at 4 and 24 h post treatment. (c) Confocal
microscopy images of MIA PaCa-2 cells at 4 and 24 h post treatment
with BPDC 3, compared with vehicle treated cells. Cell nuclei were
counterstained with Hoechst 33342. Data were reported as the mean
+ standard deviation (SD) of three independent experiments. One-way
ANOVA was used to assess the statistical significance of the data. **p <
0.01 was considered as statistically highly significant.
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absorbance spectra of BP 2 showed similar fluorescence inten-
sity to BPDC 3 (Fig. S61). The cellular uptake of BP 2 was also
comparable to that of BPDC 3 and showed high delivery effi-
ciency (Fig. S71). Together with the high biocompatibility of BP
2, such cellular uptake results further supported the broad
application potential of BP 2 as a delivery scaffold.

2.6. In vivo imaging and biodistribution

Vehicle control, Cy5.5-N;, and BPDC 3 solutions were intrave-
nously injected into female athymic nude mice bearing subcu-
taneous MIA PaCa-2 pancreatic xenografts (tumor volume ~ 100
mm?®) at a Cy5.5 dose of 1.5 mg kg™ " body weight. At different
time intervals post injection, in vivo fluorescence imaging of the
mice was carried out (dorsal side and ventral side). As shown in
Fig. 7, BPDC 3 was distributed across the mouse whole body
immediately after injection and remained in circulation during
the following 4 h. At 24 h post injection, weak fluorescence
signals were still observed on the dorsal side of the mice. These
results indicated that BPDC 3 had prolonged, up to 24 h,
circulation time in vivo. Strong fluorescence signals were
observed at tumor sites (dorsal side), showing the accumulation
of BPDC 3 in the tumor tissue. On the other hand, Cy5.5-N;
quickly went to the liver and kidneys after the injection, and
little was accumulated in tumors.

Ex vivo evaluation of excised tumors and major organs at
24 h post injection is shown in Fig. 8. BPDC 3 treated mice
showed significant fluorescence signals in tumors, while no
accumulation of free Cy5.5-N3; was observed in the tumors,
demonstrating that BPDC 3 was effectively taken up by the MIA
PaCa-2 tumor cells in vivo presumably due to the EPR effect.”®
We also observed fluorescence signals from the liver and
kidneys in BPDC 3 treated mice, suggesting that BPDC 3 may be
degraded and excreted through metabolism in the liver and
kidneys.

3. Experimental

3.1. Materials

(3S)-cis-3,6-Dimethyl-1,4-dioxane-2,5-dione (LA, 98%), DMAP
(99%, prilled) and copper(i) bromide (CuBr, 99.999% trace
metals basis) were purchased from Sigma-Aldrich. PMDETA
(99+%), DMPA (99%) and sodium periodate (99%) were
purchased from Acros Organics. BnOH was purchased fromJ. T.
Baker. a-Methoxy-w-azido polyethylene glycol (CH3;0-PEG-Nj3,
manufacturer suggested MW of PEG: 750 Dalton) was
purchased from Rapp Polymere. Cy5.5-N; was purchased from
Lumiprobe Corporation. PTX (99%) was purchased from Ava-
Chem Scientific. GEM (98+%) was purchased from Ark Pharm.
Ruthenium dioxide (99.9%) was purchased from Pfaltz & Bauer.
Acetone (Certified ACS grade), acetonitrile (HPLC grade), chlo-
roform (CHCl;, HPLC grade), dichloromethane (DCM, HPLC
grade), ethyl acetate (HPLC grade), diethyl ether (HPLC grade),
methanol (MeOH, HPLC grade), and N,N'-dimethylformamide
(DMF; HPLC grade) were purchased from Fisher Scientific. DMF
and DCM were dried by distillation over CaH,. ACLA and ALLA
were freshly prepared following our previous publications.*”

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Representative whole body fluorescence imaging of mice (dorsal side and ventral side) before and at different time points post intra-
venous injection of the vehicle control, Cy5.5-N3, and BPDC 3 at a Cy5.5 dose of 1.5 mg kg~* body weight. Tumors are circled in each image

(dorsal side).

