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INTRODUCTION

The study of self-assembly in the design and development
of nanobiomaterials has been a major source of motivation for
scientists [1]. Synthetic peptidic systems have been particularly
explored due to their compatibility with biological models.
While earlier studies focused on the α-amino acid oligomers,
but recent research has highlighted the structural and functional
properties of α/β-heterogeneous backbone peptidic foldamers.
By incorporating both α- and β-amino acid residues, these pep-
tidic foldamers with heterogenous backbones closely resemble
natural peptidic systems in their physical properties. Synthetic
peptidic systems exhibit additional characteristics that enable
them to resist proteases, making them more durable [2,3].
β-Amino acids with their structural constraints, provide confor-
mational stability to the peptides, while functional side chains
contribute desired functional properties. The strategic incorp-
oration of amino acids into non-natural peptidic systems expands
the repertoire of α/β-mixed peptidic systems opening up possi-
bilities for various applications [4-6].
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In recent years, several synthetic peptidic systems have
been developed for efficient drug delivery, focusing on over-
coming barriers that hinder drug distribution within the human
body. Examples of such barriers include the blood-brain-barrier
(BBB), multidrug resistance (MDR), specific cell targeting and
side effects caused by drug overload [7]. To address these chall-
enges, the peptidomimetic approach has been employed, which
involves the designing molecule that mimic the properties of
peptides [8]. The ability to control the morphology of short
peptide sequences makes them promising candidates for chemo-
therapy applications [9]. Additionally, nano-sized particles
have been found to exhibit greater cellular uptake compared to
larger microsized molecules, indicating that nano-sized systems
can serve as effective transport and delivery vehicles [10].

Three widely recognized therapeutic drugs were selected
as examples; yet, each of these drugs (Fig. 1) possesses some
significant shortcomings. For example, (i) L-Dopa is a well-
known and oldest anti-Parkinson’s drug and due to its easier
administration, better tolerance, low cost it is the most effective.
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But in advanced Parkinson’s disease it’s efficacy is significantly
reduced due to its competing metabolism, i.e. peripheral decarb-
oxylation and enzymatic degradation, which causes low bio-
availability in plasma levels. Hence, large doses of L-dopa are
required for treatment in Parkinson’s patients. As dopamine
has low lipid solubility and also due to enzymatic degradation
it is orally inactive it cannot be used as a drug. In this regard,
significant efforts have been made but drawbacks of pharma-
cotherapeutic management still persist [11,12]. (ii) Curcumin
is a phytomolecule with extensive biological activities inclu-
ding anti-cancerous properties. But its poor solubility and rapid
metabolism limited its clinical applications. Acidic pH of
stomach makes it unstable and alkaline pH degrades it before
reaching to the blood stream while other constituents metabo-
lized by the renal metabolism. Resulting, the optimum quantity
of the curcumin may not reach the blood resulting in no/less
therapeutic effect [13]. (iii) Tetrabenazine is a popular and the
only US FDA approved anti-Huntington’s drug. It was previ-
ously used as an antipsychotic drug but now primarily used in
the symptomatic treatment of hyperkinetic disorders. Tetra-
benazine is a depletor of monoamine neurotransmitters
serotonin, nor-epinephrine and dopamine and used as sympto-
matic treatment of chorea associated with Huntington’s disease
but suffers from many drawbacks. Following the oral adminis-
tration of tetrabenazine, the extent of absorption is found at

least 75%. After single oral dose plasma concentrations of
tetrabenazine are generally below the limit of detection because
of the rapid and extensive hepatic metabolism of tetrabenazine
(carbonyl reductase in the liver is responsible for the metabolism
of tetrabenazine). This explains the need for large doses of tetra-
benazine in the treatment of Huntington’s disease [14]. Hence,
nanocarriers applying to L-dopa, curcumin and tetrabenazine
would carry optimum amount of the drug to their site of action
bypassing all the barriers such as acidic pH of stomach, liver
metabolism and increase the prolonged circulation of the drug
into the blood due to their small size. So for delivery of the
selected drugs a nano delivery system must have the following
properties (i) to improve the solubility; (ii) to enhance the bio-
availability; (iii) to reduce the dose; (iv) to target the site of
action and (v) to control the release of the drug.

The present study primarily focuses on the design and syn-
thesis of amphiphilic peptide sequences incorporating β-alanine
and ornithine (Fig. 2), with the objective of exploring their
potential utility in drug delivery applications. The selection of
ornithine was based on several factors that made these systems
interesting for further investigation. Ornithine is a synthetic
amino acid that closely resembles lysine, with the exception
of having a one-carbon shorter side-chain. Synthetic amino
acids are known for their enzymatic stability, which is desirable
in peptide sequences used for drug delivery systems. Therefore,

HO

HO
OH

O

NH2

L-Dopa

MeO

MeO

N

O

Tetrabenazine

OMe

OH

O O
H

MeO

HO

Curcumin

Fig. 1. Chemical structure of drugs

H
N
H

N
H

H
N OEt

O

O O

NH2

Peptide 1

N
H

N
H

H
N OEt

O

O O

NH2

Peptide 2

N
H

H

O

N
H

N
H

H
N OEt

O

O O

NH2

Peptide 3

N
H

OO

H
N

H

NH2

Fig. 2. Chemical structure of peptides

3094  Goel et al. Asian J. Chem.



the inclusion of ornithine in the peptide sequences was consi-
dered suitable for this purpose. Additionally, incorporating
ornithine into the peptide sequences provided a cationic charge.
This cationic property is useful in biological applications
because it facilitates interactions with negatively charged subs-
tances like cell membranes or drugs. Based on these consid-
erations, the authors successfully formed self-assemblies using
tri-, tetra- and penta-peptides containing β-alanine and ornithine.
These self-assemblies have the potential to form nanostructures
that can encapsulate drugs for delivery purposes.

