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Abstract

In this work, pH/GSH-responsive amphiphilic polymeric prodrug (EDA-GLA/CE/2-FPBA) was successfully prepared and
could self-assembled into micelles in an aqueous solution. The EDA-GLA/CE/2-FPBA micelles possessed high stability in
physiological condition and were pH and GSH sensitive due to the reversible borate ester bonds and disulfide bonds within
the prodrug polymer. The structures of the prodrug polymers were characterized by NMR, FTIR, UV-vis spectroscopy.
Transmission electron microscopy and dynamic light scattering measurement indicated that the resulting micelles have
desirable size distribution and regular spherical shape. Free active Celastrol can be released under low pH and high GSH
environment; In vitro cellular uptake and growth inhibition assays suggested that the blank polymer micelles showed good
biocompatibility. EDA-GLA/CE/2-FPBA micelles were more efficiently internalized by monolayer tumor cells and dem-
onstrated superior tumor targeting effects as compared to free Celastrol control. These results demonstrated that the novel
prodrug self-assembled dual-responsive nano-delivery platform was able to improve the bioavailability and tumor targeting
activity of Celastrol, which provides a basis for further clinical applications of Celastrol and its derivatives.
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Graphical Abstract

Amphiphilic polymeric prodrug (EDA-GLA/CE/2-FPBA) containing gelatin, lipoic acid, ethylenediamine (EDA), 2-for-
mylphenylboric acid (2-FPBA) was developed, which can self-assembled into micelles in an aqueous solution. Borate ester
bond and sulthydryl groups in the micelles endow the micelles with the ability to respond to high concentration of GSH.
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1 Introduction

Cancer is second leading cause of death in the world [1].
Currently, Cancer treatment includes surgery, radiother-
apy, chemotherapy and immunotherapy [2-4]. Among all
these treatments, Chemotherapy is still the dominant can-
cer treatment, it can be used as monotherapy or in combi-
nation with other therapeutic means [5]. However, chem-
otherapeutic drugs have many limitations, such as poor
water solubility, unspecific killing to normal cells, rapid
degradation and clearance in human body, which leads
to insufficient concentration of drugs reaching tumor tis-
sues, therefore high concentration drugs or more doses are
needed, which cause more severe side effects and reduce
drug tolerance of patients [6, 7]. Nanoencapsulation is one
of the approaches that may circumvent these restraints. A
variety of materials such as polymers, mesoporous silica
nanoparticles [8], lipid-based materials, Nanoscale porous
organic polymers [9] and Hydrogel [10] could be used as
drug delivery platform [11-13]. Among all these materials,
amphiphilic polymers are of particular interest due to their
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unique hydrophobic/hydrophilic structure which can self-
assemble into micelles in aqueous environment; Another
important fact is that these amphiphilic polymers are
constructed using different polymeric blocks. The blocks
have numerous functional groups in their molecular chains
which can easily be modified to meet the requirement of
non-toxic, biocompatible, biodegradable, stability in the
systemic circulation and active cancer cell targeting [14,
15]. Chemotherapeutic drugs can be physically entrapped
into the micelles core by forming non-covalent bonds such
as hydrophobic, hydrogen bond, or ionic interactions. For
example, the hydrophobic anticancer drug paclitaxel can
be trapped into the core of monomethoxypolyethylene gly-
col (D, L-lactide) (mPEG-PDLLA) micelles to increase
the water solubility of the drug, and reduce the side effects
of the drug [16, 17]; The carboxylic acid group of the
nonsteroidal anti-inflammatory drug indomethacin can
form hydrogen bonds with the amino group of amphiphilic
polymer micellar poly (n-isopropylacrylamide) / 4-ethyl
aminobenzoate—polyphosphonitrile (PNIPAAm/EAB-
PPP), which can form micelles with high drug loading
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capacity and achieve sustained release of indomethacin
[18]; Wang et al. loaded doxorubicin into gelatin micelles
via ion interaction in the mild alkaline environment, and
the ion interaction decreases and Doxorubicin is rapidly
released from the micelles in the acidic environment of
tumor tissue [19]. However, non-covalent bonds loaded
drug polymer micelles lack stable dynamic characteristics
and are very easy to be affected by complex in vivo envi-
ronment, leading to premature drug release [20]. Chemical
conjugation of drugs to the molecular chain of polymer by
covalent bond may solve the problem of premature drug
release caused by unstable non-covalent bonds. However,
over-stable covalent bond drug loading method may result
in insufficient drug liberation from the core at the site of
action [21].