PBS

Cy5.5-N,

BPDC 3

Tumor  Brain Heart Liver Spleen Lung Kidney

—————) Esiluo

0.2 0.4 0.6 08 1.0 1.2 1.4 x 10" Radiant Efficiency

Fig. 8 Ex vivo fluorescence imaging of excised tumors and major
organs at 24 h post intravenous injection of the vehicle control, Cy5.5-
N3, and BPDC 3.

PTX-SH and GEM-SH were prepared according to the
approaches reported in the literature.®>**

3.2. Synthesis of poly(LAg 4,-c0-ALLA, 3-c0-ACLA »g)163 (1)

Living ring-opening polymerization (ROP) was performed using LA
(572 mg, 3.97 mmol), ALLA (506 mg, 2.98 mmol), and ACLA
(501 mg, 2.98 mmol) as monomers, BnOH (10.7 mg, 0.10 mmol) as
the initiator, and DMAP (48.5 mg, 0.40 mmol) as the organo-
catalyst, in 2 mL dry DCM under a N, atmosphere in a 10 mL
sealed reaction flask ([LA], : [ALLA], : [ACLA], : [BnOH], : [DMAP],
=40:30:30: 1:4). The reaction mixture was stirred for 7 days in
an oil bath at 35 °C. The polymerization mixture was precipitated

This journal is © The Royal Society of Chemistry 2019

twice in a large amount of cold methanol, to obtain 1 (1.04 g,
65.7% yield) as a white solid after drying under vacuum. 'H NMR
analysis indicated the formula of copolymer 1 as poly(LA 4,-co-
ALLA, 35-c0-ACLA 55)165- "H NMR (500 MHz, CDCls, 6): 7.40-7.30
(m, Ar-H from BnOH), 5.87-5.69 (m, CH,CH=CH, of units from
ALLA), 5.39-5.07 (br m, CHCH; of units from LA; CHCH; and
CHCH,CH=CH, of units from ALLA; CHCH; and CHCH,C=CH
of units from ACLA), 3.00-2.79 (br m, CHCH,C=CH of units from
ACLA), 2.79-2.56 (br m, CHCH,CH=CH, of units from ALLA),
2.13-2.00 (br s, CHCH,C=CH of units from ACLA), and 1.68-1.41
(br m, CHCHj of units from LA, ALLA, and ACLA). MiMR = 26.0
kDa, M5 = 30.9 kDa, and P°FC = 1.21.

3.3. Synthesis of PLA-g-PEG/Cy5.5 (BP 2)

To a 10 mL reaction flask, 1 (138 mg), CH;0-PEG-N; (229 mg),
Cy5.5-N3 (4.10 mg), and CuBr (34.0 mg) were added with 4.0 mL
of DMF. The flask was sealed and degassed with N,. Then
PMDETA (41.1 mg) was added slowly using a syringe. The
overall feed ratio was [acetylenyl group of 1], : [CH3;0-PEG-
N3], : [Cy5.5-N3], : [CuBr], : [PMDETA], = 1 : 1.07 : 0.025 : 1 : 1.
Three freeze-pump-thaw cycles were conducted to further
remove oxygen in the reaction system. The reaction mixture was
stirred for 45 h in the dark at room temperature. The crude
product was precipitated in a large amount of cold diethyl ether
three times. Then residual CuBr was removed by passing
through a short alumina column using DCM as an eluent to
obtain 2 (216 mg, 62.3% yield) as a blue solid after drying under
vacuum. "H NMR analysis indicated that the acetylenyl groups
of 1 were fully consumed. "H NMR (500 MHz, CDClj, 6): 7.69-
7.55 (br m, CHCH,CCHN), 7.39-7.31 (m, Ar-H from BnOH),
5.89-5.68 (br m, CHCH,CH=CH, of units from ALLA), 5.53-
5.34 (br m, CHCH,CCHN), 5.33-4.96 (br m, CHCH; of units
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from LA; CHCH; and CHCH,CH=CH, of units from ALLA;
CHCHj; of units from ACLA), 4.64-4.42 (m, NCH,(CH,OCH,)-
CH,OCHj), 3.95-3.82 (m, NCH,(CH,0CH,),sCH,0CH;), 3.81-
3.43 (br m, NCH,(CH,OCH,);sCH,0OCH;), 3.42-3.15 (br m,
NCHZ(CHZOCHZ)18CHZOCH3 and CHCHZCCHN), 2.81-2.51 (br
m, CHCH,CH=CH, of units from ALLA), and 1.69-1.38 (br m,
CHCHj; of units from LA, ALLA, and ACLA). My™™® = 65.7 kDa,
MGS®C = 41.4 kDa, and P°FC = 1.41.

