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Abstract

Acid condensate (AC) is reported to exhibit various biological activities including antimicrobial, antioxidant, and anti-
inflammatory that are valuable in assisting wound healing process. In this study, concentrated AC extract (CACE) obtained
from microwave-assisted pyrolysis of palm kernel shells (PKS) was fractionated where fractions with similar profiles were
pooled into combined fractions of acid condensate (CFACs). CACE and CFACs were evaluated for their total phenolic con-
tent, antioxidant activities, and antibacterial activity towards Escherichia coli, Pseudomonas aeruginosa, Staphylococcus
aureus, and Enterococcus faecalis. The antibacterial mode of action of CFAC 3 compounds was evaluated by its binding
energy and physical bond formation towards bacterial DNA gyrase (PDB ID: 4DUH) and tyrosyl-tRNA synthetase (PDB
ID: 1J1J) using molecular docking software AutoDock Vina. A total of 134 fractions were obtained and pooled into 9 com-
bined fractions (CFAC 1-9). CFAC 3 had the highest total phenolic content (624.98 +8.70 pg gallic acid/mg of sample) that
accounted for its highest antioxidant activities (1247.13 +27.89 pg Trolox/mg sample for ABTS assay and 24.26 +0.71 mmol
Fe(II)/mg sample for ferric reducing antioxidant power, FRAP). Gas chromatography—mass spectrometry (GC-MS) revealed
phenol and its derivatives as the major compounds in CFAC 3. CFAC 3 exhibited highest antibacterial activities against all
tested bacteria particularly against S. aureus with minimum inhibitory concentration (MIC) of 0.10 mg/mL and minimum
bactericidal concentration (MBC) of 0.33 +0.11 mg/mL. Molecular docking analysis suggested favorable binding energy
for all chemical compounds present in CFAC 3, notably 1-butanone, 3-methyl-1-(2,4,6-trihydroxy-3-methylphenyl) towards
the DNA gyrase (-6.9 kcal/mol), and tyrosyl-tRNA synthetase (— 7.5 kcal/ mol) enzymes. To conclude, CFAC 3 from PKS
has the potential to be used as an alternative antibacterial agent which is biodegradable and a more sustainable supply of
raw materials.
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1 Introduction

Highlights
e CFAC 2 and CFAC 3 showed higher total phenolic content and By 2020, Malaysia was expected to generate over 80 mil-
antioxidant activity compared to CACE. lion tonnes of solid oil palm biomass such as empty fruit

o GC-MS analysis showed phenolic compounds were successfully .
concentrated in the CFAC 1-3. bunches, palm kernel shell (PKS), oil palm fronds, and

o CFAC 3 exhibited enhanced good antibacterial activity mesocarp fiber [1]. Several green approaches are highly
compared to CACE. considered to treat oil palm biomass including using

e Molecular docking analysis supported the antibacterial
properties of phenolic compounds present in CFAC 3.
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thermal-conversion method such as microwave-assisted
pyrolysis. Microwave-assisted pyrolysis is an advanced fast
pyrolysis technique that applies electromagnetic irradiation
for rapid heating from within of the materials in the absence
of oxygen which gives higher yield of acid condensate and
biogas in a relatively shorter residence time [2].

Acid condensate (AC), also known as wood vinegar, is an
acidic (pH around 2.5 to 3.5) reddish-brown aqueous liquid
obtained from the condensation of volatile matters generated
during the pyrolysis process. AC consists of many valuable
organic compounds such as phenol and derivatives, alde-
hydes, ketones, pyran and furan derivatives, and polyphe-
nolic compounds [3]. PKS has been the subject of interest
due to its high amount of lignin content which correlates
to the yield of phenolic compounds [4] that is responsible
to the high antioxidant properties of AC and antibacterial
activity [5].

Uncontrolled growth and its resistance development of
bacteria and fungi have been a major concern in agricultural,
environment, human, and animal health since its presence
resulted in human, animal, and plant diseases and low yield-
ing production quality [6]. Currently, suitable antimicrobial
topical treatment comprises of antiseptics and antibiotics
whereas commercial antiseptics based on silver, biguanide,
iodine, chlorine, and hydrogen peroxide have been reported
to exhibit cytotoxicity to host cells [7]. In view of this, natu-
ral antimicrobial agents such as curcumin and aloe vera can
be safer replacement as they exhibit low cytotoxicity [8]. AC
offers a promising alternative for antibiotic, antiseptic, and
chemicals for treatment of human and plant against micro-
biological infections/attacks as AC exhibits antibacterial [9],
antifungal [9], anti-inflammatory [10], herbicide [11], and
antibiotic in poultry [12]. In addition, AC is considered low
cytotoxic at 100-fold dilution [13] and does not pose severe
hazard to the environment [14].

