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acetone extract and highest total flavonoid content (TFC)was in methanol extract of

Keywords leaves. Acetone extract of leaves and rhizome exhibited high DPPH radical scavenging

v’ Alpinia calcarata activity and leaf extracts are more active than rhizome based on ICsy. Experimental

v GC MS analysis

v Antioxidant activity
v Corrosion inhibition
v Computational studies
v’ Antimicrobial activity

studies on antioxidant activity were supported by theoretical studies of selected
components of the plant. Plant extract has been investigated as corrosion inhibitor for
mild steel in 1M HCI. Corrosion rates were studied at 303K, 313K and 323 K by weight
loss method at varying inhibitor concentrations. It shows maximum inhibition
efficiency of 90.1% for leaves and 92% for rhizome at 300ppm inhibitor concentration.

SEM, FT-IR and adsorption studies supported the inhibitory mechanism and surface
morphology study. Antimicrobial (Well diffusion method) and molecular docking
studies helped to reveal the inhibitory potential of phytocomponents.
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1. Introduction

Alpinia calcarata Rosc., belonging to Zingiberaceae commonly known as greater galangal in English
and rasna in Sanskrit, is a slender, rhizomatous herb often cultivated in East and South India, Srilanka,
China and Malaysia. It has white flowers, variegated with red and yellow in pyramidal panicles [1,2].
The rhizomes are used in India, Sri Lanka and China for its medicinal uses such as treatment of
bronchitis, cough, respiratory ailments, diabetics, asthma and arthritis [1]. Alpinia calcarata is a
perennial herb with non-tuberous pungent rootstock. Its thizomes showed antinociceptive activities. The
rhizome extract of A.calcarata is used as an expectorant in the treatment of bronchitis and asthma; for
purifying blood; stimulating digestion and improving voice [3,4]. 4. calcarata is an important
constituent of the polyherbal formulation, “Maharasnadi Kashayam” recommended by Ayurvedic
medical practitioners for the treatment of arthritic conditions [5]. The preliminary phytochemical
investigations on rhizomes of AC showed the presence of flavanoids, alkaloids, terpenoids, steroids,
phenol, tannin, saponins, proteins and carbohydrates [6,7,8]. Various workers had isolated various
compounds from the rhizome and leaves of A. calcarata from different parts of the world
[1,9,10,11,12,13]. Antioxidant and antimicrobial studies reported are only basic studies on rhizome and
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leaves [1,8,14,15,16,17,18]. No studies have been conducted regarding anticorrosive potential,
computational studies on plant components regarding antioxidant potential and molecular docking.
Hence a detailed study has been carried out.

Materials and Methods

2.1/ Plant material

Fresh plants of A.calcarata were collected from near Sir Syed college campus, Kannur, North Kerala,
S.India, aerial leaves and rhizomes were washed shade dried and made into fine powder using mixer
grinder and powder were kept in air tight bottles with proper labelling. Powdered rhizome and leaves
were extracted using petroleum ether, acetone, methanol and water in increasing order of polarity using
soxhlet apparatus until all the constituents were completely eluted. The extracts were filtered, evaporated
to dry and used for further studies. For corrosion inhibition studies and antimicrobial studies rhizome
and leaf powder were extracted with methanol in Soxhlet apparatus.

2.2/ GC- MS analysis

GC-MS analysis of rhizome and leaf extracts were carried out using Thermo Scientific Trace 1300 gas
chromatograph equipped with ISD -QD Mass spectrometer with TG -5MS column (30m %0.25 mm
x(.25 pm). Helium gas (99.99%) was the carrier gas at constant flow rate 1ml / mt and an injection
volume of 1ul was employed (split ratio 1:8). Injection port temperature was 280°C and ion source
temperature was 200°C. Oven temperature was programmed from 70°C for 3 mnts with increase of
10°C/mnt to 200°C with a hold time of 2 minutes and total GC running time 30 minutes. The components
in the extract were identified based on mass spectra of the latest NIST library data.

2.3/ Determination of total phenolics (TPC) and total flavonoids (TFC)

The total phenolic contents (TPC) of selected plant parts were determined by Folin Ciocalteu’s method
(Hagerman et. al.) [19]. Accordingly, 100 mg of the extract of the sample was weighed accurately and
dissolved in 100ml of triple distilled water. 1 ml of this solution was transferred to a test tube, then 0.5
ml of 2N of the Folin Ciocalteu reagent and 1.5 ml of 20% of Na,COj; solution was added and ultimately
the volume was made up to 8ml with TDW followed by vigorous shaking and finally allowed to stand
for 2 hrs after which the absorbance was taken at 765 nm. These data were used to estimate the total
phenolic content using a standard calibration curve obtained from various diluted concentrations of gallic
acid. The total flavonoid contents (TFC) were determined by aluminium chloride colorimetric assay with
slight modifications described by Zhishen et. al., [20]. Accordingly, 0.5ml of approximately diluted
(2mg/2ml) sample solution was mixed with 2ml of distilled water and subsequently with 0.15 ml of 5 %
NaNO; solution. After 6 minutes 0.15ml of 10% AICI; solution was added and allowed to stand for 6
minutes. Then 2 ml of 4% NaOH was added to the mixture to bring the final volume to Sml and then the
mixture was thoroughly mixed and allowed to stand for another 15 minutes. Absorbance of the mixture
was determined at 510nm vs. water as blank. The analysis was performed in triplicates and the content
of flavonoids in extracts was expressed in terms of rutin equivalent (mg of RU/g of extract).

2.4/Chemicals used in antioxidant study

The major chemicals used in the study were DPPH (1,1diphenyl —2 — picrylhydrazyl) - Sigma Chemicals
(USA), Potassium ferricyanide [K3Fe (CN) 4] — Loba Chemie Pvt. Ltd. (India) and Ascorbic acid - SD
Fine Chem. Ltd. (India). Other chemicals and solvents used for extraction were of analytical grade.
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2.5/DPPH free radical scavenging activity

The DPPH free radical scavenging activity has been carried out by the method described by Braca et al.,
[21]. 100 — 600 pg/ml of plant extract was added to 3 ml of a 0.004 % ethanol solution of DPPH. After
30 minutes, absorbance at 517 nm was determined and the percentage inhibition activity was calculated
by formula [(A¢— A1) / Ag] x 100, where Ay is the absorbance of the control (DPPH solution) and A; is
the absorbance of the extract / standard. The inhibition curves were prepared and ICsy values were
calculated. Ascorbic acid was used as standard.

2.6/Reducing power assay

The reducing power was determined as described by Oyaizu [22]. By measuring the absorbance of Perl’s
Prussian blue complex, the reduction of Fe’* to Fe*" is determined. Extracts with concentrations 50 —
250 pgin 1 ml of distilled water were mixed with phosphate buffer (2.5 ml, 0.2 M, pH 6.6) and potassium
ferricyanide [ KsFe(CN) 4] (2.5 ml, 1 %). The incubated mixture (50°C for 20 minutes) was mixed with
2.5 ml trichloro acetic acid (10%), which was then centrifuged at 3000 rpm (10 minutes). To the
supernatant (2.5 ml), distilled water (2.5 ml) and FeCl; (0.5 ml, 0.1 %) was added and the absorbance
was measured at 700 nm. Reducing power increases with increase in absorbance of the reaction mixture.
The standard used was ascorbic acid.

2.7/Total antioxidant capacity (Phosphomolybdenum assay)

The total antioxidant capacity by phosphomolybdenum method was carried out as described by Prieto
et al., [23]. 3 ml of reagent solution (0.6 M sulphuric acid, 28 mM sodium phosphate and 4 mM
ammonium molybdate) and 0.3 ml extract was combined. After incubation of the reaction solution (95°C
for 90 min), the absorbance of the solution was measured at 695 nm using a UV — visible
spectrophotometer (Shimadzu, 1601) against blank (Methanol (0.3ml.)) after cooling at room
temperature. The antioxidant activity is given as the number of ascorbic acid equivalents.