3.4. Synthesis of PLA-g-PEG/Cy5.5/PTX/GEM (BPDC 3)

In a 10 mL reaction flask, 2 (67.7 mg), PTX-SH (5.4 mg, con-
taining 4.9 mg of PTX), GEM-SH (16.3 mg, containing 12.2 mg of
GEM), and DMPA (6.56 mg) were dissolved in 3.6 mL of the
mixed solvent of CHCl; and MeOH (v/v, 5 : 1). The overall feed
ratio was [allyl group of 2], : [PTX-SH], : [GEM-SH], : [DMPA], =
1:0.12 : 0.91 : 0.50. Three freeze-pump-thaw cycles were con-
ducted to remove oxygen from the reaction system. Then the
mixture was irradiated under UV light (An.x = 365 nm) for
90 min at room temperature. The crude product was dialyzed
against acetone for two days and then against a mixture of
CHCI; and MeOH (v/v, 5 : 1) for 1 day. The product was finally
precipitated in 40 mL of cold diethyl ether to obtain 3 (84.9 mg,
95.9% yield) as a blue solid after drying under vacuum. The 'H
NMR spectrum (500 MHz) of 3 in CDCl;/CD;0D (v/v, 1:1) is
shown in Fig. 2b (assignments are not presented here due to
numerous resonances from the conjugated drug moieties).
MNMR — 77.6 kDa, MS¥C = 51.5 kDa, and P°F¢ = 1.35.

3.5. Characterization methods

"H NMR spectra of all products were recorded using a 500 MHz
Varian INOVA-500 spectrometer at 25 °C. The NMR solvents
used in this study included CDCl; (with tetramethylsilane as an
internal standard), CD;OD and DMSO-ds. The M, and P of
functionalized PLA 1, BP 2, and BPDC 3 were determined by
GPC. The employed Viscotek GPC system had a VE-1122 pump,
two mixed-bed organic columns (PAS-103M-UL and PAS-105M-
M), a VE-3580 refractive index (RI) detector, and a VE-3210
UV/vis detector. The GPC eluent was DMF containing 0.01 M
LiBr (flow rate: 0.5 mL min~ ', 55 °C). For each measurement,
0.1 mL of sample (~3 mg mL™ " in DMF) was injected. The GPC
instrument was calibrated by using linear polystyrene standards
(P < 1.1, varian). The morphology of BP 2 and BPDC 3 was
analyzed by NTA and TEM. NTA was used to determine the Dy, of
the assembled NPs of BP 2 and BPDC 3 by tracking and
recording the Brownian motions of the NPs. A NanoSight LM10
(Malvern Instruments, laser wavelength: 405 nm) was employed
for NTA analysis. The samples had a concentration of ~1 mg
mL " in different aqueous environments. TEM images of the
assembled NPs of BP 2 and BPDC 3 were recorded with a JEOL
2010 microscope. The samples were prepared by loading 7 puL of
solution (~0.1 mg mL™" in water) on 400 mesh carbon-coated
copper grids, followed by complete drying under vacuum, and
positive staining for 3 h using 0.5% solution of ruthenium
tetroxide (RuO,). The staining agent was freshly prepared by the
reaction between sodium periodate and ruthenium dioxide in
water for 1 h.
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3.6. Drug release study

