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The present work reports for the first time, modification of aniline with alanine (Ala) in mole ratios of 80-20,
50-50 and 20-80 via ultrasound-assisted polymerization. The formation of Ala-incorporated polyaniline (PANI)
was confirmed via FTIR, UV-visible and SEM studies. The geometry optimization, Mulliken charge distribution,
vibrational as well as electronic spectral analysis was carried out using Gaussian 09 software with B3LYP/6311 G

(d) basis set. Quenching of bovine serum albumin (BSA) and human serum albumin (HSA) by Ala/PANI followed
the static mechanism which was confirmed by the fluorescence studies and Stern Volmer plots. The binding
constant (Kp,) values were found to be higher for Ala-PANI oligomers (~10° LM 1) containing higher loading of
PANI. The binding affinity of Ala/PANI towards BSA as well as HSA was found to be fairly good and the docking
studies established that hydrogen bonding as well as Van der Waal’s forces played a significant role in the

binding process.

1. Introduction

Conducting polymers such as polyacetylene (PAc) [1], polyaniline
(PANI) [2], poly(1-naphthylamine) (PNA) [3,41, poly
(o-phenylenediamine) (POPD) [5,6], polypyrrole (PPy) [7,8] etc. have
exceptional electro-active and optoelectronic features which can be
easily modified to obtain functional polymers having potential appli-
cation in the fields of photocatalysis [9-11], biosensors [12-14], drug
delivery [15,16] and corrosion protection [17,18]. Among all, PANI has
exceptional properties due to its pH-responsive characteristics and the
ability to exist in different conducting as well as insulating states in
acidic, basic and neutral media.

Amino acids such as (Ala), asparagine (Asn), glutamine (Gln), his-
tidine (His), Isoleucine (Ile), lysine (Lys), proline (Pro), threonine (Thr),
and valine (Val) etc. are known to increase the biocompatibility of
materials and have been incorporated in several synthetic/natural
polymers to enhance their sensing characteristics. For designing poly-
mers applicable in protein detection/sensing, various methods have
been used to immobilize bioreceptors on the polymeric surface. Since

PANI is synthesized under highly acidic solutions conditions (pH 0-2),
immobilization by covalent methods is usually adopted to avoid leach-
ing of the receptor molecules. Studies dealing with biocompatibility of
PANI have been extensively investigated by Mattioli and Belmonte et al.
[19] using the in-vivo testing as well as in-vitro proliferation of cells on
PANI surfaces [20]. Application of Ala-based complex isomers for the
detection of heavy metal ions (HMIs) has been reported by Akhtar and
co-workers [21]. Han and Chi [22] reported the complex formation and
capability of various a-amino acids with Fe(II), Fe(III), Cu(Il), and Zn(II)
for the detection of metal ions.

Although a lot of work has been reported on the interaction of amino
acids with conducting polymers, no quantitative work has been reported
on the influence of Ala concentration on the conformational changes in
PANI and its interaction with bovine serum albumin (BSA) as well as
human serum albumin (HSA) [23,24]. Hence, with a view to explore the
effect of Ala-incorporated PANI on the optoelectronic as well as bio-
physical interaction potential with BSA and HSA, the present work re-
ports ultrasound-assisted polymerization of aniline and its modification
with Ala in the mol ratios of 80-20,50-50 and 20-80 respectively. The

* Corresponding author at: Department of Chemistry and Biochemistry, North Carolina Central University, NC, 27707, USA.

E-mail addresses: ufana2002@yahoo.co.in, uriaz@nccu.edu (U. Riaz).

https://doi.org/10.1016/j.synthmet.2022.117248

Received 28 October 2022; Received in revised form 25 November 2022; Accepted 9 December 2022

0379-6779/© 2022 Elsevier B.V. All rights reserved.


mailto:ufana2002@yahoo.co.in
mailto:uriaz@nccu.edu
www.sciencedirect.com/science/journal/03796779
https://www.elsevier.com/locate/synmet
https://doi.org/10.1016/j.synthmet.2022.117248
https://doi.org/10.1016/j.synthmet.2022.117248

