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Fabrication of cyclic graft (cg) copolymer-based polymeric prodrugs by conjugation of drug molecules to
cg copolymers via a dynamic covalent bond capable of responding to biorelevant signals integrates sim-
ultaneously the merits of cg copolymers and polymeric prodrugs for enhanced stability of nanocarriers
and precise modulation of drug release kinetics. To completely eliminate the compromised drug conju-
gation efficiency due to the steric hindrance of hydrophilic grafts, it will be useful to develop cg polymeric
prodrugs with heterogeneous grafts composed of hydrophilic polymers and drug species, respectively.
For this purpose, we reported in this study the synthesis of cyclic graft polymeric prodrugs with hetero-
geneous grafts of hydrophilic oligo (ethylene glycol) (OEG) and reducibly conjugated camptothecin
(CPT), cg-poly(oligo(ethylene glycol) monomethyl ether methacrylate)-b-poly((2-hydroxyethyl methacry-
late)-disulfide link-camptothecin) (cg-P(OEGMA)-b-P(HEMA-SS-CPT), cg-prodrugs), via an integrated
strategy of a previously reported diblock copolymer-based template and post-polymerization inter-
molecular click conjugation of a reducible CPT prodrug. The micelles self-assembled from cg-prodrugs
on one hand had sufficient salt stability due to the branched cg structure, and on the other hand showed
a reduction-triggered cleavage of the disulfide link for a promoted CPT release. Most importantly, we
uncovered two interesting phenomena of the cg-based polymeric prodrugs as delivery vehicles: (i) the
dimensions of both self-assemblies formed by the cg and bottlegraft (bg) polymers depend substantially
on the molecular size of the cg and bg polymers likely due to the steric hindrance of the grafted struc-
tures of the cg and bg molecules and relatively low aggregation number of the self-assembled structures,
and (ii) cg-prodrug-based micelles exhibited greater in vitro cytotoxicity against cancer cells despite the
lower drug loading content (DLC) than the bg-based analogues, which results primarily from the faster
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reduction-triggered degradation and drug release as well as the greater cellular uptake efficiency of the
former micelle prodrugs. Taken together, the developed cg-prodrugs provide great potential for chemo-
therapy, and the aforementioned interesting results will definitely inspire more upcoming studies on the

rsc.li/biomaterials-science future design and development of novel cg polymers for biomedical applications.

Introduction

Cyclic graft (cg) copolymers with radiating grafts densely
attached onto a cyclic core have attracted great research inter-
est in recent years due to their unique topology-generated self-
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assembly behaviors'™ and better performance for potential
biomedical applications relative to the bottlegraft (bg)
analogues.® ™" The elegant combination of various controlled
living radical polymerization (CRP) techniques and intra- and
inter-molecular click coupling has enabled the recent rapid
development of cg copolymers'> "¢ with tailor-made structures
and compositions based on various polymer species
including cg copolymers with homogeneous*"**>*7 2% and
heterogeneous™’ grafts. Fabrication of cg copolymer-based
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polymeric prodrugs by conjugation of drug molecules to the cg
copolymers via a dynamic covalent bond capable of respond-
ing to biorelevant signals integrates simultaneously the merits
of cg copolymers and polymeric prodrugs for enhanced stabi-
lity of nanocarriers and precise modulation of drug release
kinetics. One notable example is Pun’s'’ cg polymeric pro-
drugs with homogeneous poly(oligo(ethylene glycol) mono-
methyl ether methacrylate) (P(OEGMA)) grafts for efficient
in vitro anticancer drug delivery, but this construct suffered
from compromised drug conjugation efficiency and low drug
loading capacity of 2-5% due to the steric hindrance of
P(OEGMA) grafts. To completely eliminate the negative effect
of hydrophilic grafts on drug conjugation, it will be useful to
develop cg polymeric prodrugs with heterogeneous grafts com-
posed of hydrophilic polymers and drug species, respectively.
For this purpose, we reported in this study the synthesis of
cyclic graft polymeric prodrugs with heterogeneous grafts of
hydrophilic oligo (ethylene glycol) (OEG) and reducibly conju-
gated camptothecin (CPT), (cg-P(OEGMA)-b-P(HEMA-SS-CPT),
cg-prodrugs), via an integrated strategy of a previously reported
diblock copolymer-based template’ and post-polymerization
intermolecular click conjugation of a reducible CPT prodrug.*’
The self-assembly behaviors and in vitro anticancer efficiency