HPLC was employed to study the drug release profiles of BPDC
3. Solutions of 3in 1 x PBS (pH = 7.4) and 1 x PBS (pH = 5.5),
at the same concentration of 0.62 mg mL™" (containing 50.0 ug
mL " conjugated GEM and 25.6 pg mL™* conjugated PTX), were
prepared. The solutions were placed on a shaking bed and
incubated at 37 °C. At different time intervals, 0.2 mL aliquots
of each solution were withdrawn and diluted with 0.8 mL of
ACN. For each sample, 20 pL of the diluted solution was injected
for HPLC measurement. A reversed phase C18-column (ZOR-
BAX Eclipse XDB-C18, 4.6 x 150 mm, 5 u) was used for chro-
matographic separation. The mobile phase consisted of Milli-Q
water and ACN (HPLC grade), with linear gradients of water/
ACN (9:1-6: 4 v/v, 0-3 min; 6 : 4-3 : 7 v/v, 3-10 min; 3 : 7-
6:4v/v, 10-18 min; 6 : 4-9 : 1 v/v, 18-20 min). The eluent flow
rate was 1.0 mL min~ ', and the column compartment temper-
ature was maintained at 30 °C. PTX and GEM molecules were
detected with a diode array detector (DAD) (model: Agilent 1260
Infinity), according to their UV absorbance at 227 and 250 nm,
respectively. Calibration curves of PTX and GEM were obtained
in advance, based on the absorbance spectra of BP 2 and BPDC
3 recorded by using a VWR® Spectrophotometer (UV-1600PC).

3.7. Cell culture

MIA PaCa-2 cells were purchased from the American Type
Culture Collection (CRL-1420, Manassas, VA). The cells were
cultured in Dulbecco's modified Eagle's medium (DMEM,
Thermo Fisher Scientific; 11965-092) supplemented with 10%
fetal bovine serum (FBS, Thermo Fisher Scientific; 26140079),
1% penicillin-streptomycin and 1 mM sodium pyruvate
(Thermo Fisher Scientific; 15140122). The cells were sub-
cultured every 2-3 days and maintained in 5% CO, with
humidified air at 37 °C.

3.8. Invitro cytotoxicity assay

The cytotoxicity of BPDC 3 was evaluated based on the viability
of MIA PaCa-2 cells post treatment. MIA Paca-2 cells were
seeded in a 96-well plate (Greiner Bio-one; 655180) at a density
of 1 x 10* cells per well and allowed to grow overnight. The cells
were treated with the vehicle control, a mixture of free PTX and
GEM, BPDC 3, and BP 2. The PTX concentrations were 0.01,
0.05, 0.1, 0.5, 1, and 5 pg mL~ " and the GEM concentrations
were 0.02, 0.1, 0.2, 1, 2, and 10 pg mL™". BP 2 had the same
molar concentrations as BPDC 3. For all groups, the total
volume was 100 pL (the treatment: 10 pL; cell culture medium:
90 pL). At 72 h post treatment, the cell viability was measured by
alamarBlue assay (Thermo Fisher Scientific, DAL1025)
following the manufacturer's protocol. Briefly, one part of ala-
marBlue solution was diluted in ten parts of the culture
medium, which was added to cells and incubated at 37 °C for
3 h in the dark. A TECAN microplate reader (San Jose, CA) was
used to measure fluorescence intensity with the excitation and
emission wavelengths at 560 nm and 590 nm, respectively. The
cell viability was normalized to the vehicle control group.