2.8/Statistical analysis

The results are given as mean =+ standard deviation (SD) (triplicate experiments). One — way ANOVA
followed by student’s t- test were performed using Graph Pad Prism software version 7.02. Differences
were considered significant at a level of P < 0.05. IC 5o was calculated using Graph Pad Prism 7.02
software.

2.9/Corrosion inhibition study material

Mild steel specimens of size 2% 1.8 cm® were the test specimens. Prior to the measurements test
specimens were treated as per standard methods. Weight of the samples were taken using four digit
electronic balance (Shimadzu AAY220). The concentration ranges of the inhibitors were 100, 150, 200,
250 and 300 ppm in 1M HCl prepared from analytical grade HCl (Merck) using double distilled water.

2.10/Gravimetric measurements

Pre weighed steel samples immersed in blank solution of 1M HCIl containing different concentrations of
inhibitor (100 ppm, 150 ppm, 200 ppm, 250 ppm and 300 ppm) for 6 hrs are subjected to gravimetric
measurements at 303K, 313 K and 323K temperatures. Withdrawn steel specimens were carefully rinsed
with double distilled water, cleaned with acetone, dried and weighed.

2.11/Computational studies
Full geometry optimization of the inhibitors were performed using DFT (density functional theory) with
Becks three - parameter exchange functional along with Lee-Yang-Par non local correlation functional
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(B3LYP) with 6-311 G (d,p) basic set using the Gaussian 09 programme package. Energy of the highest
occupied molecular orbital (E gomo), energy of the lowest unoccupied molecular orbital (ELumo), AE
(HOMO - LUMO energy gap), dipole moment (p), total energy (TE), electronegativity ( [ ), hardness
(n), the number of transferred electrons (A)N etc., are identified.

2.12/Antimicrobial study - test organisms

One fungal species, Candida albicans (ATCC10231), two gram negative bacteria, Klebsiella
pneumoniae (ATCC13883) & Pseudomonas aeruginosa (ATCC 27853), and two gram positive bacteria,
Streptococcus mutans (MTCC890) & Staphylococcus aureus (ATCC 25923) were used in the
investigation.

2.13/Antifungal activity - Agar well diffusion method

Potato dextrose agar plates were prepared and overnight grown Candida albicans was swabbed. Wells
of approximately 10 mm was bored using a well cutter and samples of different concentration was added,
the zone of inhibition was measured after overnight incubation and compared with that of standard
antimycotic (Clotrimazole).

2.14/ Antibacterial activity - Agar well diffusion method

The medium was prepared by dissolving 33.8 g of the commercially available Muller Hinton Agar
Medium (HiMedia) in 1000ml of distilled water. The dissolved medium was autoclaved at 15 Ibs
pressure at 121°C for 15 minutes. The autoclaved medium was mixed well and poured onto 100 mm
petriplates (25-30ml/plate) while still molten. One litre of nutrient broth was prepared by dissolving 13
g of commercially available nutrient medium (HiMedia) in 1000ml distilled water and boiled to dissolve
the medium completely. The medium was dispensed as desired and sterilized by autoclaving at 15 Ibs
pressure (121°C) for 15 minutes. Streptomycin was used as standard antibacterial agent with a
concentration of 20ug / ml. Petriplates containing 20ml Muller Hinton Agar Medium were seeded with
bacterial culture of Pseudomonas aeruginosa, Klebsiella pneumoniae, Streptococcus mutans and
Staphylococcus aureus (growth of culture adjusted according to McFards Standard, 0.5%). Wells of
approximately 10mm was bored using a well cutter and sample of 25, 50, and100 pg/ml concentrations
were added. The plates were then incubated at 37°C for 24 hours. The antibacterial activity was assayed
by measuring the diameter of the inhibition zone formed around the well [24]. Streptomycin was used
as a positive control.

2.15/Molecular docking studies

The 3D structure of pencillin-binding protein 3 ( PDB ID: 30C2) from Pseudomonas aeruginosa ,
glycerol dehydratase - cyanocobalamin complex (PDB ID: 1IWP) from Klebsiella pneumoniae,
Streptococcus mutans inorganic pyrophosphatase (PDB ID: 1174) from Streptococcus mutans, pencillin
binding protein 2a (PDB ID: 1VQQ) from methicillin resistant Staphylococcus aureus and
geranylgeranyltransferase-1 (PDB ID: 3DRA) from Candida albicans were downloaded from the PDB
site (www.rcsb.org). Water molecules were removed from the protein and hydrogen atoms were added.
The prepared ligands which were optimized with Gaussian 09 were docked using Autodock 4.2 software.
The docked ligands were scored using high affinity and the best pose was identified which were used
for further studies. 3D pose of the bound ligand is visualized using Pymol. The active binding site in the
target proteins were determined using 3D ligand site web server (www.sbg.bio.ic.ac.uk/3dligandsite).
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3. Results and discussion

3.1/GC-MS analysis of A.calcarata rhizome and leaves
The GC-MS chromatogram and phytocompounds identified from methanol and acetone extract of
rhizome and methanol extract of leaves are provided in Figures 1, 2, 3 and Tables 1,2 and 3 respectively.
Twenty-three phytocompounds were identified from the methanol extract and fifty from the acetone

extract of rhizome and thirty-three compounds from the methanol extract of leaves. Dinorlabdanic
diterpenoids (£)-labda-8(17), 12-diene-15, 16-dial and (E)-15, 16-dinorlabda-
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Figure 1. GC MS chromatogram of methanol extract of rhizome of 4.calcarata

Table 1. Phytocompounds identified in the methanol extract of rhizome of 4.calcarata

No. RT Name of compound Molecular formula | MW Peak area
%
1. 7.53 Benzofuran 2,3 dihydro CgHgO 120 1.4
2. 7.85 Benzyl acetone CioH;2 O 148 0.69
3. 9.15 2-Methoxy-4-vinylphenol CoH;y O, 150 0.25
4, 9.64 1,2-Cyclohexanediol, 1-methyl-4-(1-methylethenyl)- | C;oH;30, 170 0.04
5. 9.80 Phenol, 2,6-dimethoxy- CgH;( O3 154 0.12
6. 13.74 | 4-(1-Hydroxyallyl)-2-methoxyphenol CioH12 03 180 0.41
7. 14.17 Carotol C15H260 222 2.27
8. 14.86 Daucol C15H26 02 238 0.59
9. 17.4 Ambrial CisHos O 234 0.81
10. 19.06 | 4aR,5S)-1-Hydroxy-4a,5-dimethyl-3-(propan-2- CioH;5 0, 232 0.32
ylidene)- 4,4a,5,6 -tetrahydronaphthalen- 2(3H)- one
11. 19.89 | Benzene, 1,3-dimethoxy-5- (2-phenylethenyl)-, (E)- Ci6H16 02 240 0.72
12. 20.04 | (E)-15,16-Dinorlabda-8(17),11-dien-13-one CisHys O 260 1.28
13. 21.24 | 9,12-Octadecadienoic acid (Z,Z)-, methyl ester Ci9H34 0, 294 1.75
14. 21.31 | trans-13-Octadecenoic acid, methyl ester Ci9H36 O> 296 1.83
15. 21.64 | Octadecanoic acid, methyl ester CoHsg O, 298 1.07
16. 22.17 | (E)-Labda-8(17),12-diene-15,16-dial CyoH3g O, 302 0.37
17. 23.24 | Benzene, 1,3-dimethoxy-5- [(1E)-2-phenylethenyl]- Ci6His Oz 240 8.05
18. 23.36 | 2-Methyl-3,5-dinitrophenyl 4-phenylpropionate Ci6H14 N, Og 330 2.15
19. 24.13 | 1H-Imidazole, 4,5-dihydro-2-(phenylmethyl)- CioH12 N> 160 15.14
20. 25.20 | 3-Heptanone, 5-hydroxy-1,7-diphenyl- Ci9Hy, O, 282 4.82
21. 25.99 | 4,6-Heptadien-3-one, 1,7-diphenyl- C1oH;3 O 262 7.46
22. 29.14 | Stigmast-4-en-3-one, (24S)- CyoHy O 412 2.96
23. 29.74 | Stigmasterol CyoHy O 412 0.88
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Table 2. Phytocompounds identified in the acetone extract of rhizome of 4. calcarata