o OEGMA300

Br  CuBr/bpy
///\O)kl, 3 ///\

Anisole, 60 °C

Br

g
o
V‘o‘)'\/oé

3-4

W’o

I-P(OEGMA)-

(0]
N.
//\0 3 CuBr/PMDETA
O DMTF, 100 °C o

o
02 high dilution
0

r

N:N

H

Ry A

(2
3-4
\ O

Q.

34
0\

I-P(OEGMA)-6-P(HEMA)-N;

N:N
alkynyl-SS-CPT
CuBr/bpy o s
1,4-dioxane, 60 °C © SN
n

[0}

(2

S(j

034

\

/\,NE

o}

c-P(OEGMA)-5-P(HEMA)

\ o
AN £ #
0) : (0]
9 0™ ’?MOV\S )L
o

View Article Online

Paper

of the resulting cg-prodrugs were further compared with those
of the bg-analogues.

Results and discussion

Synthesis and characterization of cg and bg-prodrugs

The preparation of ¢g-prodrug, cg-P(OEGMA)-b-P(HEMA-SS-CPT),
consisted mainly of four steps (Scheme 1): (i) synthesis of a
linear precursor, [-P(OEGMA)-b-P(HEMA)-N;, by successive
ATRPs of OEGMA and HEMA and subsequent azidation of the
bromine terminus of the synthesized I-P(OEGMA)-b-P(HEMA)-
Br, (ii) intrachain click cyclization of the linear precursor to
afford a diblock copolymer-based cyclic template, c-P(OEGMA)-
b-P(HEMA), (iii) conversion of the pendant hydroxyl groups of
HEMA units in ¢-P(OEGMA)-b-P(HEMA) to highly reactive azide
functions by an esterification reaction with 2-bromoisobutyryl
bromide (iBuBr), followed by an azidation with sodium azide,
and (iv) a reducible CPT prodrug with a disulfide-linked
alkynyl terminus denoted as alkynyl-SS-CPT was conjugated to
the c¢g copolymer with the azide side groups synthesized in the
third step via an intermolecular click coupling. The bg ana-
logue, bg-P(OEGMA)-b-P(HEMA-SS-CPT), was synthesized fol-

HEMA )

CuBr, CuBr,/bpy

B NaN;
AW 20 e r
0 9:1 % w/w IPA/Water, “ 0 =0 DMF,45°C

50 °C (}6 020
S

I-P(OEGMA)-6-P(HEMA)-Br

1) iBuBr N:=N
0~-OH P(yr)idine, t /K«N 5 0,\,0“}
(2) NaN; o
DMF, 45 °C 4
0

;
{

3-4
0\

¢-P(OEGMA)-b-P(HEMA-N ;)
(cg-N3)

cg-P(OEGMA)-6-P(HEMA-SS-CPT)

(cg-prodrug)

Scheme 1 Synthesis of cg-prodrug.
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Table 1 Summary of [-P(OEGMA)-b-P(HEMA)-Br prepared by ATRP of HEMA using [-P(OEGMA)sg-Br as a macroinitiator

Run Time (min) DP* Conv. (%) Real structure M, " (kDa) pP
1 30 9 11.3 [-P(OEGMA);4-h-P(HEMA),-Br 19.1 1.1
2 45 15 18.8 [-P(OEGMA);5-b-P(HEMA), 5-Br 19.8 1.1
3 60 20 25.0 I-P(OEGMA);4-h-P(HEMA),,-Br 20.4 1.1
4 75 24 30.0 [-P(OEGMA);5-b-P(HEMA),,-Br 21.2 1.1

“ Determined by 'H NMR analysis. ” Determined by SEC-MALLS.

lowing identical procedures to the aforementioned synthesis
of cg-prodrug except using ethyl 2-azidoisobutyrate (EAB) end-
capped -P(OEGMA)-b-P(HEMA)-Br for the drug conjugation in
the last step (Scheme S27).

