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Redox-stimuli responsive amphiphilic copolymers have recently emerged as promising drug carrier
systems with controllable drug release. Herein, we first reported the synthesis of two well-defined redox-
stimuli responsive ferrocene-containing polymers, amphiphilic diblock copolymer PN(Fc-b-TEG) and
random copolymer PN(Fc-r-TEG), via ring-opening metathesis polymerization (ROMP), and compared
their properties as drug carriers. Results showed that both of the obtained copolymers could self-
assemble into globular nanoscale core-shell micelles in aqueous solution and showed tunable redox
responses. The copolymer micelles were used to entrap the hydrophobic dye Nile red (NR) or anticancer
drug doxorubicin (DOX). The DOX encapsulation efficiency of PN(Fc-b-TEG) is 66.7% which is higher than
that of PN(Fc-r-TEG) (21.1%) under the same conditions. Meanwhile, the DOX-loaded micelles exhibited
oxidation-controlled drug release, and the release rate could be mediated by the concentration of oxidants.
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Cell counting kit (CCK) assay and model organism zebrafish embryo studies were further performed to
disclose the biocompatibility and safety of the copolymer micelles, and the results showed that the copoly-
mers had excellent biocompatibility. The neoteric ferrocene-containing copolymer carriers with reversible
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1. Introduction

Cancer, the most common category of malignant tumors, is
one of the manifest causes of death in the world today and
seriously threatens human health." Up to now, surgical re-
section is the optimal therapy for malignant tumors at early
stages, but the recurrence rate of tumors is still high after
surgery. > Chemotherapy as the main treatment for tumor
recurrence, especially for tumors at the middle and late stages,
has been widely applied in clinical applications.®”® However, it
causes undesirable side-effects in human normal tissues
during therapy due to the wide biodistribution of chemothera-
peutic agents and their lack of specificity for cancer cells.® As a
result, this drawback restricts the use of cytotoxic small mole-
cules including paclitaxel (PTX), vincristine, cisplatin, gemcit-
abine and doxorubicin (DOX), which are known as anticancer
drugs to inhibit the highly proliferative behavior of cancer
cells.’
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redox-response are anticipated to have potential in targeted drug delivery systems for cancer therapy.

To overcome this drawback, one promising route to improve
treatment is the use of “smart drug carriers” including lipo-
somes, microspheres and micelles, which can encapsulate toxic
drugs into the core of the carriers during transport, and release
them under specific external stimulation, such as pH, light,
temperature, ultrasound, enzymes, electricity, solvent or redox
stimuli, at the target tumor site.>'°"” Among them, redox-
responsive drug carrier systems (DCSs) have attracted growing
research efforts owing to the high involvement of redox reac-
tions in many important biological processes including cellular
respiration and apoptosis.’® ' For example, Liu et al. developed
DCSs based on redox-responsive supramolecular micelles,
formed by anthraquinone (AQ) and cyclodextrins with disulfide
bonds, for targeted imaging and drug delivery to tumors.>*

Ferrocene (Fc), which is a redox-responsive organo-
metallic compound with a typical sandwich structure of
[Fe (n°-CsHs),] and which possesses reversible redox activity
and stability, has been widely used as a smart building
unit to construct various redox-stimuli-responsive polymer
carriers.”*** For example, Xu et al.*® constructed a redox-
responsive Fc-containing amphiphilic block copolymer by
using the atom transfer radical polymerization (ATRP) tech-
nique with poly(N-acryloylmorpholine) (PACMO) as hydrophilic
blocks and poly(2-acryloyloxyethyl ferrocenecarboxylate)
(PAEFC) as hydrophobic blocks. The resulting copolymer was
used to entrap the anticancer drug PTX and exhibited oxi-
dation-controlled drug release behavior, and the release rate
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could be mediated by the type and concentration of oxidants.*®
Other researchers reported redox-responsive linear Fc-contain-
ing amphiphilic block copolymers that can self-assemble into
different shapes including spherical micelles, hollow nano-
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capsules (NCs), vesicles, nanotubes, nanoparticles (NPs) and
multilayer films, for drug-loading and subsequent oxidation-
controlled release of loaded molecules.**™*" However, poly-
norbornene-based Fe-containing amphiphilic copolymers have
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Scheme 1 Synthesis routes of PN(Fc-b-TEG) and PN(Fc-r-TEG), and graphical summary of the redox-controlled micelles of PN(Fc-b-TEG) as drug

carriers.
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rarely been applied for DCSs, which is probably attributed to
insufficient knowledge about their biosafety. Furthermore,
most reported DCSs lack corresponding biological experiments
to evaluate their safety in the biosome. Often, small mamma-
lian models such as rats, rabbits and dogs are used as mature
methods to assess the possible toxicities and biodistribution
of drug carriers in humans because of the close homology for
the mammalian genomes.*> However, these experiments are
often expensive and time-consuming to establish mammalian
models, and thus cannot keep pace with the rapid develop-
ment of DCSs. To solve this problem, one of the most promis-
ing in vivo model systems, namely zebrafish (Danio rerio), is
attracting considerable attention for toxicity studies, owing to
unparalleled advantages such as high cost-effectiveness, high
fecundity, etc.**™"’