U. Riaz et al. Synthetic Metals 292 (2023) 117248

-0.735 I 0.735

-0.735 I 0.735

Fig. 1. (a) Geometry optimized structure of Ala-PANI/80-20, (b) Mulliken charge distribution in Ala-PANI/80-20,(c) geometry optimized structure of Ala-PANI/
50-50, (d) Mulliken charge distribution in Ala-PANI/50-50, (e) geometry optimized structure of Ala-PANI/20-80,(f) Mulliken charge distribution in Ala-
PANI/20-80.
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Fig. 2. Frontier molecular orbital distributions in (a) Ala-PANI/80-20, (b) Ala-PANI/50-50, (c) Ala-PANI/20-80.
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Fig. 3. SEM of (a) PANI, (b), Ala-PANI/80-20, (c) Ala-PANI/50-50, (d) Ala-PANI/20-80.

synthesized polymers were investigated for their spectroscopic and
morphological properties. The theoretical studies were computed with
B3LYP/6311 G(d) basis set using Gaussian 09 software. The optimized
geometries, band gap as well as the theoretical IR and UV spectra were
compared with the experimental findings to establish the incorporation
of Ala in PANIL

2. Experimental

Aniline (Sigma Aldrich, USA), Alanine (Loba Chemie, India), ferric
chloride (FeCl3-6 H,0, Sd Fine Chem Pvt. Ltd, India), HCl (Merck,
India), ethanol (Merck, India), dimethyl-formamide (DMF) (Sd. Fine
Chem., Pvt. Ltd, India), were used as received.

2.1. Synthesis of polyaniline (PANI)

Aniline (0.2 M, 9 ml) was added to a 150 ml conical flask containing
HCI and was stirred on a magnetic stirrer at 0 °C. The oxidant FeCl3 (4 g)
was added to the above mixture under constant stirring and the solution
was further stirred for 2 h at the same temperature. The black precipitate
of PANI was then centrifuged and kept in vacuum oven at 70 °C for 48 h
to ensure complete removal of water. The yield obtained was 1.6 g.

2.2. Incorporation of alanine in PANI

Alanine (0.5 g) was dissolved in deionized water (100 ml) and added
to the solution of PANI prepared by dissolving 0.5 g in 10 ml DMF. The
reaction mixture was sonicated for 2 h at 20 °C. The product obtained
was centrifuged and kept in vacuum oven at 70 °C for 48 h to ensure
complete removal of water. The sample was designated as Ala-PANI/
50-50. Similar method was adopted to synthesize Ala/PANI in the mol
ratios of 80-20 and 20-80 and were designated as Ala-PANI/80-20 and
Ala-PANI/20-80 respectively. The percent yield obtained was as fol-
lows: Ala-PANI/50-50: 75%; Ala-PANI/80-20: 78%, PANI/20-80:80%.

3. Characterization
3.1. Spectral studies

IR spectra was recorded on FT-IR spectrophotometer Shimadzu,
Model IRA Affinity-1. The UV-visible spectra were taken on UV-vis
spectrophotometer model Shimadzu, UV-1800 in DMF. Fluorescence
studies were performed on fluorescence spectrophotometer Fluorolog@
3-11 using water as solvent.

3.2. Morphological studies

TEM micrographs (TEM) were acquired using the Morgagni Model
268-D TEM system (FEI, USA).

3.3. Theoretical studies

DFT and TD-DFT calculations were performed using GAUSSIAN 09
software, and the optimized geometries were obtained using DFT/
B3LYP using 6-311 G(d) basis set [25,26]. The oscillator strength,
HOMO-LUMO energies, band gap, vibrational frequency calculations
and UV—vis spectra were determined using the optimized geometries by
applying the same basis set.