EXPERIMENTAL

Boc-βAla-OEt.HCl and Boc-Orn(Z)-OH were obtained
from GL Biochem Ltd., Shanghai, China. The anti-Huntington’s
drug tetrabenazine was obtained from TCI Chemicals Pvt. Ltd.,
India. Curcumin was purchased form Sigma-Aldrich Chemical
Co., USA. Anti-Parkinson’s drug L-Dopa was purchased from

SRL Pvt. Ltd., India. Spectra/por dialysis membrane (MWCO
100-500 Da) was obtained from Spectrum Labs, USA. The
spectroscopic grade solvents viz. tetrahydrofuran (THF), diethyl-
ether (DEE), ethyl acetate and methanol were procured from
Fischer-Scientific, while trifluoroethanol (TFE) was purchased
from Spectrochem Pvt. Ltd. Reagents for synthesis (puriss
grade): Boc reagent, N-methylmorpholine (NMM) and trifluoro-
aceticacid (TFA) were obtained from Spectrochem Pvt. Ltd.
and isobutylchloroformate (IBCF) was obtained from TCI
Chemicals Pvt. Ltd., India.

Synthesis of peptide: The peptides were synthesized in a
series by solution phase mixed anhydride method as shown in
Scheme-I. In brief, Boc-Orn(Z)-OH (1) and H-βAla-OEt·HCl
(2) were coupled using isobutylchloroformate (IBCF) and NMM
as base in dry THF to obtain the Boc-Orn(Z)-βAla-OEt (3)
with ~ 93.5 % yield. Then, Boc-group was removed from (3)
to obtain H-Orn(Z)-βAla-OEt (4) which coupled with Boc-
βAla-OH (5) and obtained Boc-βAla-Orn(Z)-βAla-OEt (6)
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(Mixed anhydride method)

H- Ala-OEt.HClβ

TFA.H-Orn(Z)- Ala-OEtβ

TFA.H- Ala-Orn(Z)- Ala-OEtβ β

Boc- Ala- Ala-Orn(Z)- Ala-OEtβ β β

TFA.H- Ala- Ala-Orn(Z)- Ala-OEtβ β β

Boc-Orn(Z)- Ala- Ala-Orn(Z)- Ala-OEtβ β βH-Orn- Ala- Ala-Orn- Ala-OEt.3TFAβ β β

Boc-Orn(Z)-OH Boc-Orn(Z)- Ala-OEtβ Boc- Ala-OHβ

Boc-Orn(Z)-OH

H- Ala-Orn- Ala-OEt.2TFAβ β

Boc- Ala-Orn(Z)- Ala-OEtβ β

Boc- Ala-OHβ

NMM/IBCF,
ice-salt bath

TFA/DCM

pH 8.0

1 2
3

4

5

6
TFA/DCM

5

7

8

pH 8.0

1

NMM/IBCF,
ice-salt bath

NMM/IBCF,
ice-salt bath

NMM/IBCF,
ice-salt bath

pH 8.0

TFMSA/TFA

TFA/DCM
9

1013

TFMSA/TFA
H- Ala- Ala-Orn- Ala-OEt.2TFAβ β β

12

11

TFMSA/TFA

Scheme-I: Solution-phase synthesis of peptides using mixed anhydride method
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with ~ 94.4 % yield. Similarly, Boc-βAla-βAla-Orn(Z)-βAla-
OEt (8) was synthesized (83.9% yield) by removing Boc-group
from Boc-βAla-Orn(Z)-βAla-OEt (6) to obtain H-βAla-
Orn(Z)-βAla-OEt (7) followed by coupling with Boc-βAla-
OH (5).

Boc-Orn(Z)-βAla-βAla-Orn(Z)-βAla-OEt (10) was synth-
esized in ~ 95.5% yield by removing Boc-group from Boc-
βAla-βAla-Orn(Z)-βAla-OEt (8) to obtain H-Orn(Z)-βAla-
Orn(Z)-βAla-OEt (9) followed by coupling with Boc-Orn(Z)-
OH (1). The required peptides were obtained by removing
Boc- and Z group using TFA:TFMSA from 6, 8 and 10 to obtain
H-βAla-Orn-βAla-OEt (11), H-βAla-βAla-Orn-βAla-OEt
(12) and H-Orn-βAla-βAla-Orn-βAla-OEt (13), respectively.

Tripeptide 11, tetrapeptide 12 and pentapeptide 13 were
finally purified on RP-HPLC and characterized by mass spect-
rometry. The LC/ESI-MS: [M + 2H]Tripeptide = 304.5 (calcd.
304.5), [M + 2H]Tetrapeptide = 375.5 (calcd. 375.5) and [M] Pentapeptide

= 487.5 (calculated 487.5) and [M + H]Pentapeptide = 488.5 (calcd.
488.5).