Recently, Prodrug-based nanomedicines have attracted
the attention of researchers. Unlike physical drug entrap-
ping, in prodrug-based system, parent bioactive drugs were
grafted to the main chain or branch chain of polymer via
dynamic covalent bonds which response to environmental
changes. Under normal physiological conditions, the poly-
metric prodrug showed strong chemical stability. Some
pathological environments such as pH, redox environment,
enzymes and hypoxic can trigger the covalent bond break
and parent bioactive drug effectively release on action site
from the micellar core [22]. Among all chemical bonds,
hydrazone, imide and borate bonds are easy to break in
acidic environment and disulfide bond is easy to break in
high GSH environment, therefore researchers tend to use the
above covalent bonds to prepare dynamic covalent polymers.
For example, polyethylene glycol (Hydrophilic Terminal)
(PEG) covalently combined with doxorubicin (Hydrophobic
terminal) through the hydrazone bond to form amphiphilic
prodrug polymer PEG-DOX; Capecitabine conjugated with
boronic acid-functionalized polycarbonates (PPBC)- poly-
ethylene glycol copolymer (PEGylated-PPBC) via borate
bonds to form polymetric prodrug. These prodrugs can
self-assembled into micelles and also are pH responsive.
They are relatively stable under neutral conditions, and
the chemical bond between the drug and polymer breaks
in the pathologically weak acidic environment to achieve
the dynamic release of the drug [23, 24]. Using ethylene
glycol poly(poly(ethylene glycol), researchers covalently
combined camptothecin derivative (CPTM) with ethylene
glycol Poly (CPTM) using ethylene disulfide bonds to form
PEG-b-PCPTM polymer micelles equipped with reductive
degradation capabilities. Camptothecin released from micel-
lar under high concentration of glutathione [25]. Therefore,
compared with the traditional covalent bond loading mode,
the drug release of the dynamic covalent bonded prodrug is
triggered by internal and external stimulation, avoiding the
premature drug release faced by non-covalent drug loading
method.

Celastrol (CE) is a quinone methyl triterpene compound
extracted from the root of Tripterygium wilfordii. It has been
proven that CE have a variety of biological activities, includ-
ing anti-oxidation [26], anti-inflammation [27], anti-tumor
[28] and anti-angiogenesis [29—34]. However, the low water
solubility and high cytotoxicity of CE limit its clinical appli-
cation. By modifying C-20 and C-3 sites of the A ring to
form ester bonds, water solubility of CE was increased, but
the biological activity of CE declined either [35]. It has been
reported that the nucleophilic part of protein structure can
undergo Michael addition with C-6 position of CE structure
[36, 37]. Sreeramulu et al. found that under physiological
environment, the thiol group of cysteine can undergo revers-
ible Michael addition reaction with C-6 site of CE structure
[38], and when the pH decreases, the reaction goes in the
opposite direction to produce free CE. This property could
be used as the theoretical basis for designing CE polymer
prodrug.

Here, we report the design, synthesis, and characteriza-
tion of a dual-responsive amphiphilic CE-polymer prod-
rug based on gelatin, lipoic acid, ethylenediamine (EDA),
2-formylphenylboric acid (2-FPBA) and CE. First, we pre-
pared EDA-gelatin-lipoic acid derivative (EDA-GLA) via
stepwise synthesis, then the derivative was conjugated to
the C-6 position of CE by Michael addition of sulfhydryl
group, forming CE-EDA-GLA. 2-formylbenzoylboric acid
(2-FPBA) crosslinked with EDA-GLA derivative and CE-
EDA-GLA via imide bond, borate ester bond. The polymer
can self-assembled into micelles with a hydrophobic CE
core and hydrophilic EDA-GLA shell in aqueous solution. In
addition, the excess sulfhydryl groups in the micelles cross-
linked with each other to form disulfide bond which could
not only maintain stability of the micelles, but also endow
the micelles with the ability to respond to high concentration
of GSH. Next, we investigated the pH and GSH responses of
prodrug micelles and drug release behavior. The cytotoxic-
ity of free CE and CE-prodrug polymer micelle to normal
and melanoma cells and the uptake of CE-prodrug polymer
micelles by melanoma cells were then compared. Our work
is expected to provide a novel approach to prepare tumor-
targeting CE prodrug micelles to improve the clinic transla-
tion potential of CE.

2 Materials and methods

2.1 Materials

Gelatin type B (MW: 50,000-100000), lipoic acid (LA),
1-ethyl -(3-dimethylaminopropyl) carbamyldiimide (EDC),
n-hydroxysuccinimide (NHS), ethylenediamine (EDA),

2-formylphenylboric acid (2-FPBA), triwiline (Celas-
trol), Tri (2-carboxylethyl) phosphine (TCEP), fluorescein

@ Springer



176

Macromolecular Research (2024) 32:173-186

isothiocyanate (FITC) were obtained from Sino Pharm. All
chemicals and reagents used in the study were of analytical
grade or higher.