A precise synthesis of a-alkynyl, w-azide linear precursors
with fully functionalized termini is crucial for the successful
synthesis of cyclic polymers with high purity via an intrachain
click cyclization.?>*®> To ensure the maintenance of the
bromine terminus of the linear diblock copolymer prepared by
consecutive ATRPs for the subsequent azidation, a low
monomer conversion was used for both ATRP processes
because of the previously reported successful ATRP production
of polymers without any loss of highly reactive chain ends at
low monomer conversions.>® Following this synthesis guide-
line, I-P(OEGMA)-b-P(HEMA)-Br was thus synthesized at rela-
tively low monomer conversions for both polymerization steps.
Adoption of optimized reaction conditions for each polymeriz-
ation step is supported by the kinetic studies (Fig. S2 and S37).

I-P(OEGMA)-Br was first synthesized by ATRP of OEGMA
using an alkynyl-terminated initiator.>> All of the I-P(OEGMA)-
Br synthesized at various polymerization times show a clear
shift of the SEC elution peaks toward a greater molecular
weight (MW) (shorter retention times) with unimodal and
narrow-distributed MWs (Fig. S2at). The degree of polymeriz-
ation (DP) of [-P(OEGMA)-Br was calculated from the monomer
conversion, which was determined by the 'H NMR analysis of
unpurified reaction mixture. Taking 1.5 h of ATRP as an
example (Fig. S17), the monomer conversion was calculated to
be 38.0% based on the following eqn (1), where I; and I, are
the integrated intensity of the methylene protons in the poly-
merized OEGMA units and unpolymerized OEGMA monomer,
respectively. The DP of [-P(OEGMA)-Br was thus 38 based on a
target DP of 100. Next, [-P(OEGMA)-b-P(HEMA)-Br was pre-
pared by ATRP of HEMA using [-P(OEGMA);5-Br as a macroini-
tiator. Polymerization was conducted following the previously
reported procedures with some modifications.”® Note that a
small amount of Cu(u) with a one quarter molar ratio to that
of Cu(1) was added during polymerization to exert better modu-
lation on the polymerization of HEMA and to minimize any
chain termination reactions for the preservation of the term-
inal bromine group during the polymerization process consid-
ering the truly fast ATRP kinetics of HEMA. All of the [-P
(OEGMA)-b-P(HEMA)-Br synthesized at various polymerization
times show a clear shift of the SEC elution peaks toward a
greater MW (shorter retention times) without any tailing at
both high- and low-MW sides relative to the [-P(OEGMA);s-Br

4208 | Biomater. Sci., 2020, 8, 4206-4215

macroinitiator (Fig. S3at), supporting the high initiation
efficiency of P(OEGMA)-based macroinitiator for a well-con-
trolled ATRP of HEMA. The living characteristics were reflected
by the pseudo-first-order kinetics, an almost linear growth of
MW with increased monomer conversion and narrow mole-
cular weight distribution (P) recorded during the evaluated
polymerization process (Fig. S31 and Table 1). The DP of the
P(HEMA) block was calculated based on the following eqn (2),
where I; is the integrated intensity of the terminal methyl
protons in the side chain of OEGMA units, and I, is the inte-
grated intensity of the hydroxyl protons of HEMA units
(Fig. 1a). Because the P(HEMA) block was used for final CPT
conjugation to serve as the hydrophobic moiety of the amphi-
philic cg-prodrug, a diblock copolymer with the greatest hydro-
philic weight fraction of the synthesized four polymer con-
structs, ie., I-P(OEGMA);4-b-P(HEMA)y-Br, was chosen for
further reactions to guarantee sufficient colloidal stability for
the self-assembled polymeric micelles. Therefore the linear
precursor, [-P(OEGMA);4-b-P(HEMA)y-N3, was prepared by azi-
dation of the terminal bromine group with a 20-fold molar

excess of sodium azide.?”*®
Conv. :Il/(Il +12) X 1000/07 (1)
DP of P(HEMA) = 31,9/I; x 38. (2)

¢-P(OEGMA);4-b-P(HEMA), was later prepared by intrachain
Cu(r)-catalyzed azide-alkynyl cycloaddition (CuAAc) of the
linear precursor following reported procedures.”® The cyclic
diblock copolymer shows the same polymer composition as
the linear precursor, as evidenced by the identical ratio of the
integrated intensity of the OEGMA units to that of the HEMA
units in the "H NMR spectra (Fig. 1b). Successful cyclization
was confirmed by a clear shift of the SEC elution trace of the
synthesized cyclic copolymer toward a longer retention time
(lower MW) as well as a discernible absence of the character-
istic absorption band at ~2100 cm™" ascribed to the terminal
azide group after cyclization compared to those of the linear
precursor (Fig. S47).