Preparation of self-assemblies: Peptide nanostructures
was prepared by self-assembly. In brief, peptide (1 mg) was
first dissolved in 100 µL methanol and then diluted with 900
µL water followed by vortexing for 2 min. After an aging of 2 h,
the samples were characterized by DLS and TEM studies.

Dynamic light scattering (DLS) analysis: The size distri-
bution and zeta potential measurements of the self-assembled
unloaded peptide nanostructures and L-dopa, curcumin and
tetrabenazine loaded peptide nanostructures were recorded in
triplicate by dynamic light scattering (DLS) using Zetasizer Nano-
ZS, Malvern Instruments.

High resolution-transmission electron microscopy (HR-
TEM) analysis: Transmission electron microscopic (TEM)
images were recorded using a TECNAI G2 20 TWIN electron
microscope at an accelerating voltage of 200 kV. For sampling,
a drop of self-assembled peptide solution was mounted on a
200 mesh carbon coated copper grid and stained negatively
with aqueous solution of 1% uranyl acetate.

Spectroscopic characterization: A Perkin-Elmer FT-IR
spectrometer was used for obtaining the FT-IR spectra of samples
in solid and in solution state at room temperature. For solid
state, sample was prepared as a KBr disk while to obtain spectra
in solution phase a methanolic solution of peptide was used in
attenuated total reflectance (ATR) mode. The far-UV CD spectra
were recorded at room temperature on a JASCO J-815 CD
spectrometer using a quartz cell of 0.1 cm optical path length.
The concentration of peptide was kept 1 mg/mL in all cases.
The absorption spectra were recorded using a UV/Vis spectro-
photometer (Cary Eclipse, Agilent Technologies). For peptide-
drug interaction studies, the concentration of the drug solution
of L-dopa, curcumin and tetrabenazine was taken 25 µg/mL,
4.6 µg/mL and 26 µg/mL, respectively, in water.

Drug-peptide interaction studies: L-Dopa, curcumin
and tetrabenazine were chosen as hydrophobic molecules with
maximum absorption at 280, 425 and 282 nm, respectively.
Interaction study of drugs with self-assembled peptide
nanoassemblies were conducted titrametrically and absorption
measurements were made at each step.

Entrapment of L-dopa: L-Dopa-loaded nanostructures
were prepared by dissolving peptide 5 mg in 100 µL methanol
and mixed with 900 µL of L-dopa containing three different
amounts 0.5 mg, 1 mg and 2 mg with continuous vortexing for
5 min. The solution was left overnight for stabilization of self-
assembled nanostructures. The resulting mixture was centri-
fuged and the supernatant was collected and lyophilized to
obtain the desired drug loaded nanostructures. Then to separate
the nanostructures from excess drug, obtained nanostructures
was re-dissolved in water (pure aspirin is not soluble in water)
and then after centrifuge for 2 min separated supernatant was
collected in other Eppendorf for further lyophilization.

Entrapment of curcumin and tetrabenazine: Drug-
loaded nanostructures were prepared by dissolving peptide 5
mg and drug in different amounts in 100 µL methanol with
vortexing for 2 min. Then 900 µL of water was added and again
vortexed for 5 min. The solution was left overnight for stabili-
zation of self-assembled nanostructures. The resulting mixture
was centrifuged (pure curcumin and tetrabenazine is not soluble
in water) and the supernatant was collected and lyophilized to
obtain the desired drug loaded nanostructures.

The following formulae were used for measuring the
encapsulation efficiency and drug loading content in peptide
nanostructures:

Amount of  drug added Amount of  free drug
Encapsulation efficiency

Amount of  drug adde
10

d
0

−= ×

Weight of  the encapsulated drug in nanostructures
Drug loading content

Weight of  nanostructures tak
0

en
1 0= ×

Drug release study: To study the release of the drug from
the nanovesicles, 5 mg drug loaded peptide nanovesicles were
taken in a dialysis membrane (MWCO 100-500 Da). The mem-
branes were placed in 50 mL centrifuge tube containing 30 mL
of PBS pH 7.4 and agitated on an orbital shaker at a continuous
speed of 100 rpm. The drug release was monitored using 1 mL
of the sample at fixed time intervals and absorbance was read
using UV-visible spectrophotometer. After every spectroscopic
measurement the solutions were returned to the main bulk.

Statistical analysis: All data were expressed as means with
standard deviations (mean ± SD) and the data were analyzed
using one-way ANOVA with Tukey’s test. Statistical signifi-
cance was defined as p < 0.05.

RESULTS AND DISCUSSION

The self-assembly of peptide molecules in response to solvent
polarity resulted in the formation of cationic nanostructures,
as confirmed by DLS measurements (Table-1). The average
sizes of the structures formed by peptide 1, 2 and 3 in aqueous
medium were measured as 270 nm, 273 nm and 175 nm, respe-
ctively. The surface charge potential of peptide 1, 2 and 3 was
highly positive, measuring 40 mV, 45 mV and 42 mV, respec-
tively. In general, the hydrodynamic diameters measured by
DLS are three times larger than the actual particle diameters
[15,16]. Therefore, the particle diameter measurements were
confirmed using TEM measurements (Fig. 3). The average sizes
of the nanostructures from TEM studies were found to be 94
± 14 nm, 17 ± 3 nm and 99 ± 31 nm for peptide 1, 2 and 3,
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respectively. In most cases, the observed morphology of peptide
nanostructures was spherical. This morphology can be attri-
buted to the hydrophobic-hydrophobic interactions among the
backbone atoms, resulting in the clustering of hydrophobic
regions forming the core, while the charged amino groups
create the surface [17]. The TEM micrographs also displayed
spherical-shaped self-assembled peptide nanostructures,
confirming the findings. These results strongly indicate that
the self-assembly process refines the arrangement of the peptide
molecules, further enhancing their potential applications.

