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a b s t r a c t 

A nanotechnology based approach to improve the anticancer activity of XLAspP2-RA, against muscle rhab- 

domyosarcoma (RD) is reported. The XLAspP2-RA was successfully synthesized, and the structure was 

confirmed by 1 H NMR spectroscopy. Loading of XLAspP2-RA into APTES modified halloysite nanotubes 

and Graphene Oxide were confirmed by FT-IR spectroscopy. The encapsulation efficiency of 97% and a 

loading capacity of 4% are obtained for the optimized formulation of the XLAspP2-RA-fHNT composite. 

For the XLAspP2-RA-GO composite, the values are 85% and 7%, respectively. The dialysis method inves- 

tigated the release kinetics of XLAspP2-RA from both composites, showing an initial burst release fol- 

lowed by a controlled release over 24 h period. Both systems’ in vitro release profiles were fitted more 

closely with the Higuchi square root model. The improved enzymatic stability was seen with a half-life 

extension to 11-14 h in both nanocomposites. An enhanced in vitro cytotoxicity against RD cells with 

XLAspP2-RA loaded fHNT was observed with having an IC 50 value of 3.57 ± 0.07 μg/mL while it was 

15.46 ± 0.18 μg/mL with GO loaded composite. The results show the potential of developing XLAspP2-RA 

as a novel therapeutic for Muscle rhabdomyosarcoma with an fHNT based nano-formulation strategy. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

With 200 years of ongoing research, cancer is still remains as 

ne of the most complex multifactorial diseases in the world. Ac- 

ording to the new global cancer estimation, the worldwide can- 

er cases have increased to 19.3 million, with 10 million deaths 

n 2020, and is projected to rise to 26 million by 2040 [ 1 , 2 ]. At

resent, chemotherapy is considered as the preferred cancer treat- 

ent method in medical oncology. The inherent side effects of 

ommon chemotherapy drugs, especially on fast-growing healthy 

ells and immunity systems, have redirected the focus of oncology 

owards novel molecular methods such as targeted drug therapy as 

n emerging new strategy [3] . 

Antimicrobial peptides (AMPs) with 2–50 amino acids have 

een identified as an alternative resource for small molecular drug 

iscovery. Despite their essential roles in innate immunity [4] , the 
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bility of tissue penetration and efficient uptake into heteroge- 

eous cancer cells have proven these molecules as a resourceful 

lternative in anticancer drug discovery [5] . In addition to high 

pecificity and efficient tumour penetrating ability, anticancer pep- 

ides (ACPs) derived from AMPs have a remarkable ability in differ- 

ntiating the cell membranes of malignant cells from normal cell 

embranes [ 6 , 5 ]. There has been an alleviating interest in ACPs 

erived from natural sources or in silico methods in anticancer 

rug discovery in recent years. Magainin II is an antimicrobial pep- 

ide, originally isolated from the skin of the African clawed frog, 

enopus laevis [7] . Based on the in vitro studies, magainin II exhibit 

nticancer activity against melanomas, breast cancer, lung cancer, 

nd bladder cancers [ 8 , 9 ]. Furthermore, aurein 1.2, an isolated AMP 

rom the frog Litoria aurea [10] , and Dermaseptin-PH, isolated from 

he frog called Pithecopus (Phyllomedusa) hypochondrialisan [11] , 

ave been reported for their anticancer activities against various 

ancer cell lines, including MCF-7, U251MG, H157, and PC-3 [12] . 

ue to the enhanced efficacy in anticancer activity, few peptides 

ave already advanced into the clinical trials, including the AMP- 

erived LTX-315 and LL-37 as treatments for melanoma and solid 

umours [13] . 

https://doi.org/10.1016/j.molstruc.2022.132618
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.132618&domain=pdf
mailto:laksiri@sjp.ac.lk
https://doi.org/10.1016/j.molstruc.2022.132618