2.2 Methods
2.2.1 Preparation of the EDA-GLA derivative

2.2.1.1 Synthesis of GLA 260 mg lipoic acid (LA) was sus-
pended to 20 ml 60% ethanol, and 1 M sodium hydroxide
solution was used to adjust pH to 5.9-6.0. 310 mg EDC
and 200 mg NHS were added to the suspension with stir-
ring at 37°C for 25 min to activate LA. 250 mg B gelatin
was dissolved into 30 ml of 60% ethanol, and stirred at 50°C
until the solution turned clear, then poured in the activated
LA solution. The reaction mixture was stirred at 37°C for
16 h. At the end of the reaction, ethanol was added to pre-
cipitate the resulting GLA. After centrifugation (5000 rpm)
for 20 min, GLA was collected and rinse three times with
anhydrous ethanol and a small amount of distilled water
was used to remove residual ethanol, unreacted lipoic acid
and gelatin. GLA was redissolved in 10 ml of water, and
the solution was lyophilized for 48 h to obtain a white fluffy
powder, which was stored in vacuum for later use, the yield
of GLA was about 56%.

2.2.1.2 Synthesis of EDA-GLA 500 mg GLA was dissolved
in 30 mL of deionized water, 1.5 mL ethylenediamine was
added into GLA solution, After the pH was adjusted to pHS5
with concentrated hydrochloric acid, 0.9 g EDC was added
to above mixture with stirring at 37 °C for 24 h. The result-
ing reaction solution was put into a dialysis bag (MWCO
3500) for dialysis in distilled water for 48 h, and the dialysate
was lyophilized for 48 h. The resulting white fluffy powder
was stored in a vacuum for later use, the yield of EDA-GLA
was 68%.

2.2.2 Preparation of the EDA-GLA/CE/2-FPBA micelles

2.2.2.1 Ring-opening of GLA in EDA-GLA 300 mg EDA-
GLA was dissolved in 60 mL of 0.01 M PBS (pH 5.0),
and stirred until completely dissolved at room temperature.
100 mg TCEP was added and protected with nitrogen at
room temperature for 16 h. The resulting Re-EDA-GLA
solution was put into dialysis bag (MWCO 3500) and dialy-
sis in distilled water (pH4.0) for 48 h. After the dialysate was
freeze-dried for 48 h, the white fluffy powder was obtained
and stored in vacuum for later use, the yield of this reaction
was 90%.

2.2.2.2 Synthesis of EDA-GLA/CE/2-FPBA 40 mg of Re-

EDA-GLA dissolved in 40 mLof 0.01 M PBS (pH5.0) with
stirring at room temperature. 4 mg CE in 4 ml of DMSO
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then added into above solution, the pH value was adjusted to
7.4 with 1 M sodium hydroxide solution. 3.9 mg of 2-FPBA
was added and stirred at 8°C for 12 h. The reaction solu-
tion was put into a dialysis bag (MWCO 3500) and dialyzed
in distilled water at 8°C for 24 h. After lyophilization of
dialysate for 48 h, white fluffy powder was collected and
stored in vacuum for reserve, the yield of this reaction was
53%.

2.2.3 Micellar characterization

2.2.3.1 Particle size and zeta potential A dynamic light
scattering analyzing (DLS) was conducted to measure the
size and { potential of GLA/CE/2-FPBA micelle using the
Zetasizer (Nano ZS, Malvern Co., UK). Briefly, 1 mg/ml
of EDA-GLA/CE/2-FPBA in 0.01 M PBS (pH7.4) was pre-
pared. 1 ml of sample solution was used.

2.2.3.2 Transmission electron microscopy (TEM) The mor-
phology of EDA-GLA/CE/2-FPBA micelles was observed
by transmission electron microscopy (TEM) (JEM-1230HC,
Tokyo, Japan). Briefly, 1 mg/ml EDA-GLA/CE/2-FPBA
was prepared with 0.01 M PBS (pH7.4) buffer and then
dropped onto a carbon-coated copper grid, stained with 2%
(w/v) phosphotungstic acid for 2 min, dried before observa-
tion.

2.2.4 The release of CE from micelles in vitro

The release of EDA-GLA/CE/2-FPBA in vitro was studied
by dialysis method. 10 mg of EGEF was dissolved in 4 ml
of PBS (7.4), 4 ml of PBS (5.0); 4 ml of PBS (7.4) contain-
ing 10 mM GSH and 4 ml of PBS (5.0) containing 10 mM
GSH. The above four groups of sample solutions were put
into 4 dialysis bags (MWCO 3500), and soaked in 60 ml of
the corresponding release medium, and incubated in 37 °C
constant temperature shaker, at 1 h, 6 h, 12 h, 24 h, 48 h,
72 h, 96 h, 120 h, 144 h and 168 h, 2 ml of sample solu-
tion was collected and 2 ml of corresponding fresh release
medium was added. The concentration of released tripterine
was measured by a UV-Vis spectrophotometer, and the per-
centage of released drug was plotted against time.

