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Fourier transform infrared spectroscopy (FTIR) is a simple, rapid analytical technique used for the
identification of organic functional groups of biomolecules. This study aimed to investigate the use of FTIR
spectroscopy method for rapid detection of the a-glucosidase inhibitory activity of crude extracts of edible
leafy plants, characterization of functional groups of chemical components present in crude extracts, and
identification of possible biomolecules responsible for a-glucosidase inhibitory activity. Powdered leaves of
five different plants, namely Le-kola pala (LE) (Premna procumbens), Kora kaha (KK) (Memecylon
umbellatum), Koppa (KO) (Polyscias scutellaria), Stevia (ST) (Stevia rebaudiana), and Yaki naran (YK)
(Atlantia ceylanica) were sequentially extracted with hexane, ethyl acetate (EtOAc) and methanol (MeOH).
The FTIR spectra of crude plant extracts were obtained following the KBr pellet method, within the range of
4000-500 cm™. The plant extracts were subjected to assay the a-glucosidase inhibitory activity. Further, the
multivariate predictive models for a-glucosidase inhibitory activity were developed using partial least
square (PLS) regression analysis. The highest Rc? (0.96), Rcv? (0.87), Rp? (0.93), and the lowest RMSEC
(24.10), RMSECV (41.70), and RMSEP (81.04) values were noticed for spectral region range from 1700 cm!
to 1800 cm™, indicating the strongest correlation to the a-glucosidase inhibitory activity, while the spectral
region range from 1500 cm™ to 1700 cm™* was found to have the lowest Rc? (0.71), Rev? (0.52), Rp? (0.45)
and the highest RMSEC (61.14) and RMSECV (80.21), indicating the lowest correlation to the a-glucosidase
inhibitory activity. As the peak appearing in the range of 1700-1800 cm™ is usually ascribed to C=0
stretching vibration of ester groups, ketones, and carboxylic acids, there was a strong correlation between
a-glucosidase inhibitory activity with those organic functional groups. The present study suggests that FTIR
spectral analysis together with PLS regression analysis would be a convenient, rapid tool to determine a-
glucosidase inhibitory activity of plant extracts.
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1. Introduction

Diabetes Mellitus (DM) is a complex metabolic disorder occurring due to malfunctions in insulin
secretion, insulin action, or both. Nowadays, it has become a serious health issue as well as a
socioeconomic burden for several countries. Control of hyperglycemia is an important step as
diabetes management because if left unchecked it can increase the risk of many macrovascular
and microvascular complications such as hypertension, coronary vascular disease,
cardiomyopathy, stroke and retinopathy, nephropathy, and neuropathy (Jayaraj et al., 2013).
Recent reports pointed out that a high postprandial plasma glucose level could be more
deleterious than fasting blood glucose as it can cause serious complications and increase the
mortality rate. Hence, patients suffering from diabetes should need to take every possible
control measures to minimize their postprandial blood glucose level (Xiao-Ping et al., 2010).
One of the effective therapeutic approaches for treating diabetes is to lower the postprandial
hyperglycemia level by suppressing glucose absorption through inhibition of the carbohydrate-
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hydrolyzing enzymes, namely a-amylase and a-glucosidase (De
Souza Schmidt Goncalves et al., 2010; Nickavar & Abolhasani, 2013).
According to Western medical practice, acarbose can help in
blunting the postprandial plasma glucose rise by prolonging the
enzymatic hydrolysis of complex carbohydrates, thereby delaying
glucose absorption (Shobana et al., 2009). To date, some a-amylase
and a-glucosidase inhibitors have been isolated from medicinal
plants to serve as an orthodox drugs with increased potency and
mild side effects when compared to existing synthetic drugs
(Kazeem et al., 2013).

For decades, the consumption of several types of leafy plants is
advocated for the control and management of postprandial blood
glucose. According to a compilation by Ediriweera and Ratnasooriya
(2009), edible leafy plants, such as Kiri anguna (Tylophora
pauciflora), Thebu (Costus speciosus), Curry plant (Murraya koenigii),
Kowakka (Coccinia grandis), Adhathoda (Adhathoda vasica),
Mukunuwenna  (Alternanthera  sessilis),  Ranawara  (Cassia
auriculata), Gotukola (Cantella asiatica) are already recognized as
effective in controlling diabetes. Aside from these, there are some

lesser-known leafy plants, namely Le-kola pala (Premna
procumbens), Koppa (Polyscias scutellaria), Stevia (Stevia
rebaudiana), Yaki naran (Atlantia ceylanica), and Kora kaha

(Memecylon umbellatum) which are also believed to have anti-
diabetic effect according to traditional knowledge. However, studies
are needed to confirm that their anti-diabetic potential is little or
insufficient. Currently, various in vitro and in vivo assays are
employed in exploratory studies to establish their effectiveness for
diabetes. In vitro studies usually adopt parameters that include
enzymatic assays related to glucose metabolism while in vivo studies
investigate the analysis of anti-diabetic efficacy by biochemical
parameters such as blood glucose, insulin, and serum protein
(Bhardwaj et al.,, 2020). The established in vitro methods are,
however, rather lengthy, labor-intensive, and require several
chemical reagents. Owing to these reasons, there has been a
continuous urge in the scientific community to find out simple, cost-
effective, and rapid methods to detect a-glucosidase inhibitory
activity of emerging foods or plant-based products.

In recent times, FTIR spectroscopy has emerged as a rapid analytical
tool for chemical mapping of natural plant extracts and various
other products (Gunarathne et al., 2022b). Although this technique
was used in the early days for the identification of functional groups
in organic molecules, its application range has now broadened to
include complex issues related to chemical and biological systems.
In food industries, FTIR spectroscopy has been widely investigated
for authentication and quality control of food and drugs
(Gunarathne et al., 2022a), determination of enzyme activity of sea
buckthorn substrate (Adina et al., 2010), and efficacy of herbal
medicinal formulations (Ashokkumar & Ramaswamy, 2014; Bunaciu
et al.,, 2011). In comparison to chromatographic techniques, FTIR
has become popular due to its rapidity and ease of operation. As it
could be applied together with multivariate data analysis, FTIR could
help generate predictive models useful for chemical analysis
(Easmin et al., 2017). According to some reports, FTIR spectral data
combined with multivariate data analysis have been successful to
develop predictive models for a-glucosidase inhibitory activity of
novel plant extracts (Easmin et al., 2017; Saleh et al., 2018; Umar et
al., 2021). The objective of this study was to assess FTIR spectral
correlation with a-glucosidase inhibitory activities of selected anti-
diabetic leafy plants, namely Le-kola pala (LE) (P. procumbens),
Koppa (KO) (P. scutellaria), Stevia (ST) (S. rebaudiana), Yaki naran
(YK) (Atlantia ceylanica), and Kora kaha (KK) (M. umbellatum). The
outcomes of this study would be useful to establish a database of

local plant species, which demonstrate moderate to high anti-
hyperglycaemic effects.