This journal is © The Royal Society of Chemistry 2019
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3.9. Invitro cellular uptake analysis

MIA PaCa-2 cells were seeded in 6-well plates (Greiner Bio-one,
655180) at a seeding density of 2 x 10> cells per well and
cultured overnight. The cells were treated with BP 2 and BPDC 3
at a Cy5.5 concentration of 0.2 pg mL ™. Vehicle treated cells
were the control. The cells were harvested at 4 and 24 h post
treatment and fixed in 4% paraformaldehyde (Acros, 41678-
5000). For flow cytometry analysis (BD Fortessa flow cytometer,
BD bioscience, San Jose, CA), 10 000 events were collected for
each sample in an Alexa Fluor 700 channel (1., = 696 nm and
Aem = 719 nm). The fluorescence intensity of Cy5.5 was reported
as mean + SD. For confocal microscopy imaging, the cell nuclei
were stained with 10 pg mL™" Hoechst 33342 (Thermo Fisher
Scientific H3570) at room temperature for 10 min. The cells
were then mounted on glass slides and observed under an LSM
710 confocal microscope (ZEISS, Dublin, CA). The fluorescence
signals from Hoechst 33342 were detected in the DAPI channel
(excitation at 405 nm and emission at 453 nm). The fluores-
cence signals from BP 2 and BPDC 3 were observed in the Cy5.5
channel (excitation at 643 nm and emission at 707 nm).

3.10. In vivo imaging and biodistribution

MIA PaCa-2 cells (5 x 10°) were inoculated at the flanks of
female athymic nude mice (6 week old, Charles River Labora-
tories). When tumor volumes reached ~100 mm?®, the mice were
randomly divided into three groups and treated with the vehicle
control (n = 3), Cy5.5-N3 (n = 2) and BPDC 3 (rn = 3) through
intravenous injection at a Cy5.5 dose of 1.5 mg kg™ ' body
weight. Whole body imaging was performed with an IVIS
Lumina II in vivo imaging system (PerkinElmer, Waltham, MA)
before and 5 min, 1 h, 4 h, and 24 h after injection. At 24 h after
injection, the mice were sacrificed. Tumors and major organs
(brain, heart, liver, spleen, lung and kidneys) were harvested.
The fluorescence intensities of Cy5.5 in tumors and organs were
recorded by using the IVIS system to investigate the bio-
distribution of BPDC 3 and free Cy5.5-N;. All animal procedures
were performed in accordance with the Animal Research
Guidelines of University at Buffalo and approved by the Insti-
tutional Animal Care and Use Committee (IACUC) at the
University at Buffalo.

4. Conclusions

The design and synthesis of a novel multifunctional BPDC for
co-delivery of hydrophobic PTX and hydrophilic GEM, as well as
cancer imaging, has been demonstrated. The BPDC with well-
defined structures was prepared by successive azide-alkyne
and thiol-ene click functionalization reactions, using an
acetylenyl/alkyl-functionalized PLA as the backbone precursor.
With both hydrophobic and hydrophilic components, the BPDC
formed self-assembled NPs in aqueous solutions. Sustained
release of PTX and GEM from the PBS solutions of the BPDC was
observed, and specifically the release of PTX demonstrated acid-
labile behavior. Both the BPDC and the corresponding scaffold
can be readily taken up by MIA PaCa-2 cells. While the scaffold
is non-cytotoxic, the BPDC exhibited higher therapeutic efficacy

This journal is © The Royal Society of Chemistry 2019
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towards MIA PaCa-2 cells than the mixture of PTX and GEM at
most of the tested drug concentrations. Moreover, the Cy5.5-
labelled BPDC showed a much longer circulation time than
a small molecule Cy5.5 reagent, and effectively accumulated at
tumor sites for fluorescence imaging. Overall, this work illus-
trates that the multifunctional BPDC represents a promising
design of integrated systems enabling co-delivery of multiple
anticancer drugs of different hydrophilicity and tumor imaging.
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