Mechanisms of antibacterial action of phenol and its
derivatives, which is main functional groups of AC, have
been reported to be mainly associated to the disruption of
cytoplasmic membrane permeability causing the efflux of
ions as their primary mode of antibacterial action [15]. How-
ever, there are some reports in which the phenolic deriva-
tives are also able to inhibit cell wall synthesis, protein syn-
thesis, and DNA synthesis through binding interaction with
enzymes, DNA, or molecules associated to bacterial growth
[16]. One of those includes the inhibition of tyrosyl-tRNA
synthetase. It belongs to the aminoacyl-tRNA synthetases
(aaRSs) and is responsible for catalyzing the covalent bind-
ing of amino acids to their respective tRNA to form charged
tRNA during protein biosynthesis process. Topoisomerase
II DNA gyrase, which is exclusive for bacteria, is an enzyme
that can introduce negative supercoils into DNA by ATP
consumption [17]. To screen and elucidate the inhibitory
ability of phenolic compounds by binding the target DNA
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or enzymes, computational tools such as molecular docking
is preferred as a faster and less costly methods compared to
experimental approach. Molecular docking allows for char-
acterization of the behavior of small molecules in the bind-
ing site of the target protein as well as elucidating funda-
mental biochemical processes [18] before further validated
using experimental approach.

This work focused on evaluation of the antioxidant, anti-
bacterial activities, and antibacterial mode of action of com-
bined fractions of optimized AC extract against common
pathogenic Escherichia coli (E. coli), Pseudomonas aerugi-
nosa (P. aeruginosa), Staphylococcus aureus (S. aureus),
and Enterococcus faecalis (E. faecalis). It also worthy to
note that this is also the first report on the use of molecu-
lar docking approach to determine molecular interaction
between AC compounds with target enzymes associated to
bacterial activity.

2 Materials and methods
2.1 Production, extraction, and fractionation of AC

PKS was obtained from one oil palm mill located in Klu-
ang, Johor, Malaysia. It was washed, sun-dried, and stored at
room temperature prior to use. The production of AC from
PKS using laboratory-scale microwave-assisted pyrolysis
reactor was as described previously [19]. In general, opti-
mized parameters to produce AC containing highest con-
centration of phenolic compounds were as follows: micro-
wave power of 580 W, nitrogen flow rate of 2.4 L/min,
and final temperature of 480 °C. AC was extracted using
99.5% ethyl acetate, concentrated using rotary evaporator
(Heidolph, Laborota 4003, Germany) and termed as con-
centrated AC extract (CACE). The CACE was fractionated
using a column chromatography (5 cm i.d. X80 cm) and
silica gel (0.063—0.200 mm, Merck, Germany) as stationary
phase, with moving-phase consisting of increasing polarity
of solvent system of n-hexane, ethyl acetate, and methanol
(QRec). The collected 134 different fractions collected were
pooled into 9 final fractions (termed as CFAC 1-9) based
on similarity of thin layer chromatography profile. Fractions
10-11 (CFAC 1), fractions 12-16 (CFAC 2), fractions 17-24
(CFAC 3), fractions 25-32 (CFAC 4), and fractions 33-40
(CFAC 5) were pooled and highlighted.

2.2 Total phenolic content and antioxidant activity

The total phenolic content (TPC) in AC was determined as
follows [20]: 1 mL of the AC extract or fraction and 1 mL
of 50% of Folin—Ciocalteu reagent (Merck, Germany) were
mixed in 10 mL test tube followed by the addition of 1 mL of
10% sodium carbonate (105.99 g/mol, QRec, New Zealand).



Biomass Conv. Bioref. (2023) 13:4241-4253

4243

The mixture was left to stand for 2 h at room temperature
and the absorbance was measured at 765 nm using UV-vis
spectrophotometer (Shimadzu UV-1800, Japan). Similar
procedures were repeated for gallic acid (Merck, Germany)
that acted as standard. TPC determined was expressed as
pg gallic acid equivalent/ mL of dried sample (pg/mL). The
2,2-diphenyl-1-picrylhydrazyl (DPPH, Aldrich, Germany)
assay was performed with slight modification to the method
of Brand-Williams et al. [21] where 1 mL of CACE or
CFACs was mixed with 2 mL of methanolic DPPH reagent
in a 10 mL test tube. The mixture was shaken at 100 rpm and
allowed to stand for 30 min at room temperature. The absorb-
ance was measured at 517 nm with methanol as blank. Ferric
reducing antioxidant power (FRAP) assay was conducted
according to Ma et al. [20] by adding 100 pL of 30 pg/mL
AC samples or standard L(+)-ascorbic acid (QRec, New
Zealand) and butylated hydroxyanisole, 96% (BHA, Acros
Organics, Belgium) respectively into 3 mL of freshly mixed
FRAP reagent (300 mM acetate buffer (pH 3.6), 10 mM
2.4,6-tripyridyl-s-triazine (TPTZ, Acros Organics, Belgium)
dissolved in 40 mM hydrochloric acid (QRec, New Zealand),
and 20 mM ferric chloride (Merck, Germany) in the ratio
of 10:1:1 and shaken thoroughly before being left upright
to react for 90 min at 37 °C in the dark. The absorbance of
the mixture was recorded at 593 nm using UV-vis spec-
trophotometer. The results were expressed as mmol Fe(II)
being reduced by per milligram of sample (mmol Fe(II)/mg
sample). 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) assay was carried out as performed by Re
et al. [22]. ABTS radical cation was prepared by mixing
both 7 mM ABTS (Merck, Germany) solution and 4.9 mM
potassium persulfate (Sigma-Aldrich) solution in 1:1 ratio
(v/v). The radical stock solution of ABTSe + was diluted
using ethanol to an absorbance of 0.8 +0.005 at 734 nm.
Trolox (Aldrich, Germany) solution was used to generate
Trolox standard curve. Samples or standards (L(+)-ascorbic
acid and butylated hydroxyanisole) with volume of 0.4 mL
(20 pg/mL) were mixed with 3.6 mL of the ABTSe + solu-
tion and incubated at 37 °C for 7 min followed by measure-
ment at 734 nm.