2. Materials and methods
2.1. Plant materials

Five edible leafy plants, namely Le-kola pala (LE) (SULE21004), Kora
kaha (KK) (SUKK21003), Koppa (KO) (SUKO21002), Stevia (ST)
(SUST21001), and Yaki naran (YK) (SUYK21005) were used in this
study. Samples were collected from the Central and North Central
Provinces of Sri Lanka from March 2021 to May 2021. The plants
were cross-checked by Dr. D. S. A. Wijesundera, Senior Taxonomist
from the Royal Botanical Garden of Sri Lanka, and their voucher
specimens were deposited in Popham’s Arboretum of NIFS in
Dambulla, Sri Lanka. The collected samples were cleaned under
running tap water and dried at 55 °C for 8-10 hours in a forced-
convection air-drying oven (Biobase, model-BOV-V230F, China). The
dried leaves were ground into powder and stored at 4 °C for further
analysis.

2.2. Preparation of crude extracts

Two hundred grams of powdered leaves of each plant species were
sequentially extracted with hexane, EtOAc, and MeOH using ultra-
sonication (Rocker ultrasonic cleaner, model-Soner 206H) for 30
min. For each solvent type, the extraction was repeated three times.
Each plant extract type was concentrated using a rotary evaporator
(Heidolph, Laborota 4000) under reduced pressure followed by
vacuum drying (vacuum oven, Heraeus instrument, Germany) for 3-
4 hours. The crude extracts were stored at -18 °C for further
analysis.

2.3. Determination of a-glucosidase inhibitory activity

a-Glucosidase inhibitory activity of crude plant extracts was
determined according to the method described by Gunarathne et al.
(2022c). Briefly, a concentration series (3.91-1000 ppm) of plant
extracts were prepared by dissolving the crude extracts in distilled
water with 3% DMSO. Thereafter, 100 pl of 30 mM phosphate
buffer (pH 6.5) was added into 96 wells micro-plate, followed by
mixing with 25 pl of sample solution (reconstituted crude extract
with distilled water). In the next step, 25 ul a-glucosidase enzyme
solution (12.5 pl/ml) was added to it and incubated for 5 min at 37
°C. After that, a 50 pl portion of pNPG (p-nitrophenyl-a-D-
glucopyranoside) solution (0.8 mg/ml) was added and followed by
incubation for another 30 min at 37 °C. In the present study,
acarbose (Glucobay tablet) was used as the positive control. The
absorbance value was measured at 410 nm and the percentage of
a-glucosidase inhibitory activity was calculated using the following
equation. The ICsp values were calculated graphically by plotting the

percentage of a-glucosidase inhibition against the sample
concentration of each extract.

8Acontro=8Asample
Percentage a — glucosidase inhibition = HAcontrot=Osample 4 1000 ... (1)

8Acontrol

where;
8Acontro| = Absorbancecontro\ - Absorbancecontrol blank

SAsample = Absorbancesample - Absorbancesample blank

105



Ulpathakumbura et al.

International Journal of Plant Based Pharmaceuticals, 2023, 3(1), 104-113

2.4. FTIR measurements

FTIR analysis of crude extracts was performed according to the KBr
pellet method as described by Mittal et al. (2020) and Gunarathne
et al. (2022b) with some modifications. Initially, approximately 1 mg
of each crude extract was mixed with 100 mg of KBr (FT-IR grade, >
99% trace metals basis, Sigma Aldrich) and made into a pellet using
a hydraulic press. The spectra were recorded using an FTIR Nicolet
iS50 spectrometer (Thermo Nicolet, Madison, WI) equipped with
deuterated triglycine sulfate (DTGS) KBr detector and KBr beam
splitter. The data were obtained in the mid-infrared region of 4000-
500 cm! by co-adding at 64 scans with resolution, resolution of 8
cml. All spectra were ratioed against a background spectrum of
pure KBr pallet. The absorbance values were recorded at each data
point in triplicate.

2.5. Statistical analysis

a-Glucosidase inhibitory measurements were obtained at least in
triplicate data (n=3) and the results were presented as mean *
standard deviation (SD). Data were analyzed statistically by one-way
ANOVA using Minitab 17 software package. When the F values were
significant, mean differences were compared using Tukey’s test at
the 5% level of probability.

2.6. Spectral analysis

The manufacturer's software (OMNIC operating system, version 7.0
Thermo Nicolet) was used for spectral pre-processing and
qualitative analysis. The raw spectra of each plant extract were
subjected to baseline correction and scale normalization,
respectively. The mean spectrum of the triplicates was used for
qualitative purposes.

2.7. PLS regression analysis

The Unscrambler 9.7 (Camo, USA) software was used to perform the
PLS regression analysis for spectral data of crude extracts as
described by Gunarathne et al. (2022a). Initially, four replicates of
14 crude extracts were collected and followed by randomly dividing
into two sets (i.e., 38 elements to use for calibration and cross-
validation and 18 elements to test the predictive models). The
predictive models were developed by using the total spectra range
(3700-500 cm™) and different spectra ranges (A: 3700-2800 cm?; B:
1800-1700 cm't; C: 1700-1500 cm; D: 1500-900 cmt: E: 900-500
cml). The best predictive model for a-glucosidase inhibitory activity
was identified by comparing the model parameters including,
coefficient of determination of calibration (Rc?), root mean square
errors of calibration (RMSEC), coefficient of determination of
prediction (Rp?), root mean square errors of prediction (RMSEP),
coefficient of determination of cross-validation (Rcv2), root mean
square errors of cross-validation (RMSECV).