2.2.5 Invitro anticancer activities

Melanoma cellB16F10) and normal epithelial cells (HaCat)
were seeded into 96-well plates at a density of 1 x 104 cells
per well and incubated in RPMI 1640 medium and MEM
medium containing 10% FBS and 1% PS respectively
in an incubator with 5% CO2 at 37 °C. After 24 h, cells
were treated with different concentration of EDA-GLA/
CE/2-FPBA (0,0.39, 0.78125, 1.5625, 3.125, 6.25, 12.5,
25and 50 pg/mL. After 24 h incubation, 40 pl of 3- (4,5)
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-dimethylthiazolide (-Z-Y1) -3, 5-dibenzothiazolide (MTT)
was added to each well and cultured at 37 °C and 5%CO2 for
4 h. After the incubation, the MTT was removed from each
well and 150 ul DMSO was added to dissolve the formazan
crystals. The absorbance was recorded at 490 nm using a
microplate reader. The experiments were performed in trip-
licates, and cells without any treatment were used as the
control [39, 40].

Cell viability (%) =As/Acx100%

As is the light absorption value of cell sample, and Ac is
the control light absorption value.

2.2.6 Cellular uptake of EDA-GLA/CE/2-FPBA micelles

B16F10 were seeded into 24-well plates at a density of
1x 105 cells per well. 1 ml of RPMI-1640 medium contain-
ing 10% fetal bovine serum and 1% penicillin plus strepto-
mycin were added to each well and cultured at 37 °C and
5%CO2. After 24 h incubation, the medium was replaced
with fresh PMI-1640 medium solution containing FITC-
labeled EGEF micelles (the concentration of FITC-labeled
EDA-GLA/CE/2-FPBA micelles was 300 ug/ml) and cul-
tured at 37 °C and 5%CO2. After incubation for 4 h, the
medium in each well was removed and the cells were
washed with PBS for at least three times, and fixed with 4%
paraformaldehyde, and then cells were stained with DAPI

Fig.1 The Synthesis route of

00C,
the designed EDA-GLA/CE/2- § "
FPBA prodrug polymer HN
NH,
HoOC LA
—_—
EDC+NHS
HN COOH
HOOC. NH
HN _
Gelatin

EDA-GLA/CE/2-FPBA

solution. The prepared covered slips were observed with a
living cell imager.

2.2.7 Statistical analysis

All data were expressed as mean =+ standard deviation (SD),
and the differences between experimental groups and con-
trol group were compared using Student’s t-test. Statistical
significance was established at P <0.05.

3 Results and discussion

3.1 Synthesis and characterization of EDA-GLA/
CE/2-FPBA prodrug polymer

In drug delivery, the building blocks of polymers have a
great influence on the drug loading efficiency, drug release
kinetics and drug biocompatibility. Therefore, in this study,
we choose gelatin and lipoic acid as main blocks of polymer,
as both of them has been used for biomedical purpose [41,
43]. First, we synthesized the EDA-GLA polymer skeleton.
As shown in Fig. 1, Gelatin (G) and lipoic acid (LA) formed
lipoic acid gelatin (GLA) via EDC/NHS coupling chemis-
try. The synthesis of lipoic acid Gelatin (GLA) was con-
trolled by adjusting the feed ratio of Gelatin to lipoic acid,
reaction temperature and reaction time. Our results showed
that the feed ratio of gelatin to LA at 1:1 and the reaction

Re-EDA-GLA
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temperature was set to be 37 °C resulted in the maximum
degree of substitution (DS) of Gelatin. To incorporate CE,
2-FPBA to GLA main chain, ethylenediamine (EDA) was
first reacted with GLA to form EDA-GIA to obtain free
amino groups, then the five-membered heterocyclic ring of
lipoic acid residue on EDA-GLA was opened with strong
reducing agent TCEP to produce sulfhydryl groups (Re-
EDA-GLA). Finally, amphiphilic EDA-GLA/CE/2-FPBA
prodrug polymers were prepared by one-pot method. In
the preparation process, the sulthydryl groups of Re-EDA-
GLA first reacted with C-6 site of CE to form EDA-GLA-CE

Fig.2 Chemical structure A
characterization of EDA-GLA/

CE/ 2-FPBA. A 1H NMR NMR

spectra of Re-EDA-GLA and
EDA-GLA/CE/2-FPBA. B

Infrared spectra of Re-EDA-

under physiological conditions (pH 7.4). Using 2-FPBA as a
linker, the free amino group of Re-EDA-GLA and C-6 site of
CE were subjected to the Michael addition reaction to form a
catechole-coupled polymer, which could self-assemble into
micelle with a hydrophilic shell formed by gelatin deriva-
tives and a hydrophobic core formed by CE.