Y. Amarasekara, I.C. Perera, N.P. Katuwavila et al. Journal of Molecular Structure 1257 (2022) 132618 

f

t

i

a

t

a

d

d

t

l

r

e

a

c

m

o

t

r

l

w

i

o

c

X

p

a

n

h

t

d

l

2

2

r

c

D

H

t

(

p

p

a

E

2

c

H

s

2

s

w

c

g

p

m

a

s

t

c

t

f

2

m

5  

a

w

J

e

d

t

f

2

m

f

a

e

u

p

t

i

2

2

e

u

p

C

2

p

p

s

i

2

f

w

1

p  

1

p

p

r

c

2

i

(  

U

3

2

t

2

t

It is worthy to note that even with enhanced therapeutic ef- 

ects, the inherent undesirable physicochemical properties of pep- 

ides such as variable solubility, low bioavailability, limited stabil- 

ty, and difficulties in systemic delivery hinder their therapeutic 

pplications [14] . The limited stability of peptides is mainly due 

o rapid digestion by proteolytic enzymes in the digestive system 

nd plasma [ 15 , 16 ]. Therefore, developing new strategies to ad- 

ress these issues has become a significant focus. Thus, nano-based 

rug delivery systems have been developed to deliver therapeu- 

ic molecules like peptides, proteins, DNA, and aptamers into ma- 

ignant cells [17] . Nanomaterials offer enhanced permeability and 

etention (EPR) effect due to various chemical and physical prop- 

rties, thereby sparing the normal healthy tissues [ 18 ]. Moreover, 

long with the tuneable properties like size, shape, and surface 

harge, nanomaterials release the active compounds in a controlled 

anner while improving the drugs’ solubility and stability [ 18 , 19 ]. 

In this study, a peptide analogue (EDLDED) was designed based 

n a novel AMP, XLAsp-P2 (DEDLDE). This natural peptide was ini- 

ially isolated from the skin tissues of Xenopus laevis has been 

eported to exhibit moderate antibacterial activity [20] . The ana- 

ogue sequence was designed based on the retro analogue concept, 

hereas reversing the sequence of the template peptide by keep- 

ng the exact configuration of chiral centres but an opposite rank 

rder of amino acid residues [21] . Further, our in silico studies, in- 

luding docking and (un)binding simulation analyses to identify 

LAspP2-RA interacting residues of human Akt-1 receptor, have 

rovided some interesting insights on XLAspP2-RA’s capability as 

n allosteric inhibitor of Akt-1 and its inhibitory mechanism [22] . 

On this note, we aimed to explore the potential of using hybrid 

anomaterials such as graphene oxide (GO) [23–25] and natural 

alloysite nanotubes (HNTs) [26] as scaffolds for peptide conjuga- 

ion to resolve some of the remaining issues in peptide-based drug 

elivery while evaluating the anticancer activity of XLAsp-P2 ana- 

ogue against rhabdomyosarcoma. 

. Materials and methods 

.1. Solid phase synthesis of XLAspP2-RA peptide 

N α −9- fluoroenylmethyloxycarbonyl (Fmoc) amino acids, Wang 

esin, were purchased from AAPPTec, USA and the remaining 

hemicals and reagents including Trifluoroacetic acid (TFA), N,N- 

imethylformamide (DMF), N,N-Diisopropylethylamine (DIPEA), 1- 

ydroxybenzotriazole (HOBt), 2-(1H-Benzotriazole-1-yl)-N,N,N’,N’- 

etramethylaminium tetrafluoroborate (HBTU), Dichloromethane 

DCM), Piperidine, N,N’-dicyclohexylcarbodiimide (DCC), diiso- 

ropyl carbodiimide (DIC), Acetic anhydride, Methanol, 95% iso- 

ropanol, Potassium chloride, Phenol, Magnesium sulfate, Glacial 

cetic acid, Acetonitrile, Potassium cyanide, Ninhydrine, Pyridine, 

ther, and Triisopropylsilane (TIPS), MTT (3-(4,5-dimethyl thiazol- 

-yl) −2,5-diphenyl tetrazolium bromide), DMSO, FBS, DMEM, cy- 

loheximide, and PBS were purchased from Sigma-Aldrich, USA. 

PLC grade solvents were used for the synthesis and purification 

teps. 

.1.1. Synthesis 

XLAsp-P2 analog was synthesized according to the standard 

olid-phase peptide synthesis (SPPS) protocol using Wang resin 

ith 1.1 mmol/g loading capacity. The amino-acid residues were 

oupled using HOBt/HBTU/DIPEA (1:1:1) for 3 h. N-terminal Fmoc 

roup was removed using piperidine prior to each amino acid cou- 

ling. Finally, the peptide was removed from the resin by treat- 

ent with TFA/ DCM/ TIPS (5:4:1). The synthesis was repeated on 

 1-5 mmol scale using the same SPPS protocol. Further, large-scale 

ynthesis was carried out using Discovery 4 Multiple Peptide Syn- 

hesizer (Peptide Machines, Inc., USA) according to standard single 
2 
oupling protocol. After cleavage, the crude peptide was precipi- 

ated with cold anhydrous diethyl ether and stored at 4 °C until 

urther purification. 

