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We reported in this study a versatile method to prepare
multi-responsive supramolecular hydrogels for drug delivery
application.

Peptide-based supramolecular hydrogels have attracted extensive
research interests due to the inherent properties of peptides, such
as bioactivity, biocompatibility, and degradability.!"! Among
them, short peptide-based hydrogelators hold advantages because
of the ease of synthesis of short peptides.’J More importantly,
functional groups including therapeutic agents,”! sugars and
nucleic acids,™ and fluorescent probes™ are easily integrated
with short peptides to generate functional hydrogelators.
Therefore, short peptide-based hydrogels have been applied for
cancer cells inhibition, ™ cell culture,!” drug delivery,[g] ol
and regenerative medicine.'” Recent research efforts in the field
of short peptide-based hydrogels have moved to the development
of novel functional hydrogels and the investigation of their novel
applications and practical applications. Among the novel
functional hydrogels, responsive hydrogels have big potential in
sensing, drug delivery, and regenerative medicine, and multi-
component hydrogels possess multi-functions.!''! Therefore, these
two kinds of functional hydrogels are recently extensively
investigated. In this study, we report a versatile strategy to
construct responsive multi-component hydrogels.

sensing,

We have reported that positively charged nanospheres of
doxorubicin and proteins with multiple binding sites could serve
as cross-linkers to cross-link negatively charged supramolecular
nanofibers of peptides to form hydrogels.!'? Such kind of two-
component hydrogels were formed by charge interaction or
specific protein-peptide interaction. They were formed by simple
mixing process and have potential in cell culture and drug
delivery. However, they were not responsive hydrogels. Recently,
we have also used a responsive selenium-containing polymer to
form hydrogels with a self-assembling peptide.') The resulting
two component hydrogels could respond to y-ray irradiation and
photo-irradiation, and therefore the gels could be applied for
controllable drug delivery. We imaged that, if we used responsive
small molecules to interact with opposite charged peptides, we
might obtain responsive two-component hydrogels. More
importantly, we might use two kinds of responsive components to
form hydrogels with peptides. The resulting hydrogels would be
multi-responsive ones.

In order to test our hypothesis, we firstly designed and
synthesized the short peptide of Nap-GFFYERGD by standard

solid phase peptide synthesis (Scheme 1). We recently found the
Nap-GFFYGRGD could only form negatively charged nanofiber.,
but not hydrogels at the concentrations lower than 0.5 wt%.['*
We therefore believed that peptide Nap-GFFYERGD would alsc
form negatively charged nanofibers. We selected Myrist
Choline (MC) and designed Ada-GFFYKKK-NH, (Ada) to
interact with the peptide because they were positively char -
and could self-assembling into nanoparticles (Scheme 1).1'>) The
incorporation of these two components to the peptide solution
respectively might lead to hydrogelations due to charge screenin
(Scheme 1). MC and Ada could respond to the enzyme of Acetyl
Cholin Esterase (ACE) and methyl-B-CD (MCD), respectively
Therefore, the resulting hydrogels (MCGel and AdaGel) might
show responses to ACE and MCD (Scheme 1), respectively.
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Scheme 1. Chemical structures of components used for hydrogelation
and schematic illustration for gel-sol phase transitions

As shown in Fig. 1, Nap-GFFYERGD indeed form clea
solutions but not hydrogels in phosphate buffer saline (PBS, pH =
7.4) at concentrations lower than 1.0 wt%. The incorporation f
0.25 equiv. of MC or Ada to the peptide solution (0.2 wt%) le: to
the formation of a slightly opaque MCGel or transparent AdaGe:,
respectively. In the presence of ACE, the MCGel changed to
viscous solution because the positively charged MC wa
converted by ACE to negatively charged myristic acid (MA). Th-
addition of MCD to the AdaGel also led to a gel-sol phase
transition because the hydrophilic MCD would form a comple.
with the adamantine group of Ada by specific ligand-receptor
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Fig. 1. Optical images to show the formation of hydrogels by mixing
negative peptide Nap-GFFYERGD and positive self-assembling
components of MC, Ada, or both MC and Ada and the responsive
property of resulting gels

interaction. Such interaction made Ada well soluble and therefore
could not form hydrogels with the peptide. We also prepared

MCAdaGel by incorporation of 0.25 equiv. of MC and 0.25 equiv.

of Ada with the peptide. In the presence of single component of
ACE or MCD, the MCAdaGel could only be partially destroyed
(Fig. S-6), and it could be totally converted to a viscous solution
by adding both ACE and MCD (Fig. 1). Adding hydrophilic and
positive charged compounds without self-assembling property
such as kanamycin and lysine to the peptide solution could not
lead to hydrogelations. These observations clearly indicated that
responsive multi-component hydrogels could be easily prepared
by mixing two responsive self-assembling molecules with
opposite charges.
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Fig. 2. The transmission electron microscopy (TEM) images of A) PBS
solution of peptide, B) MCGel, C) AdaGel, and D) MCAdaGel.