3. Results and discussion

The spectral overlays given in Figures 1(A), (B), and (C) represent the
characteristic bands of the plant extracts obtained from hexane,
EtOAc, and MeOH, respectively. The aim of interpreting them was to
characterize the organic functional groups as parameters for
monitoring a-glucosidase inhibitory activity exhibited by the plants
of this study. Assignments of spectral bands falling into different
regions of the spectrum (A: 3700-2800 cm!; B: 1800-1700 cm%; C:
1700-1500 cm%; D: 1500-900 cm-1: E: 900-500 cm1) were made to
different organic functional groups based on previous reports listed
in Tables 1 and 2.

3.1. Characterization of region A in 3700-2800 cm!

According to the overview shown in Figure 1(A), the spectral
patterns of hexane extracts of the plants differed only slightly in
different regions. Broad absorption peaks in the region 3500-3400
cm® were displayed by all plant extracts. According to Table 1, the
broad blunt peak H1 centered at ~3440 cm represents the O—H
stretching vibration of phenols, alcohols, complex carbohydrates,
etc. (Coates, 2000; Nandiyanto et al., 2019). The highest intensity
was shown by KO while the lowest intensity was displayed by LE.
The high intensity of the H1 peak confirmed the abundance of
complex carbohydrates in the hexane extract of KO. On the other
hand, the H1 peak appearing as a low-height peak in the hexane
extract of LE would indicate a relatively lower amount of the above-
mentioned molecules in LE. According to the spectral overlay of
EtOAc extracts, as shown in Figure 1(B), the broad blunt peaks (E1)
were now centered at ~3400 cm’?, indicating a slight shift in
frequency. All EtOAc extracts exhibited an enhancement in the peak
intensity when compared to those of hexane extracts. Both KO and
ST gave high intensity while others showed low intensity. As
mentioned previously in the hexane extract of LE, the broad and low
height peak (E1) appearing at 3400 cm™ indicated comparatively
lower amount of phenols, alcohols, and carbohydrates in the EtOAc
extract of LE. The same was true for the EtOAc extract of KK.
Nevertheless, the intensity of peak E1 of KO appearing at ~3400 cm-
1 was slightly higher than that of peak H1 of KO, indicating the
relatively higher abundance of phenols, alcohols, and carbohydrates
in EtOAc extracts. The spectral overlay of MeOH extracts in Figure
1(C) shows that all plants exhibited the highest peak intensity for the
broad blunt peak (M1), which was centered at ~3410 cm™. There
was a huge enhancement effect on this peak (M1) when compared
to those of either hexane or EtOAc extracts. This could be probably
due to the fact that the concentration of carbohydrates, phenolics
or aliphatic alcohols, etc. would have become high in MeOH extracts
due to the effect of sequential extraction.

In the majority of the plant extracts, aliphatic chains occur as
components of various biomolecules including lipids, carotenoids,
etc. The occurrence of some amount of cis and trans double bonds
as a part of alkenes is common in many cases. The spectral overlay
of both hexane and EtOAc extracts as illustrated in Figures 1(A) and
(B) gave evidence for the presence of a weak band corresponding to
terminal (vinyl) C—H stretching vibration of alkenes. In Figure 1(B),
peak E2 appearing at ~3010 cm™ is usually ascribed to terminal
(vinyl) C—H stretching of alkenes. Therefore, the high-intense E2
peak in the EtOAc extract of ST could be due to the high-presence of
alkenes. According to the spectral overlay of MeOH extracts, as
given in Figure 1(C), this weak band was masked due to overlapping
caused by the broad blunt peaks (M1) which were centered at
~3410 cm™. It could also be noted that the influence of lipids with
some degrees of unsaturation could be present more in both
hexane and EtOAc extracts when compared to MeOH extracts.

The prominent H3 (at ~2925 cm) and H4 (~2854 cm) peaks in
hexane extracts as shown in Figure 1(A) was due to the
asymmetrical and symmetrical C—H stretching of methylene groups,
respectively (Coates, 2000; Nandiyanto et al., 2019). According to
previous studies, these two were quite commonly encountered in
the spectra of major edible plant oils and animal fats (Gunarathne et
al., 2022b). Among hexane extracts, ST was found to display high-
intensity peaks for H3. Meanwhile, among hexane extracts, KK
displayed a comparatively high-intense peak for H4. According to
spectral overlay as illustrated in Figure 1(B), E3 and E4 peaks of
EtOAc extracts were also assigned to the same spectral vibrations.
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The prominence of these two peaks was probably due to the heavy
presence of aliphatic chains attached to lipids, carotenoids,
carbohydrates, and other ester compounds (Table 1). When
considering the spectral intensities, the EtOAc extract of LE was
found to exert relatively high intensity for peaks E4. As mentioned
earlier, E4 confirmed the higher existence of CH, groups in the
EtOAc extract of LE. A closer look at the spectral patterns illustrated
in Figures 1(A) and (B) would suggest that the intensities of these
two peaks of hexane extracts were a little higher than those of these
two peaks in EtOAc extracts. According to spectral overlay as
illustrated in Figure 1(C), the intensities of these two peaks sharply

declined in all MeOH extracts. With the prominence of the broad
blunt peak (M1) of MeOH extracts centered at ~3410 cm?, a decline
in the intensities of M3 and M4 peaks was noticable. This could be
partly due to decreases in the proportion of molecules with aliphatic
chains in MeOH extracts after sequential extraction. According to
previous studies, extraction with hexane and EtOAc could usually
take away most of the lipid biomolecules (Gunarathne et al., 2022b).
Among all MeOH extracts, intensities of M3 and M4 peaks of ST and
KO were slightly higher than those of the rest of the plant extracts.
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Figure 1. FTIR spectral overlay of hexane (A), ethyl acetate (B) and methanol (C) extracts of leafy plants

3.2. Characterization of region B in 1800-1700 cm™

The ester groups were always part of various biomolecules present
in both hexane and EtOAc extracts. For instance, the majority of oils,
fats, waxes, etc. are used to exhibit C=0 stretching vibration due to
ester groups present in acylglycerol molecules (Coates, 2000;
Nandiyanto et al., 2019). According to the spectral overlays in

