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Abstract
The use of plants as sources for novel antimicrobial as well as antioxidant agents offers advantages. Plants are readily 
accessible and inexpensive, extracts or compounds from plant sources often demonstrate high level of biological activi-
ties. Previous studies have reported antibacterial and antifungal activities within the Fabaceae family that included Acacia 
species. This study aims to determine presence of antibacterial activity, antioxidant activity, and the secondary metabolites 
of sequential solvent extracts (acetone, methanol, and acetic acid) of Acacia berlandieri and Acacia rigidula leaves. The 
antibacterial activity was investigated using a disc diffusion assay. The ferric thiocyanate method was used to assess the 
ability of all extracts to prevent oxidation. Qualitative phytochemical tests, NMR, IR, and UV–Vis spectroscopy were done 
to identify potential secondary metabolites. P. alcalifaciens (p < 0.001), E. faecalis (p < 0.01), S. aureus (p < 0.001), and Y. 
enterocolitica (p < 0.001) were significantly inhibited by A. rigidula extracts when compared to A. berlandieri extracts. A. 
rigidula’s acetone extract exhibited the significantly (p < 0.001) highest inhibition of peroxidation, 42%. Qualitative phyto-
chemical tests showed positive results for presence of phenols, flavonoids, saponins, terpenes and tannins. NMR, IR, and 
UV–Vis spectroscopy revealed chemical structures found in flavonoids, saponins, terpenes and tannins, supporting the 
results of qualitative phytochemical tests. A. berlandieri and A. rigidula leaf extracts have revealed presence of medicinally 
valued bioactive components. The results of this study provide a basis for further investigations of the A. rigidula leaf 
extracts. A. rigidula leaf extracts have the potential to serve as a source of novel antimicrobial and antioxidant agents.
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Abbreviations
1H NMR  Proton nuclear magnetic resonance
BHT  Butylated hydroxytoluene
C6D6  Deuterated benzene
CDCl3  Deuterated chloroform
CI  Confidence intervals
D2O  Deuterated water
DMRT  Duncan’s multiple range test
DMSO  Dimethyl sulfoxide
Fe2+  Ferrous ion
Fe3+  Ferric ion
FeCl2  Ferrous chloride
IR  Infrared
MeOH  Methanol
MIC  Minimum inhibitory concentration
mZOI  Mean zone of inhibition
NMR  Nuclear magnetic resonance
PM  Primary metabolites
Ppm  Parts per million
SCN−  Thiocyanate
SM  Secondary metabolites
UV–Vis  Ultraviolet–visible

1 Introduction

People have used various plants and their derivatives 
for medical purposes, including the treatment of infec-
tious diseases. The use of plants as sources for novel 

antimicrobial as well as antioxidant agents offers advan-
tages. Plants are readily accessible and inexpensive, 
extracts or compounds from plant sources often dem-
onstrate high-level activity against bacteria, and they 
rarely have severe side effects [1]. Most pharmacological 
activities of medicinal plants are traced to their secondary 
metabolites (SMs). SMs are smaller molecules when com-
pared to the constituents of primary metabolites (PMs) like 
proteins, carbohydrates, and lipids [2]. SMs, unlike PMs are 
not directly involved in plants’ normal growth or repro-
duction. SMs on the other hand, provide the plants with 
defense mechanisms and/or survival mechanisms. SMs 
are also known to be useful to humans. For example, they 
are a major source of antibiotics, food additives i.e., anti-
oxidants, and pesticides [3]. Biosynthesized compounds 
derived from SMs that include alkaloids, phenols, essen-
tial oils, steroids, lignins, and tannins have been successful 
source of potential drug leads [4].

Currently, there are ~ 20,000 species of known medici-
nally valuable plants; which can serve as a valuable res-
ervoir of SMs for the development of novel drugs. Like-
wise, only an estimated 10% of the world’s biodiversity 
has been evaluated for this purpose [5]. Fabaceae is the 
second largest family currently used for medicinal plant 
purposes with over 490 plant species [6]. A larger diversity 
of species suggests a greater supply of raw materials for 
drug discovery and biotechnology [7]. Studies have high-
lighted biological activities within the Fabaceae family [3, 
8–11]. Acacia species belong to this family. Several Acacia 
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species were reported to have antibacterial and antifun-
gal, antioxidant, anticancer, antiparasitic, cytotoxicity and 
immunomodulatory activities [12]. Specific examples 
include Acacia nilotica and Acacia aroma; both are used in 
traditional medicine. A. nilotica has been reported to have 
antimicrobial, antiplasmodial and antioxidant activities. It 
is also used for the treatment of human immunodeficiency 
virus, hepatitis C virus and cancer [13, 14]; while, A. aroma 
is used for wound healing, as antiseptic, and the treatment 
of gastrointestinal disorders [15].