Multivalent pendant azide reactive sites for various poten-
tial functionalizations were introduced to the resulting cyclic
diblock copolymer by esterification and subsequent azidation
reactions of the hydroxyl groups of P(HEMA) with excessive
iBuBr and sodium azide, respectively, to ensure the full tran-
sition, which is supported by the complete disappearance of
the characteristic signal assigned to the hydroxyl group of
HEMA units and the expected ratio of the integrated intensity

This journal is © The Royal Society of Chemistry 2020
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Fig.1 'H NMR spectra of (a) [-P(OEGMA)sg-b-P(HEMA)s-Br, (b) c-P(OEGMA)sg-b-P(HEMA)y, (c) c-P(OEGMA)sg-b-P(HEMA-Br)s, and (d) c-P

(OEGMA)3g-b-P(HEMA-N3)g in DMSO-d.

of peak 10 ascribed to the methyl groups near bromine to that
of peak 7 assigned to the pendant terminal methyl protons of
the OEGMA units (Fig. 1c and d). c¢-P(OEGMA);zs-b-P
(HEMA-Br); and c¢-P(OEGMA);5-b-P(HEMA-N3)o (cg-N3) share
almost identical MW values, both of which are greater than
that of ¢-P(OEGMA);4-b-P(HEMA), (Fig. S5at).

Note that the use of an alkynyl-functionalized initiator in
the consecutive two-step ATRP synthesis of [-P(OEGMA)-b-P
(HEMA)-Br led to a partial occurrence of certain side reactions,
including the addition of the generated radicals to the alkynyl
terminus and Glaser coupling between the alkynyl termini,
which produced a negligible portion of the high-molecular
weight moiety in [-P(OEGMA)-b-P(HEMA)-Br, especially at the
relatively low monomer conversions. However, further esterifi-
cation of HEMA units with iBuBr contributed to a significant
increase of the molecular weight of this part, resulting in the
appearance of a small shoulder at high molar masses for both
cyclic and linear polymers of P(OEGMA)-b-P(HEMA-Br).

Finally, alkynyl-SS-CPT was conjugated to cg-N; by inter-
molecular click coupling to yield the target cg-prodrug. The
successful conjugation of CPT molecules is supported by
recording a notable characteristic UV absorbance peak cen-
tered at 365 nm for ¢g and bg-prodrugs, which is almost identi-
cal to that of the free CPT molecules after the conjugation of
CPT to ¢g-N; and bg-N; (Fig. 2), and by the appearance of a
new signal at 7.6 ppm (peak 17) attributed to the proton of the
click-formed triazole ring and the presence of CPT signals at
7.3-8.4 ppm (assigned to the aromatic protons) in the "H NMR
spectra of the cg-prodrug (Fig. 3). More importantly, both c¢g
and bg-prodrugs show unimodal and narrow-distributed MWs

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 UV-vis spectra of free CPT, cg-Ns, bg-Ns, and cg and bg-pro-
drugs in DMSO.

(Fig. 4), confirming the successful preparation of the two
prodrug formulations without any side reactions in the drug
conjugation process.

The actual drug loading content (DLC) of cg and bg-pro-
drugs was determined to be 12.3% and 13.9%, respectively, by
using a UV-vis spectrometer based on the standard calibration
working curves (Fig. S11b¥) and eqn (3), in which mcpy is the
mass of the conjugated CPT that was calculated using the
absorption measured by the UV-vis spectrometer, and 7. or
bg-prodrugs 18 the mass of cg- or hg-prodrugs, respectively. The
theoretical DLC of c¢g and bg-prodrugs was calculated to be

Biomater. Sci., 2020, 8, 4206-4215 | 4209
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Fig. 4 SEC elution traces of cg and bg-prodrugs.