Accordingly, we report here a powerful way to fabricate
redox-responsive Fc-containing polynorbornene-based amphi-
philic copolymers (Scheme 1) by “living” and “controlled”
ring-opening metathesis polymerization (ROMP) that is an
outstanding method to synthesize well-defined polymers.3**
The hydrophobic Fc units are grafted onto a polynorbornene
framework and the dendronized triethylene glycol (TEG)
units are also attached to afford copolymers with suitable
water-solubility. The Fe- and TEG-containing block copolymer
PN(Fc-b-TEG) was synthesized by using a one-pot two-
step sequential ROMP route, while the random copolymer
PN(Fc-r-TEG) was prepared for comparison by feeding the
Fc- and TEG-containing monomer at the same time. The
reversible redox-controlled self-assembly behaviors of the two
copolymers were investigated in CH,Cl, by using FeCl; as
oxidant and glutathione (GSH) as reductant. The self-
assembled micelles are further tested to encapsulate a hydro-
phobic model dye molecule Nile red (NR) and an anticancer
drug DOX, respectively, and the oxidation-triggered release
behavior was investigated by using FeCl; as a stimulus. We
also compared the difference between PN(Fc-b-TEG) and PN
(Fe-r-TEG) in self-assembly behavior, reversible redox-stimuli
response, drug loading and release. More importantly, the
biotoxicity of the micelles formed by these new copolymers
were carefully evaluated by murine fibroblast cells (L-929 cell)
and model organism zebrafish embryos, and the results
confirmed the excellent biological safety of these poly-
norbornene-based copolymers.

2. Experimental

2.1. General data

General data, including materials and instruments, are listed
in the ESL¥

2.2. ROMP synthesis of PN(Fc-b-TEG)

Monomers NFc (20.0 mg, 0.048 mmol, 10 equiv.) and NTEG
(190.6 mg, 0.2392 mmol, 50 equiv.) were dissolved in 0.4 and
1.8 ml of CH,Cl,, separately. Grubbs third-generation catalyst
(4.2 mg, 0.00478 mmol, 1 equiv.) was placed into a small

This journal is © The Royal Society of Chemistry 2019
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Schlenk flask, dissolved in 0.3 ml of dry CH,Cl, and flushed
with N, atmosphere. First, monomer NFc was transferred into
the catalyst-containing flask and stirred for 5 min at room
temperature (r.t.) under an N, atmosphere. After that, a
CH,Cl, solution of monomer NTEG was added, and the
obtained reaction mixture was further agitated vigorously until
the peak at 6.22 ppm disappeared by checking in situ the
"H NMR spectrum of the reaction mixture. Then, the catalyst
was quenched by adding 0.5 ml of ethyl vinyl ether (EVE). The
product was purified by precipitation from CH,Cl, with diethyl
ether (Et,O) three times, and dried in vacuo until constant
weight to obtain the diblock copolymer PN(Fc-b-TEG) as a
yellowish-brown solid. Yield: 94%. '"H NMR (400 MHz, CDCl;,
25 °C, TMS) ppm: 7.74 and 7.58 (br, NHCO of Fc and TEG
blocks), 7.08-7.05 (br, ph), 5.59 and 5.47 (br, CH=), 4.72-4.65
(br, substituted (sub.) Cp, Cp = n°-CsHs), 4.32 (s, sub. Cp),
4.18-4.09 (m, free Cp and ph-OCH,CH,0), 3.76-3.50 (m,
NCH,CH,N of TEG block, ph-OCH,CH,0 and OCH,CH,0),
3.33 and 3.31 (s, 3 x OCHj3), 3.20 (br, NCH,CH,N of Fc block),
2.97 (s, =CH-CH of polynorbornene), 2.66 and 2.42 (double
broad, CH-CO of polynorbornene), 2.03 (br, =CHCHCH,),
1.51 (br, CH=CHCHCH,). *C NMR (100 MHz, CDCl;, 25 °C,
TMS), Sppm: 178.5 (CON), 167.2 (NHCO), 152.3 (ph), 141.0
(ph), 133.3, 132.1 (=CCH), 129.2 (ph), 106.7 (ph), 72.4, 71.3,
70.7, 70.6, 70.4, 69.9, 69.8, 69.7, 69.6, 68.9, 68.8, 68.5, 68.4,
68.2, 67.3, 67.2 (Cp and OCH,), 59.0 (OCH3), 52.2 (ph-O-CH,),
50.8 (=CHCHCH), 45.7 (CH, of cyclopentane), 42.6
(=CH-CH), 41.2 (NCH,CH,N), 38.4 (NCH,CH,N). Selected
IR (KBr, em™): 3443 (vnm), 2922 (vom,), 1768 (Sc—c), 1697
(Snc—o), 1640 (Snpic—o), 1111 (Vo-o-c), 852 (Vpen).

2.3. General self-assembly procedure in water

5 mg of PN(Fc-b-TEG) was dissolved at r.t. in 5 ml of THF, fol-
lowed by the dropwise addition of 5 ml of deionized water
with vigorous stirring. After 2 h of stirring, the mixture was
dialyzed against deionized water for 72 h by using a dialysis
bag with a molecular weight cutoff (MWCO) of 3500 g mol ",
and during this period, the fresh dialysate was replaced every
4 h to remove THF completely. After dialysis, the micelle solu-
tion was obtained at a concentration of 0.5 mg ml~'. For
PN(Fc-r-TEG), a similar self-assembly procedure was used to
prepare the corresponding micelle solution.

2.4. Oxidation-reduction response of micelles

200 mg of PN(Fc-b-TEG) was dissolved in 5 ml of dry CH,Cl, in
a small Schlenk flask. Then a small amount of FeCl; dissolved
in dry acetonitrile (0.5 ml) was added into the solution at r.t.
with vigorous stirring for 10 min. After that, the UV-vis absor-
bance at 420 nm (the absorption band of the Fc group in
the reduced state) totally disappeared and the solution
changed from yellow to blue-green. To reduce the oxidized
PN(Fc-b-TEG) solution, a certain amount of GSH was added
into the above solution and stirred for several minutes
until the yellow color was completely recovered to yield
PN(Fc-b-TEG). A similar procedure was adopted for the oxi-
dation and reduction of PN(Fc-r-TEG).