Secondary structure estimation: The secondary structure
of the peptides was determined using circular dichroism (CD)
and FTIR spectroscopic studies. The CD spectra of the peptides
are shown in Fig. 4. In Fig. 4a, tripeptide exhibited a negative
maximum at 195 nm in the CD spectrum. Although no positive
signal crossed the zero crossing line, a positive trend in the
signal was observed. A comparatively diminished positive signal
at a wavelength of 214 nm was observed in 100% methanol,

which is an entirely organic solvent, in contrast to the tripeptide’s
positive signal at 216 nm in 50% methanol and at 218 nm in
10% methanol. The negative maximum of tripeptide and the
red shift from 214 nm (100% methanol) to 218 nm (10%
methanol) were attributed to the effects of the chiral α-carbon
of ornithine. The wavelength shift indicated that a π-π* trans-
ition was responsible for this change [18]. The spectra clearly
indicated a random conformation in the tripeptide. In Fig. 4b,
the tetrapeptide displayed a strong negative signal at 202 nm
in 100% methanol, indicating an helical structure. In 50%
methanol, the helical structure of the peptide was preserved
with a slight blue shift in the negative maximum at 201 nm.
The intensity of the signal decreased, suggesting a decreased
population of helical conformers. However, in 10% methanol,
a total loss of the helical structure was observed [19].

The tetrapeptide was unable to maintain its helical confor-
mation in 10% methanol or aqueous solution and a random
structure was observed from the recorded spectrum. Fig. 4c

TABLE-1 
DLS MEASUREMENTS OF PEPTIDE NANOSTRUCTURES 

Sample Average size (nm) ± SD PDI ± SD Zeta potential (mV) ± SD 

H-βAla-Orn-βAla-OEt (1) (unloaded) 270.0 ± 1.838 0.068 ± 0.004 39.7 ± 0.529 

H-βAla-βAla-Orn-βAla-OEt (2) (unloaded) 273.1 ± 1.443 0.073 ± 0.008 44.9 ± 1.090 

H-Orn-βAla-βAla-Orn-βAla-OEt (3) (unloaded) 175.0 ± 1.739 0.045 ± 0.009 42.0 ± 0.451 

 

Fig. 3. TEM micrographs of (a) tripeptide 1, (b) tetrapeptide 2 and (c) pentapeptide 3 nanostructures (scale bar: (a) 100 nm, (b) 50 nm, (c) 500
nm)
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displays the CD spectra of the pentapeptide. In a 10% methanol
solution, a reciprocal ellipticity was recorded compared to the
tetrapeptide. The positive maximum at 195 nm indicated the
helical structure of the pentapeptide in 10% methanol. Surpri-
singly, it was observed that pentapeptide in 100% methanol
exhibited a sheet-like structure [15]. The transition from helical
to sheet-like conformation was further studied and in 50%
methanol, a random structure was observed.

The conformation of the peptides was also investigated
using FTIR. The FTIR spectra of all the peptides were recorded
in KBr (Fig 5a) and in methanol (Fig. 5b). It was observed that
the spectra of all the peptides in KBr were almost similar. The
major peaks at 1651, 1537 and 1223 cm-1 corresponded to the
amide I, amide II and amide III regions, respectively. These
spectral peaks indicated a random conformation of the peptides
in the solid state [17]. Similarly, in methanol, the peptides
exhibited a similar pattern. In methanol solution, a major peak
in the amide-I region disappeared compared to the solid state.
Two prominent peaks appeared, one at 1412 cm-1 in the amide
II region and the other at 1250 cm-1 in the amide-III region. A
strong and broad peak at 3320 cm-1 in methanol indicated the
presence of intramolecular hydrogen bonds in the soluble state
of the peptides [15,20]. The precise structural details of these
β-peptide designs are yet unknown; nevertheless, the present
studies indicate that the peptides adopt a folded-conformation.

Drug-peptide interaction studies: The loading of drugs
into nanostructures is of paramount importance for their develop-
ment as effective delivery vehicles. However, prior to drug
loading, the preformed peptide nanostructures were tested for
their binding affinity with drug molecules. The quantitative
analysis of the intermolecular interactions was performed using
a supramolecular titration method. In this method, one comp-
onent (guest molecules, i.e., the peptide nanostructures) was
gradually added to the system (host molecules, i.e. the drug
solution), while monitoring the absorption band (UV) at regular
intervals. The resulting data was compared and fitted to binding
models to obtain information such as the association constant

(Ka), which provides insights into the strength of the drug-peptide
interaction. Fig. 6 illustrates the interaction of L-dopa (λmax:
280 nm), curcumin (λmax: 425 nm) and tetrabenazine (λmax:
282 nm) with the self-assembled peptide nanostructures (guest
molecules). The UV spectra of the drugs were monitored during
the titration process to observe any changes in the absorption
bands, indicating their binding to the peptide nanostructures.