Figures 1(A) and (B), in most of the plant extracts, there appeared
the characteristic sharp peaks H5 and E5 centered at ~1742 cm™L.
Among hexane extracts, KO showed a high-intense for H5 peak
while LE showed a low-intense peak at ~1742 cm (H5). Among
EtOAc extracts, the high-intense E5 peak denoted the comparatively
higher existence of compounds with ester linkage and alkyl
carbonates (Figure 1B). This difference could be probably due to the
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relative differences in the abundance of compounds with ester
linkage in these two types of extracts. According to Figure 1(C), peak
M5 at 1730 cm was present in all MeOH extracts, but their peak
intensities were comparably lower than those of both hexane and
EtOAc extracts. This observation suggests that a decrease happened
in the proportion of molecules bearing ester functional groups in
MeOH extracts with the sequential extraction. By contrast to hexane
extracts, EtOAc extracts were found to have an additional peak E6 at
~1706-1712 cm1. Based on Table 1, this could be assigned to C=0
stretching vibration associated with either carboxylic acids or
ketones. For instance, a moderate-intense peak of E6 represented

the moderate existence of carboxylic acids/ketones in the EtOAc
extract of LE. The same is true for MeOH extracts, which also
exhibited a peak (M6) at ~1706 cm which would indicate the
presence of C=0 stretching vibration of either carboxylic acids or
ketones. However, any peak in this wavenumber range (~1706 cm1)
was not exhibited by the MeOH extract of ST. According to Figure
1(C), this peak in MeOH extracts is represented by M6 which
appeared as a high-intense peak for both KO and YK.

Table 1. Characterization of FTIR spectra of hexane and EtOAc extracts of leafy plants

Peak no Wavenumber range* Mode of vibration Functional group Reference
(em?)
H1, E1 3400-3440 O—H stretching Carbohydrates/Phenols/Alcohols (Coates, 2000; Nandiyanto et al., 2019)
H2, E2 3010-3013 Terminal (vinyl) C—H stretching Alkenes (Coates, 2000; Nandiyanto et al., 2019)
H3, E3 2925-2928 Methylene C—H asymmetric stretching (CH,) Alkanes (Coates, 2000; Nandiyanto et al., 2019)
H4, E4 2852-2857 Methylene C—H symmetric stretching (CH,) Alkanes (Coates, 2000; Nandiyanto et al., 2019)
H5, ES 1739-1745 C=0 stretching Ester groups/Alkyl carbonates (Coates, 2000; Nandiyanto et al., 2019)
E6 1706-1712 C=0 stretching Carboxylic acids/Ketones (Coates, 2000; Nandiyanto et al., 2019)
H6, E7 1630-1658 C=0 stretching Amides (Coates, 2000; Nandiyanto et al., 2019;
C=C skeletal stretching Alkene Nokhala et al., 2020)
N-H bending Primary/Secondary amines
—C=N-stretching Imines
—N=N- stretching Azo compounds
H7, E8 1550-1565 > N-H bending Secondary amines (Coates, 2000; Nandiyanto et al., 2019;
N=0 asymmetric stretching Aliphatic nitro compounds Nokhala et al., 2020)
E9 1503-1506 C=C—C stretching Aromatic rings (Coates, 2000; Nandiyanto et al., 2019)
NO, asymmetric stretching Aromatic nitro compounds
H8, E10 1459-1468 Methyl C—H asymmetric bending Methyl C—H asymmetric bending-CHs (Coates, 2000; Nandiyanto et al., 2019)
Methylene C—H bending Methylene C—H bending CH,
H9, E11 1380-1383 N=0 symmetric stretching Aliphatic nitro compounds (Hari & Nair, 2018; Nipun et al., 2020)
H10, E12 1247-1256 Aryl-0 stretching Aromatic ethers (Coates, 2000; Nandiyanto et al., 2019;
C—N stretching Aromatic primary amines Saleh et al., 2018)
H11, E13 1165-1171 C—N stretching Secondary amines (Coates, 2000; Nandiyanto et al., 2019)
H12, E14 1068-1080 C—N stretching Primary amines (Coates, 2000; Nandiyanto et al., 2019)
C-O0 stretching Ethers
C-O0 stretching Cyclic ether
H13, E15 1035-1044 C-O stretching Primary alcohols (Coates, 2000; Nandiyanto et al., 2019)
H14 + H15, (976-988) + (900-918) Vinyl C—H out-of-plane bending Alkenes (Coates, 2000; Nandiyanto et al., 2019)
E16+ E17
H16, E18 838-841 Aromatic C—H out-of-plane bending (C—H Aromatic ring (Coates, 2000; Nandiyanto et al., 2019)
1,4-disubstitution-para)
H17, E19 723-726 Methylene-(CH2).-rocking Hydrocarbon (Coates, 2000; Nandiyanto et al., 2019)

*Range of variation in wavenumbers at a particular peak among the different edible leafy plants namely; Le-kola pala, Kora kaha, Koppa, Yaki naran and Stevia

3.3. Characterization of region C in 1700-1500 cm?

Distinct variations were seen in this range for different plant
extracts as shown in Figures 1(A), (B) and (C). The occurrence of H6
and H7 was noticed in hexane extracts while the occurrence of E7,
E8, and E9 was observed in EtOAc extracts. According to Figure 1(C),
peaks M6, M7, M8, and M9 were found in this range for MeOH
extracts. This indicated the effect of sequential extraction on
chemical compositional changes of the plant extracts. Based on the
information provided in Table 1, most of the hexane extracts were
found to have the blunt peak (H6) at ~1655 cml, which was
attributed to C=0 stretching of amides, C=C skeletal stretching of
alkenes and C=N stretching of imines. The high-intensity peak of H6
could indicate the relatively high presence of amides and alkenes in
the hexane extract of KK. The blunt peak E7 of EtOAc extracts
appearing in the range of 1630-1633 cm is usually assigned for C=0
stretching of amides, C=C skeletal stretching of alkenes, N—-H
bending of primary and secondary amines, —C=N— stretching of
open chain imines and —N=N- stretching of open chain azo
compounds (Coates, 2000; Nandiyanto et al., 2019; Nokhala et al,,
2020). Among EtOAc extracts, KO exhibited the high-intense peak of
E7, indicating the high existence of amides, alkenes, primary
amines/secondary amines, imines, and azo compounds. As shown in
Figure 1(C), the peak M7 appeared within the range of 1633-1659