3.4. Interaction studies with bovine serum albumin

For BSA interaction studies, Ala-PANI solution (2.0 x 10> M) was
prepared in phosphate buffer solution (PBS, pH=7.4) as per reported
method [23]. The stock solution of BSA (5 x10~® M) was prepared by
dissolving an appropriate amount of BSA in PBS. BSA (0.35ml, 5 x10~®
M) was mixed with 0.05-0.30 ml of Ala-PANI, and the solutions were
shaken for 30 min on an orbital shaker at 25 °C. The fluorescence
emission spectra were recorded in the wavelength range of 280-550 nm
on a fluorescence spectrophotometer model Fluorolog®3, Horiba
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Table 1
Experimental and theoretical IR data of Ala-PANI oligomers.
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Sample polymers Functional group

Experimental Peak Position Theoretical peak position

PANI NH stretching

C-H stretching (aromatic /aliphatic)
Imine stretching

C=C stretching (quinonoid)
C=C stretching (benzenoid)
C—N stretching

Substituted phenyl ring

NH stretching (aniline)

NH stretching (alanine)
C=O0 stretching

Imine stretching

C=C stretching (quinonoid)
C—C stretching (benzenoid)
C-N stretching

Substituted phenyl ring

NH stretching (aniline)

NH stretching (alanine)
C=O stretching

Imine stretching

C=C stretching (quinonoid)

Ala-PANI/80-20

Ala-PANI/50-50

C=C stretching (benzenoid)

C-N stretching

Substituted phenyl ring

NH stretching (aniline)

NH stretching (alanine)
C=O stretching

Imine stretching

C=C stretching (quinonoid)

Ala-PANI/20-80

C=C stretching (benzenoid)
C-N stretching
Substituted phenyl ring

3151 -

2954, 2850 -

1651 -

1560, 1480 -

1408,1400 -

1242 -

979,742,682 -

3126 3163

3024 3064

1774 1786

1645 1651

1585 1588,1543,1534

1402,1342 1408,1399,1345

1265 1255

879,790,680 976,877,760,680

3122 3172

3024 3073,3037

1745 1750

1689 1651

1587, 1564,1544 1579,1570,1534,
1462,1453

1390,1342,1307 1372,1363,1327,
1309

1267 1264

956, 790,680 976,814,778,670,652

3126 3127

3024 3064

1774 1768

1645 1642

1585, 1402 1597,1588,1471,
1444

1342,1300 1372,1363,1345

1265 1264

879,790,680 976,931,796,670

Scientific. Rayleigh Light scattering (RLS) measurements were per-
formed via simultaneously scanning the excitation and emission
monochromators of the spectrofluorometer from 50 nm to 400 nm with
AM = 0 nm and a slit width of 1.5 nm. For circular dichroism (CD)
measurements, BSA dissolved in PBS (0.5 ml, 5.0 %107 M) taken as
control and was mixed with 2.5 ml of Ala/PANI. The measurements
were taken in the UV region in the wavelength range of 195 nm — 230
nm with band width of 5 nm on a Jasco-815 automatic recording
spectro-polarimeter (Japan) at room temperature using a cell of 2 mm
path length.

3.5. Molecular docking

The 3-dimesional X-ray structures of BSA (encoded 3V03) and HSA
(encoded 1A06) were obtained from the Brookhaven Protein Data Bank
(http://www.pdb.org). The optimized complexes were considered for
docking study. Auto Dock 4.2 suite molecular-docking tool was utilized
for the docking analysis. The binding position, bound conformation of
Ala/PANI with the BSA/HSA along with the rough estimate of their
interactions were examined using Auto Dock software. To analyze the
mode of binding, docked conformation at the lowest binding energy was
selected [24-27].

4. Results and discussion

The viscosity molecular weight was determined as per the protocol
reported in our earlier studies [23,24]. The viscosity average molecular
weights M, were obtained as 5537, 4620, 5823 for Ala-PANI/80-20,
Ala-PANI/50-50, and Ala-PANI/20-80 respectively, which confirmed
formation of oligomers. Hence, the geometries for Ala-PANI/80-20,
Ala-PANI/50-50, and Ala-PANI/20-80 were optimized by taking 4 units

of alanine and one monomer unit of aniline, 2 units of alanine and 2
units of aniline and 1 unit of alanine and 4 units of aniline respectively.
The geometry optimized structures of alanine incorporated PANI are
depicted in Fig. 1(a-f).