Polym. Chem., 2019, 10, 2527-2539 | 2529
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2.5. Loading and release of NR

PN(Fc-b-TEG) (5 mg) and NR (0.5 mg) were added into a 10 ml
volumetric flask and dissolved in 5 ml of THF. After the
polymer and NR were completely dissolved, dialysis (MWCO =
3500 g mol™") was then carried out against deionized water to
remove the solvent until no UV-vis absorption peak was
observed at 580 nm (the characteristic absorption band of NR)
in the dialysate. The stable NR-loaded micelle solution was
obtained after removing the sedimentary NR in a dialysis
bag. A similar drug-loading procedure was adopted for
PN(Fc-r-TEG). In the NR release experiment, a small amount
of FeCl; solution was added directly into the solution of
micelles in water, and the UV-vis absorption was monitored at
different intervals to indicate the release of NR.

2.6. Loading and releasing of DOX

PN(Fc-b-TEG) (5 mg) and anticancer drug DOX (1 mg) were
added into a 10 ml volumetric flask and dissolved in 5 ml of
THF. After DOX and polymer were completely dissolved, 5 ml
of deionized water was dropwise added into the flask. The
obtained mixture solution was further stirred at r.t. for 2 h to
obtain the DOX-loaded micelles that were then dialyzed
(MWCO = 7000 g mol™") against deionized water. The removal
of unloaded DOX was monitored by determining the UV-vis
absorption of the dialysate at 485 nm, and the dialysis treat-
ment was stopped when there was no absorption in the dia-
lysate. The drug loading content (DLC) and the encapsulation
efficiency (EE) were determined according to the following
formulae:

Wioaded d
DLC% = P % 100%
micelles+loaded drugs
Wioaded d
EE % = — 2 % 100%
free drug

A similar DOX-loading procedure was adopted for the case
of PN(Fc-r-TEG). In the drug release experiment, 10 ml of the
DOX-loaded micelles, obtained as described above, was added
into a dialysis tube (MWCO = 3500 g mol™'), and then
immersed at r.t. in 10 ml of different concentration FeCl;
solutions.

2.7. Evaluation of the biotoxicity by L-929 cell

Murine fibroblast cells (L-929 cell), purchased from Cell
Resource Center, Shanghai Institute of Life Sciences, Chinese
Academy of Sciences, were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% fetal bovine serum
(FBS), 100 U ml™" penicillin and 100 mg m1™" streptomycin at
37 °C in a humidified atmosphere of 5% CO,. Copolymer-con-
taining solutions with different concentrations, ranging from
8 to 0.0625 mg ml™', were prepared by dissolving a certain
amount of copolymer in deionized water. The sterilization of
these solutions was carried out at 120 °C before toxicity
testing. Cells were seeded in 96-well plates at 1 x 10 cells per
ml and incubated for 24 h to allow attachment, and then 10 pl
of the prepared copolymer-containing solution was added into
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the plates and incubated for 1, 2 and 3 days (each sample
contains three sets of parallel samples), respectively. 10 pl of
CCK8 was added to each plate and incubated at 37 °C for
1.5 h. The absorbance was measured by a microplate reader
(BIO-RAD550) at 570 nm. DMEM complete media with and
without cells were used as positive and negative controls,
respectively. The cell relative proliferation rate (RPR) was calcu-
lated by the following formula.

(OD; — ODy)

x 100%
OD, — OD,

RPR(%) =
Here, OD;, OD,, and OD,, represent the absorbance values
of test group, positive control group and negative control
group, respectively. The relationship between the RPR and
cytotoxicity grade is referred to the American Pharmacopoeia.
As shown in Table S10,f grades 0 or 1 suggest good viability;
grade 2 should be checked with cell morphological evaluation;
while grades 3, 4 and 5 are unsatisfactory.

2.8. Evaluation of the acute embryo toxicity in zebrafish

The embryonic/larvae acute toxicity tests were conducted
according to the literature report.*® All animal procedures were
performed in accordance with the Guidelines for Care and Use
of Laboratory Animals of Xihua University and experiments
were approved by the Animal Ethics Committee of Xihua
University. 8 mg ml™" of micelles, obtained by the described
method above, were utilized directly to confect the embryo
culture medium (NacCl 3.5 g, KCI 0.05 g, NaHCO; 0.025 g and
CaCl, 0.1 g per liter) for embryo exposure. In more detail, ferti-
lized eggs were collected from AB strain zebrafish within
0.5-1 h post fertilization (hpf) and placed in fresh embryo
culture medium without the copolymer. The healthy embryos
were selected under the microscope (SZX10, Olympus, Japan)
and distributed in 6-well microplates for exposure to the co-
polymer at 6 hpf. Three replicate experiments were conducted
using various concentrations (8, 4 and 0.5 mg ml ") of micelles
of PN(Fc-b-TEG) and PN(Fc-r-TEG), respectively, to observe the
effects on mortality, malformation rate and hatching rate, to
assess the toxicity of the copolymers. After 96 hpf, the hatched
larvae were dyed by acridine orange (AO) to check the level of
cell death. The zebrafish larvae after 96 hpf were stained in
2 mg 1" of AO staining solution at 28.5 °C for 30 min in the
dark. After incubation, the embryos were rinsed with embryo
media three times and anesthetized with 0.08% of 2-phenoxy-
ethanol for 5 min. Next, the dyed larvae were observed under
a fluorescence microscope. Green fluorescence was strength-
ened in the apoptosis region and weakened at the inhibitory
site.