2.3 Chemical composition analysis

Qualitative chemical composition analysis of AC was
determined using gas chromatograph-mass spectrometer
(GC-MS, Agilent 7890B GC/MS System with 5977B
MSD, USA) based on the method suggested by Zhai et al.
with slight modification [23]. About 1 pL of filtered sample
(CACE, CFAC 1, CFAC 2, and CFAC 3) was injected with a
split rate of 20:1 into the capillary column (Agilent HP-5 ms
Ultra Inert) with diameter of 30 mx 0.25 mm. The injector
pressure and split flow rate were 10.97 psi and 23.8 mL/
min respectively. Helium gas was used as a carrier gas at a

flow rate of 2 mL/min and the temperature of injector was at
300 °C for 37 min. As for mass spectrometry (MS), the elec-
tron ionization with 70 eV was used to detect the mass frag-
ment at scan range between 50 to 550 m/z. The ion source
temperature and transfer line have been set at 200 °C and
300 °C respectively. The GC peak areas were integrated, and
the component identification was done by comparing the MS
with standards and with a library search (National Institute
of Standard and Technology (NIST), USA).

The infrared spectra of the analyzed sample were meas-
ured using Frontier Fourier-transform infrared spectroscopy
(FTIR) spectrometer (Perkin-Elmer, USA) equipped with an
universal attenuated total reflection (UATR) accessory with
diamond crystal at room temperature. Sixteen scans were
registered during the measurement, and subsequently, the
program averaged the results for all spectra. Spectral trans-
mittance measurements were recorded in the region from
650 to 4000 cm™! at a resolution of 2 cm™".

2.4 Antibacterial activity

The bacterial strains used in this study were Staphylococ-
cus aureus (ATCC 6538), Enterococcus faecalis (ATCC
29,212), Pseudomonas aeruginosa (ATCC 15,442), and
Escherichia coli (ATCC 11,229) which were obtained from
the culture collection of Nanomaterial Lab 1, Department
of Biosciences, Universiti Teknologi Malaysia. Bacte-
rial suspension was prepared by inoculating single colony
bacteria into 5 mL of sterile saline water until the turbidity
of the bacterial suspension reached 0.5 McFarland stand-
ard solution. Disk inhibitory assay was carried out using
method described by Hudzicki [24]. Sterilized commercial
disk (Whatman, England) with a diameter of 6.0 mm was
added with 30 pL of CACE or CFAC 1-3 (100 mg/mL).
Commercial disks impregnated with kanamycin (30 pg/
mL, Chemcruz, USA) and methanol were used as positive
and negative control, respectively. The prepared bacterial
suspension was inoculated onto Muller-Hinton (MH) agar
(Merck, Germany). The prepared disks were aseptically
transferred onto the surface of the agar plate. The agar plate
was incubated at 37 °C for 24 h. The antibacterial activity
was determined by measuring the diameter of the inhibition
zones forming around the disk.

The 96-well microdilution assay for minimum inhibitory
concentration (MIC) determination was carried out as based
on previous method with some modifications [25, 26]. One
hundred microliters of MH broth (Merck, Germany) was
transferred into each of the 96-wells of the microtiter plate.
One hundred microliters of sample (100 mg/mL) in 50% v/v
methanol was added into the first column of the plate. After
mixing, 100 uL of the mixture was pipetted into the second
column (twofold dilution) and mixed. The procedure was
repeated until the eleventh column. The twelfth column was
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left for sterility control. Twenty microliters of the prepared
bacterial suspension was pipetted into all wells. Final con-
centration of samples (CACE and CFAC 1-3) and antibiotics
(kanamycin) ranged from 0.049 mg/mL to 50 mg/mL and
from 0.19 pg/mL to 200 pg/mL, respectively. The 96-well
plates were incubated (Memmert, German) at 37 °C for 24 h.
The resazurin (0.015%w/v, Sigma-Aldrich, Germany) was
added to all wells (30 pl per well), and further incubated
for 2—4 h for the observation of color change. Minimum
bactericidal concentration (MBC) is the lowest concentra-
tion of AC samples able to kill the bacterium. MBC was
performed directly after MIC test. An aliquot of 20 pL of
bacterial suspension was inoculated on MH agar using 20
pL pipette prior to incubation at 35 °C for 24 h. MBC was
determined at concentration where there was no bacterial
growth exhibited. The result was expressed as means of trip-
licate experiments.

2.5 Molecular docking studies

Preparation of ligands was carried out using the same pro-
cedure as described by Rabiu et al. [10]. The 3D chemical
structures of major chemical compounds in CFAC 3 were
extracted from PubChem and underwent energy minimiza-
tion using density functional theory (DFT) (B3LYP) method.
The X-ray crystal structures of bacterial DNA gyrase (PDB
ID: 4DUH) and tyrosyl-tRNA synthetase (PDB ID: 1J1J)
were retrieved from Protein Data Bank (www.pdb.org) and
prepared as macromolecules for docking using AutoDock-
Tools 1.5.6. Water molecules and ligands were removed, all
non-polar hydrogens were merged (removed), and partial
atomic charges were assigned using the Gasteiger-Marsili
method. The enzymes were prepared as PDBQT files and
kept as a rigid structure for molecular docking.