16.3% and 17.4%, respectively, based on eqn (4) assuming the
full occupation of the reactive azide functions by CPT mole-
cules without any consideration of the negative effect resulting
from the steric hindrance. In eqn (4), 348.35 is the molecular
weight of CPT, and n,,igc is the molar amount of azide func-
tions in c¢g or bg-N;. Therefore, the conjugation efficiency of
CPT was finally determined by eqn (5) and all of the results are
listed in Table 2. The slightly greater conjugation efficiency of
the bg-prodrug than that of the cg analogue is reasonably

4210 | Biomater. Sci,, 2020, 8, 4206-4215

attributed to the stronger steric hindrance of cg relative to bg
formulations.”

Actual DLC = mcpr/Meg or bg-prodrugs % 100%, (3)
Theoretical DLC = 348.35 X Nazide/Meg or he-prodrugs X 100%, (4)

Conjugation efficiency of CPT = actual DLC/theoretical DLC
x 100%.

(5)

Self-assembly behaviors of cg and bg-prodrugs

The critical micelle concentrations (CMCs) of both formu-
lations were determined using pyrene as a fluorescent probe,
and were determined to be 14.5 and 9.1 pg mL ™" for cg and bg-
prodrugs, respectively (Fig. S10%). The greater CMC value of
the cg-prodrug relative to the bg analogue results likely from
the different packing behaviors caused by the c¢g and bg copoly-
mers with different topologies.**** The cyclic polymers are
entropically disfavored in the micellar state, because two block
junctions must be located in the core-fringe interface in the
micelles self-assembled from cyclic copolymers compared to
the self-assembly behavior of bg copolymers with only one
block junction.”*?

The micelles based on c¢g and bg-prodrugs with a final
polymer concentration of 0.2 mg mL™" that is well above the
CMC values for both formulations were next fabricated via a
nanoprecipitation method by adding the polymer solution pre-

This journal is © The Royal Society of Chemistry 2020
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Table 2 Summary of the calculated parameters of cg and bg-prodrugs

Actual DLC Theoretical Conjugation The number
Sample (Wt%) DLC (wt%) efficiency (%) of CPT units Polymer structure
cg-Prodrug 12.3 16.3 75.5 6.8 cg-P(OEGMA);-b-P(HEMA,-SS-CPTg 5)
bg-Prodrug 13.9 17.4 79.9 8.0 bg-P(OEGMA);5-b-P(HEMA4-SS-CPTjg )

pared in DMSO dropwise into water followed by extensive
dialysis against deionized water to remove any organic solvent.
The mean size and size distribution (also termed as polydis-
persity index, PDI) of the two micelle prodrugs in an aqueous
phase were determined by dynamic light scattering (DLS),
which were found to be 52.2 nm and 0.22, and 64.9 nm and
0.19, respectively (Fig. 5a and b). The smaller size of micelles
based on cg-prodrugs relative to micelles of bg-prodrugs is
most likely attributed to the smaller dimension of the cg-
prodrug than that of the bg construct that is supported by the
SEC-MALLS-determined root-mean-square z-average radius of
gyration, (Rg) value of ¢g (11.2 nm) and bg (15.1 nm)-prodrugs.
Therefore, the results show that the dimension of both self-
assemblies formed by the c¢g and bg polymers depends sub-
stantially on the molecular size of cg and bg polymers likely
due to the steric hindrance of the grafted structures of cg and
bg molecules and the relatively low aggregation number of the
self-assembled structures. The salt stability of both micelle

—a— in water

(a) 1 D,: 52.2 nm, PDI: 0.22 (b)

—e—in 150 mM PBS

D;: 44.9 nm, PDI: 0.23
—4— 30 days in 150 mM PBS
Dh: 45.1 nm, PDI: 0.23

Intensity (%)
(=)

10 100 1000

Hydrodynamic diameter (nm)

prodrugs was next evaluated in PBS (pH 7.4, 150 mM). The
apparent stability of both micelle constructs is supported by
the almost identical size distribution upon a shift of the incu-
bation media from water to PBS as well as an unaltered dimen-
sion during the assessed 30 days (Fig. 5a and b).