3. Results and discussion
3.1. ROMP synthesis of PN(Fc-b-TEG) and PN(Fc-r-TEG)

The amphiphilic PN(Fc-b-TEG) side-chain containing the
Fc group and dendronized TEG branches was synthesized by
chain extension of the Fe-containing homopolymer PNFe (with

This journal is © The Royal Society of Chemistry 2019
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ruthenium (Ru) end, which was reported by our group and
shown in detail in the ESI{2°) to the second dendronized
hydrophilic monomer NTEG, the synthesis of which has been
described in our previous work,>® via one-pot two-step sequen-
tial ROMP using the Grubbs third-generation catalyst at
r.t. in dry CH,Cl,. The feed molar ratio of [monomer
NFc]: [monomer NTEG] : [Grubbs 3™!] is 10: 50 : 1, and the syn-
thetic route is shown in Scheme 1. Specifically, the Fc-contain-
ing homopolymer PNFc-Ru was first obtained by the ROMP
reaction of monomer NFc in dry CH,Cl, and then used as a
macromolecular initiator to trigger the ROMP of monomer
NTEG in dry CH,Cl, to produce PN(Fc-b-TEG). Furthermore,
the PN(Fc-r-TEG) was acquired by mixing the monomers NFc
and NTEG uniformly at the above mentioned molar ratio and
adding them into the catalyst synchronously, and its detailed
synthesis is shown in the ESL}

It took 5 min to accomplish the ROMP of monomer NFc
with 100% conversion according to the previous study,® and
then monomer NTEG in dry CH,Cl, was added, and a kinetic
study was conducted to monitor the polymerization of NTEG
in CH,Cl, through in situ "H NMR analysis. A small amount
of mixture reaction solution was taken out and inactivated by
EVE at different time intervals and dried to measure the
"H NMR spectrum in CDCl;. The monomer NTEG was totally
converted when the peak of the olefinic protons at 6.22 ppm
disappeared. As shown in Fig. S48,1 only 10 min is needed
for the second block to achieve 100% conversion. The rapid
reaction rate indicates that ROMP is an effective strategy to
synthesize the well-defined PN(Fec-b-TEG). For the fabrication
of PN(Fc-r-TEG), a similar kinetic study was also conducted
and the results showed that it also took only 10 min to realize
the complete conversion of both monomers NFec and NTEG
(Fig. S577).
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The successful combination of the second TEG block into
the first Fc block is well confirmed by the appearance of
several characteristic signals corresponding to the Fc and TEG
structures. Fig. 1 shows the "H NMR spectrum of PN(Fe-b-TEG)
in CDCl;. The peak at 7.74 ppm is attributed to the acylamino
group of the TEG-containing block, and its phenyl protons are
observed at 7.08-7.05 ppm. The characteristic protons of
terminal OCH; groups are situated at 3.34-3.31 ppm, and the
OCH, protons in the TEG units are observed at 3.76-3.50 ppm.
For the Fc-containing block, the peak at 7.58 ppm is assigned
to the acylamino group and the double peak signal at 4.72 and
4.65 ppm arises from the substituted cyclopentadienyl (Cp)
protons close to the carbonyl group, while the other substi-
tuted Cp protons are located at 4.32 ppm. The broad peak at
3.20 ppm is attributed to methylene protons in the side chain
of the first Fc block. All the above results adequately prove the
integrity of the Fc-containing block and the successful intro-
duction of the second TEG block by ROMP. In the >C NMR of
spectrum of PN(Fc-b-TEG) in CDCl; (Fig. S427), the carbons of
the carbonyl and acylamino groups are observed at 178.5 and
167.2 ppm, and the carbons of the benzene ring in the second
TEG block are located at 152.3, 141, 129.2 and 106.7 ppm,
respectively. The peaks at 133.3 and 132.1 ppm originate from
the characteristic olefinic carbons of polynorbornene. The
large number of peaks from 72.3 to 68.7 ppm are attributed to
the carbons of OCH, groups in the TEG tails and the carbons
of Fc group, while the carbons of OCHj; are located at
58.9 ppm. All the other peaks of the 'H and *C NMR spectra
are clearly assigned and match well with the structure of PN
(Fc-b-TEG). The UV-vis spectrum in CH,Cl, of PN(Fc-b-TEG)
(Fig. S43t) shows a characteristic absorption band with a
maximum peak (4nax), as expected, at 439 nm that is consist-
ent with the integrity of the Fc group. To summarize, these

15,15’
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Fig. 1 H NMR spectrum of PN(Fc-b-TEG) in CDCls.
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Fig. 2 GPC curves of PN(Fc-b-TEG) and PN(Fc-r-TEG).

data above mentioned provide strong proof for the formation
of the second TEG block, and the integrity of the first
Fc-containing block.