.1.2. HPLC analysis and purification 

Crude XLAspP2 - RA was analyzed using analytical HPLC (Shi- 

adzu, Japan) using a reverse-phase C-18 column (4.6 × 250 mm, 

 μm). The peptide was eluted in 0.05% TFA in water for 15 min at

 1 mL/min flow rate with detection at 215 nm. The purification 

as done using a preparative HPLC system (LC-20AP, Shimadzu, 

apan) on a C18 column (25 mm × 250 mm). The peptide was 

luted with 0.05% TFA in the water at a 10 mL/min flow rate with 

etection at 220 nm. Fractions from multiple runs at the peak of 

 R 7.05 min were collected and combined. The purified peptide was 

reeze-dried and stored at −20 °C. 

.1.3. Characterization of XLAspP2-RA 

The chemical structure of the peptide was confirmed by Nuclear 

agnetic resonance ( 1 H NMR) spectroscopy. 1 H NMR was per- 

ormed on a Bruker Ascend 

TM 400 MHz NMR Spectrometer in D 2 O 

t 25 °C. Chemical shifts were measured with reference to tetram- 

thylsilane (TMS). The pure peptide was further analyzed by MS 

sing a direct injection apparatus equipped with a Single Quadru- 

le Detector (SQD2) (Waters, USA) at 25 °C. All spectra were plot- 

ed as total ion current (TIC) versus time and given the supporting 

nformation (Figs. S1–S3). 

.2. Synthesis of peptide composites 

.2.1. Synthesis of f-HNT-peptide composite 

The surface modification of HNT by grafting 3-aminopropyl tri- 

thoxysilane (APTES, H 2 NCH 2 CH 2 CH 2 Si- (OCH 2 CH 3 ) 3 ) was carried 

sing a reported method [27] . The f-HNT-XLAspP2-RA hybrid was 

repared by mixing peptide and f-HNTs in 1:1 (w/w) in 1 mL of 

H 3 CN/H 2 O (5%). The mixture was stirred at room temperature for 

4 h. The reaction mixture was centrifuged, and the resulting solid 

recipitate was washed several times with distilled water. The su- 

ernatant was analysed by analytical HPLC to confirm the encap- 

ulation [ 28 , 29 ]. The product obtained was oven-dried and stored 

n the dark until further use. 

.2.2. Synthesis of GO-peptide composite 

GO was prepared by a modified Hummer’s method starting 

rom Sri Lankan vein graphite (purity ∼99%) [30] . The composite 

as synthesized by mixing XLAspP2-RA and GO in 1:1 (w/w) in 

 mL of CH 3 CN/H 2 O (5%). The mixture was stirred at room tem- 

erature for 24 h and purified by centrifugation at 10, 0 0 0 rpm for

5 min. After several washing steps, the pH was adjusted to 7. The 

roduct was oven-dried before further use and storage. The su- 

ernatants obtained during the previous washing steps were sepa- 

ated and analysed using HPLC. Loading and encapsulating efficien- 

ies were calculated as described in 2.2.4. 

.2.3. Characterization of the composites 

Fourier Transform Infrared (FTIR) measurements of compos- 

tes were carried out using a Bruker Vertex 80 IR spectrometer 

Germany) at a resolution of 4 cm 

−1 from 40 0 0 to 40 0 cm 

−1 .

ltraviolet-visible (UV–VIS) spectra were recorded using a UV- 

600 (Shimadzu, UV–VIS-NIR, Japan). 

.2.4. Determination of encapsulation efficiency and loading capacity 

The amount of incorporated peptide in the composite was de- 

ermined by measuring the UV absorbance of the supernatant at 

64 nm (S4). The weight was calculated from a calibration plot ob- 

ained for different concentrations of a standard peptide solution. 



Y. Amarasekara, I.C. Perera, N.P. Katuwavila et al. Journal of Molecular Structure 1257 (2022) 132618 

P

L

%

%

w

fi

2

i

7

m

i

a

A

p

t

f

l

n

H

2

d

t

t

C

5

c

w

2

u

z

d

8  

p  

t

c

I

p

a

b

m

t

s

b

a

m

m

w

s

t

v

P

Fig. 1. Structure of XLAsp-P2 retro analog. 
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ercentage encapsulation efficiency (% EE) and loading capacity (% 

D) was calculated using the following equations: 

 Encapsulation efficiency ( EE ) = 

m 1 − m 2 

m 1 

× 100% 

 Loading capacity ( LD ) = 

m 1 − m 2 

m 

× 100% 

Where, m1 = initial weight of the peptide, m2 = remaining 

eight of the peptide in the supernatant, and m = weight of the 

nal composite. 