During the experiment, it was observed that the gradual
addition of self-assembled peptide nanostructures to the L-dopa
drug solution (in volumes of 1 µL, 2 µL, 3 µL, 4 µL, 5 µL, 10 µL,
20 µL and 100 µL) did not cause significant changes in the
absorbance of the drug solution for peptides 1 and 2 (Fig. 6a-b).
However, when 100 µL of peptide 3 nanostructures was added,
a sharp change in the absorbance of the drug at 280 nm was
observed (Fig. 6c). Additionally, a distinct change in one of
the spectra was observed. In case of peptides 1 and 2, the addition
of peptide nanostructures to the drug solution resulted in a slight
decrease in absorbance, whereas for peptide 3, the absorbance
increased. This suggests an association between the drug mole-
cules and the peptide 3 assemblies [17]. Furthermore, it was
observed that for peptides 1 and 2, the spectra obtained matched
exactly with those shown in Fig. 6a-b, indicating a slight
decrease in absorbance at 282 nm. However, when 100 µL of
peptide nanostructures was added, a significant decrease in
the spectra was observed.

In case of peptide 3, the pattern of change in absorbance
intensity was reversed compared to peptides 1 and 2. This means
that the absorbance appeared to slightly increase upon addition
of peptide nanostructures and for 100 µL, it showed a signi-
ficant increase. For drug curcumin, a similar pattern of absor-
bance change was observed for all the peptides (Fig. 6d-f).
The absorbance of curcumin decreased at 425 nm in all cases.
However, due to the high hydrophobicity of curcumin, its bind-
ing with the peptide molecules was found to be challenging
[17]. The results obtained with the drug tetrabenazine were
highly interesting and informative. When the self-assembled
peptide nanostructures were added to the tetrabenazine drug
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Fig. 6. UV-Vis spectra showing interaction of peptides with drug moieties L-dopa, curcumin and tetrabenazine

solution, no significant changes occurred in the absorbance of
the drug solution at 282 nm. However, similar patterns of spectra
were obtained for peptides 1 and 2, as shown in Fig. 6g-h,
depicting a slight decrease in absorbance at 282 nm. When
100 µL of peptide nanostructures was added, a significant
decrease in absorbance was observed. On the other hand, for
peptide 3, the pattern of change in absorbance intensity was
reversed, indicating a slight increase and for 100 µL, it exhibited
a highly increased absorbance (Fig. 6i). This anomalous UV
behaviour of tetrabenazine upon interaction with peptide 3
nanostructures strongly suggests the formation of peptide-drug
conjugates [20].

The strength of the interaction between drug molecules
and self-assembled peptide molecules was assessed by deter-
mining the binding constant (Kα). The calculation of the binding
constant was performed using the Benesi-Hildebrand equation:

o a max o n max o

1 1 1

(A A ) K (A A )[Guest] [A A ]
= +

− − −
In present case, Ao is the absorbance of drug in question at

its λmax in the absence of peptide nanostructures (guest), A is the

absorbance recorded in the presence of added nanostructures
(Amax) is absorbance in presence of nanostructures at its λ max

and Ka is the association constant (M-1). The value of Ka was
calculated from the slope of the straight line plot of 1/(A-Ao)
against 1/[Guest]n. The binding constant values, obtained
through the UV-Vis titration method, for the drugs L-dopa,
curcumin and tetrabenazine with the peptide nanostructures,
are summarized in Table-2. These binding constant values were
then compared to evaluate the strength of the interactions
between the drugs and the peptide nanostructures [17]. By
applying the Benesi-Hildebrand equation to the absorption
spectra, the researchers were able to determine the binding
constant, which provides information about the strength of
the interaction between the drug and peptide molecules. This
analysis helps in understanding the affinity and potential
stability of the drug-peptide complex, which is crucial for the
drug delivery applications.

Encapsulation studies: The encapsulation of drug mole-
cules was quantified using UV-visible spectroscopy and the
results were expressed as encapsulation efficiency (%). To
achieve the highest encapsulation efficiency of the peptide
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TABLE-2 
BINDING CONSTANT ON INTERACTION OF DRUG  
WITH PREFORMED PEPTIDE NANOSTRUCTURES 

Sample Binding constant (M-1) 
Ldp (1 mL, 12.68 × 10-2 mM) + peptide 1 2.64 × 105 
Ldp (1 mL, 12.68 × 10-2 mM) + peptide 2 4.91 × 105 
Ldp (1 mL, 12.68 × 10-2 mM) + peptide 3 8.69 × 104 
Cur (1 mL, 1.25 × 10-2 mM) + peptide 1 1.16 × 105 
Cur (1 mL, 1.25 × 10-2 mM) + peptide 2 8.47 × 104 
Cur (1 mL, 1.25 × 10-2 mM) + peptide 3 1.17 × 105 
Tbz (1 mL, 8 × 10-2 mM) + peptide 1 1.07 × 105 
Tbz (1 mL, 8 × 10-2 mM) + peptide 2 2.89 × 104 
Tbz (1 mL, 8 × 10-2 mM) + peptide 3 1.43 × 104 

 

nanostructures, the drugs were encapsulated at different weight-
to-weight (w/w) ratios with the peptide. For L-dopa and tetra-
benazine, three different peptide:drug ratios were used: 5:0.5,
5:1 and 5:2. However, due to the highly hydrophobic nature
of curcumin, it was encapsulated in the peptide at only two
peptide:drug (w/w) ratios: 5:0.5 and 5:1.

