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Synthetic tripeptide based noncytotoxic hydrogelators have been 

discovered for releasing an anticancer drug at physiological pH 

and temparature. Interestingly, gel stiffness, drug release capacity 

and proteolytic stability of these hydrogels has been sucessfully 

modulated by incorporating D-amino acid residues, indicating 

their potential use for drug delivery in future. 

 Peptide based hydrogels
1
 continue to attract attention 

among researchers due to their potential applications in 

various research fields.
2
 Peptide molecules are not only good 

gelators due to the presence of various self-assembling units in 

their structures but also possess inherent biocompatibility 

which enhances their applicability.
3
 The orientation of 

different functional groups in proper configuration is crucial to 

trigger an entropically disfavoured process like gelation.
1n

 

Amino acids, the basic building blocks of peptide molecules, 

are inherently chiral with at least one stereogenic centre 

dictating the spatial arrangement of various functional groups 

attached to them. So, all peptide based gelator molecules are 

examples of chiral gelator molecules,
4
 whose chirality can be a 

tool for tuning the physical properties of the corresponding 

gels to make them smarter.
5
 Furthermore, the simplicity and 

low cost of synthesis make these peptide-based materials a 

wonderful platform for studying chirality induced effects. 

 Doxorubicin is a potent anticancer drug routinely used in 

the advanced stage of breast cancer, gastric carcinoma and 

leukaemia. However, it has many side effects when it is 

administered in high dose.
7
 Thus, selection of a delivery 

vehicle is very important to overcome this problem.
8
 Hydrogels 

are important delivery vehicle for targeted delivery of 

Doxorubicin into cancer affected areas, where intravenous 

administration is not very promising (in the case of 

osteosarcoma patients).
9
 Here, we study the slow and 

sustained release of Doxorubicin from a peptide-based 

thixotropic hydrogel Boc-(L)Phe-(L)Phe-(L)Phe-COOH (P1). 

However, the homochiral triphenylalanine system containing 

only α-L protein amino acid residues has a serious shortcoming 

due to its proteolytic instability,
10

 this is because α-L amino 

acid residues can be easily recognized and cleaved by the 

proteolytic enzymes present inside the cell. So, in addition to 

the drug release ability, it is essential to optimise the 

proteolytic stability of the hydrogel by incorporating D-amino 

acid residues into the parent gelator molecule. The parent 

gelator molecule P1 has three chiral centres in its structure, 

therefore alternation of chirality of Phe residue(s) might 

change the orientation of the corresponding aromatic ring and 

the direction of π-π stacking interaction, which can have a 

profound effect on the macroscopic properties of the 

corresponding gel. It is also of great interest to investigate how 

alternation of chiral residue(s) around the chiral centre(s) in 

the parent peptide affects the self-assembly, gelation, 

mechanical strength, proteolytic stability and drug release 

capacity of these gels. We have synthesized(detailed synthetic 

procedure and characterization data are given in the ESI) all 

possible stereoisomers of the parent compound and 

investigated their self assembly, drug release and mechanical 

properties as well as proteolytic stability in order to optimise 

their properties in future use.  

 Fig. 1 shows structures of peptides and images of the 

peptide-based gels in their respective vials. P1 (LLL), P2 (DLL), 

P3 (LDL) and P4 (LLD) are four diastereomers (chirality 

sequence in brackets) and P5 (DDD), P6 (LDD), P7 (DLD) and P8 

(DDL) are their respective enantiomers. It can be noticed that 

P1 (and its enantiomer P5) and P2 (and its enantiomer P6) 

form gels instantaneously, whereas P3 (and its enantiomer P7) 

takes 12 hours to form a gel and P4 and its enantiomer P8 are 

nongelator at physiological pH (7.46) and temperature. So 
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chirality has some extensive effect on the gelation or non-

gelation of the tripeptides. 