Transmission electron microscopy (TEM) observation was
used to provide a morphological insight into the self-
assembled nanoparticles formed by cg and bg-prodrugs. Both
polymers can form well-dispersed micelles with a regular
spherical shape. The mean diameter was estimated to be
approximately 20 and 25 nm for micelles of c¢g and bg-pro-
drugs, respectively, based on the TEM observations (Fig. 5¢c
and d). The smaller size visualized by TEM than that deter-
mined by DLS is attributed to the dehydrated status of TEM
samples.**>*

To demonstrate the reduction-responsive degradation of
micelles formed by c¢g and bg-prodrugs, the size change of
both micelles incubated with 10 mM GSH was monitored by

—=a— in water
D,: 64.9 nm, PDI: 0.19

141 —e— in 150 mM PBS
12'- D,: 62.6 nm, PDI: 0.20
a2 104 —4&— 30 days in 150 mM PBS
é 8_' D,: 62.4 nm, PDI: 0.21
3} o
‘s 64
= |
£ 4]
24
0-

10 100 1000

Hydrodynamic diameter (nm)

Fig. 5 Size distributions and TEM images of micelles self-assembled by cg (a and c) and bg-prodrugs (b and d) at a fixed polymer concentration of

0.2mgmL™%

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Reduction-triggered size changes of micelles based on cg (a)
and bg-prodrugs (b) at various incubation periods with 10 mM GSH.

DLS at different incubation intervals (Fig. 6). The unimodal
size population centered at approximately 50 nm with a
narrow distribution clearly evolved to the bimodal populations
centered at around 40 and 400 nm with broad distributions for
both micelles, which confirms the reduction-triggered cleavage
of the disulfide link for CPT release from the parent micelle
prodrugs®>~” and the reassembly of the prodrug residues with
greater hydrophilic weight fractions. Interestingly, the notable
degradation of micelles based on cg-prodrugs commenced
sometime after 12 h of incubation, which is faster than that of
the bg-analogues with a starting time between 24 and 48 h.
The lower DLC of c¢g-prodrugs seems to account substantially
for the reduction-triggered promoted re-assembly process con-
sidering a speedier cleavage of low amounts of disulfide links
by the consumption of the same amount of GSH.

In vitro drug release study

To further validate reduction-sensitive drug release behaviors,
an in vitro drug release study of micelles of ¢g and bg-prodrugs
was investigated in PBS (pH 7.4, 150 mM) at 37 °C in the
absence and presence of 10 mM GSH (Fig. 7). Both micelle

4212 | Biomater. Sci., 2020, 8, 4206-4215
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Fig. 7 In vitro drug release profiles of micelles of cg and bg-prodrugs
under different conditions at 37 °C.

prodrugs had very good protection of the conjugated drug with
less than 10% CPT release in 96 h without incubation of GSH
because of the enhanced stability of the conjugated drug mole-
cules for a minimized premature drug release and off-target
associated side effects.*® The slow hydrolysis of the carbonate
bond in PBS likely accounts for the slight cumulative drug
release in the absence of GSH.?° However, incubation with
10 mM GSH significantly promoted CPT release to 65% and
55% for micelles of cg and bg-prodrugs in the same period,
respectively, due to the reduction-triggered cleavage of CPT
from the parent polymer. The faster drug release behaviors of
cg-prodrug-based micelles than that of the micelles based on
bg analogues agrees well with the faster degradation behaviors
of the former micelle construct (Fig. 6).

In vitro cellular uptake and cytotoxicity studies

To investigate the intracellular trafficking of c¢g and bg-
prodrug-based micelles, the cellular uptake properties of the
two micelle prodrugs with an equivalent CPT amount of 25 pg
mL™" were visualized by fluorescence microscopy in HeLa
cells. Note that the cells were stained with LysoTracker Green
to distinguish from the blue fluorescence of CPT. The clear
visualization of the overlapped blue and green colors in the
merged images after 4 h of incubation (Fig. 8) confirms
efficient endocytosis of both micelle formulations and the sub-
sequent substantial localization of either micelle prodrugs or
the released CPT molecules in the cytoplasm. The average fluo-
rescence density per cell area of free CPT, micelles of bg-pro-
drugs, and micelles of cg-prodrugs was further determined to
be 0.125, 0.088, and 0.095 per pixel, respectively, by semi-quan-
titative analysis of confocal images using Image] software. The
cells treated with micelles of ¢g and bg-prodrugs presented
weaker fluorescence intensity than those treated with free CPT
due to their different internalization mechanisms (endocytosis
vs. direct membrane permeation). The stronger fluorescence
intensity of cg-prodrug-based micelles suggests the greater cel-
lular uptake efficiency of this formulation than that of the bg-