We then used a rheometer to characterize the mechanical
properties of the gels. As shown in Fig. S-8, the gels showed
weak frequency dependence at the frequency range from 0.1 to 10
rad/s, while showed frequency dependence and the shear-induced
thickening property at the high frequency range (>10 rad/s). The
G’ values of three gels were lower than 100 Pa. These results
suggested the gels were mechanically weak ones. As shown in
Fig S-12, the mechanical property of hydrogels could be slightly
modulated by changing the concentration of positively charged
responsive self-assembling components, and gels with more

amounts of positively charged compounds would have bigger G’
values. We also used transmission electron microscopy (TEM) te
characterize the nanostructures in the solution of the peptide and
the gels. As shown in Fig. 2, the peptide itself formed nanofibers
with diameters from 16 to 20 nm (Fig. 2A). In the presence of
0.25 equiv. of MC, MCGel exhibited uniform nanofibers wit*
sizes of around 25 nm (Fig. 2B). The AdaGel also showed
nanofibers with width of 25-60 nm (Fig. 2C). As shown in Fig.
2D, the sizes of nanofibers in MCAdaGel were the biggest and
they were about 50-90 nm, which was consistent with the
observation that the G’ value of MCAdaGel was bigger than that
of MCGel or AdaGel (Fig. S-8). These observations suggested
the co-assembly of the negative peptide and positive MC and Ada
compounds.

Since our MCAdaGel could respond to the enzyme and the
specific ligand-receptor interaction, it might be applied for
controlled drug delivery. We therefore incorporated curcumin to
the MCAdaGel to test such potential application. As shown in Fig.
3A, the gel partially dissolved in the presence of enzyme ACE or
MCD and there was approximately 18.5% and 23.9% of
curcumin being released from the gel at 37 °C for 12 hours
respectively. In the presence of both ACE and MCD, most of the
gel dissolved and about 33.0% of curcumin got released from thc
gel during the 12 hours experiment period. The sample with PBS
buffer solution slowly and steadily released 13.1% of curcumi..
and the hydrogel was basically unchanged for 36 hours (Fig. S-9).
The results suggested that our hydrogels could be applied for
controllable drug delivery and had multi-responsivenesses.
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Fig. 3. A) Optical images of curcumin incorporated MCAdaGel and its
appearances after releasing experiments for 12h and B) release profile of
curcumin from the gel in the presence of PBS, ACE, MCD, and both
ACE and MCD
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In summary, we have developed a versatile and general method
to prepare multi-responsive supramolecular hydrogels. The
responsive hydrogels were formed by the co-assembly of self-
assembling peptide with negative charge and responsive self-
assembling components with positive charge. We could also
prepare multi-responsive hydrogels by using multiple responsive
components with positive charges. Our responsive hydrogels
have potential in controllable drug release application and the
release profile of drug molecules could be modulated by the
enzymatic reactions or ligand-receptor interaction. Our study
provides a novel strategy to prepare multi-responsive
supramolecular hydrogels that may be applied for tissue
engineering and drug delivery.

This work is supported by International S&T Cooperation
Program of China (ISTCP, 2015DFA50310), NSFC
(31370964 and 51373079), and Program for Changjiang
Scholars and Innovative Research Team in University
(IRT13023).

Notes and references

®State Key Laboratory of Medicinal Chemical Biology, College of
Pharmacy, and Tianjin Key Laboratory of Molecular Drug Design,
Nankai  University, Tianjin 300071, P. R. China; E-mail:
chwling@nankai.edu.cn

bState Key Laboratory of Medicinal Chemical Biology, Key Laboratory of
Bioactive Materials, Ministry of Education, College of Life Sciences,
Nankai University, and Collaborative Innovation Center of Chemical
Science and Engineering (Tianjin), Tianjin 300071, P. R. China; E-mail:
yangzm@nankai.edu.cn

tElectronic Supplementary Information (ESI) available: [Synthesis and
characterization, optical images, and rheology]. See
DOI: 10.1039/b000000x/