The oligomer of Ala-PANI/80-20, Fig. 1(a), showed twisting of Ala
units around the aniline monomer unit. The charge was observed to be
concentrated around the NH and oxygen of C=0 bonds, Fig. 1(a). For
the Ala-PANI/50/50, the Ala units at the terminals of the aniline dimer
showed twisting and distortion of the planar configuration, Fig. 1(c).
The charge was noticed to be concentrated around the NH units of an-
iline, Ala as well as around the oxygen of C=0 unit of Ala, Fig. 1(d). The
charge density was found to be intense around oxygen of C—=0 unit due
to its electron with-drawing nature, while in case of the NH units, the
increase in the charge density was attributed to intense charge transfer
between the amino nitrogen of the benzenoid rings. In case of Ala-PANI/
— 20-80, the terminal aniline unit was found to undergo distortion,
while the rest of the 3 aniline units were observed to be planar, Fig. 1(e).
The charge in this case too was found to be centered on the NH as well as
the C=O0 units of Ala, Fig. 1(f).

The highest occupied molecular orbitals (HOMO) and the lowest
unoccupied molecular orbitals (LUMO) were noticed to be delocalized
around the aniline monomer, Fig. 2(a), with high charge delocalization
around the C=0 as well as NH groups. The band gap was calculated to
be 2.63 eV. For Ala-PANI/50-50, Fig. 2(b), the LUMO orbitals were
noticed to be concentrated around the aniline dimer and the band gap
was computed to be 4.84 eV, while for Ala-PANI/20-80, Fig. 2(c), the
band was computed to be 2.96 eV. The LUMO as well as HOMO orbitals
were homogeneously distributed over the aniline units.
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Wavelength(nm)

Fig. 5. (a) RLS profile of Ala-PANI/80-20, Ala-PANI/50-50, Ala-PANI/20-80 (b) CD profile of Ala-PANI/80-20, Ala-PANI/50-50, Ala-PANI/20-80.

4.1. Morphological studies

The SEM of pristine PANI, Fig. 3(a), showed formation of homoge-
neous globular structures similar to the ones noticed in a cauliflower.
The SEM of Ala-PANI/80-20, Fig. 3(b), revealed the formation of ho-
mogeneous spherical morphology comprising of large globular particles,
while the SEM of Ala-PANI/80-20, Fig. 3(c), exhibited a mixed
morphology of spherical globules and fibrillar particles, Fig. 3(c). The
SEM of Ala-PANI/20-80, Fig. 3(d) showed the formation of flaky par-
ticles reflecting a crystalline morphology. The SEM images clearly
showed the effect of incorporation of Ala in PANI on the morphological
characteristics which showed variation as per the concentration of Ala in
PANI.

4.2. Spectral analysis

The IR spectrum of pristine PANI revealed an NH stretching vibration

peak at 3151 cm™!, while the imine stretching vibration peak was
noticed at 1651 cm™!, Table 1 (given in supporting information as
Fig. S1). The benzenoid and quinonoid ring stretching vibration peaks
were noticed at 1560 cm™!, 1480 cm ™!, 1408 cm™!,1400 cm ™!, while
the CN stretching vibration peak was observed at 1242 cm™*. The peaks
associated with substituted aromatic rings were seen at
979 cm 1,742 em 1,682 em ™!, The IR spectrum of Ala-PANI-80,/20
showed the NH stretching vibration peak of PANI at 3126 cm™!, while
the NH stretching vibration peak associated with Ala was observed at
3024 cm L. The C=0 stretching peak of Ala appeared at 1774 cm ™! and
the imine stretching peak was noticed at 1645 cm™'. The quinonoid and
benzenoid ring stretching peaks were observed at 1585cm™l,
1402 cm™1,1342 cm™!. The CN stretching peak appeared at 1265 cm ™.
The theoretical IR spectrum of Ala-PANI-80/20 showed peak of NH of
PANI at 3163 cm ™!, while the NH bending peak of Ala was noticed at
3064 cm™!. The C=0 stretching peak was observed at 1786 cm ™! and
the imine stretching peak was observed at 1651 cm ™. The quinonoid
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Table 2