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Fluorescence images of Hela cells incubated with free CPT and micelles of bg and cg-prodrugs for 4 h. The scale bars correspond to 50 pm

in all the images.

based analogues. The cellular uptake efficiency was further
quantified by flow cytometry (FCM) analysis (Fig. 9). The
greater cellular uptake efficiency of the micelles of cg-prodrugs
than that of the bg-prodrug-based analogues with statistical
significance agrees well with the fluorescence observation, and
is possibly attributed to the smaller size of the micelles of cg-
prodrugs for faster and greater cellular internalization.*’
Finally, in vitro cytotoxicity of cg-N3, bg-N;, and micelles of
cg and bg-prodrugs was evaluated by a 3-(4,5-dimethylthiazol-
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Fig. 9 Quantitative measurements of the mean fluorescence intensity
after incubation with free CPT and micelles of bg and cg-prodrugs in
Hela cells via flow cytometry analysis (4 h incubation, CPT concen-
tration = 25 pg mL™%, and 10000 cells were counted). The data were
expressed as mean + SD, n = 3, Student'’s t-test, *p < 0.01.
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2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetra-
zolium (MTS) cell viability assay in HeLa cells (Fig. S12} and
Fig. 10). Both polymer precursors, ¢g-N; and bg-N3, were non-
toxic to cells with a high viability above 90% at all the exam-
ined polymer concentrations. The half-maximal inhibitory con-
centration (ICso) of free CPT, micelles of c¢g-prodrugs, and
micelles of hg-prodrugs is determined to be 1.72 (1.31, 2.25),
3.96 (3.40, 4.61), and 5.35 (4.60, 6.22) pg mL™", respectively.
Although both micelle prodrugs exhibited less in vitro cytotoxic
activity than the free CPT likely due to their different internal-
ization mechanisms mentioned above and the release kinetics
of free drug from the micelle prodrugs, the micelle constructs
with enhanced stability can prolong the blood circulation and
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Fig. 10 In vitro viability of Hela cells treated with free CPT and micelles
of cg and bg-prodrugs at various concentrations for 72 h of incubation.
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enhance the passive accumulation of CPT molecules at the
tumor site via an enhanced permeability and retention (EPR)
effect as well as reduce the systematic side effects of free CPT.
More importantly, cg-prodrug-based micelles exhibited greater
cytotoxicity (lower ICs, value) despite the lower DLC than the
bg-based analogues, which results primarily from the faster
reduction-triggered degradation and drug release as well as the
greater cellular uptake efficiency of the former micelle
prodrugs.

Conclusions

In summary, we reported in this study the synthesis of ¢g-pro-
drugs with heterogeneous grafts of hydrophilic OEG and redu-
cibly conjugated camptothecin (CPT) via an integrated strategy
of a previously reported diblock copolymer-based template
and post-polymerization intermolecular click conjugation of a
reducible CPT prodrug to completely eliminate the compro-
mised drug conjugation efficiency due to the steric hindrance
of hydrophilic grafts. The micelles self-assembled from the cg-
prodrugs had sufficient salt stability and reduction-triggered
cleavage of the disulfide link for a promoted CPT release, sim-
ultaneously. Most importantly, we revealed that the dimension
of both self-assemblies formed by the cg and bg polymers
depends substantially on the molecular size of the c¢g and bg
polymers and the cg-prodrug-based micelles exhibited greater
in vitro cytotoxicity against cancer cells despite the lower DLC
than the bg-based analogues. Therefore, the developed cg-pro-
drugs provide great potential for chemotherapy, and the afore-
mentioned interesting results will definitely inspire more
upcoming studies on the future design and development of
novel cg polymers for biomedical applications.
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