The polymerization degree of the first (Fc-containing)
block, was first calculated by end-group analysis (see detailed
description in the ESI{) using the '"H NMR spectrum of PNFc
in (CD3),SO, and the obtained value of 10 + 1 was then
adopted to estimate the polymerization degree of the second
TEG block by comparing the signal intensity of the substituted
Cp with that of characteristic protons in the second TEG block
using the "H NMR spectrum of PN(Fc-b-TEG) in (CDj;),SO
(Fig. S471). Namely, the integration of the substituted
Cp protons at 4.67 ppm was compared with those of the acyl-
amino proton for the second block at 8.46 ppm, side-chain
phenyl protons at 7.09 ppm, and the methylic protons at
3.20 ppm, respectively. The calculated polymerization degree
of the second TEG block is 50 + 5, showing an excellent agree-
ment with the theoretical value of 50 from the "H NMR conver-
sions. GPC was also adopted to detect the molecular weight
(MW) of PN(Fc-b-TEG) and the result shows an M, value of
24 900 Da with polydispersity index (PDI) of 1.15 by using poly-
styrene (PS) as the standard (Table S6T). Owing to the large
structural difference between the PS standard and the block
copolymer, the MW obtained is smaller than the theoretical
value calculated by the molar feed ratio and the corresponding
monomer conversion.’® More importantly, the small PDI value
of 1.15 obtained from the GPC trace (Fig. 2), further demon-
strated the controlled polymerization of the two blocks in PN
(Fe-b-TEG) by ROMP. Furthermore, the random copolymer PN
(Fe-r-3TEG) was also synthesized and well characterized by
many techniques, and the corresponding results are provided
in the ESI{ for comparison in the following applications.

3.2. Micelles of PN(Fc-b-TEG) and PN(Fc-r-TEG) in water

Block copolymers with both hydrophilic and hydrophobic seg-
ments often show an amphiphilic character, and thus can self-
assemble into a variety of interesting nanostructures with
determined molecular arrangement and diverse morphologies
such as spheres, vesicles, rodlike, and so on, in selective
solutions.>*? In the current work, the yellow solid product PN

2532 | Polym. Chem., 2019, 10, 2527-2539
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Table 1 Analysis results of pure micelles and drug-loaded micelles

DAsem®  HDRprs®/  CMC/ DLC EE
nm nm mgml™" (%) (%)

PN(Fc-b-TEG)

Original 101+10 156 0.11

Oxidized 113 +40 190 0.246

Reduced 93+20 138

PN(Fc-r-TEG)

Original 81+25 159 0.17

Oxidized 250 0.305

Reduced 164

PN(Fc-b-TEG)-NR 130 +15 226

PN(Fc-r-TEG)-NR 93+30 308
PN(Fc-b-TEG)-DOX  129+10 193 74 66.7
PN(Fcr-TEG)-DOX  89+20 226 3.3 211

“DAggym is the average diameter from SEM analysis; HDRp s is the
hydrodynamic radius from DLS.

(Fc-b-TEG), obtained by precipitation from CH,Cl, with Et,0,
contains a hydrophobic Fe-containing block and hydrophilic
TEG segment, and thus is expected to self-assemble into inter-
esting nanostructures in aqueous solution. The critical micelle
concentration (CMC) of PN(Fc-b-TEG) was detected by the
pyrene fluorescence technique.”® Additionally, this method
was also applied for the CMC determination of PN(Fc-r-TEG).
Fig. S591 shows the results of fluorescence emission spectra
with different concentrations and the corresponding plot of
the I3/I; ratios vs. logarithmic concentration. The determined
value of the CMC is 0.11 mg ml™" for PN(Fc-b-TEG), cf.
0.17 mg ml™" for PN(Fc-r-TEG) (Table 1). The higher CMC
value of PN(Fc-r-TEG) is due to its better water-solubility than
PN(Fc-b-TEG). The random distribution of hydrophilic and
hydrophobic components in the random copolymer is advan-
tageous for its dissolution in water. The self-assembly process
of PN(Fc-b-TEG) was triggered by dissolving the copolymer in a
certain amount of THF and then adding water dropwise, and
the organic solvent was then removed by dialysis treatment
against distilled water. As shown in Fig. S58, the Tyndall
effect was clearly observed when a beam of light was applied
across the mixture solution, indicating the formation of aggre-
gates through the self-assembly of the amphiphilic copoly-
mers. The self-assembled micelles, acquired by the above
method with a concentration 0.5 mg ml™", were further investi-
gated in detail by dynamic laser scattering (DLS) measure-
ments and scanning electron microscopy (SEM). As shown in
Fig. 3A and Table 1, nearly spherical micelles were observed
with size of 101 + 10 nm by SEM. These micelles exhibit bright
peripheries and dark cores. A similar phenomenon was also
observed for the micelles of PN(Fc-r-TEG) with average size of
81 + 25 nm (Fig. S541). However, it is worth mentioning that
the shape and size of these micelles are more inhomogeneous,
which is probably caused by the randomness of PN(Fc-r-TEG).
Moreover, DLS (Fig. 4A, S53t and Table 1) provides a hydrodyn-
amic diameter (HDRps) of 156 nm with a PDI of 0.246 for the
micelles of PN(Fc-b-TEG) and 159 nm with PDI of 0.288 for

This journal is © The Royal Society of Chemistry 2019
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(A) DLS curves of micelles of PN(Fc-b-TEG) in water during an oxidation—reduction cycle. (B) UV-Vis spectra and photographs of PN
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those of PN(Fc-r-TEG), respectively. The size obtained by SEM
is typically smaller than the value determined by using DLS,
which arises from their different determination conditions.
More specifically, DLS determines the size of micelles in the
hydrodynamic state with swollen cores and stretched shells,
while the size tested by SEM indicates the conformation of
micelles in the dry state.’*”>