  
Fig. 1 Chemical structures of tripeptides and their gelation nature in pH 7.46 phosphate 

buffer. 

 Gel morphology was examined using field emission 

scanning electron microscopy (FE-SEM). FE-SEM images of all 

xerogels and dried aggregated solutions of all tripeptides show 

similar fibrillar morphology (Fig. S26). However it is difficult to 

predict gelation (or non-gelation) ability just from a fibrillar 

morphology observed from microscopic experiments, rather 

efficient 3D networks formed by these fibres leads to gelation 

which needs entanglement of fibres to a long range. 

 Comparison of FT-IR spectra of xerogels and dried solutions 

provides information on the difference in H-bonding 

interactions for different tripeptides. All the enantiomeric pair 

show a similar pattern (as shown in Fig. S27 of ESI), so 

properties of only four diastereomeric peptides P1, P2, P3 and 

P4 are discussed here. The peak around 1649 cm
-1

 corresponds 

to the hydrogen bonded stretching frequency of the amide 

carbonyl groups which are present in all four cases,
9a

 while the 

peak for hydrogen bonded urethane C=O which appears at 

1690 cm
-1

 is prominent only for P1 and P2 xerogels. However, 

it is weak for P3 and almost non-existent for dried P4 solution. 

This indicates the absence of hydrogen bonding for the 

urethane carbonyl group of P4 and only weak H-bonding 

interaction for P3. The amide stretching peaks corresponding 

to 3343 and 3422 cm
-1

 are assigned to hydrogen bonded and 

non-hydrogen bonded amide N-H respectively.
11

 Interestingly, 

in this study P1 and P2 show both types of peaks, suggesting 

the presence of both hydrogen bonded and free N-H, while P3 

and P4 do not show any significant peak at 3343 cm
-1

 

indicating the presence of free N-H groups only. P4 is unable to 

form H-bonding at both urethane and amide N-H sites 

resulting in its inability to form a gel. 

 Small angle X-ray scattering (SAXS) is a useful technique to 

obtain information on molecular packing. For P1 gel and its 

enantiomer P5 a broad peak was observed at d= 28 Å, (Fig. 

S28) which is double the calculated length of a single molecule 

(calculated from Chem-Draw 3D Ultra software).  

 Wide-angle X-ray powder diffraction (XRPD) studies were 

done for all samples in xerogel form. A characteristic peak at 

4.7 Å (2θ= 18 Å) can be assigned to a β-sheet like arrangement 

in the molecular packing of gelator molecules which is 

revealed by the diffraction pattern of all the xerogels. The peak 

at d= 3.7 Å (2θ = 23.5) corresponding to the π-π packing 

interaction
9a

 is only prominent for the P1 xerogel, while the 

intensity of the peak is much weak for P2, P3 and P4 in their 

dried form. Fig. S30 summarizes the XRPD pattern of gelator 

molecules P1, P2, P3 and the nongelator molecule P4 and their 

corresponding enantiomers. So, we can notice a poor π-π 

interaction in the molecular packing of peptides containing 

residues of mixed chirality. It confirms that molecular packing 

is significantly perturbed for the heterochiral sytems where 

molecules pack less efficiently than that for the homochiral 

systems. On the basis of FT-IR, SAXS and XRPD data a 

schematic model can be proposed for P1 and P2 (Fig. S31). 

 Circular dichroism (CD) measurements were performed to 

examine the chiroptical behaviour of all compounds in 

aggregated state (Fig. S32). P1, P2 and their enantiomers show 

two peaks at 203 nm and 223 nm, whereas P3 and P4 show 

only one weak peak at 220 nm, indicating that P1 and P2 may 

have a slightly more ordered structure in comparison with P3 

and P4.
5a

 Interestingly, it has been found that the intensity of 

the peak at around 220 nm decreases gradually from P1 to P4. 