cm is usually assigned to C=0 stretching of amides, C=C skeletal
stretching of alkenes, N—H bending of primary and secondary
amines, —C=N— stretching of open chain imines (Coates, 2000;
Nandiyanto et al.,, 2019; Nokhala et al., 2020). Among MeOH
extracts, KO exhibited the high-intense peak of M7. According to
Figure 1(C), among MeOH extracts, KO showed a high-intense peak
for M8. The peak M8 is ascribed to the conjugated C=C stretching
vibration of alkenes, C=C—C stretching of the aromatic ring, C=0
stretching of carboxylates, N-H bending of primary and secondary
amines, —C=N— stretching of open chain imines and —N=N-
stretching of open chain azo compounds, which exhibited a peak at
~1603-1615 cm? (Coates, 2000; Nandiyanto et al., 2019; Nokhala et
al., 2020). However, this peak did not occur in both hexane and
EtOAc extracts.

As shown in Figure 1(A), the peak H7 appearing at ~1559 cm™ is
attributed to > N—H bending of secondary amines and N=0
stretching of aliphatic nitro compounds (Coates, 2000; Nandiyanto
et al., 2019; Nokhala et al., 2020). As illustrated in Figure 1(B), the
peak E8 of EtOAc extracts, observed at ~1550 cm? indicated the
presence of > N-H bending of secondary amines and N=0
asymmetric stretching of aliphatic nitro compounds (Coates, 2000;
Nandiyanto et al., 2019; Nokhala et al.,, 2020). Among EtOAc
extracts, the highest intensity for E8 was displayed by KO, but none
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of the crude extracts of MeOH was found to show a peak in the
range of 1559-1550 cm-?.

According to Table 1, the peak E9 (~1503 cm™1) is usually ascribed to
C=C—C stretching vibration and NO, asymmetric stretching vibration
of aromatic rings and aromatic nitro compounds, respectively
(Coates, 2000). Among EtOAc extracts, this peak appeared as a
minute peak, indicating a relatively lower existence of aromatic rings
and aromatic nitro compounds in EtOAc extracts. In the case of the
MeOH extract of YK, a high-intensity peak was observed for M9. As
the peak M9, appearing at ~1515 cm would result due to C=C—C
stretching of aromatic rings and NO, asymmetric stretching of
aromatic nitro compounds, the high-intensity peak of M9 would
indicate the higher existence of aromatic rings and aromatic nitro
compounds in YK (Coates, 2000; Nandiyanto et al., 2019).

3.4. Characterization of region D in 1500-900 cm*

This particular region of the spectra (1500 cm™-900 cm) is usually
known by researchers as the fingerprint region. Hence, it is the
region that gives spectral features which are unique to different
materials. According to Figure 1(A), the narrow sharp peak (H8)
existing at ~1459 cm denotes the asymmetric C—H bending of
methyl groups and C—H bending vibration of methylene groups in
aliphatic chains. Among hexane extracts, KK displayed comparatively
high-intense peak for H8. Again, the narrow sharp peak E10
observed among EtOAc extracts at ~1465 cm™ indicates the
asymmetric C-H bending of methyl groups and C—H bending
vibration of methylene groups in aliphatic chains (Figure 1B). Among
the crude EtOAc extracts, LE was found to exert relatively high
intens peak for E10. The forgone discussion suggested that the
number of lipid biomolecules gets reduced in MeOH extracts as a
result of sequential extraction with hexane and EtOAc. Hence, the
peak M10 appearing at ~1450 cm?® among MeOH extracts is
ascribed to the C=C—C stretching of aromatic rings (Coates, 2000;
Nandiyanto et al., 2019). In Figure 1(A), peak M11 existing at ~1403
cm™ would result due to either vinyl C—H in-plane bending vibration
of alkenes or O—H bending of phenols/tertiary alcohols. As seen
from Figures 1(A) and (C), this peak did not appear to emerge in
both hexane or EtOAc extracts. Among MeOH extracts, both KO and
ST showed high-intense peaks for M11.

As shown in Figure 1(A), peak H9 appearing at ~1380 cm was
attributed to the N=0O symmetric stretching of aliphatic nitro
compounds. This was further confirmed by the presence of aliphatic
nitro compounds in hexane extracts of edible leafy plants (Hari &
Nair, 2018; Nipun et al., 2020). For instance, a higher abundance of
aliphatic nitro compounds in the hexane extract of KO was further
confirmed by the high-intense peak H9 appearing at ~1380 cm™. In
the case of EtOAc extracts, peak E11 represented N=0O symmetric
stretching vibration of aliphatic nitro compounds, in this ST showed
a highly intense peak (Figure 1B). Among MeOH extracts, the peak
M12 appearing at ~1370 cm is attributed to both methyl C—H
symmetric bending vibration and N=0O symmetric stretching
vibration, indicating the presence of alkanes and aliphatic nitro
compounds. According to Figure 1(A), peak H10 found at ~1250 cm-
1 indicates the aryl-O stretching of ethers and C—N stretching of
aromatic primary amines in plants (Coates, 2000; Saleh et al., 2018).
Among hexane extracts, ST was found to display a high-intense-peak
for H10. The presence of a high-intense peak for H10 indicated a
higher abundance of aromatic ethers and aromatic primary amines
in the hexane extract of ST (White, 1971). Among EtOAc extracts,
peak E12 centered at ~1250 cm! represented the aryl—0O stretching
of aromatic ethers and C—N stretching of aromatic primary amines

in plants (Figure 1B) (Coates, 2000; Saleh et al., 2018). Among the
five plants used in this study, ST exhibited the most intense E12
peak. Among MeOH extracts, the peak M13 appearing at ~1270 cm-
1is usually ascribed to the aryl-O stretching of aromatic ethers and
the C—N stretching of aromatic primary amines. In addition to this,
the in-plane blending of O—H of primary and secondary alcohols in
plants also contributes to this (Coates, 2000; Saleh et al., 2018). As
shown in Figure 1(C), peak M14 existing at 1206 cm-! would result
due to the C—-O stretching of phenols (Nandiyanto et al., 2019).
Among the MeOH extracts, only LE and ST displayed peak M14
(Figure 1C). However, this peak was not seen in any of the plant
extracts from hexane and EtOAc (Figure 1B).