The calculated encapsulation efficiencies (%) for L-dopa,
curcumin and tetrabenazine are summarized in Table-3, which
also additionally comprises the drug loading content, which
is the amount of drug encapsulated in the vesicles as a percen-
tage of the total vesicle weight.

The dynamic light scattering (DLS) studies were conducted
subsequent to the encapsulation of hydrophobic medicinal
molecules within the peptide nanostructures. The results, as
shown in Table-4, indicated that compared to the unloaded
particles with a size distribution of 270 nm, the size distribution
of tetrabenazine-loaded nanostructures of peptide 1 increased
to approximately 433 nm, with a peak intensity of 100%.
Additionally, there was a significant decrease in zeta potential
from 40 mV (unloaded particles) to 8 mV. For L-dopa and
curcumin-loaded particles in peptide 1, the size increased to
approximately 341 nm in both cases and the zeta potential
decreased to approximately 9 mV and 24 mV, respectively,
compared to their respective unloaded peptide 1 nano-
structures. Similarly, in peptide 2, the average size of tetra-

TABLE-3 
DRUG ENCAPSULATION STUDIES ON PEPTIDE NANOSTRUCTURES 

Sample Peptide/drug ratio Encapsulation efficiency (%) Drug loading content (%) 
Peptide 1 (5 mg) + Ldp (0.5 mg) (4) 5:0.5 76 5 
Peptide 1 (5 mg) + Ldp (1 mg) (5) 5:1 62 9 
Peptide 1 (5 mg) + Ldp (2 mg) (6) 5:2 42 12 
Peptide 2 (5 mg) + Ldp (0.5 mg) (7) 5:0.5 72 16 
Peptide 2 (5 mg) + Ldp (1 mg) (8) 5:1 66 17 
Peptide 2 (5 mg) + Ldp (2 mg) (9) 5:2 45 20 
Peptide 3 (5 mg) + Ldp (0.5 mg) (10) 5:0.5 76 8 
Peptide 3 (5 mg) + Ldp (1 mg) (11) 5:1 66 11 
Peptide 3 (5 mg) + Ldp (2 mg) (12) 5:2 29 15 
Peptide 1 (5 mg) + Cur (0.5 mg) (13) 5:0.5 2.0 0.20 
Peptide 1 (5 mg) + Cur (1 mg) (14) 5:1 0.9 0.18 
Peptide 2 (5 mg) + Cur (0.5 mg) (15) 5:0.5 1.8 0.20 
Peptide 2 (5 mg) + Cur (1 mg) (16) 5:1 0.7 0.22 
Peptide 3 (5 mg) + Cur (0.5 mg) (17) 5:0.5 1.9 0.32 
Peptide 3 (5 mg) + Cur (1 mg) (18) 5:1 0.9 0.14 
Peptide 1 (5 mg) + Tbz (0.5 mg) (19) 5:0.5 53 7 
Peptide 1 (5 mg) + Tbz (1 mg) (20) 5:1 38 19 
Peptide 1 (5 mg) + Tbz (2 mg) (21) 5:2 35 15 
Peptide 2 (5 mg) + Tbz (0.5 mg) (22) 5:0.5 62 15 
Peptide 2 (5 mg) + Tbz (1 mg) (23) 5:1 50 20 
Peptide 2 (5 mg) + Tbz (2 mg) (24) 5:2 36 21 
Peptide 3 (5 mg) + Tbz (0.5 mg) (25) 5:0.5 65 22 
Peptide 3 (5 mg) + Tbz (1 mg) (26) 5:1 58 16 
Peptide 3 (5 mg) + Tbz (2 mg) (27) 5:2 36 24 
 

TABLE-4 
DLS MEASUREMENTS OF DRUG ENCAPSULATED PEPTIDE NANOSTRUCTURES 

Sample Average size (nm) ± SD PDI ± SD Zeta potential (mV) ± SD 

H-βAla-Orn-βAla-OEt (6) (loaded with Ldp) 341.4 ± 36.66 0.306 ± 0.091 8.59 ± 1.70 

H-βAla-βAla-Orn-βAla-OEt (9) (loaded with Ldp) 503.8 ± 42.78 0.246 ± 0.079 14.2 ± 1.20 

H-Orn-βAla-βAla-Orn-βAla-OEt (12) (loaded with Ldp) 161.9 ± 3.453 0.107 ± 0.011 41.7 ± 1.46 

H-βAla-Orn-βAla-OEt (14) (loaded with Cur) 340.9 ± 8.316 0.168 ± 0.038 23.7 ± 1.31 

H-βAla-Orn-βAla-OEt (16) (loaded with Cur) 437.5 ± 1.358 0.350 ± 0.044 18.1 ± 1.65 

H-βAla-βAla-Orn-βAla-OEt (18) (loaded with Cur) 362.0 ± 5.116 0.369 ± 0.007 32.1 ± 0.500 

