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/x0xx X Doxorubicin (Dox) and Taxol can be covalently bonded to the same peptide segment via proper structural modification.

www.rsc.org/ Doxorubicin-maleimide derivative links to peptide via Michael addition reaction and Taxol-Succi-NHS active ester connects
to the same peptide backbone through ester-amide exchange reaction. Enzymatic transformation, as an inherent
biological process, is applied here to trigger the formation of nanofiber networks from the as prepared hydrogelator
precursor. The precursor which loads equal molar ratio of Dox and Taxol can self-assemble to form a red stable hydrogel

after dephosphorylation reaction catalyzed by alkaline phosphatase (ALP). This hydrogel could maintain sustained release

of drugs and show strong anticancer effect. This work, as a new strategy to build a co-delivery system of covalently linked

Dox and Taxol, owns the potential to serve as an injectable hydrogel for therapeutic applications.

Introduction

Combination effect describes the phenomenon that two or more
drugs act together and yield a total effect greater than the single
drug efficacy.l‘Z Drug combination has been demonstrated as an
effective therapy,3 and even routinely used to treat disease such as
AIDS,** diabetes,® and cancer.” In practical therapy, it is capable to
adjust dosages to achieve the desired ratio among
chemotherapeutic agents at administration step, but it remains
challenging to control the ratio between drugs which are simply
mixed for administration.® Doxorubicin (Dox)9 and Taxol™ as

effective antineoplastic agent are widely used in chemotherapy.
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Dox can combine with DNA to prevent further DNA and RNA
biosynthesis11 while Taxol can stabilize microtubule which leads to
the inhibition of cell division and proliferation.12 It has been
reported that the combination of Dox and Taxol is the first-line

, 14
Recent

therapeutic method of metastatic breast cancer.”
researches aiming at the co-delivery of Dox and Taxol have involved
a range of systems based on polymers, including polymeric

1617 etc. However, it is hardly to control

hydrogel,15 nanoparticles
the drug loading process precisely, as well as the enhancement of
the anti-tumor efficacy.l’3 Certain synthetic Peptides, in most case
serving as nontoxic carriers with good biodegradability and
biocompatibility, can self-assemble to form hydrogels.lg It is
achievable to realize the controlled and quantitative release of
single drug when covalently conjugated to suitable peptide
carriers.”® In principle, it is feasible to release multiple drugs (e.g.,
Dox and Taxol) and manipulate release ratio as desired between
cargos to maximize the combination effect. Here, we establish a
drug delivery model which can release those two drugs at a fixed

ratio of 1:1.

21,22

In previous study, it has been illustrated that NapFF is a perfect

motif for converting bioactive molecular into hydrogelators.
Moreover, it can also enable other biofunctional molecules to self-

. 23 .
assemble into nanostructures.” As proved by some clinical drugs
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(such as Naphazoline) consisted of a naphthalene (Nap) motif, Nap

is more biocompatible than N-(fluorenyl-methoxycarbonyl)

(Fmoc).24 Aromatic-aromatic interactions and hydrogen bonds not

25, 26

only stabilize the structure of proteins but also play an

important role during the self-assembly of hydrogelators.27‘ % w

e
have successfully connected Taxol (via succinic acid) to e-NH, on the
side chain of lysine in a self-assembly motif and obtained a Taxol
containing hydrogel for drug release.” To retain the known
molecular structure maximally and facilitate the synthesis, we
adopt another ligation reaction orthogonal to the amide bond
formation. Here in our rational design, we chose Michael addition
to append Dox molecule to a self-assembly motif. Bearing the
molecular structure design in mind, we can obtain the desired Dox
and Taxol conjugate by connecting NapFFKCYp (1), Doxorubicin-
maleimide (2), and Taxol-succi-NHS (3) in order. As illustrated in
Scheme 1, we designed the co-delivery system of drugs that
consisted of (1) NapFFKCYp as the motif of hydrogelator, (2)
Doxorubicin and Taxol as anticancer drugs which are covalently
attached to the peptide for the treatment effect. (3) Self-assembly
of peptide into nanofibers by dephosphorylation of alkaline

phosphatase (ALP) plays the roles of a combination administration

. . 29,30
in drug delivery system.
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Scheme 1 The formation mechanism of the Dox-peptide-Taxol

hydrogel.
Results and discussion

Formation of hydrogel

We connected Dox-Gly-MA (2) to the sulfhydryl group of Cysteine
according to the Micheal addition reaction and Taxol-Succi-NHS
active ester (3) to the amino of Lysine based on ester-amide
exchange reaction. As illustrated in Fig. 1, the Dox and Taxol can be
covalently connected with peptide (NapFFKCYp) by structural
transformation. Once the system was successfully established, self-
assembly can be initiated by the treatment of ALP. Upon the
addition of ALP to each precursor solution, we can get hydrogels
with different structures and properties. After dissolving 2 mg of 8a
in water and adjusting the pH to 7.6 with Na,CO; solution, 0.10 mL
PBS solution containing ALP (38 U/mL) was added (final
concentration of the 8a is 1.0 wt%). The solution became viscous
after the addition of the enzyme and turned into a red solid
hydrogel (Gelg,, Fig. 2B) within three hours at room temperature.