The structure of EDA-GLA/CE/2-FPBA was first con-
firmed by 1H NMR (Fig. 2A). A group of new proton peaks
appeared in the range of 5.5 ppm~8.5 ppm, wherein peak
A: 8.35 ppm was assigned to — N =CH2—of proton peak,
which suggested that benzoic imine conjugate structure

GLA and EDA-GLA/CE/2-
FPBA

Re-EDA-GLA
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was formed. Peak B: 7.39 ppm, 7.44 ppm and 7.54 ppm are
the characteristic peaks of aromatic hydrogen of 2-FPBA
benzene ring; These results demonstrated successful com-
bination between gelatin and 2-FPBA. Peak C is the unique
peak of gelatin. Peak D: 6.00 ppm is the characteristic peak
of aromatic hydrogen on the A ring of CE structure. Peak
E: 5.60 ppm is the olefin hydrogen peak of C-7 in the CE
structure. The FT-IR is utilized to examine the chemical
structure [43-45]. The FT-IR spectrum of EDA-GLA/CE/2-
FPBA prodrug polymer (Fig. 2B) showed, compared with
EDA-GLA, EDA-GLA/CE/2-FPBA showed characteristic
peaks at 1736 em™, 1154 em™!, 1062 cm™', 547 cm™!, etc.
Among them, 1736 cm™! belongs to the C=N bond, indi-
cating that the carbonyl group in 2-FPBA combines with
the amino group on the main chain of EDA-GLA to form a
Schiff base. It has been reported that the infrared absorption
peaks of C-O stretching vibration, B-O stretching vibration
and out-of-plane vibration of borate are around 1220 cm™,
1000-1090 cm™! and 500-750 cm™", respectively, in phenyl
borate fat bond [46]. Consistent with the results reported
in above scientific paper, characteristic peak at around
1154 cm™" appeared in the FT-IR spectrum of EDA-GLA/
CE/2-FPBA prodrug polymer, which may be attributed to
C-O stretching vibration, peak at 1062 cm~! may attrib-
uted to B-O stretching vibration, and peak at 547 cm™! may
attributed to out-of-plane vibration of borate. These results
also demonstrated that CE was successfully bound to the
mercaptogroup of the lipoic acid residues in EDA-GLA and
formed a borate bond with 2-FPBA and further confirmed
that 2-FPBA and CE had been successfully grafted onto the
main chain of EDA-GLA.

In the ultraviolet map (Fig. 3A), CE in DMSO solution
presented its unique absorption peak(425 nm), while EDA-
GLA/CE/2-FPBA micelles did not, indicating that CE has
been grafted to EDA-GLA polymer and its long-conjugated
structure has been destroyed and its orange color has disap-
peared, which is consistent with literature reports [38]. How-
ever, the absorption peak of EDA-GLA/CE/2-FPBA micelle

Fig.3 A UV absorption maps A

of CE, EDA-GLA/2-FPBA,
EDA-GLA/CE/2-FPBA and 0.4
EDA-GLA/CE/ 2-FPBA-
D(Acid Destruction). B Dif-
ferential scanning calorigrams
of EDA-GLA, EDA-GLA@CE
and EDA-GLA/CE/2-FPBA

0.3 1

0.2 1

Absorbance

0.1 1

0.0

appeared at 450 nm after acid destruction, indicating that
CE had been removed from the main chain of EDA-GLA
polymerization and the long-conjugated structure reformed.
Due to the influence of solvent and micellar solubilization,
the absorption peak was red shifted from 425 to 450 nm.
DSC is used to study the thermal properties of the polymers
[47]. The DSC curves (Fig. 3B) showed that compared with
the EDA-GLA polymer, the mixture of EDA-GLA and CE
had an obvious exothermic peak at 226°C, indicating that no
covalent bond was formed between CE and EDA-GLA, and
CE was volatilized. However, the EDA-GLA/CE/2-FPBA
micellar has no exothermal peak at 226 °C, and the baseline
of the entire curve is relatively stable, which is significantly
different from the curve of EDA-GLA polymer, indicating
that CE and EDA-GLA have formed covalent bonds to form
new substances, which also proved that CE has been suc-
cessfully grafted onto the side chain of EDA-GLA.

In addition, since C-6 of CE forms catechol structure
after Michael addition reaction and its stability is extremely
poor, characteristic peak from catechol structure appeared
in neither infrared and nor nuclear magnetic spectrum.
Therefore, we refer to the method reported in literature
[48]. Phenylboric acid in the structure of 2-(4-dihydroxybo-
rane) phenyl-4-carboxyquinoline (Fluorescent Ingredient)
was used, which can form borate bond with the structure
of catechol. Photoinduced electron transfer effect trans-
ferred the electrons of catechol to quinoline and changed
the fluorescence intensity of 2-(4-dihydroxyborane) phenyl-
4-carboxyquinoline(FI), which could indirectly prove the
formation of catechol structure. As shown in the Fig. 4A,
the emission wavelength of 2-(4-dihydroxyborane) phe-
nyl-4-carboxyquinoline was redshifted from 392.2 nm to
397.9 nm in the EDA-GLA polymer solution, and the fluo-
rescence intensity increased from 16,679 to 17,432. When
CE were added into above EDA-GLA polymer solution, the
fluorescence intensity of 2-(4-dihydroxyborane) phenyl-
4-carboxyquinoline decreased further, and the increasing
of CE concentration showed a negative relationship with

vy}
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Fig.4 A Fluorescence intensity A 180 B 180
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Fig.5 A Appearance of EDA-
GLA/CE/2-FPBA micelles