This indicates that the π-π interaction prevails in the order P1 

> P2 > P3 > P4. Moreover, the chirality of the terminal amino 

acid residue (whether it is “D” or “L”) dictates the directions of 

the CD signals at 220 nm(positive or negative). For P1, P2, P3 

and P8, the terminal amino acid residue has (L)-configuration 

and the peak is oriented in positive direction, whereas for P4, 

P5, P6 and P7, the terminal amino acid residue has (D)-

configuration and the peak is oriented in the negative 

direction.
5a

 So, this observation indicates how chirality of the 

terminal residue (whether it is “D” or “L”) governs the 

supramolecular assembly of all these peptides.  
 To check how the different self-assembly patterns are 

reflected in the macroscopic properties of these gelator 

peptides, rheological measurements for all hydrogels were 

carried out to measure the gel strength keeping the gelator 

concentration the same [1 % (w/v)]. From a frequency sweep 

experiment (at constant strain of 0.1%) (Fig. 2 and Fig. S33 in 

ESI), it is  

Fig. 2 Frequency sweeps of dynamic shear modulus for hydrogels P1, P2 and P3 (gels 

made at 1 % (w/v), G’ and G’’ values for the enantiomers are given in the ESI Fig. S27). 

Inset: Comparison of mechanical strength with change in chirality of residues at 

constant frequency 12.595 rad/sec. 
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observed that all hydrogels formed by P1, P2, P3 show storage 

modulus (G') > loss modulus (G'') and also G' and G'' values are 

weakly dependent on angular frequency over the range 

studied indicating the formation of a stable gel. Again the 

enantomeric counterpart of each tripeptide shows similar 

rheological data, and therefore we are focusing only on 

diastereomers P1, P2, P3 and P4. It is notable that mechanical 

strength as indicated by G' decreases gradually in the series 

P1> P2> P3 (P4 does not gel) (Fig. 2). It is evident from the 

study that gel strength (G') gradually decreases as the D-Phe 

residue is moved from the N to the C terminus. This agrees 

well with previous observations which shows the decreasing 

trend of H-bonding and π-π stacking interaction in the order 

P1 ~ P2 > P3 > P4. This remarkable observation shows that it is 

possible to modulate the mechanical strength of a particular 

gelator by changing molecular chirality and placing the D-

residue in the proper position (at or towards the C terminus). 

All the hydrogels are thixotropic in nature, and have been 

checked by repetitive shaking and resting cycles. Thixotropy of 

the gels have been confirmed by using time dependent step-

strain rheology experiments, keeping the gelator 

concentration fixed in all cases. At first the strain on the gel 

was kept constant at 0.1% then after 200 seconds it was 

rapidly increased to 10%, at this point the gel was broken 

which is indicated by crossover of G'' values over G'. Again 

after 200 seconds strain was decreased to 0.1% where 

reformations of the gels was observed. The relative strength 

recovery of gels of P1, P2, P3, P5, P6 and P7 is near 100% and 

recovery times lies in the range 410-440 seconds range (Fig. 

S34). 

 The differences in molecular level chirality and packing lead 

to changes in macroscopic properties, as exemplified by 

mechanical and dynamic properties of the gels. Hydrogels 

obtained from P1 to P3, P5 and P6 show thixotropic behavior 

(Fig. S34) and this has been exploited for injectable studies. 

(Fig. S35). 

 P1, P2, P5 and P6 hydrogels can encapsulate an anticancer 

drug, Doxorubicin and their release properties have been 

studied. For each gel, the same amount of drug was loaded 

into the same volume of gel with same molar concentration of 

gelator. Then the same volume of supernatant buffer solution 

was added at the top of the drug loaded hydrogel to examine 

the drug release. It is observed that though the release profile 

of P1 and P2 (also of P5 and P6) are similar, the total amounts 

of released drug are different for gels obtained from different 

diastereomers, whereas enantiomeric pair show the same 

amount of release. Anticancer drug-loaded hydrogels P2 and 

P6 show the maximum release of 76% after 79 hours, then 

reaching a plateau. However, both the gels P1 and P5 show a 

maximum release of 65% within a total span of 52 hours and 

after that each of these gels started rupturing gradually. 