.3. Release kinetics of XLAsp-P2 analog 

The release characteristics of the peptide from the compos- 

tes were studied in phosphate-buffered saline solution -PBS (pH 

.4). Centrifuged composites were dispersed in 5 mL of release 

edium, trapped inside a dialysis membrane (3500 MWCO), and 

mmersed in 25.0 mL of the release medium. The setup temper- 

ture was maintained at 37 °C in the dark with mild agitation. 

t pre-set time points, 3.00 mL aliquots were withdrawn, and the 

eptide concentration was determined using UV spectrometry. Af- 

er each withdrawal, the medium was replaced with 3.00 mL of 

resh medium. All measurements were performed in triplicates. 

The peptide release kinetics was analysed using the fol- 

owing mathematical models: zero-order kinetic, first-order ki- 

etic, Higuchi equation [31] , Korsmeyer–Peppas equation [32] and 

ixson-Crowell model [33] . 

.4. Assessment of proteolytic stability 

The stability of the peptides was tested using a reported proce- 

ure with slight modifications [34] . In brief, a peptide stock solu- 

ion (10 mg/mL) was incubated with 10% PBS at 37 °C. At various 

ime points (0-24 h), 200 μL aliquots were withdrawn, mixed with 

H 3 CN, and further mixed by vortexing, and incubated at 37 °C for 

 min to terminate the enzyme degradation. The final mixture was 

entrifuged at 10,0 0 0 rpm, 10 min, and then the supernatant was 

ithdrawn and immediately analysed by UV–VIS. 

.5. In vitro cytotoxicity of peptide and its composites 

The cellular cytotoxicity of the test materials was determined 

sing an MTT (3-(4,5-dimethyl thiazol-2-yl) −2,5-diphenyl tetra- 

olium bromide) assay as previously described [35] . The rhab- 

omyosarcoma (RD ATCC® CCL-136 TM ) and Vero cells (ATCC® CCL- 

1 TM ) were seeded in 24-well plates at a density of 2 × 10 5 cells

er well followed by incubation for 24 h at 37 °C. After the incuba-

ion period, confluent monolayers were exposed to different con- 

entrations of test materials for further 24 h incubation at 37 °C. 

n all experiments, 50 μL of cycloheximide (5 mM) was used as the 

ositive control, and negative control contained the growth media 

nd the solvent mixture used to dissolve the test compound. The 

lank was used during the calculation, consisting of the growth 

edium without cells, MTT, and solubilizing buffer. At the end of 

his incubation period, cells were washed with phosphate-buffered 

aline (PBS) solution, and MTT assay was performed as described 

elow. The PBS washed wells were introduced with 200 μL of 

 working solution that contains 0.5 mg/mL MTT in a complete 

edium. The cells were incubated at 37 °C for 3 h, and the growth 

edium was removed carefully. The remaining formazan crystals 

ere solubilized in 100 μL of DMSO, and absorbance was mea- 

ured at 570 nm. Percentage cell viability was determined using 

he formula. [36] Negative control was considered as having 100% 

iability. 

ercentage Viability = 

A t reat ment − A blank × 100% ; A = absorbance 

A control − A blank 

a

3 
.6. Statistical analysis 

The linearity of the release kinetic models was studied using 

he linear regression analysis based on the least-squares regression 

ethod. The standard deviation (SD) and the correlation coefficient 

R 

2 ) were used to determine the fitting kinetic model. IC 50 val- 

es were determined by non-linear regression analysis ( R 2 > 0.95) 

f the corresponding dose-response curves of percentage inhibi- 

ion of cell viability and concentration of the test solutions. Ex- 

eriments were performed in triplicate, and the values given rep- 

esent three independent experiments using Origin Pro version 8.0 

OriginLab Corporation, Northampton, MA, USA) or GraphPad Prism 

ersion 7.0 (GraphPad Software, La Jolla, CA, USA). All results were 

xpressed as mean ± SD. 