H-Orn-βAla-βAla-Orn-βAla-OEt (21) (loaded with Tbz) 432.8 ± 105.4 0.458 ± 0.061 8.11 ± 0.113 

H-βAla-βAla-Orn-βAla-OEt (23) (loaded with Tbz) 549.7 ± 86.59 0.279 ± 0.101 18.0 ± 0.839 

H-Orn-βAla-βAla-Orn-βAla-OEt (27) (loaded with Tbz) 219.7 ± 18.46 0.319 ± 0.048 34.1 ± 1.76 
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benazine-loaded nanostructures increased to approximately
550 nm from 273 nm, with a significant decrease in zeta
potential from 45 mV to 18 mV. In case of L-dopa and curcumin-
loaded particles, the sizes increased to approximately 504 nm
and 438 nm, while the zeta potentials decreased to approxi-
mately 14 mV and 18 mV, respectively, in comparison to their
respective unloaded peptide 2 nanostructures. In peptide 3,
the average size of tetrabenazine-loaded nanostructures was
measured at 220 nm, accompanied by a zeta potential of 34
mV. For L-dopa and curcumin-loaded nanostructures, the sizes
were recorded as 162 nm and 362 nm, respectively, with zeta
potentials of 42 mV and approximately 32 mV when compared
to their respective unloaded peptide 3 nanostructures.

The higher hydrodynamic diameter values observed for
the drug-loaded self-assembled nanostructures may be attri-
buted to their aggregated form. However, the actual sizes of
the drug-loaded self-assembled structures were determined
using TEM technique (Fig. 7). In TEM analysis, the size of
peptide 1 nanostructures loaded with L-dopa, curcumin and
tetrabenazine were measured as 120 nm, 70 nm and 20 nm,
respectively. It is evident that the average sizes of the drug-
loaded peptide nanostructures were relatively small. The
reduction in particle size after encapsulating hydrophobic drugs
strongly suggests the presence of hydrophobic pockets within
the self-assembled nanostructures. The interactions between
these hydrophobic spaces and the hydrophobic moieties of the
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Fig. 7. TEM micrographs showing drug encapsulated nanostructures (scale bar: (a) 200 nm, (b) 200 nm, (c) 50 nm, (d) 100 nm, (e) 100 nm,
(f) 200 nm, (g) 100 nm, (h) 100 nm, (i) 100 nm)
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encapsulated molecules have resulted in a compact structure.
Similarly, for peptide 2, the drug-loaded nanostructures with
L-dopa, curcumin and tetrabenazine exhibited sizes of 60 nm,
40 nm and 30 nm, respectively. For peptide 3, the drug-loaded
nanostructures with L-dopa, curcumin and tetrabenazine showed
sizes of 40 nm, 110 nm and 25 nm, respectively. The TEM
results provides the direct visualization of the drug-loaded
peptide nanostructures, confirming their compact and well-
defined structures.

Drug release kinetics: The in vitro release of the drugs
from the drug-loaded nanostructures was performed using the
dialysis method in 1X PBS at pH 7.4 and the release was moni-
tored using UV-Vis spectroscopy (Table-5). The drug release
kinetics of tetrabenazine were monitored for 102 h. The results
indicated that peptide 1 released 17% of encapsulated drug,
peptide 2 released 21% of drug, while peptide 3 released 11%
of the encapsulated tetrabenazine. The percentage release vs.
time graphs for tetrabenazine release is shown in Fig. 8c.

For curcumin, the results showed that peptide 1 released
81% of encapsulated drug within 52 h, while peptide 2 released
73% of drug in the same time frame (Fig. 8b). Peptide 3
released 91% of encapsulated curcumin within 31 h. Similarly
for L-dopa, peptide 1 released 90% of encapsulated drug within

5 h, while peptide 2 and peptide 3 released 89% and 99% of
encapsulated drug, respectively, within 6 h (Fig. 8a).

The release of drugs from the self-assembled nanostruc-
tures occurred in a controlled manner. Since the active mole-
cules were physically entrapped within the hydrophobic matrix
of the nanostructures, it was speculated that the release mainly
occurred through diffusion. The release kinetics demonstrated
efficient and slow release of tetrabenazine and curcumin from
the loaded nanostructures, while L-dopa exhibited a more
gradual release pattern. The DLS measurements of the peptide
nanostructures after drug release were summarized in Table-
6. The comparatively small sizes of peptides 1, 2 and 3 after
the release of L-dopa, along with its early release, suggest
that the drug was primarily encapsulated on the surface of the
nanostructures. The observed substantial enlargement of the
drug (curcumin and tetrabenazine)-loaded peptide nano-
structures’ diameter indicates a significant change in the morp-
hology of the nanostructures upon drug release.