As illustrated in Fig. S16t, 3p NMR spectra also confirm the

dephosphorylation of the peptide which coincides with the enzyme-
catalysed gelation mechanism. In addition, we added alkaline
phosphatase (ALP) into precersor 1la (Scheme S1) to evaluate the
enzymatic hydrogelation of the peptide. After dissolving 2 mg of 1a
into 0.20 mL of water (pH=7.6) containing 0.10 mL ALP (38 U/mL),
we got a white stable gel (Gely, , Fig. 2A) within 30 min at room
temperature. All hydrogel catalyzed by ALP remained stable for at
least 6 months without disturbing. These results demonstrate that
the peptide NapFFKCYp (1a) as a good motif to hydrogelation has
already converted into 1b (Scheme S1) which is less soluble than 1a

and self-assembled to form hydrogel with good gelling property.
TEM and SEM images of the hydrogels

The transmission electron microscopy (TEM) is used to disclose the
microscopic change in the macroscopic phase transition triggered
by ALP. TEM image shows an ordered nanostructure (e.g.
nanofibers) caused by self-assembly of hydrogelators. According to
the TEM image of 8b (Fig. 2D), the solution turns into the hydrogel
after the addition of ALP, which exhibits inter-crossing nanofibers

with a width of 40 nm. As shown in Fig. 2C, hydrogel formed by 1b

This journal is © The Royal Society of Chemistry 20xx
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exhibits longer, thinner, and more uniform nanofibers with a width
of 20 nm, and it seems that smaller molecular is in favour of self-
assembly. As illustrated in Fig. $171, the nanofibers expand
outwards from the amorphous area. The TEM images at different
time obviously show the growth of nanofibers, which further
confirms the self-assembly of hydrogelators upon enzyme catalysis.
Moreover, scanning electron micrograph (SEM) images of peptide
(1b, Fig. 2E) and Dox-peptide-Taxol (8b, Fig. 2F) also show fibrous
network microstructures which are in coincidence with what TEM

images show.

O OH O OH

Dox-Gly-MA (2)

8a (X=P(0)(OHY)
8b (X=H)

Dox-peptide-Taxol

Fig. 1 The chemical structure of Doxorubicin-maleimide (2), Taxol-

succi-NHS (3) and Dox-peptide-Taxol (8a, 8b).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Optical images of hydrogel 1b (A) , 8b (B) at 1.0wt%, the

corresponding TEM images (C, D) at the scale of 200 nm and
comparable SEM images of hydrogel 1b (E) and hydrogel 8b (F) .

Rheology of hydrogel

A rheological measurement is used to examine the viscoelastic

properties of the hydrogel.?’l’ 32

The dynamic frequency sweep
under constant strain of 1% (Fig. 3A) indicates that hydrogel is
slightly dependent on the frequency from 0.1 to 100 rad/s,
suggesting the existence of a weak elastic matrix in hydrogel.
Furthermore, their storage moduli (G’) in dynamic frequency sweep
are far greater than loss moduli (G”), which indicates the good
viscoelasticity of hydrogel. As shown in Fig. 3B, the result of
dynamic strain (0.1~10 % strain, 6.28 rad/s frequency) sweep
dominates that hydrogel was destroyed once applied strain beyond
critical value (6.5 %). G’ and G” obviously appear declining and G” is
higher than that of G’, which indicates the transformation of the gel
to the solution. Rheology with the mode of dynamic time sweep is
used to characterize the recovery of the enzymatic hydrogelation
after subjected to 1000 s™ shear for 30 s. As illustrated in Fig. 3C,
when the value of G’ is greater than G”, the solution of 8b
transferred into the gel, verifying its shear-thinning and recovery

33,34
All results

properties which can be used in injectable hydrogel.
suggest that Dox-peptide-Taxol is an effective hydrogel which holds

good mechanical properties.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 (A) Dynamic frequency sweep (0.1~100 rad/s frequency, 1%
strain) and (B) dynamic strain sweep (0.1~10% strain, 6.28 rad/s

frequency) and (C) dynamic time sweep of 1.0% wt% Dox-peptide-

Taxol hydrogel at 37 °C(6.28 rad/s frequency, 1% strain).