3.3 Reversible redox self-assembly of PN(Fc-b-TEG) and
PN(Fc-r-TEG)

In the field of stimuli-responsive polymer systems, the
Fc group is widely used as a hydrophobic block to construct
amphiphilic block copolymers to achieve a redox-response
because of its reversible redox activity.'® The reversible redox-
response behavior of the two Fc-containing copolymers
PN(Fc-b-TEG) and PN(Fc-r-TEG) was investigated through UV-
vis spectroscopy by using FeCl; as oxidant and GSH as reduc-
tant. As shown in Fig. 4B, a broad absorption peak at 420 nm
is clearly observed for the original PN(Fc-b-TEG) in CH,Cl,,
and this peak is the characteristic absorbance band of the
Fc group in the reduced state. The characteristic UV-vis absorp-
tion peak at 420 nm gradually disappeared with the increase
of the amount of oxidant, and a new absorption peak was
observed at 650 nm owing to the oxidation of the Fc group
into ferrocenium (Fcium). A more clear and intuitive fact is
that the color of the solution changed from yellow to green
due to the oxidation of the Fc group. Interestingly, after the
reducing agent of GSH was added into the oxidized solution,
the characteristic signal at 420 nm re-emerged and the color of
the solution returned back to yellow, which is attributed to the
reduction of oxidized Fcium moieties into Fc in the reduced
state.>® This information provides a convincing proof for the
reversible redox of this Fc-containing amphiphilic copolymer.
The redox-responsive self-assembly of the amphiphilic
block copolymer PN(Fc-b-TEG) was further investigated by
SEM, DLS and the pyrene fluorescence technique. As men-
tioned above, the PN(Fc-b-TEG) can self-assemble into spheri-
cal micelles in aqueous solution. After being oxidized by FeCls,
the morphology and size distribution are more irregular com-
pared with the original state. The micelles were broken to form
larger aggregates, and the size of the micelles changed to
113 + 40 nm according to SEM (Fig. 3B). The size and shape
variation are primarily due to the fact that hydrophobic Fc
groups are converted to the hydrophilic Fcium structures, and
this change results in an increase of the hydrophilicity of the
micelles and electrostatic repulsion among the positively
charged Fcium species.’***>® The CMC values of the micelles
after oxidation by FeCl; was also studied by using the pyrene
fluorescence probe method, and Fig. S61f provides values of
0.246 and 0.305 mg ml~" for the oxidized PN(Fe-b-TEG) and
PN(Fc-r-TEG), respectively. This increase in CMC values is also
caused by the higher solubility arising from the oxidized
Fcium groups. Furthermore, it is worth noting that the oxi-
dized micelles can be reversibly restored to the reduced form
by adding GSH reducing agent. As shown in Fig. 3C, the SEM
image presents a uniform particle size of 93 + 20 nm, which is
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matched well with the original size and shape. Meanwhile, the
results of DLS (Fig. 4A and S601) show that the oxidized
micelles have an average diameter of 190 nm for PN(Fc-b-TEG)
and 250 nm for PN(Fc-r-TEG), while the reduced micelles have
average diameters of 138 and 164 nm for PN(Fc-b-TEG) and PN
(Fe-r-TEG), respectively. Both of these results for the reduced
state are close to the original ones, which further demonstrates
that the redox-controlled reversible self-assembly of amphi-
philic copolymer PN(Fc-b-TEG) and PN(Fc--TEG) can be suc-
cessfully accomplished in aqueous solution by redox stimuli.
Overall, the redox-responsive behavior of these copolymer
micelles indicates their potential possibilities as controllable
DCSs.

3.4 Drug loading and release

PN(Fc-b-TEG) and PN(Fc-r-TEG) can self-assemble into spheri-
cal micelles, as mentioned above, with the redox-responsive Fc
segments forming the core and TEG-containing part as the
shell, which endows the possibility for the encapsulation and
controlled release of small fluorescent molecules upon an
external oxidation stimulus. The water insoluble model drug
NR was chosen to be encapsulated into the hydrophobic
interior of micelles in an aqueous environment. A clear red
solution (Fig. S65at) was obtained after dissolving the block
copolymer PN(Fc-b-TEG) and NR in THF. The drug loading
process was triggered by dialyzing against water to slowly
exchange the organic non-polar solvent with the polar solvent
(water) that is selective for the TEG block. As shown in
Fig. S65b,T a change in color was observed, which is typical
for NR when it is stabilized in an aqueous phase. The
same operation was also carried out for PN(Fc-r-TEG). The
obtained NR-loaded micelles, denoted as PN(Fc-b-TEG)-NR
and PN(Fc-r-TEG)-NR, respectively, were characterized by SEM,
DLS and UV-vis spectroscopy. The UV-vis spectrum showed a
broad Amax peak at 560 nm for both NR-loaded micelles,
corresponding to the characteristic absorption band of NR in
aqueous solution (Fig. S641). Notably, the PN(Fc-b-TEG)
exhibits a higher loading ability than PN(Fc-r-TEG) at the
same conditions according to the UV-vis absorbance strength
(Fig. S64 and S707). SEM images showed spherical NR-loaded
micelles for PN(Fc-b-TEG)-NR with average diameter of
130 + 15 nm (Fig. S627) for PN(Fc-r-TEG)-NR (Fig. S687T) of
93 + 30 nm. Both of these results indicate a larger average size
than for the original unloaded micelles, owing to the encapsu-
lation of NR in the hydrophobic core. DLS curves indicated a
hydrodynamic radius of 226 nm for PN(Fc-b-TEG)-NR
(Fig. S637 and Table 1), and 308 nm for PN(Fc-r-TEG)-NR
(Fig. S691 and Table 1), respectively. The larger size from DLS,
compared with the original micelles, also further supported
that the water-insoluble NR was encapsulated in the hydro-
phobic core of the micelles. The controlled release of the
encapsulated model compound NR was triggered by adding an
oxidant after the successful transfer of NR into the micelles.
A small amount of FeCl; aqueous solution was added into the
solution of NR-loaded micelles in water, resulting in the
release of the dye (see Fig. S65c¢, S66, S67 and S717).