Stern vomer, quenching rate and binding rate constant values for Ala-PANI/80-20, Ala-PANI/50-50 and Ala-PANI/20-80 with BSA and HSA.
Polymer quenching constant (Kgy) ( LM’l) bimolecular quenching rate (Kc1) (LM’1 s’l) Binding constant value (K,) ( LM’I) Binding sites
Ala-PANI/80-20-BSA 7.9 x 10° 7.9 x 10"3 8.12 x 10° 1.5
Ala-PANI/50-50-BSA 8.2 x 10° 8.2 x 103 7.90 x 10° 1.3
Ala-PANI/20-80-BSA 1.1 x 10° 1.1 x 10 5.5 x 10° 1
Ala-PANI/80-20-HSA 4.2 x 10° 4.2 x 10" 8.2 x 10° 0.5
Ala-PANI/50-50-HSA 8.6 x 10° 8.6 x 103 8.11 x 10° 0.9
Ala-PANI/20-80-HSA 1.47 x 10° 1.47 x 10 8.7 x 10° 1

and Dbenzenoid ring stretching peaks were attained at Where MREy;othe observed MRE value at 210 nm, 4000 is the MRE

1588 cm1,1543 cm~1,1534 cm ™!, 1408 cm1,1399 cm~1,1345 cm™!
and the CN stretching peak was noticed at 1255 cm ™!, The peaks were
found to be in good agreement with the experimental spectra. Likewise,
the IR spectrum of Ala-PANI-50/50 and Ala-PANI-20/80 exhibited the
NH stretching vibration peaks at 3122 em™!, 3024 em ™, 3126 cm ™!
and 3024 cm ™! respectively, while the theoretical spectra revealed the
same peaks at 3172 cm ™!, 3073 cm ! and 3037 cm ! for Ala-PANI-50/
50. For Ala-PANI-80/20, the NH stretching vibration peaks were noticed
at 3127 cm™! and 3064 cm™!. The C—=O stretching peak was observed at
1745 cm™! for Ala-PANI-50/50 and in the theoretical spectrum, this
peak appeared at 1750 cm™ L. The quinonoid and benzenoid stretching
vibration peaks were noticed at 1587 em ™Y, 1564 em™1,1544 cm ™! and
1390 cm1,1342 cm™},1307 cm ™!, whereas the theoretical spectra
revealed these peaks at 1579 cm™ L, 1570 cm™ %,
1534 cm™1,1462 cm™1,1453 em ™!, 1372 em ™}, 1363 em ™!, 1327 em™?
and 1309 cm . The experimental spectrum of Ala-PANI-80,/20 revealed
the C=0 stretching peak at 1774 cm ! and the theoretical spectrum
exhibited this peak at 1768 cm™*. The imine stretching peak was found
at 1645 cm™lin the experimental spectrum and at 1642 cm™! in the
theoretical spectrum. The experimental and the theoretical spectra for
all the alanine modified PANI polymers were in close agreement and
thus confirmed the geometry optimized structures as depicted in Fig. 1.

The UV-visible spectrum of Ala-PANI/80-20, Fig. 4(a) exhibited two
intense peaks at 239 nm and 310 nm due to the n-n * transitions asso-
ciated with PANI as well as Al doped PANI. The theoretical spectrum
showed the same transitions at 240 nm and 280 nm. The oscillator
strength of the former peak was computed to be 0.90. The UV spectrum
of Ala-PANI/50-50, Fig. 4(b), showed peaks at 225 nm, 280 nm in the
UV range and the theoretical spectrum revealed the same peaks at
230 nm and 290 nm. The oscillator strength of the former peak was
computed to be 0.35. The UV spectrum of Ala-PANI/80-20, Fig. 4(c),
exhibited intense peaks at 225 nm, 330 and 575 nm and interestingly,
the theoretical spectrum revealed these transitions at 230 nm, 330 nm
and 600 nm. The later broad peak was associated with n-n * transition
suggesting higher extent of conjugation in this polymer. It was noticed
that the transitions were found to vary with the loading of Ala and were
found to shift significantly with the increase in the Ala loading in PANI.