Plants containing phenolic compounds are possible 
sources of natural antioxidants that stabilize free readi-
cals by hydrogenation or complexing with oxidizing 
species [16]. Members of the Fabaceae family, A. nilotica 
and A. hydaspica, are rich in phenolic compounds and are 
reported to have inhibitory effects on bacterial pathogens 
[16, 17]. A. nilotica leaf extracts exhibit reducing capabili-
ties (2.57 ± 0.03) similar to ascorbic acid (2.62 ± 0.07) at 
1,000 ug/mL confering to the reducing potential of the 
species [17]. Acetone extracts of A. senegal and A. dealbata 
were reported to have high concentrations of phenols and 
flavonoids and exhibited antioxidant activities [18, 19]. 
Antioxidants are known to eliminate reactive oxygen spe-
cies (ROS) involved in human diseases. ROS have harmful 
effects on DNA, lipid peroxidation, and oxidative deac-
tiviation of proteins associated in pathogenesis of many 
human diseases, such as cancer, Alzheimer’s disease and 
atherosclerosis [20].

The species under study, A. rigidula and A. berlandieri 
are predominantly found in the southern part of Texas and 
in the northern states of Mexico [21]. To our knowledge, 
there is very limited studies on the biological activities of 
the two species understudy. A. rigidula extracts have been 
extensively used in popular weight-loss supplements [21]. 
In addition, Garza et al., reported antifungal properties of 
A. rigidula methanol extracts [22]. More recently, A. rigid-
ula’s root and stem extracts have been used as reducing 
and capping agent to produce silver nanoparticles that 
eradicate pathogenic resistant bacteria in vivo [23].

To date there is no report of A. rigidula nor A. berland-
ieri being used in traditional medicine. Likewise, although 
the Acacia genus is quite large, little is known about the 
chemical composition of most species in this genus. From 
the several species that have been studied, flavonoids, 
terpenoids and phenolic acids are the most predominant 
compounds isolated from the genus Acacia. The most fre-
quently reported flavonoids are catechin and quercetin. 
Triterpenoids are the major class of terpenoids and many 
gallic acid and coumaric acid derivatives were reported to 
have been isolated from the genus Acacia [12]. It was also 
reported that the most evident secondary metabolites 
present in the Acacia species are polysaccharides (gums) 
and complex phenolic substances (condensed tannins) 

[24]. To our knowledge, our study is the first to report on 
the potential secondary metabolites in A. rigidula and A. 
berlandieri.

Considering the biological properties reported from 
other Acacia species, it is of interest and relevant to fur-
ther study the biological activities and secondary metab-
olites found in A. rigidula and A. berlandieri. Results of 
such research study could provide a novel source for the 
development of effective treatments. The medicinal value 
and the pattern of global ethnomedical knowledge will 
broaden as more species within this family are further 
evaluated [25–29]. Therefore, the objectives of this study 
are (1) to determine presence of antibacterial, and antioxi-
dant activities in A. rigidula. and A. berlandieri leaf extracts 
and (2) to identify the potential secondary metabolites in 
the extract that exhibited the most significant activity.

2  Results and discussion

2.1  2.1 Antibacterial activity

Three leaf extracts (acetone, methanol, and acetic acid) 
per species (A. rigidula and A. berlandieri) were subjected 
to antibacterial assays against nine different bacteria 
where the mean zones of inhibition (mZOI) were meas-
ured (Table 1).