Interestingly, stiffer gels release less drug sustainably (because 

they break down within 52 hours and after that there is a 

random release) than the weaker gels(Fig. 3). 

  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. 3 Release of Doxorubicin from hydrogels of (a) P1, P2 and (b) P5, P6 (in all cases gel 

was loaded with 46 μg of drug and error bars are calculated after three experiments in 

each case). 

 The proteolytic stability of the four peptides, which can 

encapsulate and release Doxorubicin (P1, P2, P5 and P6) were 

examined in the presence of a proteolytic enzyme Proteinase 

K.  Degradation of each peptide was monitored periodically 

using mass spectrometry. The results (detailed procedure 

given in ESI, see Fig. S36, and Fig. S37-S40) show that P1 and 

P2 are proteolytically very much unstable and undergo 

degradation within 24 hours, but P5 and P6 remained stable. 

This stability makes P5 and P6 applicable for use in real 

situations. But out of them, P6 has the greater delivery 

efficacy. The results of the above studies lead to the 

conclusion that among all the peptides discussed here P6 has 

the optimised properties we are looking for and this makes it 

the most efficient Doxorubicin delivery vehicle. Here we 

have successfully designed hydrogels for drug delivery and also 

optimized their properties. To check their practical 

applicability, cytotoxicity has been studied. The minimum 

gelation concentrations (MGCs) of the reported hydrogels are 

around ~900 μM. Cytotoxicity has been studied up to 900 μM 

and no apparent cytotoxicity has been found. Fig. 4 shows the 

cell viability assay and cell morphology when treated with the 

proteolytically stable and most efficient drug releasing gelator 

P6. Results from cytotoxicity studies with other gelators is 

shown in Fig. S41. Our study vividly demonstrates that the gel 

obtained from gelator P6 does not show significant toxicity 

towards cancerous cells, while a Doxorubicin loaded gel of P6 

kills breast cancer cells more efficiently than that of the free 

drug (i.e. Doxorubicin) alone. 

 In summary, we have created soft biomaterials for cancer 

drug release at physiological pH and temperature having no 

cytotoxicity. Remarkably, the modulation of stiffness and 

proteolytic stability of these hydrogels has been achieved by 

replacing one or more L-Phe residue by D-Phe residue(s) and 

also by changing the position of the D-residue in the 

tripeptide. The incorporation and location of D-residues 

determine the mechanical stability of a gel as well as its drug 

release capacity. Moreover, it is the number and position of D-

amino acid residues that determines the proteolytic stability of 
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the gel. After trying all possible combinations of D and L amino 

acids, the most efficient gelator molecule has been identified 

as P6. So, it can be concluded that by incorporating D- instead 

of L-residues and by placing them in the proper position, 

proteolytic stability and mechanical strength of these soft 

biomaterials can be optimized for designing future drug 

delivery vehicles. 

 

 
Fig. 4 (a) Cell survival study (by MTT assay) of MCF-7 cells after treatment with most 

efficient hydrogelator, P6. Morphologies of MCF-7 cells (at 40 X objective) after 24 h. 

(b) without treatment with the compound as control. Morphologies of the cells after 

treatment with (c) 600 μM (d) 37.5 μM and (e) 4.68 μM. Scale bar corresponds to 20 

μm. 

 A.B. and K.B. gratefully acknowledge CSIR, New Delhi 

(India), and S.B. acknowledges IACS for financial assistance. A. 

Banerjee and I. W. Hamley gratefully acknowledge DST-UKIERI 

bilateral project (project no. DST/INT/UK/P-64/2014). DB 

thanks to the DST Inspire fellowship. SG thanks DST-

Ramanujan for fellowships and kindly acknowledges to DST, 

India (SR/SO/BB-0102/2012) for financial assistance. IWH 

thanks EPSRC (UK) for the award of a Platform grant (ref. 