1. J. S. Rudra, S. Mishra, A. S. Chong, R. Mitchell, E. H. Nardin, V.
Nussenzweig, and J. H. Collier, Biomaterials. 2012, 27, 6476; S.J.
Rudra, S. Tao, C. B. Katelyn, D. D. Melvin, J. Z. Gasiorowski, A. S.
Chong, and J. H. Collier, ACS Nano, 2012, 6, 1557; S. Zhang, Acc.
Chem. Res., 2012, 45, 2142; S. 1. Stupp, Nano Lett., 2010, 10, 4783;
N. C. Wickremasinghe, V. A. Kumar, and J. D. Hartgerink,
Biomacromolecules, 2014, 15, 3587; Z. Huang, L. Shi, J. Ma, Z. Sun,
H. Cai, Y. Chen, Y. Zhao, and Y. Li, J. Am. Chem. Soc., 2012, 134,
8730; Y. Li, M. Qin, Y. Cao, W. Wang, Sci. China Phys. Mech., 2014,
57, 849; Y. Li, Y. Sun, M. Qin, Y. Cao, W. Wang, Nanoscale, 2015, 7,
5638; Y. Mao, T. Su, Q. Wu, C. Liao, Q. Wang, Chem. Commun.,
2014, 50, 14429; S. Liu, A. Tan, M. Xie, Y. Zhao, J. Jiang, G. Liang,
Angew. Chem. Int. Ed., 2015, 54, 3639; Y. Tian, H. Wang, Y. Liu, L.
Mao, W. Chen, Z. Zhu, W. Liu, W. Zhen, Y. Zhao, D. Kong, Z. Yang,
W. Zhang, Y. Shao, X. Jiang, Nano Lett., 2014, 14, 1439.

2. S. Fleming and R.V. Ulijn,; Chem. Soc. Rev., 2014, 43, 8150; M.
Reches and E. Gazit, Nano Lett., 2004, 4, 581; J. F. Shi, X. W. Du, D.
Yuan, J. Zhou, N. Zhou, Y. B. Huang, B. Xu, Biomacromolecules,
2014, 15, 3359; Y. Kuang, and B. Xu, Angew. Chem. Int. Ed., 2013,
52, 6944; M. Ikeda, T. Tanida, T. Yoshii, K. Kurotani, S. Onogi, K.
Urayama, 1. Hamachi, Nat. Chem., 2014, 6, 511.; T. Yoshii, S. Onogi,
H. Shigemitsu, I. Hamachi, J. Am. Chem. Soc., 2015, 137, 3360; J.
Nanda, A. Biswas, B. Adhikari, and A. Banerjee, Angew. Chem. Int.
Ed. 2013, 52, 5041; X. M. Miao, W. Cao, W. T. Zheng, J. Y. Wang, X.
L. Zhang, J. Gao, C. B. Yang, D. L. Kong, H. P. Xu, L. Wang, Z. M.
Yang, Angew. Chem. Int. Ed., 2013, 125, 7935; W. Cao, X. Zhang, X.

Miao, Z. M. Yang, H. P. Xu, Angew. Chem. Int. Ed., 2013, 125, 6353;
K. L. Morris, L. Chen, J. Raeburn, O. R. Sellick, P. Cotanda, A. Pe
P. C. Griffiths, S. M. King, R. K. O'Reilly, L. C. Serpell, D. J. Adams
Nat Commun. 2013, 4, 1480.

3. F. Zhao, M. L. Ma and B. Xu, Chem. Soc. Rev., 2009, 38, 883; Y. Gac
Y. Kuang, Z. F. Guo, Z. H. Guo, 1. J. Krauss, B. Xu, J. Am. Chen
Soc., 2009, 131, 13576; C. Yang, M. Bian, and Z. Yang, Biomatei.
Sci., 2014, 2, 651.; H. M. Wang, J. Wei, C. B. Yang, H. Y. Zhao, D. 7 .
Li, Z. N. Yin, and Z. M. Yang, Biomaterials, 2012, 33, 5848; Y. Yuan,
L. Wang, W. Du, Z. Ding, J. Zhang, T. Han, L. An, H. Zhang, and C
Liang, Angew. Chem.-Int. Edit. 2015, 54, 9700.

4. D. Yuan, X. W. Du, J. F. Shi, N. Zhou, A. A. Baoum, and B. X,
Beilstein J. Org. Chem. 2014, 10, 2406; D. Yuan, R. Zhou, J. F. Sh’
X. W. Du, X. M. Li, and B. Xu, RSC Adv., 2014, 4, 26487; R. Ochi, ¥
Kurotani, M. Ikeda, S. Kiyonaka, I. Hamachi, Chem. Commun., 2012
49,2115.

5.Y. Cai, Y. Shi, H. Wang, J. Wang, D. Ding, L. Wang, and Z. Yang
Anal. Chem., 2014, 86, 2193; Y. Gao, J. F. Shi, D. Yuan, B. Xu, Nat.
Commun. 2012, 3, 1033; L. S. Birchall, S. Roy, V. Jayawarna, ...
Hughes, E. Irvine, G. T. Okorogheye, N. Saudi, E. De Santis
Tuttle, A.A. Edwards and R.V. Ulijn, Chem. Sci., 2011, 2, 1349.