SI.No | RT Name of compound Molecular MW | Peak
formula area %
1. 3.08 2-Pentanone, 4-hydroxy-4-methyl- CsH1, 0, 116 0.52
2. 3.42 2-Pentanone, 4-amino-4-methyl- CsHi3NO 115 1.77
3. 4.60 1,3-Dioxolane-4-methanol, 2,2-dimethyl-, (S)- CeH1, 05 132 0.54
4. 5.44 4-Pinene CioHis 136 0.02
5. 5.76 Glycerin C;3 Hg O3 92 0.78
6. 6.24 Isopropyl acetate CsHp O, 102 0.14
7. 6.83 Eucalyptol C10 ngo 154 0.46
8. 7.37 2-Pyrrolidinone, 1-methyl- CsHyNO 99 0.89
9. 8.57 Fenchone CioHi6O 152 0.01
10. 9.52 4-Piperidinone, 2,2,6,6-tetramethyl- CoH;7NO 155 0.36
11. 12.29 | a-Terpineol CioH;3O 154 0.06
12. 12.74 1,3-Dioxolane-4,5-dimethanol, 2,2-dimethyl-, (4R-trans)- C,H14,04 162 1.5
13. 13.85 | Benzofuran, 2,3-dihydro CgHg O 120 1.22
14. 17.18 | 2-Methoxy-4-vinylphenol CoHiy O, 150 0.28
15. 18.73 Phenol, 2,6—dimethoxy— Cg H10 03 154 0.04
16. 18.93 | 3-Buten-2-one, 4-phenyl- CioH;0O 146 0.05
17. 19.43 | &-copaene CisH oy 204 0.10
18. 22.14 | 1,2-Propanediol, 3-(tetradecyloxy)- C17H;36 05 288 0.42
19. 22.65 | 2-Propenoic acid, 3-phenyl- CyHzO, 148 0.98
20. 23.57 8,11,14-Eicosatrienoic acid, methyl ester, (Z2,Z,7) C,1 Hs6 O, 320 0.46
21. 24.85 | 2-Oxabicyclo[2.2.2]octan-6-0l, 1,3,3-trimethyl- C1oHi30, 170 0.62
22. 27.15 3'.5'-Dimethoxyacetophenone C1oH1, O35 180 0.82
23. 27.77 | Carotol CisHyO 222 1.01
24. 28.45 Daucol C15 H26 02 238 0.09
25. 28.81 | Longifolenaldehyde Ci5sH O 220 0.68
26. 28.96 | cis-Dodec-5-enal C,H» O 182 0.42
27. 29.55 6-epi-shyobunol Ci5sHy O 222 0.25
28. 29.80 | Alloaromadendrene oxide-(1) Ci5sH O 220 0.27
29. 29.92 | Ambrial C16Hy6 0O 234 2.98
30. 30.16 | Ingol 12 —acetate Cy» H3, 04 408 0.98
31. 30.40 1-Heptatriacotanol C37H760 536 0.63
32. 30.59 | a-Cyclocostunolide Ci5Hy O, 232 0.82
33. 30.67 | Copalol C30Hs0 O 290 0.39
34, 30.74 | n- Hexadecanoic acid Ci6H3, 0, 256 2.33
35. 30.94 | (E)-15,16-Dinorlabda-8(17),11-dien-13-one C3Hys O 260 0.52
36. 31.01 2,2,6,7-Tetramethyl-10-oxatricyclo[4.3.1.0(1,6)]decan-5-ol C13H» 0, 210 0.48
37. 31.15 | 4,8,13-Cyclotetradecatriene-1,3-diol, 1,5,9-trimethyl-12-(1- CyoH34 0, 306 0.47
methylethyl)-
38. 31.49 | Lup-20(29)-en-3-ol, acetate, (34)- C3, Hs, O, 468 11.36
39. 32.27 | 1H-Imidazole, 4,5-dihydro-2-(phenylmethyl)- CioHin N, 160 0.58
40. 32.64 | (E)-Labda-8(17),12-diene-15,16-dial CyoH30 O, 302 1.76
41. 32.78 | ¢-Sitosterol CyHs50O 414 2.64
42. 32.91 | (E)-15,16-Dinorlabda-8(17),12-dien-14-al C3Hys O 260 1.85
43, 33.20 | Eicosanal CyH4 O 296 2.39
44, 33.39 | 4H-1-Benzopyran-4-one, 2,3-dihydro-5,7-dihydroxy-2-phenyl-, (S) Ci5H;» Oy 256 | 9.39
45. 33.54 | 7-Hydroxy-5-methoxyflavan Cis HigO; 256 0.09
46. 34.08 | Naringenin Ci5sH» Os 272 2.59
47. 34.47 | Villosin Coo HosOs 300 1.16
48. 35.02 | 5-Hydroxy-7-methoxyflavanone CisHis Oy 270 0.73
49. 35.18 | 1(2H)-Naphthalenone, 3,4-dihydro-2-(1-naphthalenylmethylene)- Cy Hi6O 284 10.28
50. 35.36 Galangin C15 HlO 05 270 2.15
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Figure 2 GC MS chromatogram of acetone extract of rthizome of A.calcarata
Table 3. Phytocompounds identified in the methanol extract of leaves of A.calcarata
Sl | RT Name of compound Molecular MW | Peak
No formula area %
1. | 3.12 | 2-Cyclopenten-1-one, 2-hydroxy- CsHqO, 98 10.69
2. 3.75 | Imidazole, 2-acetoxy- CsHg N, O, 126 0.37
3. | 3.93 | 2H-Pyran-2,6(3H)-dione Cs; Hy O3 112 1.27
4, 5.66 | 4-Piperidinone, 2,2,6,6-tetramethyl- CoH;NO 155 0.88
5.| 6.60 | Ethanone, 1-[4-(1-methyl-2-propenyl)phenyl]- | C;;H;4O 0.14
6. | 7.57 | Benzofuran, 2,3-dihydro- CgHg O 120 3.41
7. 8.03 | Naphthalene, 1,2,3,4-tetrahydro-1,1,6- Ci3Hyg 174 0.06
trimethyl-
8. 9.14 | 2-Methoxy-4-vinylphenol CoH;y O, 150 9.57
9. 9.80 | Phenol, 2,6-dimethoxy- CsH0 O3 154 0.50
10. | 10.45 | (+)-3-Carene, 10-(acetylmethyl)- C13Hy O 192 1.14
11. | 11.77 | Phenol, 2-methoxy-4-propyl- CioHi140, 166 0.17
12. | 12.12 | 4-(2,6,6-Trimethylcyclohexa-1,3-dienyl) but- C;3H;50 190 0.62
3-en-2-one
13. | 12.39 | Stevioside C33 Hgo O 804 0.28
14. | 13.54 | 3,5-Dimethoxyacetophenone CioH12 04 180 1.17
15. | 13.60 | 3-Bromo-5,5-dimethyl-cyclohex-2-enol CsH;3BrO 204 0.75
16. | 14.58 | Megastigmatrienone Ci3Hi50 190 0.94
17. | 15.18 | Benzaldehyde, 4-hydroxy-3,5-dimethoxy- CyoH;00y4
18. | 17.80 | Isoquinoline, 1,2,3,4- tetrahydro- 6,7- Ci3Hi9NO, 221 0.46
dimethoxy-1,2-dimethyl-, (i1)-
19. | 17.89 | Cinnamic acid, 4-hydroxy-3-methoxy-, methyl | C;; Hj; O4 204 1.15
ester
20. | 18.92 | Hexadecanoic acid, methyl ester C17H3,0, 270 1.12
21. | 19.55 | 2-Pyrrolidinone, 1-(4-amino-3,5- CioHisN,O 204 0.38
dimethylphenyl)-
22. | 20.03 | (E)-15,16-Dinorlabda-8(17),11-dien-13-one Cy3 H34 04 260 0.05
23. | 20.10 | trans-Sinapyl alcohol Ci1Hi4 Oy 210 0.02
24. | 23.67 | Stigmast-5-en-3-ol, (34,24S)- Cy9Hs50 O 414 1.01
25. | 25.28 | Ethyl isoallocholate Cy6Hys O5 436 2.78
27. | 26.38 | Cholestane-3,5-diol, 5-acetate, (34,53)- Cy9Hs9 05 386 1.24
28. 26.89 Lupeol C30 H5() (0] 426 1.84
29. | 26.93 | 1-Heptatriacotanol C37H70 536 1.22
30. | 27.95 | Phytyldecanoate C39Hs3 0, 450 17.46
31. | 28.90 | 5-Cholestene-3-ol, 24-methyl- Cyg Hig O 400 6.51
32. | 29.13 | Stigmast-4-en-3-one Cy9Hys O 412 1.80
33. | 29.70 | Stigmasterol CyHy30 412 8.01
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Figure 3. GC MS chromatogram of methanol extract of leaves of 4.calcarata