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 The UV-vis absorption (A), SEM image (B) and DLS curve (C) of PN(Fc-b-TEG)-DOX micelles.

Furthermore, the anticancer drug DOX, which has been
widely applied for cancer therapy, was employed to ascertain
the drug-loading ability of the present micelles. First, a certain
amount of copolymer and DOX were dissolved in THF and de-
ionized water was then added slowly. The mixed solution was
vigorously stirred for 2 h and then transferred into the dialysis
bag with MWCO of 7000 g mol™, and the dialysis treatment
against deionized water was then carried out until the THF
was completely removed and the dialysate showed no charac-
teristic UV-vis absorbance of DOX at 480 nm. The finally
obtained micelles were denoted as PN(Fc-b-TEG)-DOX and
PN(Fc-r-TEG)-DOX, respectively, and were further investigated.

The successful encapsulation of DOX by the formed
micelles was confirmed by comparing the UV-vis absorption
spectra of the original and DOX-loaded micellar solutions. The
latter shows a characteristic absorption peak of DOX at 480 nm
as shown in Fig. 5A. The loaded content of DOX was deter-
mined by the standard curve of DOX in aqueous solution
drawn by wusing its An.x at 480 nm (Fig. S73%). For
PN(Fc-b-TEG)-DOX, the DLC value was calculated to be 7.4%,
and the EE was determined to be 66.7%. Furthermore, the
SEM image shows an average size of 129 + 10 nm (Fig. 5B),
and the hydrodynamic radius of micelles was also detected by
DLS and the result shows an average size of 193 nm with a PDI
value of 0.424 (see Fig. 5C). For PN(Fc-r-TEG)-DOX, its DLC
was evaluated to be 3.3% and the EE was 21.1%, while the
SEM photograph shows an average size of 89 + 20 nm
(Fig. S807), and the DLS provides the hydrodynamic radius of
226 nm with PDI value of 0.712 (Fig. S79t). The obvious differ-
ences in the drug-loading ability and size distributions of the
two types of micelles can be attributed to the molecular struc-
ture differences between PN(Fc-b-TEG) and PN(Fc-r-TEG). The
differences between PN(Fc-b-TEG) and PN(Fc-r-TEG) are sum-
marized in Table 1 from which it is clear that the micelles of
PN(Fc-b-TEG) have better ability for drug-loading.

The release of encapsulated DOX was triggered by the
addition of FeCl; as oxidant. In more detail, the DOX-loaded
micellar solution was dialyzed against a solution of FeCl; with
different concentrations. The release of DOX was confirmed by
the increasing of UV-vis absorption at 480 nm of the solution
outside the dialysis bag. A certain volume of deionized water
solution was withdrawn from the beaker at certain time
intervals to test the UV-vis absorption and the same volume of

This journal is © The Royal Society of Chemistry 2019

o 9 =& 1mg/ml = - 2mg/ml === - 0.5 mg/ml = Control
- 80 A == A
g —E T _e----2
3 .r. —”—

3 60 4 /,;’

E } ,, = Rk -
x -
Sa {t ¥ —A

g
E-]

]

F]
£
8 L]

0 20 40 60 80 100
Time (h)

Fig. 6 The cumulative release of the PN(Fc-b-TEG)-DOX at different
concentrations of FeCls.

fresh buffer solution was added to keep the volume constant.
The cumulative release of DOX at different oxidant concen-
trations was calculated by using its standard curve. As shown
in Fig. S83,1 the cumulative release rate of DOX for the
micelles of PN(Fc-r-TEG)-DOX reached 45% within 12 h and
64% at 96 h, while the corresponding values for PN(Fc-b-TEG)-
DOX were 42 and 73% (Fig. 6) using the same oxidant concen-
tration (1 mg ml™"). The DOX loaded in the micelles of
PN(Fc-r-TEG) shows a faster release rate at the pre-stage and
lower cumulative release rate compared with the PN(Fc-b-TEG),
which is due to the irregular molecular structure and lower
drug loading capacity for the random copolymer. Besides, with
the increasing of oxidant concentration, a significant increase
in cumulative release was observed, indicating that the drug
release process can be controlled by the amount of oxidant.
We also found low release of DOX molecules from samples
without the treatment of oxidants, which is perhaps because
DOX can be adsorbed onto the surface of the vesicles or shows
slow diffusion from the micelles. In short, these Fc-containing
micelles can be used as DCSs, considering the important role
of redox reactions, to load functional molecules which can be
released in a controlled method upon oxidation stimuli.

3.5. Biotoxicity evaluation

3.5.1. In vitro toxicity in L-929 cells. An ideal drug carrier
should exhibit good biocompatibility with no side effects on
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Fig. 7 Adherent covered L929 cells after three days of culture: (A) control group; (B) PN(Fc-b-TEG) treated group (8 mg ml™); (C) PN(Fc-r-TEG)

treated group (8 mg ml™).

life-forms. Here, the toxicity of the present carriers formed by
PN(Fc-b-TEG) and PN(Fc-r-TEG) was studied by CCK assay that
has been widely applied in the field of drug screening, cell pro-
liferation assay, cytotoxicity assay, tumor drug sensitivity test
and biological factor activity tests in L-929 cells. A series of
PN(Fc-b-TEG) and PN(Fc-r-TEG) concentrations ranging from 8
to 0.0625 mg ml~" were adopted to measure their cell toxicity
in vitro. The results showed that both copolymers had no
obvious cell proliferation toxicity even at the maximum
concentration of 8 mg ml™" after mixed cultivation for 3 d
(Fig. 7). According to the results of RPR (Fig. 8), the cyto-

324 h
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Fig. 8 The RPRs of L929 cells incubated with PN(Fc-b-TEG) and
PN(Fc-r-TEG) (8 mg ml™).

toxicity classification is grade 0. Interestingly, partial results
of the RPR surpassed 100% at a micelle concentration of
8 mg ml™', probably owing to the unique copolymer compo-
sition that is beneficial for cell growth and proliferation.
The cell-related experiments results proved that both
PN(Fc-b-TEG) and PN(Fc-r-TEG) had excellent biocompatibil-
ity with L929 cells.