. Results and discussion 

.1. Synthesis and characterization 

As described below, the novel antimicrobial peptide analog of 

LAsp-P2 was successfully synthesized in good yield (76.4%). Their 

redicted molecular mass was confirmed using mass spectrometry. 

redicted molecular mass (M + H) + showed molecular ion peak m/z 

t 735.31 (calcd 734.26) (Fig. S2). 1 H NMR Data obtained for analog 

as also consistent with the structural assignment and the follow- 

ng peaks were observed: NMR (400 MHz, in D 2 O, 25 °C) δ 4.47 –

.31 (m, 2H), 4.10 (t, J = 6.5 Hz, 1H), 3.58 (q, J = 7.1 Hz, 1H), 3.36

s, 3H), 3.07– 2.77 (m, 6H), 2.58 – 2.41 (m, 3H), 2.10 – 1.98 (m, 3H), 

.06 – 1.92 (m, 1H), 1.65 – 1.43 (m, 3H), 1.39 – 1.31 (m, 1H), 1.19 

t, J = 7.1 Hz, 2H), 0.91 –0.73 (m, 6H) (Fig. S3). The spectral data

re in good agreement with naturally extracted XLAsp-P2, which 

as previously reported by Zhang et al. [ 20 ]. Hence, the interpre- 

ation of spectral data convincingly proved the identity of the retro 

nalog of the peptide ( Fig. 1 ). 

.2. Synthesis of peptide composites 

To improve the stability of the peptide, the purified peptide 

as encapsulated with functionalized HNT (fHNT) and GO to form 

omposites. 

.2.1. Synthesis of f-HNT-peptide composite 

The amino functionalization of the halloysite nanotubes with 

n organosilane. (3-aminopropyl) triethoxysilane (APTES) was 

chieved. APTES based amino functionalization is a well-known 

ynthetic method due to its ease of usage and low toxicity. APTES’s 

bility to form silyl ethers with the hydroxyl groups on the HNT 

urface is the basis of this functionalization. As shown in the FT- 

R spectrum in Fig. 2 A, the peaks at 3624 and 3695 cm 

−1 corre-

pond with the stretching vibrations of the interlayer and superfi- 

ial hydroxyl groups. FTIR peaks at 2924 and 1492 cm 

−1 are di- 

gnostic peaks for the stretching and bending vibrations of CH 2 

roups in amino-modified HNT. The deformation -SiCH vibration 

t 1328 cm 

−1 , and the deformation -NH vibration at 1558 cm 

−1 

2 
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Fig. 2. FTIR spectra: A. Synthesized HNT composite B. GO composite. 
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Table 1 

The correlation coefficient (R 2 ) of different kinetic models for peptide release. 

Model name R 2 (XLAspP2-RA-fHNT) R 2 (XLAspP2-RA-GO) 

Zero-order model 0.9685 0.9526 

First-order model 0.974 0.9606 

Higuchi model 0.9972 0.986 

Korsmeyer-Peppas 

model 

0.9828 0.9824 

Hixson-Crowell model 0.9672 0.952 

s
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as also evident in the spectrum [ 27 , 37 ]. Successful incorporation 

f peptide with fHNT surface was also confirmed by FTIR spec- 

roscopy. The peaks at 3431 cm 

−1 could be ascribed to the stretch- 

ng vibrations of hydroxyl groups. Characteristic bands for O 

–Si –O 

ere observed around 1030 cm 

−1 . The prominent absorption peaks 

onfirmed the peptide incorporation in the composite at 1522 and 

652 cm 

−1 , which corresponded to the stretching frequency of 

he C = O of the amide groups. Due to potential H-bond formation, 

mino functionalization could enhance the peptide-fHNT interac- 

ions ( Fig. 2 A). Further, this NH 2 -modified fHNT demonstrated a 

uch higher loading capacity, which also agrees with the previous 

eports [ 38 , 39 ]. This could be due to enhanced electrostatic inter- 

ction between the carboxyl group of the peptide and the –NH 2 

roup present in the functionalized nanotubes [ 40 , 41 ]. 

.2.2. Synthesis of GO-peptide composite 

The formation of the GO-peptide nanocomposite was confirmed 

y the FTIR spectra ( Fig. 2 B). The characteristic peaks at 3427 

m 

−1 , 1716 cm 

−1 , 1633 cm 

−1 , 1230 cm 

−1 , and 1050 cm 

−1 in the

O spectrum were due to -OH stretching, C = O stretching, aro- 

atic C = C stretching, epoxy C 

–O stretching, and alkoxy C 

–O 

tretching vibrations. The existence of peptides in the GO-XLA con- 

ugates is supported by the presence of amide bonds from the 

ackbone of the peptide at 1639 cm 

−1 and 1567 cm 

−1 [ 42 , 43 ]. 