8(17),11-dien-13-one has been reported from methanol and acetone extracts of the rhizome. It has been
previously isolated and reported from rhizome [1]. (E)-15, 16-dinorlabda-8(17), 11-dien-13-one has
been reported from the methanolic extract of leaves in this study for the first time. Also, the present
study reports for the first time another dinorlabdanic diterpenoid compound (E)-15, 16-dinorlabda-8(17),
12-dien-14-al from the acetone extracts of rhizome. Acetone extract of rhizome contain compounds like
naringenin, villosin, 6 epi shyobunol etc., which has not been previously reported from A.calcarata.

3.2/Total phenolic (TPC) and total flavonoid content (TFC)
In case of rhizome and leaves the highest TPC was found in acetone extract of leaves and highest TFC
was found in the methanol extracts of leaves. The details of TPC and TFC are provided in table 4.

Table 4. TPC and TFC of A.calcarata rhizome and leaves

Name of the plant Part Extract Total phenolic content (TPC) | Total flavonoid content
(TFC)
Petroleum ether 26.59 +0.63 29.17 £1.39
Acetone 124.6 £0.73 418.06 £0.80
Rhizome
Methanol 11595+ 1.26 393.06 +2.12
Aqueous 25.2+2.03 15.30+ 0.93
Alpinia calcarata
Petroleum ether 6.34 £0.50 59.72 +2.12
Acetone 165.07+£0.73 362.5+0.88
Leaves
Methanol 155.15+1.26 427.77 £ 1.39
Aqueous 10.2+£2.8 18.2+0.09

Values are mean + SD of three replicates. TPC milligram gallic acid equivalent /gm, TFC milligram rut in equivalent/gm

3.3/DPPH free radical scavenging activity

As per figures 4 & 5, in the DPPH scavenging assay, various extracts of rhizome and leaves of AC
exhibited free radical scavenging activity by inhibiting DPPH™ radical, which was dependent on
concentrations of the extracts. The well-known antioxidant, ascorbic acid, showed high degree of free
radical — scavenging activity than that of the plant extracts at each concentration points. The ICsy of
acetone extract of leaves were 201.37 + 0.36 pg/ml and of methanol was 481.95 + 0.35 pg/ml. For
rhizome, acetone extracts showed ICsp 250.61 + 0.48 pg/ml and methanol extracts showed 357.27 +0.56
pg/ml.
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Figure 4. DPPH radical scavenging activity of various extracts of leaves of 4.calcarata along with the standard ascorbic
acid. (Mean + SD, n= 3). Concentration in ug/ ml.
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Figure 5 DPPH radical scavenging activity of various extracts of rhizome of 4.calcarata along with the standard ascorbic
acid. (Mean + SD, n= 3). Concentration in pg/ ml.

Among the studied extracts of A.calcarata, acetone extracts of leaves and rhizome showed high radical
scavenging activity and moreover leaf extracts are more active than rhizome extracts based on ICs,. It
has been identified by Ramya et al., [8] that A.calcarata rhizome ethanolic extracts has significant
amount of phenolics and flavonoids and shows good antioxidant properties from Tamilnadu. Tripathi &
Swain [14] reported high in vitro antioxidant activity and free radical scavenging property for the cold
ethanolic extracts of rhizomes of A.calcarata from Andaman islands. Hema [1] reported from South
Kerala that high phenolic and flavonoid content was present in the acetone extract of rhizome of
A.calcarata and it shows high antioxidant activity than ethanolic extracts of thizome. In the present study
also acetone extracts of rhizome showed high antioxidant activity, phenolic and flavonoid content, than
other extracts showing close similarity with the study conducted by Hema [1]. The difference in the
results of the study conducted by Ramya et al., [8] and Tripathi & Swain [14] with Hema [1] and the
present study may be different growth period, geographic location, genetic diversity etc. of A.calcarata
as explained by Tripathi & Swain [14] in their study at Andaman islands.
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3.4 /Reducing power assay

Figures 6 & 7 shows the reducing power capabilities of the plant extracts compared to ascorbic acid.
The various extracts of leaves and rhizome of A. calcarata displayed good reducing power and was
found to rise with increasing concentrations of the extract. Among the extracts, acetone extract showed
maximum reducing power both in the case of leaves and rhizomes.
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Figure 6. Reducing power of various extracts of leaves of A.calcarata along with ascorbic acid. (Mean + SD, n= 3).
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Figure 7. Reducing power of various extracts of rthizome of 4.calcarata along with ascorbic acid. (Mean + SD, n=3).

3.5/Total antioxidant capacity (Phosphomolybdenum assay)

The total antioxidant capacities of the leaf and rhizome extracts of A. calcarata are given in table 5. It
can be identified that acetone extracts of leaves and rhizome shows high total antioxidant capacity and
it can be correlated with DPPH and reducing power assay. All the antioxidant assays prove that
acetone extracts are showing high radical scavenging activity and leaf extracts are more active than
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rhizome extracts of 4. calcarata. The antioxidant activity and total phenolic and flavonoid content of
rhizome of A. calcarata show close resemblance with studies reported by Hema [1]. As per our
knowledge this is the first study reporting antioxidant activities of leaf extracts of A. calcarata.

Table 5. Total antioxidant capacity of rhizome and leaf extracts of 4. calcarata

Total antioxidant capacity equivalent to

Name of the plant Part Extract ascorbic acid mg/gm plant extract

Petroleum ether 42.40 +1.67

Rhizome Acetone 2482 +1.52

Methanol 152.4+2.20

Aqueous 14.20 + 1.08

Alpinia calcarata Petroleum ether 56.39 127
Leaves Acetone 302.00 + 1.67
Methanol 252.06 +1.27

Aqueous 11.38 £0.83

3.6 /Correlation analysis

In order to find the correlation between TPC & TFC with antioxidant activity of selected plants, pearson
correlation analysis (r value) was performed and results are tabulated in table 6. Strong positive
correlations were obtained between TPC and TFC of A.calcarata extracts and antioxidant activity by
DPPH and phosphomolybdenum method while reducing power method showed good correlation with
TPC of A.calcarata leaves only (r=0.91) .