Both Acacia species exhibited differences in antibacte-
rial activities based on mZOIs. A. berlandieri displayed mini-
mal inhibitory effects (mZOI, 6.00–8.99 mm) against three 
(P. alcalifaciens, P. aeruginosa, and Y. enterocolitica) of the 
nine bacterial species (Table 1). On the other hand, six of 
the nine bacterial species were susceptible to the A. rigid-
ula extracts (Table 1). Among the six bacterial species, four 
are gram-negative (P. alcalifaciens, P. aeruginosa, Y. entero-
colitica and E. coli) and two are gram-positive (S. aureus and 
E. faecalis). The mZOIs ranged from 8.70 to 17.56 mm for 
acetone extract, 7.83–14.43 mm for methanol extract, and 
6.00–12.33 mm for acetic acid extract (Table 1). Gram-posi-
tive bacteria generally lack the outer membrane, exposing 
them to antibiotics or in this case, secondary metabolites. 
Without the outer membrane, secondary metabolites are 
able to penetrate the peptidoglycan envelope and reach 
the cell membrane of gram-positive bacteria easier [30]. 
Conversely, gram-negative bacterial cell wall outer mem-
brane (a lipopolysaccharide) is thought to act as a barrier 
to many substances including antibiotics [27]. This was 
also observed in our study, more gram-negative bacteria 
conferred resistance to the extracts.

An analysis of variance (table not shown) was done to 
test any significant difference between plant species. For 
all six bacteria, A. rigidula extracts showed significant dif-
ferences in mZOI when compared to A. berlandieri extracts 
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(Fig.  1). Of the six susceptible bacteria, P. alcalifaciens 
(p < 0.001), E. faecalis (p < 0.01), S. aureus (p < 0.001), and Y. 
enterocolitica (p < 0.001) were significantly inhibited by A. 
rigidula when compared to A. berlandieri.

Studies suggest that Acacia species possess secondary 
metabolites with antibacterial properties that can be used 
to inhibit the growth of bacteria [25, 26]. For example, in 
A. arabica bark extracts, phytochemical screening revealed 
the presence of terpenoids, phenols, tannins, flavonoids, 
and cardiac glycosides in both the acetone and the meth-
anol plant extracts [28]. Thus, the antibacterial activi-
ties in our study could also be attributed to secondary 

metabolites. While, the significant difference in antibac-
terial activities between A. rigidula and A. berlandieri could 
be attributed to (1) a difference in the specific secondary 
metabolites present in the respective extracts and/or (2) 
the concentration of extracted secondary metabolites in 
A. rigidula is higher than in A. berlandieri, thus contribut-
ing to the higher antibacterial activities observed in A. 
rigidula. Results of phytochemical analysis should reveal 
any difference in the secondary metabolites (e.g., flavo-
noids, tannins, saponins of the two extracts) between the 
two species.

Table 1  Average zone of 
inhibitions (mm) of leaf 
extracts of A. berlandieri and A. 
rigidula 

Measurements of 6.00  mm were reported as not having activity (size of disc) while anything above 
6.00 mm was reported as having antibacterial activity. DMSO was used as a negative control and did 
not inhibit any bacteria (zones of inhibition were 6.00 mm), data not shown
a Antibiotic used was either ciprofloxacin (10 μg) or vancomycin (10 μg) depending on the bacteria

Human pathogens A. berlandieri A. rigidula Antibiotica

Acetone Metha-
nol

Acetic acid Acetone Metha-
nol

Acetic acid

P. alcalifaciens 8.05 8.99 7.61 17.56 13.57 12.33 34.40
E. aerogenes 6.00 6.00 6.00 6.00 6.00 6.00 36.00
S. marcescens 6.00 6.00 6.00 6.00 6.00 6.00 35.29
K. pneumoniae 6.00 6.00 6.00 6.00 6.00 6.00 33.56
P. aeruginosa 8.50 8.66 6.00 12.21 11.91 9.55 31.31
Y. enterocolitica 8.62 6.00 6.00 16.50 14.43 12.19 34.79
E. coli 6.00 6.00 6.00 8.70 8.40 6.44 34.69
S. aureus 6.00 6.00 6.00 11.37 9.48 9.55 21.01
E. faecalis 6.00 6.00 6.00 12.07 7.83 6.00 16.13
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Fig. 1  Comparison of the antibacterial activities of A. berlandieri and A. rigidula. Non-overlapping CIs for side-by-side bars indicate signifi-
cant difference in mean ZOI
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Of the three solvents used for extraction, acetone 
extracts showed a higher mZOI than those of methanol 
and acetic acid extracts. However, there was no signifi-
cant difference among these three solvents. As previously 
mentioned, P. alcalifaciens (p < 0.001), E. faecalis (p < 0.01), 
S. aureus (p < 0.001), and Y. enterocolitica (p < 0.001) were 
significantly inhibited by A. rigidula when compared to 
A. berlandieri. On the other hand, S. marcescens, E. aero-
genes, and K. pneumonia, were not inhibited by any of the 
extracts, which is attributed to the resistance commonly 
seen in gram-negative bacteria. Our results were similar 
from two other studies of acetone and methanol extracts 
of two species belonging to the Fabaceae family, A. arabica 
and A. aulacocarpa [27, 28].