AutoDock Vina [27] was used to simulate docking inter-
action and evaluate possible binding mode between CFAC
3 compounds towards bacterial DNA gyrase, and tyrosyl-
tRNA synthetase. Configuration files were created for
both the proteins by setting suitable Cartesian coordinates

to generate grid box. The ligand inhibitor compound was
extracted from the PDB crystal structure and docked
again as a self-validation method. For E. coli DNA gyrase
4DUH, the procedure used was similar to Ghannam et al.
with coordinates for X, Y, and Z axis which were —7.434,
24.85, and — 0.94, respectively, and dimensions for grid box
were 18 X 18 X 18 A° [28]. For S. aureus tyrosyl-tRNA
synthetase, the procedure used was similar to Pisano et al.
with coordinates for X, Y, and Z axis which were — 13.004,
13.539, and 84.405, respectively, and dimensions for grid
box were 14 X 14 x 14 A° [17]. Ten best poses were gener-
ated for each ligand and scored using AutoDock Vina scor-
ing functions. Based on the docked energy, all the ligands
were ranked. The docked complex forming hydrogen bond
(H bond) and other parameters like intermolecular energy
(kcal/mol) was analyzed by BIOVIA Discovery Studio Visu-
alizer v19.1.0.18287.

2.6 Statistical analysis

Quantitative data were analyzed using Microsoft Office
Excel, GraphPad Prism 7.0 (GraphPad Software, Inc.) and
all the results were expressed as a mean + standard deviation.

3 Results and discussion
3.1 Total phenolic content and antioxidant activity

The total phenolic content and antioxidant activity of CACE
and CFACs obtained are as tabulated in Table 1. CFAC 3
exhibited the highest TPC of 624.98 +8.70 ug gallic acid/mg
of sample followed by CFAC 1, CFAC 2, and CACE which
showed 434.02 +2.14, 343.80+15.19, and 296.13 +6.26 pg
gallic acid/mg of sample, respectively. The subsequent
CFACs also exhibited relatively high amount TPC but
lower as compared to CACE. CFAC 1-3 showed higher
TPC content values compared to the CACE which aligned
to the many reports that observed the trend of fraction to

Table 1 Total phenolic content

L .. Antioxidant assay
and antioxidant activity of

TPC (ug gallic

DPPH, ICs;, (ug/mL) ABTS (pg Trolox/ FRAP (mmol

CACE and CFACs acid/mg sample) mg sample) ilee()ll)/mg sam-
CACE 296.13+£6.26 81.76 +£2.81 816.95+30.49 9.22+0.66
CFAC 1 343.80+15.19 94.64 +8.06 1098.99+17.75 10.63+£0.39
CFAC 2 434.02+2.14 27.55+2.70 1118.10+22.89 15.24+0.80
CFAC 3 624.98+8.70 29.47+0.74 1247.13£27.89 24.26+0.71
CFAC 4 228.48 +£2.66 98.92+16.62 556.61+10.78 10.33+0.28
CFAC5 229.40+2.37 130.93+26.44 634.77+15.33 8.56+0.31
BHA 29.63+1.16 1575 +40.07 13.17+0.18
Ascorbic Acid 36.62+1.34 148.99+1.34 7.68+0.17
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have higher TPC than the plant extract [29, 30]. Most of the
phenolic compounds were eluted early due to the moder-
ate polarity solvent system of n-hexane—ethyl acetate which
had a good elution effect on monophenols and derivatives
[31, 32]. High amount of TPC in the CACE was due to high
lignin content as phenol and derivatives were mainly gener-
ated from thermal degradation of lignin content which is
very high in PKS [33]. The obtained TPC value of CACE
was better that AC obtained from oil palm fiber [34] and
pineapple waste biomass (9.50+0.11) [35].

CACE exhibited lower DPPH radical scavenging activ-
ity as compared to ascorbic acid and BHA as its IC, value
of 81.76 +2.81 pg/mL was double the ICs, values of both
standards. However, the CFAC 2 and CFAC 3 with ICy, of
27.55+2.63 pg/mL and 29.47 +0.74 pg/mL, respectively,
exhibited better or similar radical scavenging activity than
both standards ascorbic acid and BHA. CFAC 2 has lower
IC, value than CFAC 3 which was due to the nature and
number of functional group available in the fraction com-
pounds for antioxidant reaction as catechol (CFAC 2) has
two hydroxyl group compared to one hydroxyl group in
syringol (CFAC 3) [36]. The rest of the CFACs revealed
weaker antioxidant activity as CACE as the IC, values
were much larger. High DPPH activity of AC also has been
reported from walnut [37], rice hull [38], and Litchi chin-
ensis which exhibited higher TPC than ascorbic acid [39].

CACE and CFACs exhibited higher ABTS radical scav-
enging values than ascorbic acid (148.99 + 1.34 pg Trolox/
mg sample) but lower than BHA (1575 +40.07 pg Trolox/
mg sample). BHA has higher ABTS scavenging ability due
to the presence of large substituents on the aromatic ring
which reduces the capability of free radicals to dimerize
with the phenolic hydroxy group by steric crowding, thereby
increasing the likelihood of hydrogen atom transfer [40].
CFAC 3 displayed the highest ABTS radical scavenging
activity was 1247.13 +27.89 pg Trolox/mg sample, fol-
lowed by CFAC 2 (1118.10+22.89 pg Trolox/mg sample)
and CFAC 1 (1098.99 + 17.75 pg Trolox/mg sample). These
CFACs showed higher ABTS radical scavenging activity as
compared to CACE probably due to higher concentration of
phenolic compounds in the sample. The descending order
of ABTS cation radical scavenging activity is BHA > CFAC
3> CFAC 2> CFAC 1> ascorbic acid. Monophenolic
compounds which are majorly found in the AC have been
reported to scavenge ABTS + e through the donation of
hydrogen atom, as well as through electron transfer or by a
combination of the two mechanisms [41, 42].