Table 6. Pearson correlation coefficient ( r) values for correlation between TPC /TFC of A.calcarata leaves and rhizome
extracts

Plant extract TPC / TFC| DPPH | Phosphomolybdenum method |Reducing power
A.calcarata leaves TPC 0.919* 0.985%* 0.91%*
A.calcarata rhizome TPC 0.975* 0.972* 0.791
A.calcarata leaves TFC 0.938* 0.962%* 0.863
A.calcarata rhizome TFC 0.976* 0.968* 0.798

*Significant correlation at p < 0.05 levels TPC — Total phenolic content expressed as mg/g Gallic acid equivalents
TFC — Total flavonoid content expressed as mg/g Rutin equivalents

3.7 /Theoretical studies on antioxidant activity

Antioxidants prevent destructive free radical chain reactions by scavenging them through electron
transfer mechanisms. It has been identified that antioxidant activity of phenolic compounds including
flavonoids depend upon their structural characteristics and their ability to donate protons and electrons
to prevent the energetic oxidising agents including free radicals. Electronic interactions of phenolic
compounds within the cell explain the biological activity of these compounds. To understand the
mechanism of antioxidant activity of the compounds, study of molecular and electronic properties is
important. Phenolic compounds scavenge free radicals by the following methods. There are two accepted
mechanisms of phenolic antioxidants, hydrogen atom transfer (HAT) and single electron transfer
followed by proton transfer (SET — PT).
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ArOH — ArO+H (1)
ArOH — ArOH + ¢ 2.1
ArOH" — ArO+H" (2.2)
A recently discovered mechanism — sequential proton loss electron transfer (SPLET) mechanism is as:
ArOH —ArO +H” (3.1)

ArO" —> ArO +¢ (3.2)

Though the net result of the three mechanisms are same (formation of phenoxy radical) from antioxidant
action view point, under certain conditions one of the possible mechanisms may prevail. The reaction
enthalpies related to the three antioxidant mechanisms are calculated using DFT/B3LYP method and
they are denoted as follows:

BDE-bond dissociation enthalpy related to equation 1

IP, — ionization potential ,enthalpy of electron transfer from the

antioxidant molecule, Eq. (2.1)

PDE — proton dissociation enthalpy , Eq. (2.2)

PA — proton affinity of phenoxide ion, Eq. (3.1)

ETE — electron transfer enthalpy, Eq. (3.2).

In the present study DFT studies of selected phenolic compounds including flavonoids from A.calcarata
rhizome and leaves were conducted. All calculations were performed with the Gaussian 09 program
package using density functional theory (Frisch et al.,) [25]. The geometry of each compound, radical,
radical cation and anion was optimized using DFT (density functional theory) method with UB3LYP
functional. The calculations were performed in 6-311G (d,p) basis set (Binkley et al.,) [26]. Obtained
total energy of the hydrogen atom, - 0.499897 E,, was used in the BDE calculations. In the case of DFT
method, which does not provide enthalpies directly, the total enthalpies of the species X, H(X), at
temperature T are usually estimated from the expression :

H (X) =E, +ZPE + AH ,,c+ AH , + AH;;+ RT (5)

where Ej is the calculated total electronic energy, ZPE stands for zero-point energy, AHians, AH 101, and
AHy, are the translational, rotational and vibrational contributions to the enthalpy. Finally, RT represents
PV-work term and is added to convert the energy to enthalpy. AHans (3/2RT), AH o (3/2RT or RT for
a linear molecule), and AH,;, contributions to the enthalpy are calculated from standard formulas:

BDE = H( ArO)+ H(H)—-H (ArOH) (5)

IP,= H (ArOH") + H(¢) - H (ArOH)  (6)

PDE = H( ArO) + H(H") — H (ArOH") (7)

PA=H(ArO)+H (H)-H(ArOH) (8)

ETE=H(ArO)+H (¢ )—H (ArO) 9)

The calculated enthalpy of proton, H (H+), is 6.197 kJ mol '; the enthalpy of electron, H (¢), is 3.145

kJ mol™' (Bartmess) [27]. All reaction enthalpies defined in Egs. (5) — (9) were calculated for 300 K.
Quantum chemical parameters such as the energies of frontier molecular orbitals, (Egomo) and (E Lumo),
the separation energy (Enomo - ELumo ie AE), representing the function of reactivity, electronegativity
(%), global softness (o), global hardness (1)) etc. are also calculated using the following equations, where
I (TIonisation potential), electron affinity (A) which are defined as [ = —E pomo and A = —E rumo
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I+A

X== (10)
I-A

n= 1A (11)

o = 1/n.=-2/ E nomo — E Lumo (12)

Quantum chemical parameters like energies of frontier molecular orbitals, (E gomo) and (E Lumo), the
separation energy (E nomo - E Lumo) (AE), representing the function of reactivity, electronegativity (y) ,
global softness (o), global hardness (1) etc. are important in determining the reactivity and stability of
molecules. Hardness indicates the ability to resist the release of electrons. Global softness is the capacity
of an atom or group of atoms to receive electrons. Thus, a low value of hardness and high value of
softness indicate good reactivity. The quantum chemical parameters calculated for selected phenolic
compounds including flavonoids are represented in table 7. In the present study the three mechanisms
responsible for antioxidant activity of compounds viz., HAT, SET -PT and SPLET are explored by DFT
methods. Hence parameters such as BDE, IP, PDE, PA and ETE were determined. The calculated values
of BDE in gas phase are presented in table 8. Low value of BDE indicates the case of O-H bond
dissociation and hence the ability to show better antioxidant activity by HAT mechanism.

Table 7. Quantum chemical parameters of different components of A.calcarata

HOMO - 0 n (global | o (global
S1 No. Name of the compound H((z\l\]/[)O Lzl\\]/[)O LUMO |(electronegativit| hardness) softness)
(eV) y) (eV) (eV) (eV)
1 Phenol, 2,6-dimethoxy- -5.79 | 0.12 59 2.84 2.95 0.34
2 2-Methoxy-4-vinylphenol -5.55 | -0.84 4.71 32 2.35 0.42
i ic acid, 4-h -3-methoxy-
3 | Cinnamic acid, &-hydroxy-3-methoxy- | ¢ o5 |y gy | 433 3.88 2.17 0.46
methyl ester
4 4-(1-Hydroxyallyl)-2-methoxyphenol | -5.91 | -0.39 5.51 3.14 2.75 0.36
5 5,7 dihydroxy flavanone [Galangin] | -5.79 | -1.87 3.92 3.83 1.96 0.51
4H-1-Benzopyran-4-one, 2,3-dihydro-
6 5,7-dihydroxy-2-phenyl-, (S)- -6.34 | -1.3 5.04 3.82 2.52 0.4
[Dihydrochrysin]
4H-1-Benzopyran-4-one, 2,3-dihydro-
7 5,7-dihydroxy-2-(4-hydroxyphenyl)-, | -6.07 | -1.63 4.44 3.85 2.22 0.45
(S)- [Naringenin]