EP/L020599/1). 

Notes and references 

1 (a) J. W. Steed, Chem. Rev., 2010, 39, 3686-3699. (b) E. R. 
Draper, T.O. McDonald and D.J. Adams, Chem. Commun., 
2015, 51, 6595-6597; (c) J. Raeburn and D.J. Adams, Chem. 
Commun., 2015, 51, 5170-5180; (d) X. Du, J. Zhou and B. Xu, 
Chem. Asian J., 2014, 9, 1446-1472; (e) A. Baral, S. Basak, K. 
Basu, A. Dehsorkhi, I. W. Hamley and A. Banerjee, Soft 
Matter, 2015, 11, 4944-4951; (f) S. S. Babu, V. K. Praveen and 
A. Ajayaghosh, Chem. Rev., 2014, 114, 1973-2129; (g) J. Li, I. 
Cvrtila, M. C. Delsuc, E. Otten and S. Otto, Chem. Eur. J., 
2014, 20, 15709 – 15714; (h) R. Pérez-Ruiz and D. D. Dίaz, 
Soft Matter, 2015, 11, 5180-5187; (i) R. G. Weiss, J. Am. 
Chem. Soc., 2014, 136, 7519–7530; (j) P. H. J. Kouwer, M. 
Koepf, V. a a Le Sage, M. Jaspers, A. M. van Buul, Z. H. 
Eksteen-Akeroyd, T. Woltinge, E. Schwartz, H. J. Kitto, R. 
Hoogenboom, S. J. Picken, R. J. M. Nolte, E. Mendes and A. E. 
Rowan, Nature, 2013, 493, 651–655; (k) C. J. Bowerman, D. 
M. Ryan, D. a Nissan and B. L. Nilsson, Mol. Biosyst., 2009, 5, 
1058–69; (l) J. Raeburn, A. Zamith Cardoso and D. J. Adams, 
Chem. Soc. Rev., 2013, 42, 5143; (m) L. Adler-Abramovich 
and E. Gazit, Chem. Soc. Rev., 2014, 43, 6881–93; (n) A. 
Banerjee, G. Palui and A. Banerjee, Soft Matter, 2008, 4, 
1430; (o) C. C. Decandio, E. R. Silva, I. W. Hamley, V. 

Castelletto, M. S. Liberato, V. X. Oliveira, C. L. P. Oliveira and 
W. A. Alves, Langmuir, 2015, 31, 4513–4523; (p) D. J. 
Cornwell and D. K. Smith, Mater. Horiz., 2015, 2, 279–293. 

2 (a) R. M. Gouveia, R. R. Jones, I. W. Hamley and C. J. Connon, 
Biomater. Sci., 2014, 2, 1222; (b) B. Escuder, J. F. Miravet, N. 
Singh, R. Ulijn and M. P. Conte, Chem. Commun., 2015, 2–5; 
(c) F. Rodríguez-Llansola, J. F. Miravet and B. Escuder, Chem. 
Commun. (Camb)., 2009, 7303–7305; (d) P. K. Vemula, N. 
Wiradharma, J. A. Ankrum, O. R. Miranda, G. John and J. M. 
Karp, Curr. Opin. Biotechnol., 2013, 24, 1174–1182; (e) A. 
Biswas and A. Banerjee, Chem. Asian J., 2014, 9, 3451–6; (f) 
A. Baral, S. Roy, A. Dehsorkhi, I. W. Hamley, S. Mohapatra, S. 
Ghosh and A. Banerjee, Langmuir, 2014, 30, 929–36; (g) 1 A. 
Altunbas, S. J. Lee, S. A. Rajasekaran, J. P. Schneider and D. J. 
Pochan, Biomaterials, 2011, 32, 5906–14; (h) S. Saha, J. 
Bachl, T. Kundu, D. Díaz Díaz and R. Banerjee, Chem. 
Commun. (Camb)., 2014, 50, 7032–5.  