(pH 7.4)(bottlel), free CE in
aqueous solution(bottle2), EDA-
GLA/CE/2-FPBA micelles (pH
5.0) (bottle3). B TEM images
of EDA-GLA/CE/2-FPBA
micelles under pH 7.4. C TEM
images of EDA-GLA/CE/2-
FPBA micelles under pH 5.0

Table 1 Particle size, PDI and Zeta potential of EDA-GLA/CE/2-
FPBA micelles

Dispersion medium Size (nm) PDI Zeta
0.0l MPBS (pH7.4) 29227+13.52 0.268+0.041 5.37+0.35
DMSO (1:10 m:V) 709.00+426.11 0.481+0.371 -

CE concentration (Fig. 4B), which indirectly proved that CE
was grafted onto gelatin molecules and formed the structure
of catechol. Taken together, all these results demonstrated
EDA-GLA/CE/2-FPBA prodrug polymer successfully
synthesized.

3.2 Self-assembly and characterization of EDA-GLA/
CE/2-FPBA prodrug micelles

Due to the present of hydrophilic parts of EDA-GLA and
hydrophobic parts of CE, EDA-GLA/CE/2-FPBA prod-
rug polymers can self-assembled into micelle in aqueous
solution. The self-assembled micelles can completely
dissolve in aqueous solution, Colorless EDA-GLA/CE/2-
FPBA micellar solution confirmed that C-6 position of
CE is grafted onto the EDA-GLA polymer, because when
the C-6 position of CE is occupied, the long-conjugated
structure is destroyed and the red brown color disappears
(Fig. 5A bottlel); free CE negligibly dissolved (Fig. SA
bottle2). The self-assembled CE prodrug micelles were
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spheres (Fig. 5B) with diameters of about 292.27 nm in
0.01 M PBS (pH 7.4) buffer, and the PDI was about 0.268
in aqueous solution (Table 1). When EDA-GLA/CE/2-
FPBA micelles were incubated with PBS (pH5.0) buffer
for 96 h, the EDA-GLA/CE/2-FPBA micellar solution
changed from colorless to clear yellow solution, indicating
that CE has been shed from the EDA-GLA polymer, but
CE is still in the micelle, as no CE precipitation appeared
in the solution (Fig. SA Bottle 3). In addition, TEM image
showed that the shape of EDA-GLA/CE/2-FPBA micelles
changed to irregular spherical shape, after 96 h incubation
with PBS (pH5.0) buffer (Fig. 5C), as when new chemical
bond break or form, the morphology of the nanoparticle
changed [49, 50]. These results agreed with our antici-
pation that the phenylborate ester bond between 2-FPBA
and CE could degrade in tumor cell microenvironment
(pH 5.0), resulting in CE shedding from the main chain of
EDA-GLA. However, the main spherical shape skeleton
was not destroyed, because the sulthydryl group in EDA-
GLA can form disulfide bonds to cross-link the micellar
shell, improving stability of the micelles. When EDA-
GLA/CE/2-FPBA micelles dissolved in DMSO organic
solution with a mass volume ratio of 1:10, the particle
size of micelles increased from 292.27 nm to 709.00 nm,
and PDI increased to 0.481, but its particle size signal did
not disappear like non-crosslinked micelles (Table 1). This
further confirmed the shedding of CE, and the integrity of
the EDA-GLA shell.
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Fig.6 A Schematic Illustration of EDA-GLA/CE/2-FPBA micel-
lar self-assembly and dual response drug release. B The particle size
of EDA-GLA/CE/2-FPBA micelles in PBS 7.4 and PBS 5.0 at dif-
ferent testing time points. C Absorbance of EDA-GLA/CE/2-FPBA
micelles at 450 nm in PBS 7.4 and PBS 5.0 within the tested peri-

3.3 Invitro pH and GSH response drug release

In the EDA-GLA/CE/2-FPBA prodrug polymer, one end of
the CE (Red molecule in Fig. 6A) was conjugated to 2-FPBA
(blue molecule in Fig. 6A) on the main chain of EDA-GLA/
2-FPBA through borate ester bonds. The other end of the
CE covalently bonded with EDA-GLA part of the EDA-
GLA/ 2-FPBA through thioether bond. Formed EDA-GLA/
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ods. D Absorbance of EDA-GLA/CE/2-FPBA micelles at 450 nm
in PBS 7.4 in the present or absent of GSH. E The particle size of
EDA-GLA/CE/2-FPBA micelles in PBS 7.4 in the present or absent
of GSH

CE/2-FPBA amphiphilic molecule has EDA-GLA as a
hydrophilic end and CE/2-FPBA as a hydrophobic end.
Once the prodrug polymer self-assembled into micelles, the
excess sulfhydryl groups of EDA-GLA form disulfide bonds,
enhancing the stability of the micelles. The borate ester
bonds are stable under physiological conditions (pH7.4), but
can be degraded under weak acidic conditions (such as pH
5.0 in the endosome of tumor cells) [24, 51-53]. Once borate
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bond broken, CE is shed from the main chain of the polymer
(Fig. 6A), But still trapped inside the core of micelles, high
concentration of GSH can break down the thioether bond
and disulfide bonds, eventually free CE released.