Previous study by Lawrence et al. using extracts of A. 
arabica, and using different solvents, also showed varying 
degrees of antibacterial activities against gram-positive 
and gram-negative organisms [26]. More specifically, E. 
coli, S. aureus, and P. aeruginosa were among three of the 
six susceptible bacteria [26]. Acetone extracts of A. arabica 
displayed promising results, specifically against S. aureus 
with a mZOI ranging between 17.67 and 22.67 mm [26]. On 
the other hand, A. aulacocarpa methanol extracts inhibited 
both gram-positive and gram-negative bacteria [25]. These 
included Y. enterocolitica, E. faecalis and S. aureus. These 
bacteria were also susceptible to the A. rigidula’s methanol 
extract in our study. Similar to A. rigidula and A. berlandieri 
extracts, A. aulacocarpa extract from a previous study was 
also not inhibitory to the three gram-negative bacteria, K. 
pneumonia, E. aerogenes and S. marcescens [25]. As previ-
ously discussed, gram-negative confers more resistance 
against antibiotics than gram-positive bacteria

2.2  Minimum inhibitory concentration

Results of our antibacterial assays revealed potentially 
effective microbial suppressors; therefore, the minimal 
inhibitory concentration (MIC) of the extracts against 
the four most susceptible bacteria were determined. 
Acacia extracts’ MIC values, whereby no detectable bac-
terial growth was observed, were determined by broth 

microdilutions (Table 2). MIC against P. alcalifaciens, S. 
aureus, Y. enterocolitica, and E. faecalis of A. rigidula and 
A. berlandieri ranged from 37.5 to 75 mg/mL and 37.5 to 
150 mg/mL, respectively. A. rigidula displayed lower MIC 
than A. berlandieri which means greater effectivity against 
the tested bacteria. In addition, acetone extracts displayed 
a lower MIC when compared to using other solvents 
between species.

In comparison with previously reported MIC values 
of A. nilotica [31], the MIC values of Acacia leaf extracts 
in our study were higher. MIC values of A. nilotica were 
in the range of 1.56–3.12 mg/mL. The great variation of 
MICs when comparing all the three Acacia species could 
be attributed to the method of extraction, the bacterial 
strains used, and the volatile nature of the chemical con-
stituents found within each plant [32]. By further evalu-
ating the mode of action by which extracts inhibit the 
growth of selected pathogens, plants found belonging to 
the Acacia family can provide an alternative approach to 
antibiotics that are no longer effective.

2.3  Qualitative phytochemical analysis

Using standard procedures for phytochemical analysis, 
all extracts were analyzed for the presence of secondary 
metabolites. Of the six extracts, most contained flavonoids, 
saponins, phenols, tannins and terpenoids (Table 3). These 
secondary metabolites may be responsible for the anti-
microbial activity through different mechanisms [33–36]. 
All extracts of A. rigidula and A. berlandieri were negative 
for alkaloids. Both A. rigidula and A. berlandieri showed 
presence of the same set of secondary metabolites tested 
in our study (Table 3). However, it was observed that A. 
rigidula extracts when compared to A. berlandieri extracts 
have potentially higher concentration of diterpenes, and 
tannins as shown by more intense color formations. Diter-
penes and tannins could potentially account for the signifi-
cantly higher antibacterial activity observed in A. rigidula 
extracts. The quantitative determination of diterpenes and 
tannins, and the other secondary metabolites should be 