Table 8 clearly indicates that the energies for O-H bond dissociation of the studied components are
comparable with that of the standard antioxidant compounds except for a few. The BDE values of
phenol, ascorbic acid and trolox taken as standards were respectively 83.50 Kcal/mol, 73.9 Kcal/mol
and 73 Kcal/mol. It can be identified from the table 8§ that 4-(1-Hydroxyallyl)-2-methoxyphenol have
very low value of O - H BDE, indicating high antioxidant efficacy. The values of ionization potential
(IP) and proton dissociation enthalpy (PDE) which explains the SET - PT mechanism of antioxidant
activity are also provided in table 8. The IP value indicates the electron donating capacity of the molecule
in the first step of the mechanism. Lower the IP value easier to donate the electrons and consequently
higher will be the antioxidant capacity. It can be identified from the table that all the selected compounds
from the plants exhibited low IP values compared with standards phenol (192.3 Kcal/mol) and ascorbic
acid (193.9 Kcal/mol). Compound 5,7 dihydroxy flavanone (Galangin) showed very low IP value
(165.63 Kcal/mol) . The last step in the SET —PT mechanism involves a proton loss from the radical
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cation formed in the first step, which is governed by proton dissociation enthalpy. Lower the PDE value
greater is the antioxidant activity. It can be identified from table 8§ that 2,6 dimethoxy phenol has lowest
PDE value (213.60 Kcal/mol) comparable with standards phenol (207.2 Kcal/mol) and ascorbic acid
(229.8 Kcal/mol). No compound showed PDE value less than standard trolox (196 Kcal/mol).The
antioxidant activity by SET —PT mechanism can be explained by the combination of IP and PDE [28].
This is provided in table 8 from which it is clear that all the selected phytocompounds possess good
antioxidant potential when compared to the standards. The compound 5, 7 dihydroxy flavanone show
highest antioxidant potential followed by 4H-1-Benzopyran-4-one, 2,3-dihydro-5,7-dihydroxy-2-(4-
hydroxyphenyl)-, (S)- or (Naringenin) than other studied compounds. The proton affinity (PA) and
electron transfer enthalpy (ETE) values of different components analysed are given in table 8.

The first step in the SPLET mechanism is governed by PA as this step involves the loss of a proton to
form phenoxide anion. Thus, low value of PA indicates good antioxidant activity of the compound. It
can be identified from the table that the proton affinities of the selected compounds are very low and are
almost equal to that of the standards. 5,7-dihydroxy flavanone (Galangin) has the lowest PA value
(331.42 Kcal/mol) and 2,6 dimethoxy phenol have the highest PA value (353.99 Kcal/mol).

Table 8. Thermochemical parameters of A.calcarata

BDE P PDE |IP+PDE| PA ETE | PA +ETE
SINo. Name of the compound (Kcal/mol) | (Kcal/mol) | (Kcal/mol) | (Kcal/mol) | (Kcal/mol) | (Kcal/mol) | (Kcal/mol)
1 Phenol, 2,6-dimethoxy- 76.68 17521 [213.6 388.81  [353.99  [38.56 392.55
2 2-Methoxy-4-vinylphenol 79.1 166.71  [22826  [394.97  [350.7 44.27 394.97
3 |Cinnamicacid, 4-hydroxy-3-methoxy-, |, o, 175.5 21898  [39446  [333.06  |61.42 394.48
methyl ester
5 3,7 dihydroxy flavanone 82.39 165.63  [232.62 39825  [331.42  |66.82 398.24

[Galangin]

4H-1-Benzopyran-4-one, 2,3-dihydro-
6 5,7-dihydroxy-2-phenyl-, (S)- 90.68 180.12 226.43 406.54 337.43 69.11 406.54
[Dihydrochrysin]

4H-1-Benzopyran-4-one, 2,3-dihydro-

7 5,7-dihydroxy-2-(4-hydroxyphenyl)-, (S)- [81.6 171.11 226.36 397.46 333.71 63.75 397.46
[Naringenin]

8 Phenol 83.5 192.3 207.2 399.5 347.8 51.6 399.4

9 Ascorbic acid 73.9 193.9 229.8 423.7 3259 63.9 389.8

10 Trolox 73 159.1 196 355.1 347.1 41.9 389

The last step in the SPLET mechanism is controlled by ETE, since it involves an electron transfer
process. Low value of ETE is a good indicator of antioxidant potential. It can be identified from the table
that the ETE of phenol 2, 6 dimethoxy (38.56 K Cal/mol) is lower than that of the standard. As described
previously, the SPLET mechanism can be effectively explained by the combination of PA and ETE. It
can be identified from table 8 that on comparison with the standard, the compound 4 -(1- Hydroxyallyl)-
2-methoxyphenol showed best antioxidant potential of 390.04 Kcal/mol. Other studied compounds also
showed good antioxidant potential as observed from the obtained data. Different antioxidant assays are
based on different mechanisms of action. DPPH radical scavenging method of analysis is considered to
take place via both HAT and SET - PT mechanism while reducing power assays proceed via SET — PT
mechanism [29]. It is generally believed that the three mechanisms of antioxidant action may co-exist
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together or one of the mechanisms may prevail under certain conditions. The solvents also have marked
effect on the mechanism of antioxidant activity. In order to better understand the mechanism of
antioxidant activities, atomic spin densities (ASD), natural bond population charge (NBP) and singly
occupied molecular orbitals (SOMO) of the transition states of the molecules should be determined and
studied.

3.8/ Corrosion inhibition studies
Methanolic extracts of rhizome and leaves of AC has been studied for corrosion inhibitory potential

against mild steel in 1 M HCI by weight loss method, FT-IR and SEM. Adsorption studies has also been
carried out. Theoretical studies of four major compounds from the leaves viz., Cinnamicacid, 4-hydroxy-
3-methoxy, methylester, 4-Piperidinone,2,2,6,6-tetramethyl, Stigmasterol and 4-(2,6,6-
Trimethylcyclohexa-1,3-dienyl) but-3-en-2-one and five major compounds from rhizome of
A.calcarata, viz.,Benzene 1,3 dimethoxy-5-(1E)-2-Phenylethenyl,2,6 dimethoxy phenol, 7 methoxy
coumarin and Calcaratarin C has been carried out.

3.9/ Weight loss method
The corrosion rate and inhibition efficiencies were done following standard procedures (Bribri et al.)

[30] with the following equations:
Corrosion rate (Cr) = (Wy - W,) / A X t (13)
Inhibition efficiency (IE %) = [(W; -W2)/ W] x100  (14)

where W, and W,, are the weight of steel specimens after and before immersions in the corrosion media,
A the area of steel specimen in cm?, t the time of exposure in hours, W, the weight loss without inhibitor
and W, the weight loss with inhibitor. The weight loss measurement results conducted at 303 K, 313K
and 323 K for leaf and rhizome extracts are provided in tables 9 & 10. It can be noted that with increasing
inhibitor concentration the inhibition efficiency percentage increased. But IE % decreases with increase
in temperature. AC rhizome extract showed maximum inhibition efficiency of 92 % than leaf extracts
which showed only 90.10 % IE at 303 K.

3.10/ Adsorption studies and thermodynamic parameters

Metal — inhibitor interaction is due to adsorption of an organic molecule on the metal surface, which is
a replacement reaction and it can be well studied by analyzing the adsorption process using adsorption
isotherms [31]. It provides information regarding the interaction between inhibitor and mild steel
surface. The frequently used adsorption isotherms are Temkin, Frumkin and Langmuir isotherms. The
experimental data was tested on these adsorption isotherms and through correlation co efficient (R)
usage the best fit was obtained from Langmuir adsorption isotherm. The surface interaction of
A.calcarata leaf and rhizome extracts on mild steel in 1 M HCI was obeying Langmiur adsorption
isotherm at all temperatures (303K, 313K and 323K). Langmuir adsorption isotherm is described by the
equation :

Cinn/ 0= 1/Kags + Cinn (15)

where Ciyn represent the concentration of the inhibitor, Kags is the equilibrium constant of adsorption
process and 0 the surface coverage. Figures 8 & 9 represent the Langmuir adsorption isotherms of
selected plants which are found to be linear. In the present study the value of correlation coefficient (R%)
was obtained close to unity for Langmuir adsorption isotherm.
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Table 9. Corrosion parameters of mild steel in the absence and presence of A.calcarata leaf extract