As described in Table 1, peak H11 at ~1168 cm™ is generally
assigned to the C—N stretching vibration of secondary amines. When
compared to other plants, KO displayed a high-intense peak for H11
(Figure 1A). The high-intense peak for H11 would indicate the higher
abundance of secondary amine in the hexane extract of KO. Among
EtOAc extracts, the corresponding peak representing the presence
of secondary amines in all plants is peak E13 (Figure 1B). Concerning
E13, KO gave the highest intense peak. Nevertheless, among MeOH
extracts, peak M15 appearing within the range of 1159-1174 cm!
represented the C—N stretching of secondary/tertiary amines
(Coates, 2000; Nandiyanto et al., 2019). Although all MeOH extracts
showed this peak, their signals appeared as a weak-shoulder peak
with some overlap.

As shown in Figure 1(A), peak H12 centered within the range of
1074-1080 cm is supposed to represent the C—N stretching of
primary amines, C—0O stretching of alkyl-substituted ethers, and C-O
stretching of cyclic ethers. When compared to other plants, the
hexane extract of KO displayed high-intense peak for H12. The high-
intensity peak of H12 denoted the higher existence of primary
amines, alkyl substituted ethers, and cyclic ethers in KO. As
elaborated in Table 2, the peak E14 appearing at 1068 cm is
ascribed to C—N stretching of primary amines, C—O stretching of
alkyl substituted ethers, and cyclic ethers (Figure 1B). The low-
intense peak E14 in LE at ~1068 cm™ indicated the low levels of
primary amines, ethers, and cyclic ethers in LE (Coates, 2000;
Nandiyanto et al., 2019). According to Figure 1(C), the peak M16 of
MeOH extracts was parallel to H12 of hexane extracts and E14 of
EtOAc extracts. As elaborated in Table 2, those occuring within the
range of 1068-1079 cm™ would represent C—N stretching of primary
amines and C—O stretching of alkyl-substituted ethers and cyclic
ethers (Coates, 2000; Nandiyanto et al., 2019). Among MeOH
extracts, ST exhibited the high-intense peak for M16.

As illustrated in Figure 1(A), peak H13 at ~1040 cm is usually
ascribed to the C—O stretching of primary alcohols (Nandiyanto et
al., 2019). Among hexane extracts, ST exhibited the high-intense
peak for H13, indicating the highest abundance of molecules with
primary alcohols. As shown in Figure 1(B), E15 of EtOAc within the
spectral region of 1035-1041 cm™ represented the C—O stretching
vibration of primary alcohols. Among the plants, both KO and ST
displayed the high intense peak for this. According to Figure 1(C),
peak M17 of MeOH extracts was parallel to peak H13 and E15
representing the C—O stretching vibration of primary alcohols which
is present at the spectral range of 1038-1041 cm! (Coates, 2000).
Among the plants, ST displayed the high-intensity peak for M17
indicating a higher abundance of primary alcohols in ST.

The peaks H14 and H15 within the spectral region from 988 cm! to
900 cm? represent the vinyl C—H out-of-plane bending of alkenes
(Table 1). For H14 and H15, ST displayed high-intensity peaks while
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LE displayed low-intensity minute peaks (Figure 1A). This s
indicative of the differences between ST and LE with regard to the
abundance of vinyl C—H out-of-plane bending vibration associated
with alkenes. Among EtOAc extracts, the occurrence of E16 and E17
peaks within the spectral ranges of 976-988 cm and 900-918 cm!
confirmed the existence of vinyl C—H out-of-plane bending

vibrations of alkenes (Figure 1B). KK exhibited low-intensity peaks
for E16 and E17, indicating the lower abundance of vinyl C—H out-of-
plane bending of alkenes. However, the occurrence of the peak
corresponding to vinyl C—H out-of-plane bending of alkenes was
hardly detected among MeOH extracts (Figure 1C).

Table 2. Characterization of FTIR spectra of MeOH extracts of leafy plants

Peak no Wavenumber range* Mode of vibration Functional group Reference
(cm?)
M1 3400-3440 O—H stretching Carbohydrates/Phenols/Alcohols (Coates, 2000; Nandiyanto et al., 2019)
M2 3010-3013 Terminal (vinyl) C—H stretching Alkenes (Coates, 2000; Nandiyanto et al., 2019)
M3 2928-2931 Methylene C—H asymmetric stretching Alkanes (CH,) (Coates, 2000; Nandiyanto et al., 2019)
M4 2854-2860 Methylene C—H symmetric stretching Alkanes (CH,) (Coates, 2000; Nandiyanto et al., 2019)
M5 1728-1733 C=0 stretching Esters (Coates, 2000; Nandiyanto et al., 2019)
M6 1698-1715 C=0 stretching Carboxylic acids/Ketones (Coates, 2000; Nandiyanto et al., 2019)
M7 1633-1659 C=0 stretching Amides (Coates, 2000; Nandiyanto et al., 2019;
C=C skeletal stretching Alkene Nokhala et al., 2020)
N—H bending Primary/Secondary amines
—C=N-stretching Imines
M8 1603-1615 Conjugated C=C stretching Alkenes (Coates, 2000; Nandiyanto et al., 2019;
C=C—C stretching Aromatic rings Nokhala et al., 2020)
C=0 stretching Carboxylates
N—H bending Primary/Secondary amines
—C=N-stretching Imines
—N=N- stretching of open chain azo compounds Azo compounds
M9 1515-1518 C=C—C stretching asymmetric stretching of NO, Aromatic rings (Coates, 2000; Nandiyanto et al., 2019;
Aromatic nitro compounds Nokhala et al., 2020)
M10 1450-1459 C=C—C stretching Aromatic rings (Coates, 2000; Nandiyanto et al., 2019;
Methyl C—H asymmetric bending Alkanes (CHs) Nokhala et al., 2020)
Methylene C-H bending Alkanes (CH,)
M11 1403-1418 Vinyl C—H in-plane-bending Alkenes (Coates, 2000; Nandiyanto et al., 2019;
OH bending Phenol/Tertiary alcohols Nokhala et al., 2020)
M12 1370-1390 Methyl C—H symmetric bending Alkanes (CHs) (Hari & Nair, 2018; Nipun et al., 2020)
N=0 symmetric stretching Aliphatic nitro compounds
M13 1268-1271 Aryl-0 stretching Aromatic ethers (Coates, 2000; Nandiyanto et al., 2019;
C—N stretching Aromatic primary amines Saleh et al., 2018)
OH in-plane bending Primary or secondary alcohol
M14 1206 C-O stretching Phenols (Nandiyanto et al., 2019)
M15 1159-1174 C—N stretching Secondary/Tertiary amines (Coates, 2000; Nandiyanto et al., 2019)
M16 1068-1079 C—N stretching Primary amines (Coates, 2000; Nandiyanto et al., 2019)
C-O stretching Ethers
C-0 stretching Cyclic ethers
M17 1038-1041 C-O stretching of primary alcohols Primary alcohols (Coates, 2000; Nandiyanto et al., 2019)
M18 903-925 C—C skeletal vibration Alkanes (Coates, 2000; Nandiyanto et al., 2019)
M19 628-630 Alkyne C—H bending Aromatic ring (Coates, 2000; Nandiyanto et al., 2019)
OH out-of-plane bending Alcohol