Table 2  Minimum inhibitory 
concentration (MIC) of leaf 
extracts of A. berlandieri and A. 
rigidula 

Results were consistent across three blocks, with each block consisting of three trials. MIC of A. berland-
ieri methanol is greater than the initial 150 mg/mL concentration. Ciprofloxacin was used for P. alcalifa-
ciens and Y. enterocolitica. Vancomycin was used for S. aureus and E. faecalis

Human pathogens A. berlandieri (mg/mL) A. rigidula (mg/mL) Antibiotic 
(mcg/mL)

Acetone Methanol Acetone Methanol

P. alcalifaciens 150 > 150 37.5 37.5 < 0.5
Y. enterocolitica 75 > 150 37.5 37.5 0.5
S. aureus 150 > 150 37.5 37.5 8
E. faecalis 75 > 150 37.5 75 1
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done in order to address if there is a significant difference 
in the concentration of secondary metabolites between A. 
rigidula and A. berlandieri.

Further investigation of tannins e.g., the quantification 
and comparison of total tannins between A. rigidula’s and 
A. berlandieri’s extracts and the isolation of tannins is of 
interest. Tannin compounds have been noted to possess 
antibacterial, antiviral, and inhibitory effects on enzymes 
[37]. Studies have suggested that tannins possess anti-
bacterial capabilities, more specifically and importantly 
on S. aureus. When exposed to several tannins, S. aureus is 
unable to coagulate plasma [38]. Results of our qualitative 
phytochemical analysis revealed that A. rigidula extracts 
exhibited potentially higher amounts of tannins in com-
parison to A. berlandieri. A. berlandieri provided little to no 
evidence when testing for tannins in methanol and acetic 
acid extract. This can attribute to the inhibitory effects of 
all three extracts from A. rigidula, all of which showed anti-
S. aureus activity.

2.4  Chemical analysis

2.4.1  Nuclear magnetic resonance

Nuclear Magnetic Resonance (NMR) is a sensitive and 
powerful method of detecting presence of different pro-
tons depending on their chemical environment. NMR 
can be used to monitor reaction progress and to detect 
the presence of different compounds. A combination of 

non-destructive spectroscopic methods such as IR and 
NMR to detect the small amounts of relatively large molec-
ular weight natural products are commonly preferred [39].

Due to the high polarity of the extracts, deuterated 
water  (D2O) was used as NMR solvent. The residual peak 
for the  D2O solvent showed up at 4.8 ppm. The extracts 
were found to be insoluble in common NMR solvents such 
as chloroform-d  (CDCl3) and benzene-d6  (C6D6). Since 
phytochemical analysis yielded clues for the structure of 
the compounds; the chemical shifts (δ, in ppm) observed 
were used in order to access different types of protons that 
are indicative of the presence of the class of metabolites 
present in the extract. Representative 1H NMR spectra of 
extraction solvents of A. rigidula are reported in Fig. 2. The 
1H NMR spectra for the acetone and methanol extracts 
display peaks around δ 3.3–4.0 ppm due to the presence 
of –OH group and methoxy group (indicative of the pres-
ence of saponins). These peaks conform with the 1H NMR 
spectral data of isolated saponin reported by Sharma and 
Paliwal [25]. The broad peaks associated with OH groups 
seen in the 1H NMR of the acetone and methanol extract 
may be due to the exchangeable nature of such protons. 
Because a protic deuterated solvent was used  (D2O), the 
OH protons exchanged with the deuterium and the peaks 
would appear too broad or disappear entirely, as in the 
case for the acetic acid extract where broad peaks did 
not show up in the 1H NMR spectrum [40]. The peak at 
5.3 ppm, assignable to C=C protons, also appeared for 
both acetone and methanol extracts, conforming with 
the literature [25]. Other than saponins, C=C is part of the 

Table 3  Determination of the presence of secondary metabolites of extracts through qualitative phytochemical tests

The compounds, which were clearly present was symbolized as (+ + +), fairly present as (+ +), slightly present as ( +), whereas negative reac-
tions ( −) represent the absence of those particular compounds in respective extracts. All extracts were negative for alkaloids and therefore 
are not included in the table