To verify the pH responsiveness of EDA-GLA/CE/2-
FPBA pro-drug micelles, changes in the particle size of
micelles in PBS under different pH values and the absorb-
ance of micellar solution at 450 nm (CE solution has strong
absorption at 450 nm) were monitored over 96 h. No obvi-
ous change in particle size was observed at pH 7.4 and pH
5.0(Fig. 6B). In contrast, a gradually increase was observed
during the testing time in the absorption value of CE prod-
rug micelles solution at 450 nm when they were incubated
in PBS at pH 5.0, which is contributed to free CE(Fig. 6C).
This indicated that CE was gradually dissociated from the
main chain of the polymer due to the fracture of borate ester
bond, which resulted in the increasing release of CE with
the increase of time. These results were consistent with
our hypothesis that the EDA-GLA/CE/2-FPBA pro-drug
micelles are pH responsive, but free CE is still trapped inside
the micelles shell, as shown in Fig. 6A.

It has been reported that the concentration of glutathione
(GSH) in tumor cells is over 1000-fold higher than in blood
and much higher than that in normal cells [54, 55]. The
disulfide bond can be reduced to the hydrophilic thiol group
by GSH. Therefore, the disulfide bond has been widely
used to design GSH-responsive drug delivery system,
which could facilitate specifically release of parent drugs
[56, 57]. In the EDA-GLA/CE/2-FPBA prodrug polymer,
the sulfhydryl group produced after the lipoic acid residues
on EDA-GLA were reduced by TCEP. CE was reacted with
sulthydryl group by Michael addition reaction. When the
EDA-GLA/CE/2-FPBA prodrug polymer self-assembled
in aqueous solution, the excess sulthydryl groups are self-
crosslink to form disulfide bonds within the shell of the
micelles, which can be destroyed by high concentrations of
GSH in cancer cells, leading to drug release, which is the
theoretical basis for our initial design of GSH responsive
micelles (Fig. 6A). To investigate the responsiveness of the
prodrug micelles to GSH, we examined the absorbance of
released CE at 450 nm and changes in the particle size of
micelles in PBS (pH 7.4) in the present or absent of GSH.
As shown in the Fig. 6D, under pH 7.4 in the absent of GSH,
the absorbance and particle size of the micelle’s solution
have no significant changes. When GLA/CE/2-FPBA prod-
rug micelles incubated with 20 uM GSH (GSH concentra-
tion in normal cells), absorbance of CE at 450 nm did not
increase (Fig. 6D), but a greater increase in the size of GLA/
CE/2-FPBA prodrug micelles was detected within the tested
time (Fig. 6E) which contributed to the cleavage of GSH-
sensitive disulfide bonds within the micellar shell. When the
concentration of GSH reached to 10 mM (GSH concentra-
tion in tumor cells), the absorbance at 450 nm increased
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dramatically after 50 h incubation, however particle size
gradually increased with time, compared with 20uM GSH
treatment, the size of micelles decreased instead, which indi-
cated that under high concentration of GSH, the micelles
have started dissembled completely. Taken together, GLA/
CE/2-FPBA prodrug micelles demonstrated GSH and pH
responsiveness, which could be beneficial to the controlled
release of chemical drugs.

3.4 Release of CE in vitro

After investigating the drug release of GLA/CE/2-FPBA
prodrug micelles, we investigate the CE release profiles
in vitro at pH7.4 and pHS5.0. The cumulative release of the
CE was measured by monitoring the UV absorption value
of free CE in the dialysate at 425 nm. As shown in Fig. 7,
after incubation for 7 days, less than 3% of CE was slowly
released from the micelles at pH 7.4 and pH 5.0, no sig-
nificant differences observed between two groups, indi-
cating that although under low pH, CE in micelles fell off
the backbone of the EDA-GLA polymer due to the cleav-
age of the borate bond and C-S bond which cross-link CE
to the backbone of the polymer, the micellar shell is still
keeping integrity by disulfide bonds, and free CE is still
locked in the nucleus of the micelles. This also explains
the phenomenon in Fig. 5A that the EDA-GLA/CE/2-
FPBA micellar solution changed from colorless to clear
yellow solution under pH 5.0, but no CE precipitation
appeared in the solution, because CE is still locked in the
micelle shell. When 10 mM GSH was added, the cumu-
lative release of CE from the micelles was significantly
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Fig.7 In vitro release of CE from EDA-GLA/CE/2-FPBA prod-
rug micelles at different pH values in the present or absent of GSH
(mean+SD, n=3)
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increased to 24.3.15% at pH 7.4 and 26.5% at pH 5.0
owing to rupture of disulfide bonds linkage triggered by
GSH and micelle shell dissociated gradually, which was
in accordance with the particle size changes of micelles
triggered by GSH in Fig. 6E. All these results indicated
that EDA-GLA/CE/2-FPBA micelles were responsive to
both pH and GSH,
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3.5 Cytotoxicity and cellular uptake of EDA-GLA/
CE/2-FPBA micelles in vitro