Sfo;lcai‘tltra“on Weight of | Weight of Corrosion |Inhibition
Temperature extact i 1M §teel be.fore §teel af?er Weight loss|rate (Clj efficiency
HCI (ppm) mmersion |immersion in g/cm™h) (IE %)
Blank 3.257 3.1849 0.0721 3.16
100 3.257 3.231 0.026 1.14 63.9
303K 150 3.651 3.6297 0.0213 0.93 70.5
200 3.254 3.2366 0.0174 0.77 75.8
250 3.253 3.241 0.012 0.52 834
300 3.158 3.1509 0.0071 0.31 90.1
Blank 3.784 3.6693 0.1147 5.03
100 3.654 3.6097 0.0443 1.94 61.4
313K 150 3.251 3.2144 0.0366 1.6 68.1
200 3.294 3.2633 0.0307 1.35 73.2
250 3.547 3.5257 0.0213 0.94 81.4
300 3.215 3.2014 0.0136 0.6 88.1
Blank 3.741 3.5982 0.1428 6.26
100 3.652 3.5938 0.0583 2.56 59.2
393K 150 3.298 3.25 0.048 2.1 66.4
200 3.258 3.2172 0.0408 1.79 71.4
250 3.264 3.2343 0.0297 1.3 79.2
300 3.267 3.2474 0.0196 0.86 86.3

Table 10. Corrosion parameters of mild steel in the absence and presence of 4.calcarata rhizome extract

C°’L°fe;‘$?°“ w Z‘i‘;i °F [ Weight of . Comosion [ Inhibition
Temperature extract in 1M before _steel afFer Weight loss | rate (C{{m efﬁcteqcy
HCI (ppm) immersion | TITETSION g/cm’h) (E %)
Blank 3.061 20401 0.0763 335
100 3.754 3.735 0.0189 0383 752
_ 150 3.728 37131 0.0148 0.65 805
303K
200 3.664 3.6517 0.0122 0.54 84
250 3.748 37388 0.0091 0.4 88
300 3.742 3.7358 0.0061 027 92
Blank 3.063 20532 0.1102 484
100 3.754 37233 0.0306 134 722
313K 150 3.728 37035 0.0245 1.07 778
200 3.664 3.6438 0.0201 088 817
250 3.712 3.6956 0.0163 0.72 852
300 3.687 3.6753 0.0116 051 804
Blank 3.726 35847 0.1417 622
100 3.754 3.7103 0.0436 191 692
N 150 3.728 3.6922 0.0359 1.57 747
323K
200 3.664 3.6332 0.0307 135 783
250 3.712 3.6864 0.0255 1.12 82
300 3.654 3.6341 0.0198 087 86
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Figure 9. Langmuir adsorption isotherm of leaves of A.calcarata

3.11/ Theoretical calculations

Quantum chemical studies are an excellent tool in determining the molecular structure, electronic
structure as well as reactivity of molecules in corrosion studies [32]. Certain quantum chemical
calculations were performed to study the effect of molecular structure on inhibition efficiency using
Gaussian 09 programme package.

Certain major compounds from the selected plants were identified and theoretically studied. Quantum
chemical parameters obtained from the calculations such as the energies of frontier molecular orbitals
(Enomo) and (ErLumo), the separation energy (Emomo - Erumo) (AE), representing the function of
reactivity, electronegativity (), electron affinity (EA), global softness (o), global hardness (1),
ionization energy (IE), AN representing the fraction of electrons transferred from ligand to metal are
collected in tables 11 -12. Electronegativity (¥), chemical hardness (7), global chemical softness
(capacity of an atom or group of atoms to receive electrons) and number of transferred electrons (AN)
were calculated using the following equations 16 -19. E is the ionization potential and A is electron
afﬁnity and E =— EHOMO and A =— ELUMO
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E+A

X = — (16)
E-A

n= — (17)

o = 1/n.=-2/ E nomo — E Lumo (18)

AN:XFe'Xinh/z(r]Fe+ILinh) (19)

Electronic structures of some of the major phytocomponents selected in the study are illustrated in
Figures 10 - 13, which include optimized geometry, the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO). E pomo show the electron donating ability of
molecules and generally the higher the E pomo value, the greater the tendency of the molecule to donate
electrons to acceptor molecule and the lower the E pumo value ( electron accepting ability of the
molecule) the greater the tendency to accept electrons [33,34] .The energy difference between Exomo
and E rumo , AE , indicate the reactivity (inhibition efficiency) of the given compound and generally
smaller the AE value, the greater will be the efficiency of the molecule [33,35] . The ionisation energy
(IE) and electron affinity (EA) is related to E nomo and E ruymo as per below [36,37]. (Ramya & Joseph
2015, Lukovits et al., 2001).

I=-Enomo (20)
A=-Erumo (21)

The lower value of AE will render good inhibition efficiencies, since the energy to remove an electron
from the last occupied orbital will be minimised. In the present study the obtained A E values are also
very low values. The fraction of the electrons transferred from the inhibitor molecule to the metal surface
ie. AN, is less than 3.6, the efficiency of inhibition increases with increasing electron donating ability
of the inhibitor to the metal surface. In the present study the phytocompounds studied have AN value
less than 3.6 indicating high corrosion inhibition efficiency.

Table 11. Quantum chemical parameters of phytocompounds of 4.calcarata leaves

. . HOMO LUMO y(electrone| n(global | o(global
Chemical constituent &) &) AE (eV) 1E EA gativity) | hardness) | softness) [ AN (eV)
(eV) (eV) (eV)
Cinnamicacid, 4-hydroxy- | ¢ 5 172 433 6.05 1.72 3.88 2.17 0.46 0.72
3-methoxy, methylester
4 Piperidinone,2.2.66- | = ¢ 35 -1.09 5.28 6.37 1.09 373 2.64 0.38 0.62
tetramethyl-
Stigmasterol -6.31 0.36 6.67 6.31 -0.36 2.98 3.34 0.3 0.6
4-(2,6,6-Trimethyl
cyclohexa-1,3 -dienyl) but-| -6.78 -1.49 5.29 6.78 1.49 4.13 2.64 0.38 0.54
3-en-2-one

Table 12. Quantum chemical parameters of phytocompounds of 4.calcarata thizome

y(electrone| n(global | o(global
AE
Chemical constituent Hzl\\/]I)O LEI\\E)O V) IE EA gativity) | hardness) | softness) [ AN (eV)
(eV) (eV) (eV)
Tmethoxycoumarin -6.32 -1.9 442 6.32 1.9 4.11 221 0.45 0.65
Calcaratarin C -6.96 -1.11 5.85 6.96 1.11 4.04 2.92 0.34 0.51
Benzene 1 3-dimethoxy-3-| 5 | 56 | 4078 | ses | 156 | 36 | 206 | 049 | 083
(1E)-2-Phenylethenyl
Phenol2,6dimethoxy -5.79 0.12 5.9 5.79 -0.12 2.84 2.95 0.34 0.71
dhydroxyallyl-2methoxy | 5, | o390 | 551 | sor | o039 | 315 | 276 | 036 | o7
phenol
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Fig: 10 a. HOMO Stigmasterol

Fig: 10 c. Opimised geometry of Stigmasterol Fig: 11a. Optimised geometry of 7 methoxy coumarin

Fig: 11b. HOMO 7 methoxy coumarin Fig: 11 c. LUMO 7 methoxy coumarin

Fig : 12a. HOMO Calcaratarin C Fig: 12 b. HOMO Calcaratarin C
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Fig :12¢. Optimised geometry of Calcaratarin C Fig:13a. Optimised geometry of 4Hydroxyallyl 2 methoxyphenol

Fig:13 b. HOMO 4 Hydroxyallyl-2-methoxyphenol Fig:13c. LUMO 4 Hydroxyallyl-2-methoxyphenol

3.12 /Scanning electron microscopic studies (SEM)

SEM studies were conducted to study the surface morphology of mild steel before and after immersion
in 1M HCI without and with A.calcarata rhizome and leaf extracts (300 ppm) and the results obtained
are provided in figures 15,16 and 17. From the figures it is clear that the extract form a protective film
over mild steel specimens and prevent corrosion by acid solutions.