6.J.Li, Y. Gao, Y. Kuang, J. Shi, X. Du, J. Zhou, H. Wang, Z. Yang, and
B. Xu, J. Am. Chem. Soc., 2013, 135, 9907; R. A. Pires, Y. M. Abu!
Haija, D. S. Costa, R. Novoa-Carballal, R. L. Reis, R.V. Ulijn and 1.
Pashkuleva, J. Am Chem. Soc., 2015, 137, 576.

7.Y. Shi, J. Wang, H. Wang, Y. Hu, X. Chen, Z. Yang. PLoS ONE, 2014,
9(9): €¢106968; G. Liu, D. Zhang and C. Feng, Angew. Chem.-Int. E_ |
2014, 53, 7789.

8. G. Palui, A. Garai, J. Nanda, A. K. Nandi and A. Banerjee, J. Phys
Chem. B, 2010, 114, 1249; Y. Ding, Y. Li, M. Qin, Y. Cao, and W
Wang, Langmuir, 2013, 29,13299; J. Majumder, M. R. Das, J. Deb, £
S. Jana, and P. Dastidar, Langmuir, 2013, 29, 10254; K. E
Drzewiecki, A. S. Parmar, 1. D. Gaudet, J. R. Branch, D. H. Pike, V
Nanda, and D. I. Shreiber, Langmuir, 2014, 30, 11204; D. A. Shome
D. Das and P. K. Das, J. Phys. Chem. B, 2010, 114, 4407.

9. X. D. Xu, B. B. Lin, J. Feng, Y. Wang, S. X. Cheng, X. Z. Zhang, R. X.
Zhuo, Macromol. Rapid Commun. 2012, 33, 426; S. C. Bremme ..
Chen, A. J. McNeil and M. B. Soellner, Chem. Commun., 2012, 48,
5482; T. Yoshii, S. Onogi, H. Shigemitsu, I. Hamachi, J. Am. Chem.
Soc., 2015, 137, 3360; J. Zhang, C. Ou, Y. Shi, L. Wang, M. Cher
and Z. Yang, Chem. Commun., 2014, 50, 12873.

10. W. T. Zheng, J. Gao, L. J. Song, C. Y. Chen, D. Guan, Z. H. Wang, Z
B. Li, D. L. Kong, Z. M. Yang, J. Am. Chem. Soc., 2013, 135, 266; X
W. Du, J. Zhou, L. H. Wu, S. H. Sun, and B. Xu, Bioconjugate Chem.
2014, 25, 2129; Y. Tian, H. Wang, Y. Liu, L. Mao, W. Chen, Z. Zhu
W. Liu, W. Zheng, Y. Zhao, D. Kong, Z. Yang, W. Zhang, Y. Shao,
and X. Jiang, Nano Lett., 2014, 14,1439.

11. M. He, J. Li, S. Tan, R. Wang, and Y. Zhang, J. Am. Chem. Soc.,
2013, 135, 18718; T. Yoshii, M. Ikeda, and 1. Hamachi,; Ang .v.
Chem.-Int. Edit., 2014, 53, 7264; M. Ikeda, T. Tanida, T. Yoshii,
Kurotani, S. Onogi, K. Urayama, and I. Hamachi, Nat. Chem., 2014, 6.
511; J. Boekhoven, A. M. Brizard, K. N. K. Kowlgi, G. J. M. Kopei
R. Eelkema, and Jan H. van Esch, Angew. Chem.-Int. Edit, 2010, 4¢
4825; W. Edwards and D. K. Smith, J. Am. Chem. Soc., 2013, 135,
5911; W. Edwards and D. K. Smith,; J. Am. Chem. Soc., 2014, 13€¢
1116.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | o



ChemComm Page 4 of 4

12. Q. Xue, H. Ren, C. Xu, G. Wang, C. Ren, J. Hao and D. Ding, Sci.

Rep. 2015, 5, 8764; X. L. Zhang, X. L. Chu, L. Wang, H. M. Wang, G.

L. Liang, J. X. Zhang, J. F. Long, and Z. M. Yang, Angew. Chem.-Int.
Edit., 2012, 51, 4388; X. L. Zhang, H. Zhou, Y. Xie, C. H. Ren, D.
Ding, J. F. Long, Z. M. Yang, Adv. Healthcare Mater., 2014, 3, 1804.

13. W. Cao, X. Zhang, X. Miao, Z. Yang, H. Xu, Angew. Chem. Int. Ed.,
2013, 125, 6353.

14.J. Liu, J. Liu, L. Chu, Y. Zhang, H. Xu, D. Kong, Z. Yang, C. Yang,
and D. Ding, ACS Appl. Mater. Interfaces, 2014, 6, 5558.

15. D. Guo, K. Wang, Y. Wang, and Y. Liu, J. Am. Chem. Soc., 2012,
134, 10244; H. Wang, J. Gao, J. Wang, L. Wang, D. Kong, and Z.
Yang, Nanotechnology, 2010, 21, 155602.

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year)