Furthermore, we used MTT method to evaluate the growth
inhibition effects of free CE, EDA-GLA/CE/2-FPBA
micelles and EDA-GLA/2-FPBA against normal cell line
HaCat and melanoma cell line B16. As shown in Fig. 8A,
the blank polymer carrier EDA-GLA/2-FPBA showed no
significant cytotoxicity after co-culture with B16 and HaCat

FITC

Merge

O S O
& & K
RS

cence microscopy images of B16 after incubation with FITC- EDA-
GLA/2-FPBA for 4 h. Blue and green represent DAPI and FITC,
respectively. E Fluorescence intensity in 100 cells was measured by
image pro plus 6.0 and plotted
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cells for 48 h, indicating that the safety of polymer carrier
EDA-GLA/2-FPBA as a drug carrier. The cell growth inhibi-
tion of free CE and EDA-GLA/CE/2-FPBA micelles against
B16 cells and HaCat cells was also evaluated. As shown in
Fig. 8B, both free CE and EDA-GLA/CE/2-FPBA showed
dose-dependent antitumor activities against B16 after 48 h
treatment. Free CE exhibited greater inhibition effects than
EDA-GLA/CE/2-FPBA micelles owing to the low pH and
high GSH triggered controlled drug release. In contrast,
EDA-GLA/CE/2-FPBA micelles showed high cell viability
against HaCat cells in relative to free CE (Fig. 8C). This
indicated that the EDA-GLA/CE/2-FPBA micelles are more
likely to release CE in tumor cells and the toxicity of EDA-
GLA/CE/2-FPBA micelles to normal cells is significantly
reduced. The reason is that the weak acid (pH 5.0) environ-
ment and high GSH (10 mM) concentration in tumor cells
promote CE release.

To study the cellular uptake of EDA-GLA/CE/2-FPBA
micelles, EDA-GLA/CE/2-FPBA micelles were labeled with
FITC. As shown in Fig. 8D, different concentration of the
FITC-EDA-GLA/CE/2-FPBA micelles were co-cultured
with B 16 cells for 4 h, and the green fluorescence was pri-
marily appeared in the cytoplasm of B16 cells, and showed
dose-dependent fluorescence intensity (Fig. 8E), indicating
that the EDA-GLA/CE/2-FPBA micelles could be effec-
tively uptake by B16 cells.

4 Conclusion

pH- responsive drug loading and releasing nano drug system
draw a lot of attention these years, as tumor tissue has acidic
environments compared with normal tissue, each systems
exhibited their own stimulative mechanism based on chemi-
cal structures such as Yanet et al. prepared a biblock copoly-
mer (PEG-B-PPBC), antitumor drug capecitabine (CAPE)
is grafted onto the hydrophobic end side chain of PEG-b-
PPBC by borate bond to form a polymer prodrug. CAPE can
be released under weak acid environments (pH 6.5 or pH
5.5) due to borate ester bond are stable under physiological
conditions (pH 7.4), degraded in the weak acid environment
[24]; Qin et al. synthesized tumor-targeted ultra-pH-respon-
sive conjugates PBA/Dex-gOE, dextran acted as a stabilizing
and surface-modifying agent. The PBA/Dex-g-OE micelles
possessed high stability in physiological condition and were
pH sensitive to both extracellular and intracellular acidic
conditions [58].

In this study, we designed and developed an EDA-GLA/
CE/2-FPBA polymer prodrug via the conjugation of the gel-
atin derivatives EDA-GLA, 2-FPBA and quinone methyl trit-
erpene CE under physiological conditions (pH 7.4) through
dynamic reversible covalent bond. The amphiphilic EDA-
GLA/CE/2-FPBA polymer prodrug could be self-assembled
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into micelles. The micelles are stable under physiological
conditions, borate ester bond cleavage happened under
weak acid condition, bioactive CE was produced, but still
trapped inside the core of micelles, as the shell of micelles
is still not disrupted yet owing to the disulfide bonds within
micelles. High GSH conditions destroyed disulfide bond,
eventually CE released. The micelles exhibit high cellular
uptake in tumors B16 cells. EDA-GLA/2-FPBA drug carrier
had negligible toxicity to cells. Furthermore, EDA-GLA/
CE/2-FPBA micelles displayed higher cell inhibition ability
to tumor B16 cells than to normal HaCat cells. These results
suggested that EDA-GLA/CE/2-FPBA polymetric prodrug
is a stable, intelligent and safe antitumor delivery system for
cancer chemotherapy.
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