20kV X250 100pm 0000 10 50 SEI 20kV X500 50um 0000 1350 SEI

Fig: 14. SEM image of polished mild steel before Fig: 15. SEM image of mild steel after immersion in 1M
immersion in test solution HCI without inhibitor
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20kV X250 100pm 0000 11 51 SEI 20kV X250 100pm 0000 11 51 SEI

Fig:16. SEM image of mild steel after immersion in Fig:17. SEM image of mild steel after immersion in
IM HCIl with A.calcarata leaf extract 300ppm IM HCI with A.calcarata rhizome extract 300ppm

3.13 / Fourier transform infrared spectroscopic studies (FTIR)

FT IR analysis helps to identify the functional groups present in the extracts and the corrosion product
and to confirm the inhibition taking place due to the interaction between the extract and metal.

Figure 18 shows spectrum of plant extract ( red) and corrosion product (film formed on the surface of
the mild steel) (black) in case of A.calcarata leaf extract and figure 19 shows spectrum of plant extract
(black) and corrosion product (red) respectively. Corrosion product showed several peaks corresponding
to plant extract indicating an adsorption of plant extract on mild steel. Shift in wave length of the
corrosion product indicate interaction between mild steel and plant extract. Functional groups missing
in the spectra of corrosion product indicate adsorption of the inhibitor might have occured through these
missing bonds.
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Fig :18. FT IR spectra of crude plant extract and corrosion product - A.calcarata leaf extract

3.14/ Antimicrobial activities
A.calcarata leaf and rhizome extract show considerably high antimicrobial activity against the organism
tested. Zone of inhibition (ZI) (at 100pg/ml concentration ) obtained against various tested organisms
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are provided in table 13 and figures ( 20 -23) showing highest zone of inhibition against respective
microbes are also provided. A.calcarata leaf methanolic extract show considerably good inhibition
against K. pneumoniae, S.mutans and C.albicans repectively and leaf extracts are more efficient
inhibitors than rhizome extracts.
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Fig :19. FT IR spectra of crude plant extract and corrosion product - 4.calcarata rhizome extract

Table 13 . Antimicrobial activity of methanolic leaf and rhizome extracts of A.calcarata

Diameter of zone of inhibition (in mm)
Organism A.calcarata leaf methanol extract A.calcarata thizome methanol extract
100 pg/ml Control 20ug/ml 100 pg/ml Control 20ug/ml

Klebsiella pneumoniae 38 37 16 37
\Pseudomonas aeruginosa 27 40 20 40
Streptococcus mutans 36 40 17 40
Staphylococcus aureus 25 40 20 40
Candida albicans 37 39 15 39

3.15/ Molecular docking analysis

A. calcarata leaf and rhizome extracts showed good antimicrobial effficacy as revealed by in vitro
studies. So in order to correlate in vitro and in silico results molecular docking studies were conducted.
It effectively predicts the interaction between a ligand and a protein and thus is a crucial process in drug
discovery. Different ligands are generally ranked as per their activity based on binding affinity values.
The more negative the binding affinity greater the interaction between ligand and target protein. The
results of docking analysis of selected phytochemicals from A.calcarata extracts with the target proteins
are shown in table 14. The results are expressed as binding affinity values in Kcal/mol. From the results
it can be concluded that the phytochemicals showed good interaction with the selected protein molecules.
Highest binding interaction of penicillin binding protein 3 from P. aeruginosa was found with Benzene
1,3 dimethoxy -5-2 (phenyl ethenyl) - (E)- ( from rhizome) with a binding affinity of -6.7 Kcal/mol. It
was also observed that all the phytochemicals from rhizome selected for the present study interacted
well with this protein. The glycerol dehydratase of Klebsiella pneumoniae effectively docked with a low
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binding affinity value of -5.9 Kcal/mol by Cinnamic acid 4 hydroxy 3 methoxy methyl ester present in
the methanolic extract of leaves. Stigmasterol showed the best interaction with inorganic
pyrophosphatase of S.mutans with a binding affinity of -9.5 Kcal/mol (rhizome and leaf). Stigmasterol
also showed good interaction with penicillin binding protein 3 from P. aeruginosa (-6.6 Kcal/mol),
penicillin binding protein 2a from methcillin resistant S. aureus (-7.5 Kcal/mol) and protein
geranylgeranyl transferase from fungi C. albicans (-6.1 Kcal/mol).

Fig: 22 A.calcarata thizome - P.aeruginosa Fig: 23 A.calcarata thizome - S.aureus

Highest binding interaction with penicillin binding protein 2a from methcillin resistant S. aureus was
shown by Calcaratarin C present in methanolic extract of rhizome and Stigmasterol leaf and rhizome
(both -7.5 Kcal/mol). The protein geranylgeranyl transferase from fungi C. albicans was found
effectively inhibited by methanolic leaf and rhizome extracts with binding affinity value of -6.1
Kcal/mol for stigmasterol . Details of phytochemicals from different plant extracts used for docking
analysis and molecular docking results of different phytochemicals with target proteins are provided in
table 14. Optimised geometry of certain phytochemicals and 3D diagrams regarding protein ligand
interaction has also been provided in fig. 24 - 31.
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Table 14. Molecular docking results of different phytochemicals of 4.calcarata leaf and rhizome with target proteins

Binding affinity in Kcal/mol

S1 .No Name of compound Source Target proteins

P.aeruginosa| K.pneumoniae | S.aureus | S.mutans | C.albicans

leaf,
1 Stigmasterol b -6.6 275 | -95 -6.1
rhizome

2 Daucol rhizome -5 -54

Ambrial rhizome -44 -54
4 Calcaratarin C rhizome -6.5 -7.5

i -5-2(phenyl
5 Benzene 1,3 dimethoxy-5-2(pheny rhizome 67 65

ethenyl)-(E)-

6 Cinnamic acid 4 hydroxy 3 methoxy leaf 59 65 6

methyl ester

7 2 methoxy 4 vinyl phenol leaf -4.7 -5.8 -5.8

4- (2,2,6 - Trimethylcyclohexa-1,3
dienyl) but- 3- en-2-one

9 4 piperidone 2,2,6,6 tetramethyl leaf -4.8 -6 -5

leaf -53 -6.3 -5.8

Fig.26. Stigmasterol Fig. 27. Interaction with protein from S.aureus
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Fig. 30. Ambrial Fig. 31. Interaction with protein from S.aureus

Conclusion

The study revealed numerous phytoconstituents including some new compounds and total phenolics
including flavonoids in the rhizome and leaf extracts of 4.calcarata . Various antioxidant assays revealed
significant antioxidant activity of the plant which has been supported by theoretical studies of some
selected components of the plant. Experimental studies prove that A.calcarata rhizome and leaf extracts
are very effective corrosion inhibitors of mild steel in 1 M HCI and both extracts are showing almost
similar level of inhibition. FT-IR and SEM studies suggest the formation of protective barrier by extracts
on mild steel surface. Adsorption of the extracts were further confirmed by experimental data fitting to
Langmuir adsorption isotherm. DFT based quantum chemical computations of parameters associated
with the electronic structures of some major selected components of plant extracts confirmed the
inhibition potential of the plant extracts. Antimicrobial studies revealed considerably good inhibitory
activity against the selected microbes. Molecular docking studies revealed that selected
phytocomponents exhibit good inhibitory interaction with the proteins of the microbes.
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