*Range of variation in wavenumbers at a particular peak among the different edible leafy plants namely; Le-kola pala, Kora kaha, Koppa, Yaki naran and Stevia

3.5. Characterization of region E below 900 cm™

As shown in Figure 1(A), peak H16 appearing at ~841 cm® was due
to aromatic C—H out-of-plane bending vibration. Among hexane
extracts, KK displayed a relatively high-intense peak for H16,
probably due to the high occurence of molecules with aromatic
rings in the hexane extract. In the case of the rest of the plant
extracts, only a minute peak was seen for H16, indicating the lower
abundance of aromatic C—H out-of-plane bending vibration. When
considering EtOAc extracts, the peak E18 appearing at ~838 cm!
represented aromatic C—H out-of-plane bending vibration (Figure
1A). However, peak corresponding to aromatic C—H out-of-plane
bending of aromatics was not detected among MeOH extracts.
According to Figure 1(A), the distinct narrow peak H17 appearing at
~723 cm! indicated the rocking vibration of the methylene group,
confirming molecules with aliphatic hydrocarbon chains in hexane
extracts (Coates, 2000; Nandiyanto et al., 2019). Among the plant
extracts, KO displayed a high-intense peak for H17, which confirmed
the abundance of complex carbohydrates in the hexane extract of
KO. The distinct narrow peak E19 of Figure 1(B) existing at ~723 cm'!
represented the rocking vibration of the methylene group,
confirming the presence of biomolecules with aliphatic hydrocarbon
chains in EtOAc extracts (Coates, 2000; Nandiyanto et al., 2019).

Here again, KO displayed a high-intense peak for E19 indicating the
higher abundance of aliphatic hydrocarbons in the EtOAc extract of
KO. However, this particular mode of vibration was non-existent
among MeOH extracts. According to Figure 1(C), peak M18 existing
at 903-925 cm is usually assigned to C—C stretching vibrations of
alkanes in the MeOH extracts (Nandiyanto et al.,, 2019). Among
MeOH extracts, both ST and KK showed only a minute peak for M18
(~903-925 cm1), which indicated the comparatively lower
abundance of C—C stretching vibrations of alkanes. Almost all MeOH
extracts exhibited peak M19 at ~630 cm™ which would result due to
the alkyne C—H bending vibration of aromatic rings and O—H out-of-
plane bending of alcohols (Coates, 2000; Nandiyanto et al., 2019).
Both KO and YK showed high-intense peaks for M19.

3.6. a-Glucosidase inhibitory activity

The results of a-glucosidase inhibitory activities (ICso values) of all
crude plant extracts are presented in Table 3. Except the MeOH
extract of KK, all crude plant extracts exerted some inhibitory
activity against a-glucosidase. The higher inhibitory potentials, lower
ICso values were exhibited by most of the hexane extracts except KO
and LE. Significant (p < 0.05) differences were exhibited by all
hexane extracts for inhibitory activity (ICsg values) against a-
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glucosidase enzyme, whereas the highest and the lowest activities
were displayed by YK (ICso = 7.71 £ 0.40 ppm) and KK (ICsp = 56.51 +
1.26 ppm), respectively. Among EtOAc extracts, the ICso values
followed the order of LE < YK < ST < KK < KO, and no significant (p >
0.05) difference was seen between KK and ST. LE exhibited the
strongest inhibitory activity against a-glucosidase with an ICsg value
of 30.97 + 0.45 ppm, while the lowest activity was exerted by KO.
Among MeOH extracts, ICso values followed the order of KO < LE <

YK < ST < KK. KO displayed the strongest inhibitory activity (ICso =
18.08 = 0.27 ppm), while KK (ICsp > 2000 ppm) exhibited the
weakest inhibitory activity. Establishing correlations between FTIR
spectral data and a-glucosidase inhibitory activities of the plant
extracts is in line with the objective of this study as to identify
functional groups of the chemical constituents, responsible for a-
glucosidase inhibitory activity of plant extracts.

Table 3. ICso values of a-glucosidase inhibitory activities of different crude plant extracts?

|Csp value/ppm

Leafy plant type Hexane EtOAC MeOH

(e 37.5895 £ 1.05 30.97°4 £ 0.45 271212
KK 56.51¢A+ 126 151,506 + 11.84 ND

Ko 317290+ 0.13 425.989C + 14.13 18.08%4 +0.27
ST 21,794+ 0.81 130.85¢% +0.32 225.574¢ + 8.85
YK 7,714+ 0.40 85.24%8 + 227 125.14°C + 5 41

1 Each value in the table represents mean of three replicates + standard deviation. Means that do not share a similar simple superscription letter in the same column and similar
capital superscription letter in the same raw are significantly different at 95% confident (a = 0.05). Abbreviations: LE, Le-kola pala; KK, Kora kaha; KO, Koppa; ST, Stevia; YK, Yaki

naran; ND, Not detected.