4.3. RLS and Circular dichroism (CD) studies

The RLS profile of BSA solution in presence of Ala-PANI-80/20, Fig. 5
(a), showed intense peak around 325 nm indicating the formation of
aggregates. The RLS signal intensity of Ala-PANI-50/50, and Ala-PANI-
20/80 showed much higher intensities as compared to the previous case.
Formation of aggregates of larger sizes was therefore confirmed. Cir-
cular dichroism (CD) was carried out to explore the changes in sec-
ondary and tertiary structure of BSA upon interaction with Ala-PANIL
The CD spectrum of BSA, Fig. 5(b), revealed bands at 208 nm and
222 nm in the UV region which were characteristic peaks associated
with the of the a-helix structure of the protein [23,24].

The equation of MRE was used to calculate the alpha helix percent-
age by using the following formula: a — helix(%) = [( — MREa19 —
4000)/(33,000 — 4000)] x 100.
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value for the B-sheet at 210 nm and 33,000 is the MRE value of pure
o —helix at 210 nm.

The a-helix content of free BSA was computed to be 31.19% and was
found to be of higher intensity than the one bound to Ala-PANI, Fig. 5
(b). The a-helix content was observed to decrease and was observed to
be lowest for Ala-PANI/50-50. Interestingly, the CD spectrum of BSA in
presence as well as in absence of Ala-PANI was observed to be of similar
shape, indicating that the structure of BSA was predominantly a-helical
even after binding with the oligomers. Since the amide groups present in
Ala-PANI are hydrophobic, they tend to exist as coils in aqueous phase so
as to minimize energy and penetrate into the polypeptide backbone of
tryptophan-213. This has been reported by several authors [23,24].

4.4. UV and fluorescence quenching studies

The Fy/F vs [C] plots were analyzed to confirm the static/dynamic
quenching in the synthesized oligomer complex with BSA/HSA [24].
The plot of Fy/F against [Q] is a straight line indicating that the
quenching is not predominantly static in nature. The Kq was estimated
using the Stern-Volmer equation:

Fo /F = 1+kgto[Q] = 1 +K,[Q]

Where F, and F are the intensities of fluorescence in absence and pres-
ence of the quencher, [Q] is the concentration of the quenching species.
Ksy is the quenching constant which is also equivalent to kty, with kg
known as the bimolecular quenching rate constant and ¢, as the lifetime
of the sample (BSA) in absence of the quenching species(polymer).

The fluorescence intensity at 350 nm emission was found to show a
decrease in the intensity upon addition of Ala-PANI/80-20, Ala-PANI/
50-50, and Ala-PANI/20-80 in BSA as well as HSA, Fig. 6(a-c), Fig. 7(a-
c). The quenching rate constant values (k) were observed to be
7.9 x 10 1M s 71,82 x 1013 LM s 71,1.1 x 10" LM s ! for Ala-
PANI/80-20-BSA, Ala-PANI/50-50-BSA, and Ala-PANI/20-80-BSA
respectively, Table 2.

The Kgy values were found to be 7.9 x 10° LM™! for Ala-PANI/
80-20-BSA, 8.2 x 10° LM ! for Ala-PANI/50-50-BSA and 1.1 x 10°
LM ™! for Ala-PANI/20-80-BSA, Fig. 6(d). Similarly, the quenching rate
constant values (kq) were observed to be 4.2 x 108 LM ! s *1,
8.6 x 10 LM 's ~! and 1.47 x 10" LM s ~! for Ala-PANI/80-20-
HSA, Ala-PANI/50-50-HSA, and Ala-PANI/20-80-HSA respectively.