The loading of peptides on GO occurs through non-covalent in- 

eractions [ 44 , 45 ]. Incubation time and the optimized peptide: GO 

atio are the major determining factors in controlling the peptide 

ncapsulation with GO substrate [46] . It has been reported that 

eptide can also interact with GO substrate via electrostatic in- 

eractions [ 47 , 48 ]. Hydroxyl, epoxide, carbonyl, and carboxylic acid 

roups also can contribute to the formation of covalent and non- 

ovalent bonds with the peptide ( Fig. 2 B) [ 49 , 50 ]. 

.3. Drug loading and in vitro release of XLAspP2-RA peptide 

The presence of the peptide in the composite was confirmed 

nd quantified in terms of peptide loading efficacy. The encapsu- 

ation efficiency of the functionalized GO- XLAspP2-RA composite 

as 85%, and the loading capacity was 7%. In peptide-fHNT com- 

osite, encapsulation efficiency was 97%, while drug loading capac- 

ty was 4%. 

Drug releasing kinetics is an essential aspect of a drug delivery 

echanism. The release profiles of the peptide composites were 

onducted in PBS solution using a direct dispersion method. The 

btained cumulative release profile for both composites is pre- 
4 
ented in Fig. 3 . The cumulative release values of the peptide 

rom the XLAspP2-RA-fHNT and XLAspP2-RA-GO membranes were 

chieved by 86%, 73% within 24 h, respectively. 

The release profiles of the peptide-composites showed an initial 

aster release followed by a slower release for all tested compos- 

te materials, with equilibrium established after a time period ap- 

roaching 1500 mins. Considering the higher release rate observed 

n the fHNT- XLAspP2-RA composite, the initial burst release of the 

eptide could result from the rapid dissolution of the peptide from 

he outer surface of the functionalized nanotube. Subsequently, the 

ncorporated peptide inside the pores of the nanotube is released 

n a sustained manner within a period of 24 h at pH 7.4 [51] . This

eleasing pattern is also in line with the previously reported work 

52] . Based on our results, the slow release of the peptide from 

he composite can increase its bioavailability. This is further con- 

rmed by the cytotoxicity results obtained later in the investiga- 

ion. As reported in Kumeria et al., 2013 more than 85% of hydro- 

en bond-forming groups in GO are deprotonated (e.g., CO 2 ) at pH 

.4 [53] . Therefore, most H-bonding groups on the GO surface ex- 

st as negatively charged entities leading to a weak interaction be- 

ween the negatively charged peptide and the GO composite. This 

ould lead to significantly lower encapsulation capacity and faster 

elease [53] . 

In addition to these initial releasing experiments, the in vitro re- 

ease kinetics were evaluated by fitting the drug release data with 

he five kinetic models. The model corresponding with the highest 

orrelation coefficient value (R 

2 ) was selected as the best model to 

escribed obtained drug release kinetics. The calculated R 

2 values 

or the chosen composites are represented in Table 1 . The Higuchi 

quare root model showed the highest R 

2 value. At the same time, 

he release mechanism of peptide-loaded composites were fitted to 
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Fig. 3. Cumulative release of peptide at preselected time intervals in pH 7.4 buffer. Results were reported as mean ± SD, n ¼ 3. 

Fig. 4. Peptide stability in FBS at 37 °C. 
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Fig. 5. The percentage inhibition. The viability of the RD cell line was determined 

by MTT assay after 24 h treatment with the XLAspP2-RA peptide. The graphical data 

represent as mean ± SD of three independent experiments ( n = 3). 

Fig. 6. The percentage inhibition. Viability of Vero cell line as determined by MTT 

assay, after 24 h treatment with the XLAspP2-RA peptide. The graphical data are 

represented as mean ± SD of three independent experiments ( n = 3). 
he Fickian diffusion with exponent n = 0.49 for fHNT composite 

nd n = 0.51 for GO composite. 