CFAC 3 displayed the highest reducing ability towards
TPTZ-Fe (IIT) with FRAP value 24.26 +0.71 mmol Fe(II)/
mg sample, followed by CFAC 2 (15.24 +0.80 mmol Fe(Il)/
mg sample) and BHA (13.17 +0.18 mmol Fe(II)/mg sample)
as shown in Table 1. CFAC 3 and CFAC 2 have higher anti-
oxidant activity than both standards ascorbic acid and BHA.

CACE showed FRAP value of 9.22 +0.66 mmol Fe(II)/
mg sample which was higher than standard ascorbic acid
(7.68 +0.17) but lower than BHA. Overall, these findings
also showed that the correlation between TPC and antioxi-
dant activity could be due to the phenolic compounds which
are the major constituents of CACE and CFACs (based on
GC-MS analysis) [43]. The antioxidant activity of CACE
and CFACs could be attributed to the presence of aromatic
ring and hydroxyl groups can act as electron or hydrogen
donators and neutralize the free radicals and reactive oxygen
species [44].

3.2 Chemical composition analysis

Results from the GC-MS analysis of CACE and CFAC 1-3
are as summarized in Table 2. CACE consisted of phenol
and derivatives (69.47%) followed by ketones (12.57%),
alkanes (10.14%), acids (6.17%), furans and pyrans (4.44%),
and benzene (1.70%). Phenol and derivatives as major con-
stituents of AC were also reported by other researchers [23,
39, 44]. High yield of phenol and derivatives can be attrib-
uted to the high amount of lignin content (48.52 +0.63 wt%)
in PKS [45].

After fractionation, a number of chemical compounds
identified in the combined fractions (CFACs) were reduced
compared to the CACE (41 compounds). About 15 chemi-
cal compounds were identified from GC-MS analysis on
CFAC 1 where phenol and derivatives represented as its
major compound group (98.52%), followed by furan (0.81%)
and benzenes (0.67). The main phenols and derivatives
compounds in CFAC 1 included phenol (34.41%), creo-
sol (13.69%), phenol, 4-ethyl-2-methoxy- (ethylguaiacol,
12.29%), and phenol, 2-methoxy- (guaiacol, 10.74%). Other
compounds were also identified including 2-furancarboxal-
dehyde (0.81%) and benzene (0.67%). In CFAC 2, 13 chemi-
cal compounds were identified with phenol and derivatives
as its major compound group (95.93%), followed by ketones
(4.07%). The main phenols and derivatives compounds in
CFAC 2 were mainly 1,2-benzenediol (catechol, 20.42%),
followed by 1,2-benzenediol, 3-methoxy- (3-methoxy cat-
echol, 15.47%), methylparaben (13.49%), 1,2-benzenediol,
4-methyl- (4,methylcatechol, 9.20%), and vanillin (6.27%).
Six chemical compounds were detected from GC-MS anal-
ysis of CFAC 3 with phenol and derivatives represented
the major compound group (93.21%). This group is made
up mainly of phenol, 2,6-dimethoxy-, known as syringol
(46.09%) and 3,5-dimethoxy-4-hydroxytoluene (40.83%),
followed by 6.29% of 1,2-benzenediol, 3-methylbenzenes.

The GC-MS analysis of the three combined fractions
showed that all three were mainly made up of phenol and
derivatives as the major compounds. In the CFAC 1, phe-
nol which was the main chemical compound present in
CACE was completely eluted in fractions 10 and 11. These
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compounds have similar polarity as their polarity was mainly
attributed to the presence of 1 hydroxyl group (-OH). Pres-
ence of benzene compounds might be the remaining hydro-
carbon content that had not been fully removed using solvent
system of 100% n-hexane. Most of the hydrocarbons were
removed when non-polar n-hexane was used as solvent sys-
tem [31]. When the 9:1 solvent system of n-hexane:ethyl
acetate, most phenols and derivatives were eluted in frac-
tions 10 and 11. The dielectric constant of this solvent sys-
tem was similar to toluene which was used by Wang et al. to
remove most of phenol and its derivatives [31].