Tests Acacia berlandieri Acacia rigidula

Acetone MeOH Acetic Acid Acetone MeOH Acetic Acid

Diterpenes  +  + 
Green color solu-

tion

 +  +  +  +  + 
Emerald green

 +  +  +  +  +  + 

Sterols/ Triterpe-
nes

 + 
Two phase forma-

tion, no red color

 +  +  + 
Two-phase forma-

tion, with red 
precipitate

 + 
Two-phase forma-

tion, no red color

 + 
Two-phase forma-

tion, slight red

 +  +  + 
Two-phase forma-

tion, with red 
precipitate

 + 
Two-phase for-

mation, no red 
color

Phenols  +  +  + 
Dark blue green 

color

 +  +  + 
Dark blue green 

color

 +  +  + 
Dark blue green 

color

 +  +  + 
Dark blue green 

color

 +  +  + 
Dark blue green 

color

 +  +  + 
Dark blue green 

color
Tannins  +  +  + 

Blue-black color
–
No color change

 + 
Slightly dark color

 +  +  + 
Blue black color

 +  +  + 
Blue black color

 +  +  + 
Blue black color

Flavonoids  +  +  + 
Blue green color

 +  +  + 
Blue green color

 +  +  + 
Blue green color

 +  + 
Blue green color

 +  +  + 
Blue green color

 +  +  + 
Blue green color

Saponins  +  +  + 
1 cm foam layer

 +  +  + 
1 cm foam layer

 +  + 
1 cm foam layer

 +  +  + 
1 cm foam layer

 +  + 
1 cm foam layer

 +  +  + 
1 cm foam layer



Vol.:(0123456789)

SN Applied Sciences (2021) 3:522 | https://doi.org/10.1007/s42452-021-04513-8 Research Article

chemical structure of natural products that showed posi-
tive qualitative phytochemical tests such as linoleic acid 
and/or terpenes.

Signals between the regions of 6.5–7.5 ppm are associ-
ated with the aromatic protons and are present in both the 
acetone and methanol extracts. Furthermore, the results of 
our experiment are comparable to those of Buchanan et al. 
[41] where the presence of aromatic rings in A. confusa 
were detected using 1H NMR spectroscopy. The isolation 
and purification of the extracts is highly recommended in 
order to confirm the results of our experiment.

The results from our study identified potential chemical 
structures of secondary metabolites that were also qualita-
tively determined in the phytochemical analysis. The next 
two analytical techniques further support the presence of 
the secondary metabolites reported in all three extracts, as 
qualitatively determined by our phytochemical analysis.

2.4.2  Ultraviolet–visible spectroscopy

Ultraviolet–Visible (UV–Vis) spectroscopy allows for the 
determination of presence of conjugated organic com-
pounds in unknown extracts. The qualitative UV–Vis 
spectroscopy profile of all three extracts of A. rigidula was 
selected at a wavelength between 200 to 450 nm. The 
UV–Vis profile of the acetone extracts showed peaks at 
215, 235, 260, 270, 290, 310, and 325 nm with the absorp-
tion 4.523, 10.000, 10.000, 10.000, 10.000, 3.676, and 3.232, 
respectively (Fig. 3). The absorbance values of each peak 
were greater than 1.000 and this can be attributed to how 
concentrated the extracts were. As a result, in the UV–Vis 
spectra there is an appearance of one or more peaks in the 
region from 200 to 400 nm with high absorbance values, 
which is indicative of the presence of conjugation, unsatu-
rated groups, and/or heteroatom such as oxygen [42]. The 

results of this profile provide characteristics for phenols 
and its derivatives such as flavonoids and saponins [43].

The spectrum for A. rigidula acetone extract shows 
multiple peaks within these exact parameters. More so, 
flavonoids typically consist of two absorption maxima 
in the ranges 240–285  nm (band I) and 300–350  nm 
(band II) for the aromatic rings present in flavonoids [43]. 
UV–Vis analysis reported on two species belonging to the 
Fabaceae family, Acacia raddiana and Meizotropis pellita, 
support the findings from this study [43, 44]. Results on 
these two species presented similar chemical characteris-
tics that relate to those found in flavonoid derivatives [43, 
44]. UV–Vis spectra of M. pellita displayed peaks at 235 and 
270 nm, while the spectra for A. raddiana showed a peak at 
272 nm, both of which are associated with the bands that 
correspond with flavonoids and are shown in the results 
of this study. The findings from UV–Vis analysis were fur-
ther supplemented with the analytical technique known 
as infrared (IR) spectroscopy.