Further, the drug release was found to be best fitted by the 

iguchi square root model (R 

2 = 0.9972 for XLAspP2-RA-fHNT and 

 

2 = 0.986 for XLAspP2-RA-GO), which implies that release of drug 

s a square root of time-dependent process and diffusion con- 

rolled [ 54 ]. The Higuchi model states the rate of diffusion of the 

est material from a matrix where the drug loading exceeds its sol- 

bility in the matrix into a surrounding fluid [ 55 ]. Since the pri-

ary mechanism of peptide release is diffusion controlled from 

iguchi, diffusion mechanisms were confirmed by fitting the re- 

ease data to the empirical equation proposed by Korsmeyer and 

eppas [ 32 ]. Fick’s law of diffusion governs the rate of release of 

he peptide into the surrounding fluid. According to Fick’s law, the 

eptide-loaded into the matrix is released by diffusion transport 

n a gradual and steady manner. This explains the initial burst and 

he gradual release observed at the initial and later stages of the 

elease, respectively [ 56 , 57 ]. 
5 
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Fig. 7. The percentage inhibition of peptide-loaded composites. GO and GO- XLAspP2-RA on RD cell line as determined by MTT assay, after 24 h treatment. The graphical 

data are represented as mean ± SD of three independent experiments ( n = 3). 

Fig. 8. The percentage inhibition of peptide-loaded composites. fHNT and fHNT- XLAspP2-RA on RD cell line as determined by MTT assay, after 24 h treatment. The graphical 

data are represented as mean ± SD of three independent experiments ( n = 3). 

3

T

5

t  

t

t

t

o

s

t

i

s

i  

u

s

s

[

3

g

A

o

t  

c

l

R

c

5

t

c

m

1

w

c

i

E

c

b

t

t

c

t

o

t

l

s

m

w

c

b

.4. Enzymatic stability of XLAspP2-RA 

Peptide stability was tested using an assay incorporating FBS. 

he half-life of degradation of the peptide was observed to be 4- 

 h. Encapsulation with fHNT and GO enhanced the stability, ex- 

ending the half-life to 11-14 h ( Fig. 4 ). It was further observed

hat 42% of peptides in the GO composites remained in the solu- 

ion after 12 h incubation and the amount of peptide remained in 

he fHNT composite was 33%. 

Peptide-based therapeutic drugs are exposed to a wide range 

f proteases in vivo . Upon proteases degradation, the resulting 

hort and typically hydrophilic peptide segments are cleared effec- 

ively by renal excretion. Among the different methods for improv- 

ng proteolytic stability, encapsulation in nanomaterials is a viable 

trategy in targeted drug delivery [ 58 , 59 ]. 

Based on our observations, the half-life of XLAspP2-RA peptide 

n serum has increased from 5 h to 11 h and more than 14 h

pon encapsulating with fHNT and GO, respectively. The higher 

tability of the composites may also influence the efficacy mea- 

ured in the stability assay as well as in vitro cytotoxicity assay 

60] . 

.5. Induced in-vitro cytotoxicity activity 

An MTT assay was carried out on the RD cell line to investi- 

ate the potential anticancer effect of peptide-loaded composites. 

 dose-dependent increase in percentage inhibition of cell viability 

ver a concentration range of 1.5–8.0 μg/mL of XLAspP2-RA against 

he RD cell line was observed ( Fig. 5 ). The maximum of 78.8%
6 
ell growth inhibition was observed at 8.0 μg/mL of the test so- 

ution. The peptide itself exhibited a strong cytotoxic effect against 

D cells by showing an IC 50 (the concentration of drug at which 

ell viability was reduced by 50% compared to untreated cells) of 

.39 ± 0.13 μg/mL in a dose-dependent manner. In contrast, posi- 

ive control (cycloheximide) exhibited 79.8% growth inhibition at a 

oncentration of 5 mM. 

The IC 50 value obtained for the peptide against a normal mam- 

alian cell line (Vero: kidney epithelial cells from a monkey) was 

7.00 ± 0.37 μg/mL ( Fig. 6 ). Rd cells and Vero cells were treated 

ith GO-XLAsp-P2 and fHNT- XLAspP2-RA compounds at different 

oncentrations for 24 h. The obtained IC 50 values are mentioned 

n Table 2 . GO exhibited relatively high viability towards RD cells. 

ven at a very high concentration (100 μg/mL), the viability of RD 

ells remained 64.59%. In the absence of the peptide, the cell via- 

ility of the GO treated cells remained above 80%, which indicated 

hat the cytotoxicity of GO- XLAspP2-RA composite was attributed 

o the peptide ( Fig. 7 ). After 24 h incubation, fHNT- XLAspP2-RA 

omposite fHNTs exerted relatively low growth-inhibitory cell ac- 

ivity up to 6 μg/mL, indicating the high level of biocompatibility 

f halloysite nanotubes ( Fig. 8 ). 