The Kgy values were found to be 4.2 x 10° LM~! for Ala-PANI/
80-20-HSA, 8.6 x 10° LM! for Ala-PANI/50-50-HSA and 1.47 x 10°
LM ™! for Ala-PANI/20-80-HSA, Fig. 7(d). The values of quenching rate
were fairly higher than the values obtained for biological macromole-
cules due to the collision mechanism (2.0 x10'° LM~ s~1) which
confirmed that the binding of BSA/HSA with Ala-PANI took place
through static mechanism via the formation of an intermolecular com-
plex. The binding constant value (K,) was computed from the Stern-
Volmer equation as reported in our previous studies[23]. The K, value
was calculated to be 8.12 x 10% LM ™! with binding sites equal to 1.5 for
Ala-PANI/80-20-BSA and 7.90 x 106 LM™! for Ala-PANI/50-50-BSA
with binding sites equal to 1.3, Table 2. The K, value was calculated to
be 55x10° LM™' with binding sites equal to 1 for
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Table 3
Estimated binding energies obtained from docking results.
Complexes Binding List of amino Type of Distance
Energy acids involved in Interaction [?N)
(kJ binding
mol™1)
BSA complexes
Ala-PANI/ -3.74 Argl44 Hydrogen Bond 4.67
80-20-BSA Asplll Van der Waal 4.06
Leull2 Hydrogen Bond 3.65
Lys114 Van der Waal 3.87
Ala-PANI/ -8.43 Alal193 Pi-Pi T-Shaped 4.10
50-50-BSA Arg458 Pi-Pi T-Shaped 4.94
His145 Pi-Cation 4.80
1le455 Pi-Alkyl 5.11
Leul89 Hydrogen Bond 3.64
Ser192 Hydrogen Bond 3.48
Thr190 Hydrogen Bond 3.77
Tyrl47 Hydrogen Bond 4.04
Ala-PANI/ -10 Ala209 Pi-Alkyl 4.29
20-80-BSA Ala212 Pi-Alkyl 4.19
4.41
Ala324 Pi-Sigma 3.53
Ala349 Pi-Alkyl 4.84
Arg208 Hydrogen Bond 2.69
Asp323 Hydrogen Bond 2.75
Glu3s53 Pi-Ionic 4.96
Lys211 Pi-Alkyl 4.84
Lys350 Pi-Alkyl 5.38
Leu480 Hydrogen Bond 2.65
Val215 Pi-Alkyl 5.75
Val481 Pi-Alkyl 4.56
HSA complexes
Ala-PANI/ -4.69 Argl17 Pi-Alkyl 4.76
80-20-HSA Argl86 Pi-Alkyl 4.64
His146 Hydrogen Bond 1.70
Leull5 Pi-Alkyl 5.37
Lys519 Hydrogen Bond 2.18
Met123 Pi-Alkyl 5.18
Ala-PANI/ -8.08 Alal91 Pi-Alkyl 4.28
50-50-HSA Alal94 Pi-Alkyl 3.49
Asp108 Hydrogen Bond 3.83
Argl97 Pi-Alkyl 6.25
Gln459 Pi-Sigma 4.74
His146 Pi-Alkyl 4.01
Lys190 Hydrogen Bond 5.26
Lys432 Hydrogen Bond 4.38
Prol147 Pi-Alkyl 4.45
Tyr452 Hydrogen Bond 5.04
Tyr148 Hydrogen Bond 4.60
Ala-PANI/ -9.61 Alal91 Pi-Alkyl 4.23
20-80-HSA Alal194 Pi-Sigma 3.43
Argl97 Pi-Alkyl 5.25
Asn429 Unfavourable 4.87
Donor-Donor
Gln459 Hydrogen Bond 2.93
His146 Van der Walls 5.32
Lys190 Hydrogen Bond 4.03
Ser193 Hydrogen Bond 4.52
Val433 Pi-Alkyl 6.51
Val455 Pi-Alkyl 5.43
Tyr452 Pi-Pi Stacked 5.12

Ala-PANI/20-80-BSA, Fig. 6(e). The K, value was calculated to be
8.2 x 10° LM~ ! with binding sites equal to 0.5 for Ala-PANI/80-20-HSA
and 8.11 x 10° LM ™! for Ala-PANI/50-50-BSA with binding sites equal
to 0.9. For Ala-PANI/20-80-HSA, the binding constant was computed to
be 8.7 x 10° LM™! with binding sites equal to 1, Fig. 7(e). The high
binding constant values were attributed to the presence of amide groups
that facilitated hydrophobic binding as well as electrostatic binding. The
studies confirmed that the quenching of BSA/HSA by Ala-PANI was
static in nature and took place via the formation of an intermolecular
complex. The quenching rate and binding constant values were found to
be highest for Ala-PANI/20-80-BSA and Ala-PANI/20-80-HSA.