2.4.3  Infrared spectroscopy

Infrared spectroscopy was performed to determine the 
functional groups present in all three extracts of leaves 
of A. rigidula. The results obtained in the infrared region 
enable the identification of the chemical constituents and 
insights of the functional groups in the structures of com-
pounds present. A stack of IR spectra is illustrated in Fig. 4. 
The acetone extract displayed an absorption at 3263  cm−1 
that is due to the stretching of hydroxyl groups (O–H) pre-
sent in the extract. The strong peak at 2927  cm−1 is com-
mon for hydrocarbons or organic compounds and due to 
C-H stretch. The peaks obtained at 1702  cm−1 indicates the 
presence of C=O stretching (carboxylic acids for linoleic 
acid and saponins, ketones for flavonoids, and ester for 

Fig. 2  1H NMR spectra of Acacia rigidula’s acetone, methanol, and acetic acid extracts in deuterated water  (D2O)f
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Fig. 3  Ultraviolet–visible 
spectra of Acacia rigidula’s 
acetone, methanol, and acetic 
acid extracts
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tannins), while the peak at 1031  cm−1 is associated with 
C-O of esters (e.g., tannins) and/or ether (flavonoids/fla-
vone/isoflavone/flavonol). The peaks at 1606  cm−1 and 
1442  cm−1 is due to C=C stretching associated with the 
unsaturated alkene and aromatic skeletal mode of the 
extracts, respectively .

The results from other studies of M. pellita and A. rad-
diana both confirmed the presence of alcohols, carboxylic 
acids, and aromatic compound through the use of infrared 
spectroscopy to elucidate structural compounds in their 
extracts [43, 44]. IR spectra of both A. raddiana and M. 
pellita displayed stretches produced by hydroxyl groups 
between 3269.21  cm−1 and 2249.81  cm−1, respectively. 
Methylene stretches in both species were seen between 
the wavenumbers of 2927–2031  cm−1, and C = O stretches 
between 1649.80–1691.20  cm−1.

2.5  Antioxidant assay

Oxidative damage by free radicals plays a critical role in 
the pathogenesis of human diseases, including cancer, 
emphysema, and neurodegenerative diseases such as Alz-
heimer’s disease [45]. Therefore, the identification of exog-
enous antioxidants to overcome the toxicity generated 
by free radicals is of high interest. In this experiment, the 
antioxidant activity in A. rigidula and A. berlandieri extracts 
were determined. The ferric thiocyanate method was used 
to assess the ability of all extracts to prevent oxidation. 
The antioxidant activity of all three extracts were deter-
mined using ferric thiocyanate by measuring the percent 
inhibition of linoleic acid oxidation (Fig. 5). Linoleic acid 

is a polyunsaturated fatty acid and under peroxidation, 
super radicals are formed that oxidizes  Fe2+ to Fe 3+ which 
forms a complex with  SCN− and its concentration can be 
determined by measuring its absorbance at 500 nm [46].

Our preliminary results from the antioxidant assays 
showed that the acetic acid extracts from neither A. rigid-
ula nor A. berlandieri did not show promising antioxidant 
activity. Thus, only the comparison among A. rigidula’s 
and A. berlandieri’s acetone and methanol extracts were 
done. A. rigidula’s acetone extract exhibited the signifi-
cantly (p < 0.001) highest inhibition of peroxidation, 42%. 
While a 25%, 19%, and 13% inhibition were observe for A. 
rigidula’s methanol extract, A. berlandieri ‘s acetone and A. 
berlandieri ‘s methanol extracts, respectively. All extracts 
were compared to the positive controls, BHT and ascorbic 
acid, where both showed inhibition of peroxidation of 70% 
and 69%, respectively. All extracts exhibited a significant 
difference (p < 0.001) of percent inhibition of oxidation 
compared to one another and the negative control, lin-
oleic acid. A study performed by Sultana et al. [29] found 
a higher antioxidant activity in A. nilotica’s acetone and 
methanol extracts which reported inhibition of peroxida-
tion of 75–86%. However, they used bark extracts, and our 
study used leaf extracts.