Table 4. Summary of PLS regression analysis performed for FTIR spectral data and a-glucosidase inhibitory activities of different crude plant

extracts?
Model no Region Rc? RMSEC Rev2 RMSECV Rp? RMSEP
1 A 0.81 50.25 0.60 78.24 0.77 46.40
2 B 0.96 24.10 0.87 41.70 0.93 26.04
3 C 0.71 61.14 0.52 80.21 0.45 71.56
4 D 0.95 24.93 0.87 39.12 0.18 87.79
5 E 0.90 35.14 0.61 73.78 0.79 44.32
6 A BCD,E 0.90 36.72 0.75 56.80 0.73 50.20
7 A C 0.88 39.53 0.72 60.61 0.85 37.35
8 ACE 0.90 35.30 0.84 49.41 0.80 43.25
9 A D E 0.91 34.56 0.81 50.12 0.77 46.05
10 A CD,E 0.91 34.43 0.77 55.13 0.79 44.32
11 B,D, E 0.91 33.72 0.82 49.97 0.69 53.93
12 D, E 0.92 32.67 0.85 45.19 0.74 49.88
13 C D E 0.95 26.38 0.85 44.23 0.84 39.10
14 B, E 0.92 32.78 0.77 56.28 0.87 34.91

1 A: 3700-2800 cmt, B: 1800-1700 cm?, C: 1700-1500 cm?, D: 1500-900 cm, E: 900-500 cm. Rc%: Coefficient of determination of calibration, Rp2: Coefficient of determination of
prediction, Rev?: Coefficient of determination of cross validation, RMSEC: Root mean square errors of calibration, RMSEP: Root mean square errors of prediction, RMSECV: Root

mean square errors of cross validation

Predicted vs. Reference
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Figure 2. PLS regression (calibration and validation) curves of the best predictive model (Model 2)
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3.7. PLS regression analysis

A summary of PLS regression analysis for FTIR spectral data and a-
glucosidase inhibitory activities of different crude plant extracts is
presented in Table 4. When considering the predictive models
developed for individual spectral regions (A, B, C, D, and E), the
highest Rc? (0.96), Rcv? (0.87), Rp? (0.93), and the lowest RMSEC
(24.10), RMSECV (41.70), and RMSEP (81.04) values were noticed
for “Model 2”. Meanwhile, “Model 3” was found to show the lowest
Rc? (0.71), Rev? (0.52), and Rp? (0.45), and the highest RMSEC
(61.14) and RMSECV (80.21). However, in the case of predictive
models developed using selected multiple regions, the highest Rc?
(0.95), Rcv? (0.85), Rp? (0.84), and the lowest RMSEC (26.38), and
RMSECV (44.23) values were found for “Model 13”. The calibration
and validation curves for the best PLS regression prediction model
"Model 2" are shown in Figure 2. According to PLS regression
results, it was evident that the chemical compounds representing
spectral region B have had a strong impact on the a-glucosidase
inhibitory activity when compared to those of other spectral
regions. The spectral region B, ranging from 1700-1800 cm,
actually represented the presence of chemical constituents with
functional groups such as ester linkages, ketone groups, and
carboxylic acids as mentioned previously in Tables 1 and 2.
Interestingly, compounds with these functional groups which have a
higher content of non-polar moieties with ester linkage are mostly
present in both hexane and EtOAc extracts.

In these five edible plants, a group of chemical constituents called
cinnamic acids, which include sinapic acid, ferulic acid, p-coumaric
acid, and caffeic acid, are present. They are a common form of
phenolic compounds, usually present in plants as esters of sugars
and different organic acids (Vermerris & Nicholson, 2008). As
described previously, the peak that appeared at ~1740 cm! would
be due to the C=0 stretching vibration of ester bonds resulting from
these cinnamic acids. According to Pandi and Kalappan (2021),
sinapic acid may be present in either the free form or as an ester
group; the predominant sinapoyl ester present in leaves is sinapoyl
malate. In addition, ferulic acid found in leafy plants can be also
conjugated with mono-, di-, and poly-saccharides through ester-
linkage (Mancuso & Santangelo, 2014). Ferreira et al. (2019)
previously stated that p-coumaric acid usually esterifies either with
long-chain alkyl alcohols or polysaccharides to produce water-
insoluble conjugates of p-coumaric acid. In another study Vermerris
and Nicholson (2008) found that caffeic acid conjugated with quinic
acid through ester linkages to produce chlorogenic acid, which was
also previously reported to exist in the five edible leafy plant types
(Ulpathakumbura et al., 2023). Vermerris and Nicholson (2008)
further mentioned that catechins could also be present in plant
extracts in the form of gallic acid esters. Hence, it became evident
that the compounds with ester-linkage would have a strong
influence on the a-glucosidase inhibitory activity. Further to this, the
peak at ~1700 cm™ would results due to the C=0 stretching
vibration of ketones and carboxylic acids. These carboxylic acids
could be hydroxy-benzoic acids present in the leafy plant extracts,
which are characterized by the existence of a carboxyl group
substituted on a phenol (Vermerris & Nicholson, 2008). The keto
groups could also be present in heterocycle flavones such as
quercetin, and kaemferol of leafy plants. Hence, it became evident
that the compounds with ester-linkage, ketones, and carboxylic
acids would have a strong impact on the a-glucosidase inhibitory
activity of leafy plant extracts.

4, Conclusions

The FTIR spectral correlations with the anti-hyperglycemic effect of
different solvent extracts of selected edible leafy plants of Sri Lanka
were explored. All plant extracts exerted inhibitory activity against
a-glucosidase except the MeOH extract of KK. Based on PLS
regression analysis, a strong correlation was seen between a-
glucosidase inhibitory activities of the plant extracts and FTIR
spectral data. PLS regression results showed that the chemical
constituents represented by the spectral region B (1800-1700 cm?)
of the plants have had a strong relationship with the a-glucosidase
inhibitory activity when compared to those of other spectral
regions. This particular range (1700-1800 cm?) is usually ascribed to
C=0 stretching vibration of ester groups, ketones, or carboxylic
acids. This study suggests that FTIR spectroscopic method together
with PLS regression analysis can be further explored as an
alternative rapid analytical tool for the detection of the anti-
hyperglycemic effect of leafy-plant extracts.
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