The ATR-FTIR spectra (within the 650 cm™! to
4000 cm~! wavenumber region) of the CACE and CFAC
1-3 are given in Fig. 1. The FTIR results corroborate the
result obtained by GC-MS where the main chemical spe-
cies present in CACE and CFACs used in this work are
aromatic compounds, carbonylic, phenolic, and carboxylic
acids. The peak at 3600-3200 cm™' and 1360 cm™! corre-
sponds to the O—H stretching and O-H bending vibration,
respectively, which confirms the appearance of alcohols and
phenols [46, 47]. The spectrum also showed that the band
of C—H stretching with wave number of 3000-2800 cm™!
indicates the present of alkanes groups in the pyroligneous
(Islam et al., 2003; Tsai et al., 2007). Furthermore, the peak
at 2820-2960 cm™! is strengthened, which may be caused
by the C—H stretching vibration of aromatic compounds. The
peak in the range of 1700—1725 cm™" corresponds to C=0
stretching group, representing the presence of carboxylic
acid, phenol, ketone, aldehyde functional groups [46, 47].
The peaks at 1600 cm™! and 1500 cm™' were assigned to
aromatic C=C-C stretch which implies the aromatic struc-
ture while 670-850 cm™! corresponded to C—H bending
which can be observed in aromatic structure. The higher
peak intensity at 1270—1230 cm™' was observed in CFAC 3
which is due to the aryl-O-C stretch in aromatic ethers [47].
The intensity of C-O stretch around 1100-1200 cm™' rep-
resented ether and aromatic compounds. These peaks were

%

Transmittance,

4000 3500 3000 2500 2000 1500 1000
‘Wavenumber, cm™!

—CACE —CFAC 1 CFAC2 —CFAC3

Fig.1 ATR-FTIR spectra of the CACE and CFAC 1-3 in the spectral
range from 650 to 4000 cm™!

@ Springer

observed to have higher intensity for CFAC 2 which is due
to the presence of two hydroxyl group in catechol derivatives
and methoxy group in syringol derivatives [48].

3.3 Antibacterial activity

Figure 2 shows that CACE and CFAC exhibited antibacterial
activity against all strains tested. For 30 pg of kanamycin,
bacterial strains are regarded towards antibacterial agent
as resistant when diameter is less than or equal to 13 mm,
intermediate when diameter is in between 14 and 17 mm,
and sensitive/susceptible when the diameter is more than
17 mm [49]. S. aureus was shown to be susceptible against
CACE and CFACs with the smallest and biggest inhibition
zone demonstrated by CFAC 1 (25.2+0.3 mm, p <0.0001)
and CFAC 3 (48.8 +0.8 mm, p <0.0001), respectively. P.
aeruginosa was susceptible towards CACE, CFAC 2, and
CFAC 3 but intermediately susceptible towards CFAC 1. E.
faecalis was susceptible towards CFAC 2 and CFAC 3, less
susceptible to CACE (16.2 + 0.8 mm) but resistant to CFAC
1 (9.84+0.6 mm). E. coli was susceptible only to CFAC 3 and
less susceptible to the others.

Table 3 shows the MIC and MBC values of CACE and
CFAC 1-3 against pathogenic bacteria S. aureus, E. faecalis,
P. aeruginosa, and E. coli. Treatment of CACE and CFACs
has significant inhibitory effect (p <0.0001) on the growth
of all tested bacterial strains. S. aureus was the most suscep-
tible to the sample treatment as MIC recorded was the low-
est as compared towards other bacterial strains for CACE,
CFAC 1, CFAC 2, and CFAC 3 with 0.78 +0.00 mg/mL,
0.33+0.11 mg/mL, 0.16 +0.06 mg/mL, and 0.10 +0.00 mg/
mL. The MBC values of the samples against all bacterial
strains were similar to MIC except for CFAC 1 which MBC
(3.13 £0.00 mg/mL) was doubled the concentration of MIC

60

Hl Kanamycin
O CACE
= CFAC1

CFAC2
B¥ CFAC3

FN
>
r
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****
]

Zone of inhibition, mm

»
>
r

E. faecalis

Bacteria

T
S. aureus

Fig.2 Diameter of inhibition zone of CACE and combined fractions
(CFACs) towards E. coli. P. aeruginosa, S. aureus, and E. faecalis
(*** represents p <0.001 and **** represents p <0.0001)
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Table 3 Minimum inhibition concentration (MIC) and minimum bactericidal concentration (MBC) of CACE and CFAC 1-3 against pathogenic

bacterial strains of S. aureus, E. faecalis, P. aeruginosa, and E. coli

Strain MIC (mg/mL) MBC (mg/mL)

CACE CFAC 1 CFAC 2 CFAC 3 CACE CFAC 1 CFAC 2 CFAC3
E. coli 3.13+0.00 1.56+0.00 3.13+0.00 1.56+0.00 3.13+0.00 3.13+0.00 3.13+0.00 1.56+0.00
P. aeruginosa 1.56+0.00 1.56+0.00 3.13+0.00 0.78+0.00 1.56+0.00 1.56+0.00 3.13+0.00 0.78+0.00
S. aureus 0.78 +0.00 0.33+0.11 0.16+0.06 0.10+0.00 0.78+0.00 3.13+0.00 0.33+0.11 0.13+0.06
E. faecalis 0.78 +0.00 1.56+0.00 0.78+0.00 0.39+0.00 1.04+0.45 3.13+0.00 0.78 +£0.00 0.39+0.00

(1.56 +£0.00 mg/mL) against E. coli and E. faecalis, and
eight time bigger than MIC (0.33 +0.11 mg/mL) against S.
aureus. These showed that CACE, CFAC2, and CFAC 3
have bactericidal effect against these bacterial strains. These
results were better than the MBC reported by Ariffin et al.
[50] as the MBC of E. coli was 62.5 mg/mL while MBCs of
P. aeruginosa, S. aureus, and B. subtilis were 125 mg/mL.
The order of bacterial cell susceptibility/sensitivity based on
MIC and MBC values in the descending order is as follows:
S. aureus > E. faecalis > P. aeruginosa> E. coli.