Conclusion

In this study, the synthesis of an amphiphilic mixed α/β-
peptide series consisting of tri-, tetra- and penta-peptides was
carried out. The peptide structures were deliberately designed

TABLE-5 
In vitro DRUG RELEASE KINETICS OF PEPTIDE NANOSTRUCTURES IN AQUEOUS MEDIUM 

Peptide 1 Peptide 2 Peptide 3 
Time (h) 

Ldp Cur Tbz Ldp Cur Tbz Ldp Cur Tbz 
1 19.5 6.6 1.5 18.6 5.5 1.8 19.2 6.8 1.7 
2 34.9 7.2 2.2 33.7 10.2 3.0 40.8 12.4 2.4 
3 57.1 8.0 3.2 53.4 5.9 4.1 55.3 10.2 3.0 
4 72.5 7.7 3.7 66.5 6.4 5.0 69.6 12.1 3.4 
5 89.5 18.2 4.0 79.3 11.3 5.8 85.0 24.4 3.6 
6 – 9.9 4.5 89.0 8.7 6.5 99.0 13.6 4.0 
7 – 15.0 5.1 – 12.9 7.1 – 26.3 4.4 
8 – 25.7 5.1 – 11.2 7.5 – 28.5 4.6 
9 – 20.5 – – 13.0 – – 26.9 – 

23 – 14.9 8.3 – 8.8 10.5 – 40.5 5.7 
24 – 24.3 7.9 – 10.5 11.9 – 24.7 6.4 
25 – 14.4 – – 11.3 – – 22.7 – 
26 – 22.0 8.3 – 15.7 12.2 – 28.7 6.5 
27 – 5.2 – – 11.2 – – 12.5 – 
28 – 26.6 8.5 – 22.9 12.4 – 38.9 6.6 
29 – 21.8 – – 18.1 – – 47.8 – 
30 – 26.9 8.6 – 24.3 12.7 – 68.6 6.8 
31 – 31.2 – – 30.2 – – 91.1 – 
32 – – – – – – – – – 
47 – – – – 50.1 16.3 – – 9.7 
48 – 82.0 10.9 – 57.5 16.6 – – 9.8 
50 – – 11.2 – – 17.0 – – 10.1 
52 – 81.1 11.6 – 72.9 17.0 – – 10.2 
54 – – 12.1 – – 18.0 – – 10.4 
71 – – 12.8 – – 18.8 – – 10.5 
72 – – 13.0 – – 19.0 – – 10.7 
74 – – 13.6 – – 19.4 – – 10.9 
76 – – 13.8 – – 18.8 – – 10.6 
78 – – 14.0 – – 18.9 – – 10.7 
96 – – 15.7 – – 20.1 – – 11.0 
98 – – 17.4 – – 23.1 – – 11.7 
100 – – 16.1 – – 20.5 – – 11.2 
102 – – 16.6 – – 21.2 – – 11.2 
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Fig. 8. Drug release profile from self-assembled drug encapsulated peptide
nanostructures

to exhibit amphiphilic characteristics, rendering them well-suited
for the delivery of hydrophobic pharmaceutical compounds.
Present findings revealed that the nanostructures formed by
peptide 2 demonstrated the highest efficiency in releasing
tetrabenazine, curcumin and L-dopa. The release of tetra-
benazine from both peptide nanostructures 1 and 3 exhibited
similar trends. However, when it came to the release of curcumin,
peptide 1 outperformed peptide 3. On the other hand, peptide 3
showed a higher release of L-dopa compared to peptide 1.
These observations clearly indicated the capability of the desi-
gned nanostructures to effectively retain and release a signi-
ficant amount of drug molecules. The results in this study
emphasized the potential of these nanostructures as promising
drug delivery carriers in vitro. The successful encapsulation
and subsequent controlled release of the hydrophobic drugs

TABLE-6 
DLS MEASUREMENTS OF PEPTIDE NANOSTRUCTURES AFTER DRUG-RELEASE STUDIES 

Sample Average size (nm) ± SD PDI ± SD Zeta potential (mV) ± SD 

H-βAla-Orn-βAla-OEt (28) (after release of Ldp) 177.9 ± 2.804 0.354 ± 0.036 -8.37 ± 0.278 
H-βAla-βAla-Orn-βAla-OEt (29) (after release of Ldp) 229.6 ± 11.66 0.516 ± 0.042 -7.50 ± 0.197 
H-Orn-βAla-βAla-Orn-βAla-OEt (30) (after release of Ldp) 389.4 ± 35.74 0.445 ± 0.366 -4.46 ± 0.347 
H-βAla-Orn-βAla-OEt (31) (after release of Cur) 588.0 ± 29.66 0.260 ± 0.166 -9.87 ± 1.55 
H-βAla-βAla-Orn-βAla-OEt (32) (after release of Cur) 627.6 ± 5.198 0.281 ± 0.072 -8.76 ± 0.271 
H-Orn-βAla-βAla-Orn-βAla-OEt (33) (after release of Cur) 729.6 ± 31.18 0.159 ± 0.048 -5.71 ± 0.350 
H-βAla-Orn-βAla-OEt (34) (after release of Tbz) 878.8 ± 30.45 0.202 ± 0.043 -5.35 ± 0.369 
H-βAla-βAla-Orn-βAla-OEt (35) (after release of Tbz) 759.4 ± 23.86 0.095 ± 0.082 -4.28 ± 0.165 
H-Orn-βAla-βAla-Orn-βAla-OEt (36) (after release of Tbz) 790.3 ± 36.10 0.126 ± 0.034 -7.32 ± 0.355 

 

demonstrate the feasibility and efficacy of the peptide-based
delivery system. This study provides the foundation for further
inquiries and refinement of these nanostructures in order to
explore their potential applications in drug delivery and thera-
peutic interventions.
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