3.5.2. In vivo acute embryo toxicity in zebrafish. To
further understand the safety of these carriers formed by
PN(Fc-b-TEG) and PN(Fc-r-TEG), zebrafish embryo, as a rapid,
medium throughput, cost-effective whole animal model, was
used to provide a more comprehensive and predictive develop-
mental toxicity evaluation. The results clearly indicate that the
incidence of micelle-treated survival and hatching rate are not
affected (Fig. 9). Besides, zebrafish embryos are transparent
throughout every developmental stage and allow direct obser-
vation of the development of all internal organs. Therefore any
morphological malformations such as pericardial oedema,
yolk sac oedema, bent trunk and tail deformation could be
examined directly by a stereo microscope. Notably, in the
present cases, such morphological malformations were not
observed in either the control and micelle-treated groups
throughout the entire test period, and the embryos presented
well-developed head, notochord, caudal fin, eyes, tail, yolk sac
and pigment features (Fig. 10).
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Fig. 9 Survival rates (A) and hatching rates (B) of zebrafish embryos at different time points in all treatments with micelles at concentration of

8 mg ml™.
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Fig. 10 Microscopic images of embryos, larvae and fluorescence: (a), (d), (g), (j) and (m) are controls; (b), (e), (h), (k) and (n) are samples treated with
PN(Fc-b-TEG); (c), (f), (i), () and (o) are samples treated with PN(Fc-r-TEG). Images of (a)—(c) are the stage at 24 hpf; (d)—-(f) are the stage at 48 hpf;
(g)—(i) are the stage at 72 hpf; and (j)—(l) are the stage at 96 hpf. Images of (m)—(o) are obtained upon cellular apoptosis staining by AO at 96 hpf. All

the experimental groups were treated with a concentration of 8 mg ml~™.

3.5.3 Cell death in live zebrafish. AO, a nucleic acid-selec-
tive metachromatic dye, can permeate into apoptotic or necro-
tic cells to intercalate with partially uncoiled DNA and become
highly fluorescent, whereas it is nonpermeable to normal
cells, and so it is widely used for detecting sites of cell death
in zebrafish.’” To evaluate if in vivo exposure of copolymer
micelles could induce cell death, zebrafish embryos were
exposed to 8 mg ml™" of copolymer micelles for 96 hpf and
treated with AO for 0.5 h to stain dying cells. The presence of
AO in the control larvae demonstrated that cell apoptosis
was a normal physiological process during development
(Fig. 10m). There was no difference in larvae exposed to copo-
lymer micelles (Fig. 10n and o) in comparison to the control
larvae, indicating that these drug carriers did not cause cellu-
lar apoptosis. Hence, this investigation strongly suggests that
the Fe-containing micelles of PN(Fc-b-TEG) and PN(Fc-r-TEG)
show no harm to cells and could be highly appropriate for bio-
medical and potential drug carrier applications.

4. Conclusions

In summary, we presented two new amphiphilic copolymers,
block PN(Fc-b-TEG) and random PN(Fc-r-TEG), which contain
a polynorbornene backbone with side-chain hydrophobic Fc
groups and hydrophilic dendronized TEG branches, by the
controlled polymerization method of ROMP with the aid of a
very efficient Grubbs third-generation ruthenium catalyst.>*®
Nearly spherical micelles with size of 101 + 10 and 81 + 25 nm
by SEM were formed as new potential drug carrier systems by
the self-assembly of PN(Fc-b-TEG) and PN(Fc-r-TEG) in water,
respectively. More importantly, the Fc group endowed revers-
ible redox-response behavior for the amphiphilic copolymer,
which could be utilized to trigger drug release. This hypothesis
has been proved by drug loading and releasing experiments.

This journal is © The Royal Society of Chemistry 2019

The hydrophobic dye NR was selected to be successfully encap-
sulated into the micelles and can be released under the redox
stimuli. Furthermore, the anticancer drug DOX could also be
loaded into the hydrophobic cores of the micelles, and the
DLC reached 7.4 and 3% for the block and random copolymer,
respectively. The release behavior of the DOX under addition
of the gentle oxidant FeCl; was studied and the results
showed that the release ratio increased with increasing concen-
tration of the oxidant. At the same conditions, the micelles of
PN(Fc-r-TEG) carrying DOX showed faster release rate at the
pre-stage and lower cumulative release rate compared with the
micelles of PN(Fc-b-TEG). Furthermore, the safety evaluation
conducted by L929 cell and zebrafish embryo studies, revealed
their excellent biological safety. Consequently, both of the
exploited polynorbornene copolymers are promising polymer
carriers that can form micelles to encapsulate drugs for the
application of controlled drug delivery. However, comparing
PN(Fc-r-TEG)with PN(Fc-b-TEG), the latter displays much
better qualities in terms of self-assembly, drug-loading and
release properties, owing to its more regular molecular
structure.
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