CACE and CFACs demonstrated strongest antibacte-
rial effect on S. aureus activity. E. faecalis showed less
susceptibility due to its resistance to phenolic compounds
[51]. Overall, MIC and MBC values of CACE and CFACs
against gram-positive bacteria S. aureus and E. faecalis were
lower compared to gram-negative bacteria E. coli and P.
aeruginosa. These results revealed that gram-positive bac-
teria were more susceptible to the CACE and CFACs than
gram-negative bacteria which could be due to the absence
of outer membrane on the gram-positive bacteria [39]. The
outer membrane which includes the asymmetric distribu-
tion of the lipids with phospholipids and lipopolysaccha-
ride (LPS) located in the inner and outer leaflets, respec-
tively, can act as a barrier to many environmental substances
including antibiotics [52]. Many reports agreed that further
refining of AC has lowered the MIC value. The MIC value
of AC has been reported to decrease by more than half when
AC was concentrated and extracted using dichloromethane
[52]. Antibacterial activity of the CACE and CFACs was
attributed to the combination of many phenolic compounds
which are present in the AC. A study also has suggested
that chemical compounds in AC exhibited synergistic effect
on its antibacterial activity [39]. The site(s) and number
of hydroxyl groups on the phenol group are correlated to
increase in toxicity to microorganism [53]. This could be the
reason for better MIC and MBC of CFAC 2 and CFAC 3 as
compared to CFAC 1 as formers have catechol compounds,
as reported in GC-MS analysis, which was absence in the
CFAC 1. The mechanisms thought to be responsible for phe-
nolic toxicity to microorganisms include enzyme inhibition
by the oxidized compounds, possibly through reaction with
sulfhydryl groups or through more nonspecific interactions

with the proteins [53]. Eugenol is was reported to act as anti-
bacterial agent by disrupting cell membrane [54]. It works
by increasing nonspecific permeability of cell membrane
causing leakage of ions and cellular contents thus leading
to death. Phenolic compounds such as eugenol also act by
inhibiting the bacterial DNA and protein synthesis [55, 56].

3.4 Molecular docking

Molecular docking on CFAC 3 compounds was performed
using AutoDock Vina to predict their antibacterial mode
of action towards DNA synthesis inhibition through DNA
inhibition and DNA gyrase inhibition and protein synthesis
inhibition through tyrosyl-tRNA synthetase inhibition. The
lowest binding energy, hydrogen bond (H bond), and & inter-
actions of each compound and the active site of the receptors
are shown in Table 4. According to the obtained docking
results, all CFAC 3 compounds formed stable ligand—pro-
tein-complex with target enzymes indicated by its negative
value binding energy.

The ATPase activity provides energy for the DNA super-
coiling by DNA gyrase during bacterial DNA replication
cycle [28]. The docking setup was first validated by perform-
ing self-docking of the ligand crystal in the ATPase activity
site. The result of self-docking validation reproduced the
same binding mode as experimental ligand crystal towards
DNA gyrase with a small root mean square deviation
(RMSD) of 0.524 A. The docked ligand crystal revealed
the important interaction of Thr164 towards water molecule
as reported by Brvar et al. [57]. The CFAC 3 compounds
have successfully bound to the ATPase activity site of bac-
terial DNA gyrase B with binding energy within the range
of — 5.4 kcal/mol to— 6.9 kcal/mol. 1-Butanone, 3-methyl-
1-(2,4,6-trihydroxy-3-methylphenyl)- compound was the
most stable ligand (binding energy of — 6.9 kcal/mol) as
shown in Fig. 3a. The binding energy of the CFAC 3 com-
pounds were higher than the crystal ligand (— 7.9 kcal/mol)
because the CFAC 3 compounds formed maximum of three
hydrogen bonds compared to five hydrogen bonds formed by
the crystal ligand within the active site. For bacterial DNA
gyrase B, the CFAC 3 compounds displayed similar binding
mode by occupying the pocket which interacts with the key

@ Springer
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Table 4 Binding interaction of CFAC 3 compounds towards DNA gyrase (4DUH), and tyrosyl-tRNA synthetase (1J1J), respectively

Ligands DNA gyrase 4ADUH Tyrosyl-tRNA synthetase 1J1J
Binding H bond « bond Binding H bond 7 bond
energy (kcal/ energy (kcal/
mol) mol)
Crystal ligand* -79 Asn46, Asp73, 11e78, Pro79, I1e94 -79 Tyr36, Cys37, Leu70
Arg76, Gly101, Gly38, Asp40,
Argl36 Gly49, His50,
Asp80, Tyr170,
Aspl77, Gly193,
Aspl195
Syringol -54 Thr165 Asn46, Glu50, [1le78 —5.7 Tyr170 -
3-Methylcatechol -5.8 Asp73, Gly77, Asn46, Glu50, 11e78, —6.3 Thr75, Asnl24, Leu70
Thr165 Pro79, Lyus103 Tyr170, Asp177
3,5-Dimethoxy-4-hy- —5.9 Thr165 Glu50, Arg76, 11e78, —6.3 Asp40, Thr75, Cys37, Leu70
droxytoluene Pro79, Lys103 Tyr170
Ethanone, 1-(4,5-die- —5.8 Asn46, Lys103 Val43, Val71 -53 Gly193, GIn196 His50, Pro53, Phe54,
thyl-2-methyl-1-cy-
clopenten-1-yl)-
1-Butanone, -6.9 Asp73, Thr165 Val43, Glu50, -7.5 Tyr36, Leu70
3-methyl-1-(2,4,6- Lys103, Val120 Tyr170,GIn174
trihydroxy-3-meth-
ylphenyl)-
7,9-Di-tert-butyl- -5.3 - Pro79, 1e94, Lys103, —7.3 Asp40 Tyr36, Cys37,