The cytotoxic property of the compounds was investigated 

hrough morphological changes on the RD cell line and Vero cell 

ine using an inverted phase-contrast microscope. Figs. 9 and 10 

how that the control (untreated) cells maintained their original 

orphology and were mostly attached to the plate. But, treated 

ith peptide composites exhibited morphological variations on the 

ells after 24 h. Typical apoptotic features such as membrane bleb- 

ing, change in the shapes of the cells, and loss of contact with ad- 
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Table 2 

IC 50 values (μg/mL) of each composite obtained after 24 incubations. 

Composite type XLAspP2-RA GO XLAspP2-RA-GO fHNT XLAspP2-RA-fHNT 

IC 50 μg/mL 5.39 ± 0.13 68.32 ± 2.73 15.46 ± 0.18 5.79 ± 0.10 3.57 ± 0.07 

Each value is a mean of 3 separate experiments. 

Fig. 9. Light micrographs of RD cell line after 24 h of incubation at different concentrations ( × 40). (A) Negative control; (B) Cycloheximide as the positive control (5 mM, 

50 μL, 79.83% inhibition); (C) XLAspP2-RA (6 μg/mL, 59.29% inhibition); (D) fHNT-XLA (6 μg/mL, 70.5% inhibition); (E) GO-XLA (6 μg/mL, 19.88% inhibition). 

Fig. 10. Light micrographs of Vero cell line after 24 h of incubation at different concentrations ( × 40). (A) Negative control; (B) Cycloheximide as the positive control (5 mM, 

50 μL, 88.79% inhibition); (C) XLAspP2-RA (6 μg/mL, 14.94% inhibition; (D) fHNT-XLA (6 μg/mL, 12.85% inhibition); (E) GO-XLA (6 μg/mL, 9.07% inhibition). 

j

[  

t

c

2  

s

e

a

p

a

t

f

t

a

a

h

c

c

i

d

a

4

i

t

M

H

i

s

w

c

p

t

t

o

a

p

p

a

p

D

C

I

e

i

i

i

s

r

L

R

i

A

a

R

 

acent cells were observed; the number of cells was also decreased 

61] . This suggests that the peptide has the potential for in vivo an-

icancer applications. In evaluating the effect of the peptide on cir- 

ulating blood cells, a preliminary study conducted by Zhang et al., 

017 has obtained a low haemolytic activity at 64 μM [20] . In this

tudy, the synthesised peptide exhibited a potent antiproliferative 

ffect on cultured rhabdomyosarcoma cells (ATCC® CCL-136 TM ) in 

 dose-dependent manner, according to the typical forms of mor- 

hological changes which occur in the cells at the early stages of 

poptosis. Furthermore, the predicted selectivity index shown by 

he peptide against RD cells was 3.15, indicating less cytotoxic ef- 

ects on normal cells [ 36 , 62 , 63 ]. 

In addition to the enhanced cytotoxicity of XLAspP2-RA peptide, 

he increased efficacy against RD cells in fHNT composite form was 

lso evident. The induced cytotoxicity effect allows the use of rel- 

tively low concentrations of peptides to achieve a significantly 

igher anticancer activity in vitro . This nanomaterial-peptide-based 

omposite reported enables an effective apoptosis-mediated anti- 

ancer effect with lower potential side effects while using a min- 

mal effective dose. The underlying mechanism of XLAspP2-RA in- 

uced cell death is under investigation using a multidisciplinary 

pproach that employs computational chemistry and cell biology. 

. Conclusion 

Natural AMPs are unique molecular structures with promis- 

ng biological activities that can be further harnessed as poten- 

ial treatments for existing therapeutic problems such as cancer. 

any studies have focused on the biological activities of peptides. 

owever, there are challenges associated with enzymatic stabil- 

ty and targeted delivery of these molecules that need to be re- 

olved to realize their full potential as emerging drug leads. Here, 

e have reported the synthesis of an analogue of a naturally oc- 

urring short AMP peptide, XLAspP2-RA, in good yield using solid- 

hase peptide synthesis. The promising anti-proliferative activity of 

he synthesized peptide together with potent cytotoxicity indicate 

hat XLAspP2-RA may have a significant role in the development 

f novel anticancer therapeutics. Furthermore, the use of function- 

lized HNT and GO platforms as stabilizing elements in a com- 
7 
osite form significantly improved the enzymatic stability of the 

eptide. This study provides a promising AMP based strategy for 

nticancer drug discovery while resolving the remaining issues of 

eptide-based drug delivery using the tools of nanotechnology. 
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