3 S. Sathaye, A. Mbi, C. Sonmez, Y. Chen, D. L. Blair, J. P. 
Schneider and D. J. Pochan, Wiley Interdiscip. Rev. 
Nanomedicine Nanobiotechnology, 2015, 7, 34–68. 

4 (a) M. Liu, L. Zhang and T. Wang, Chem. Rev., 2015, 115, 
7304-7397; (b) L. Qin, F. Xie, X. Jin and M. Liu, Chem. - A Eur. 
J., 2015, 21, 11300–11305; (c) W. Miao, D. Yang and M. Liu, 
Chem. – A Eur. J., 2015, 21, 7562–7570; (d) C. G. Pappas, P. 
W. J. M. Frederix, T. Mutasa, S. Fleming, Y. M. Abul-Haija, S. 
M. Kelly, A. Gachagan, D. Kalafatovic, J. Trevino, R. V Ulijn 
and S. Bai, Chem. Commun., 2015, 51, 8465–8468. 

5 (a) S. Marchesan, C. D. Easton, K. E. Styan, L. J. Waddington, 
F. Kushkaki, L. Goodall, K. M. McLean, J. S. Forsythe and P. G. 
Hartley, Nanoscale, 2014, 6, 5172–80. (b) 1 J. Shi, X. Du, D. 
Yuan, J. Zhou, N. Zhou, Y. Huang and B. Xu, 
Biomacromolecules, 2014, 15, 3559-3568; (c) R. J. 
Swanekamp, J. J. Welch and B. L. Nilsson, Chem. Commun. 
(Camb)., 2014, 50, 10133–6; (d) L. Zhang, X. Wang, T. Wang 
and M. Liu, Small, 2015, 11, 1025–1038; (e) K. J. Nagy, M. C. 
Giano, A. Jin, D. J. Pochan and J. P. Schneider, J. Am. Chem. 
Soc., 2011, 133, 14975–7; (f) Y. Li, B. Li, Y. Fu, S. Lin and Y. 
Yang, Langmuir, 2013, 29, 9721–6. 

6 1 G. Palui, J. Nanda, S. Ray and A. Banerjee, Chem. - A Eur. 
J., 2009, 15, 6902–6909. 

7 O. Tacar, P. Sriamornsak and C. R. Dass, J. Pharm. 
Pharmacol., 2013, 65, 157–170.   

8 (a) 1 R. Lin and H. Cui, Curr. Opin. Chem. Eng., 2015, 7, 75–
83. (b) 1 Z. Chen, P. Zhang, A. G. Cheetham, J. H. Moon, J. 
W. Moxley, Y. an Lin and H. Cui, J. Control. Release, 2014, 
191, 123–130.  

9 (a) J. Naskar, G. Palui and A. Banerjee, J. Phys. Chem. B, 2009, 
113, 11787–11792; (b) F. Li, J. He, M. Zhang, K. C. Tam and P. 
Ni, RSC Adv., 2015, 5, 54658–54666; (c) 1 W. Zhang, X. 
Zhou, T. Liu, D. Ma and W. Xue, J. Mater. Chem. B, 2015, 3, 
2127–2136. 

10 J. Nanda and A. Banerjee, Soft Matter, 2012, 8, 3380–3386.   
11 V. Moretto, M. Crisma, G. M. Bonora, C. Toniolo, H. Balaram 

and P. Balaram, Macromolecules, 1989, 22, 2939–2944. 

Page 4 of 4ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
8 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 G

az
i U

ni
ve

rs
ite

si
 o

n 
09

/0
3/

20
16

 0
6:

35
:0

1.
 

View Article Online
DOI: 10.1039/C6CC01744D

http://dx.doi.org/10.1039/c6cc01744d