1-oxaspiro(4,5)
deca-6,9-diene-
2,8-dione

Leu70, Tyr170,
11e200

*4'-methyl-N(2)-phenyl-[4,5"-bithiazole]-2,2'-diamine (DNA gyrase 4DUH) and SB-219383 (tyrosyl-tRNA synthetase 1J1J)

amino acids Asp73 and Gly77 [28]. Besides that, the CFAC
3 compounds insert into a hydrophobic pocket located at the
bottom of ATP adenosine binding pocket which are made
up of residues I1e78, Ala91, I1e94, Met95, Val120, Leul32,
Ile134, Thr165, and Val167 [58]. These results corroborate
ability of these compounds to inhibit DNA synthesis through
binding with bacterial DNA gyrase.

Tyrosyl-tRNA plays an important role in the protein syn-
thesis. Redocking of the crystal ligand (SB-219383) showed
small variation compared to the experimental crystal ligand
with RMSD of 1.871 A. RMSD values between 1 A and
2Ais acceptable to show a conserved binding pattern as
the experimental crystal ligand [59]. Docking results of
selected CFAC 3 compounds against tyrosyl-tRNA syn-
thetase indicated a similar conserved binding region to the
SB-219383 with binding energy range between — 5.3 kcal/
mol and 7.5 kcal/mol. The lowest binding energy was found
for compound 1-butanone, 3-methyl-1-(2,4,6-trihydroxy-
3-methylphenyl)- (—7.5 kcal/mol, Fig. 3b), followed by
7,9-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione
(= 7.3 kcal/mol), 3-methylcatechol (— 6.3 kcal/mol), and
3,5-dimethoxy-4-hydroxytoluene (— 6.3 kcal/mol). Most
of the compounds formed hydrogen binding to Tyr170 and
Thr75, and I1-IT bond with Leu70. The binding residues of
the tyrosyl-tRNA synthetase active site are highly conserved

@ Springer

among several bacteria including S. aureus (Tyr36, Aspl177,
GIn174, GIn196, Tyr170, and Asp80) and E. coli (Tyr37,
Aspl182, GIn179, GIn201, Tyr175, and Asp81). Asp40 also
forms a hydrogen bond with the carboxyl oxygen of tyrosine
[60]. Gly193 of S. aureus TyrRS also forms the same hydro-
gen bond with the 2'-OH of the ribosyl moiety of tyrosyl
adenylate [17]. Xiao et al. has reported the hydrophobic
interaction of aniline moiety towards the strong hydropho-
bic residue Leu70 [61].

In terms of structure—activity relationship, chemical com-
pounds with more hydroxyl groups exhibited lower binding
energy to the enzymes [62]. 1-Butanone, 3-methyl-1-(2,4,6-
trihydroxy-3-methylphenyl)- which has three hydroxyl
groups exhibited the lowest binding energy towards both
bacterial DNA gyrase (— 6.9 kcal/mol) and tyrosyl-tRNA
synthetase (— 7.5 kcal/mol), followed by 3-methyl catechol
with two hydroxyl groups and syringol with one hydroxyl
groups. Increase in the number of methyl or alkyl groups
has also shown in lower binding energy as observed in addi-
tional of a methyl group in 3,5-dimethoxy-4-hydroxytoluene
and a methyl and a butanone chain in 1-butanone, 3-methyl-
1-(2,4,6-trihydroxy-3-methylphenyl)- compared to syringol
[63]. The additional of these groups cause an increase hydro-
phobic interaction with the non-polar amino acids on the
receptors [62, 63]. These molecular docking results show
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Fig.3 3D and 2D interaction of a 1-butanone, 3-methyl-1-(2,4,6-trihydroxy-3-methylphenyl)- towards DNA gyrase (4DUH) and b 1-butanone,
3-methyl-1-(2,4,6-trihydroxy-3-methylphenyl)- towards tyrosyl-tRNA synthase (1J1J)

CFAC 3 compounds can be an alternative as antibacterial
agents for antiseptic application with their multi-pronged
modes of antibacterial action towards several bacterial
enzymes, though, experimental study needs to be carried
out to further validate the proposed mechanisms.

4 Conclusion

CFAC 1-3 have exhibited at least similar or higher high
antioxidant activity and antibacterial activity as compared
to the CACE which are associated to the presence of many
phenolic compounds and its derivatives based on the anal-
ysis of GC-MS. It exhibited both antibacterial activity
against pathogenic E. coli, P. aeruginosa, S. aureus, and
E. faecalis. Molecular docking analysis suggested favora-
ble binding energy for all chemical compounds present in
CFAC 3 notably 1-butanone, 3-methyl-1-(2,4,6-trihydroxy-
3-methylphenyl)- towards DNA gyrase, and tyrosyl-tRNA
synthetase. This further suggested that CFAC 3 compounds
might have multiple targets or possess a nonspecific mode

of antibacterial action which can be proven and validated
experimentally.
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