In vitro drugs release

The drug release is investigated in PBS solutions. Drug release from
1.0 wt% hydrogel is plotted in Fig. 4. Sustained releases of Dox and
Taxol are observed in 72 hours. Dox is released at a constant rate of
about 1.25 pg/mL per hour, while the release rate for Taxol is 1.43

pug/mL per hour. The lower release rate of Dox is due to the

4| J. Name., 2012, 00, 1-3

hydrogen bond between peptide and Dox which limits the release
of Dox from hydrogel. Both drugs exhibit similar profile and have no
initial burst release. The empirical Ritger-Peppas equation was used
to determine the possible mechanism of the drug release.®® The
value of exponential factors (n) are 0.8941 (k=0.9945), 0.9473
(k=0.9969) for Dox and Taxol respectively, n between 0.5 and 1
indicates releasing mechanism of non Fickian diffusion. This further
verifies that the release of drugs from hydrogel follows the two
correspond processes, one is diffusion controlled drug release and

the other is chemical covalent bonding rupture.
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Fig. 4 Accumulative release profile of Dox and Taxol from hydrogel

(1.0 wt%) at 37 °C in 0.1M PBS solution (pH 7.4, n=3).

Cytotoxicity

To determine the efficacy of two drugs (Dox and Taxol) after
combining with peptide into hydrogelator, MTT assay was used to
examine the viability of MCF-7 cells which were cultured with free
peptide, peptide hydrogel, Dox-

peptide-Taxol, peptide-Dox,

peptide-Taxol, Dox-peptide-Taxol hydrogel, free drug of Taxol and
Dox for 24 h at 37 °C. As illustrated in Fig. 5, Dox-peptide-Taxol and

its hydrogel inhibited the growth of cells more strongly than
peptide loaded with a single drug. The ICsq values of the free Taxol,
Dox, Taxol-peptide and Dox-peptide are 33.79+3.12 nM, 35.56+3.62
nM, 39.84+2.03 nM, 41.39+2.16 nM respectively comparable to the
ICso values of dox- peptide-Taxol (18.21+1.82 nM) and Dox-peptide-
Taxol hydrogel (15.6212.42 nM). These data indicate that the
modification of Taxol and Dox could retain their antitumor activity.

Moreover, peptide and its hydrogel without drugs exhibit no

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 7



Pafle 5of 7 —

obvious toxicity to the cells whose ICsy values are more than 500
nM. All these results suggest that the peptide is a non-toxic carrier
and that the anticancer effect of the drug-loaded hydrogel is

significantly enhanced by co-delivery of Dox and Taxol in vitro assay.

Intracellular imaging

Dox itself gives a strong red fluorescence upon excitation, Thus,
confocal microscopy can be used to visualize the up-take and
localization of Dox-peptide-Taxol hydrogel inside the cells.*® MAD-
MB-231 cells were incubated with different concentrations of Dox-
peptide-Taxol hydrogel while cells without drugs were used as
control. After treating cells with 2.59 uM hydrogel for 1 hour, we
observed weak fluorescence inside the cell (Fig. 6-a, b, c). the cells
remained almost intact. When the cells were incubated with 259
UM hydrogel, as shown in Fig. 6-d, e, f, most of the red fluorescence
was inside the cells. The intensity was significantly increased and
cells became bloat and abnormal. As shown by fluorescence images
of the cells incubated with 2.59 mM hydrogel (Fig. 6-g, h, i), all of
the cells exhibited strong fluorescence and cells apparently began
to bleb and apoptosis, indicating that the drugs have played the
efficacy of anticancer. The survival time of MAD-MB-231 cells after
administering high concentration hydrogel was much shorter than

that of low concentration. These results agree with the fact that the

co-delivery of drugs has a strong antitumor effect.
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Fig. 5 Cytotoxicity of peptide, peptide hydrogel, Taxol-peptide, Dox-
peptide, Taxol, Dox, Dox-peptide-Taxol, Dox-peptide-Taxol hydrogel
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after incubated with MCF-7 cells for 24 h.
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Fluorescence

Fig. 6 Confocal images of MAD-MB-231 cells after incubation with
2.59 uM (a, b, c), 259 uM (d, e, ), 2.59 mM (g, h, i) Dox-peptide-

Taxol hydrogel.

Conclusions

In summary, we have successfully developed a co-delivery system
by covalently bonding Dox and Taxol with peptide, which exhibits
improved drug efficacy. Moreover, through proper design of
molecule, the combination of enzymatic reaction and self-assembly
of peptide provides a facile strategy to form a supramolecular
hydrogel. In our present research, we have studied the hydrogel
mechanical properties, morphology, drug release in vitro and
cytotoxicity. MTT assay and confocal microscopy images show that
Dox-peptide-Taxol hydrogel not only maintains the efficacy of each
drug but also display a strong joint anti-tumor effect, while peptide
segment bears good biocompatibility to cells. At this point, a new
delivery system that can deliver two or more drugs at controlled
release ratio provides a new route for drug administration. Drug
release in vivo and pharmacokinetic studies needs to be proved in

further animal experiences.
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