The 3D docking view and 2D view of Ala-PANI/80-20-BSA Fig. 8(a),
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(b) showed hydrogen bond interaction between -NH and Arg144 with a
bond length of 4.67 A. Another hydrogen bond was observed with
Leull2 having a bond length of 3.65 1°\, Fig. 8(a), (b), while a Vander
Waals interaction was noticed between Asp111 and Leul12 having bond
lengths equal to 4.06 A ad 3.87 A, Table 3. The binding energy was
computed to be — 3.74 kJ/mol. For Ala-PANI/50-50-BSA, Fig. 8(c), (d)
hydrogen bond interaction was observed with Leul89, Ser192, Thr190
and Tyr147 having bond lengths equal to 3.64 A, 3.48 A, 3.77 A and
4.04 A respectively. The n-n ‘T shaped’ bonds were formed with Ala193
and Arg458 with bond lengths equal to 4.10 A and 4.94 A. The binding
energy was calculated to be — 8.43 kJ/mol. For Ala-PANI/20-80-BSA,
Fig. 8(e), (f), hydrogen bonding took place between NH of PANI and
Arg208, Asp323 with bond length equal to 2.69 A and 2.75 A respec-
tively. Several n-alkyl bonds were noticed with Ala349, Lys211, Lys350,
Val215, Val481 and the binding energy was computed to be highest
around — 10 kJ/mol. The results confirmed that hydrogen bonds and
n-alkyl bonds were dominant in the binding process which caused higher
binding energy.

The 3D docking view and 2D view of Ala-PANI/80-20-HSA Fig. 9(a),
(b) showed hydrogen bond interaction between -NH and His146 with a
bond length of 1.70 A and with Lys519 having a bond length of 2.18 A,
Table 3. The n-alkyl interactions were found with Argl117, Arg186 and
Met123. The binding energy was computed to be — 4.69 kJ/mol. For
Ala-PANI/50-50-HSA, Fig. 9(c), (d), hydrogen bond interaction was
observed with Asp108, Lys190, Lys432, Tyr452 and Tyr148. The n-alkyl
interactions were noticed with Alal91, Alal94, His146, Prol47 and
Arg197 and n-sigma interactions were found with Gln459. The binding
energy was computed to be — 8.08 kJ/mol. For Ala-PANI/20-80-HSA,
Fig. 9(e), (f), hydrogen bonds were found between NH of PANI and
GIn459, Lys190, Ser193 with bond length equal to 2.93 &, 4.03 A and
4.52 A respectively. There were several 7-alkyl bonds noticed with
Alal91, Argl97, Val433, Val455, while Ala194 revealed n-sigma bond
formation. The binding energy was computed to be — 9.6 kJ/ mol. The
results confirmed that hydrogen bonds and n-alkyl/sigma bonds were
dominant in the binding process and led to higher binding energy.

5. Conclusion

Alanine modified PANI was synthesized and investigated by exper-
imental as well as theoretically studies. Viscosity average molar mass
measurements confirmed the formation of oligomers and hence for
computations studies, the geometries were optimized by taking 4 units
of Ala and 1 units of aniline for Ala-PANI/80-20, 2 units each of Ala and
aniline for Ala-PANI/50-50, and 1 unit of Ala and 4 units of aniline for
Ala-PANI/20-80. The experimental and the theoretical IR as well as
UV-vis spectra for the Ala incorporated PANI polymers were in close
agreement and thus confirmed the geometry optimized structures. The
band gap was calculated to be 2.63 eV, 4.84 eV and 2.96 eV for Ala-
PANI/80-20, Ala-PANI/50-50 and Ala-PANI/20-80 respectively. The
RLS profiles indicated formation of aggregates and the intensities were
found to be highest for Ala-PANI-20/80. Circular dichroism showed that
the structure of BSA was predominantly a-helical even after binding
with the oligomers. The oligomers quenched the fluorescence of BSA
and HSA confirming high binding affinity with the proteins. The possible
binding modes were further established by molecular docking and
showed that the hydrogen bonds and van der Waals forces played a
major role in Ala-PANI-BSA/HSA binding. The molecular docking re-
sults were in good agreement with experimental results This study is of
immense significance in understanding the interaction of Ala-PANI
oligomers with BSA as well as HSA at the molecular level and holds
potential application in biomedical and pharmaceutical research.
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