The observed antioxidant activity in our Acacia 
extracts could be attributed to secondary metabolites 
namely flavonoids, terpenes, saponins, and tannins that 
were determined to be present in these extracts. We can 
only assume that A. rigidula acetone extracts significant 
antioxidant activity could be attributed to terpenes 
and tannins that were qualitatively higher in A. rigidula 

Fig. 5  Antioxidant properties 
of A. berlandieri and A. rigidula 
extracts (5 mg/25 mL) deter-
mined by ferric thiocyanate 
method. Positive controls 
(BHT and ascorbic acid) and 
negative control (linoleic acid) 
were used to compare results 
from each extract. Duncan’s 
Multiple Range Test indicated a 
significant difference as shown 
by the non-overlapping con-
fidence intervals. Mean values 
are from three replicates run in 
quadruplets
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compared to A. berlandieri. Terpenes, tannins, flavonoids, 
and saponins are secondary metabolites known to con-
tribute to antioxidant activities. These secondary metab-
olites were also present in the Acacia extracts as shown 
by our phytochemical analysis, and were suggested to 
be the major secondary metabolites from the results 
of chemical analysis. Thus, the quantitative determina-
tion of terpenes and tannins, as well as flavonoids and 
saponins will potentially explain the higher antioxidant 
activity observed in A. rigidula. Likewise, a nuanced cor-
relation analysis based on the total quantity of each of 
those secondary metabolites and results of antioxidant 
assays may also be able to tease out and explain the dif-
ference in antioxidant activities between the species and 
among extracts.

3  Experimental section

3.1  Chemicals

Acetone, methanol, acetic acid, dimethyl sulfoxide (DMSO), 
and ethanol were purchased from Fischer Scientific (Fair 
Lawn, New Jersey). Linoleic acid, butylated hydroxytolu-
ene (BHT), ascorbic acid, hydrochloric acid, and ammo-
nium thiocyanate were acquired from Sigma-Aldrich (St. 
Louis, Missouri). Ferrous chloride was purchased from 
Ricca Chemical Company (Arlington, Texas). Sodium 
phosphate monobasic dihydrate and sodium phosphate 
dibasic, 7-hydrate crystal were purchased from Avantor 
Performance Materials, Inc. (Center Valley, Pennsylvania).

3.2  Plant collection

Fresh leaves (the specimens) of A. berlandieri and A. rigid-
ula were collected at Texas A&M International University 
(TAMIU) campus with respective coordinates (27°34′27′’N, 
99°25′56′’W and 27°34′26′’N, 99°25′55′’W) in September 
to November, 2019. The specimens’ identities were con-
firmed by TAMIU Department of Biology’s ecologist, Dr. 
Neal McReynolds. Voucher specimens of A. berlandieri 
(accession number WSCO 004,009) and A. rigidula (acces-
sion number WSCO 004,010) were deposited at Mary 
Carver Hall Herbarium at Weber State University (WSCO). 
The specimens’ identities were authenticated by WSU 
botanist and herbarium curator, Dr. James Cohen. For this 
study, two trees (one from each species) were sampled 
whereby each tree was sampled for its leaves on three dis-
tinct frontages (i.e., northern, western, and eastern front-
age of the tree). For every sample, 30 g of plant leaves were 
collected and stored in labeled bags. In total, six samples 

were collected for sequential extraction. After plant sam-
ples were collected, they were stored at −20 °C, freeze 
dried and grounded into a powder consistency using a 
coffee blender.

3.3  Crude extraction

Each powdered plant sample of A. berlandieri and A. rigid-
ula was extracted separately with different organic sol-
vents based on the increasing polarity order of acetone 
(30%) < methanol (20%) < acetic acid (7%); and a 1:10 mass: 
volume ratio. One of the secondary metabolites likely pre-
sent in our Acacia leaf extracts are phenolic compounds, 
and the previously used solvents for their extractions are 
methanol, acetone, ethanol and a form of acid [47, 48]. 
Thus, those three solvents were used in our extraction 
procedure. In addition, solvent polarity plays a key role in 
increasing phenolic solubility. The combination of water 
and acetic acid has been shown to extract bioactive com-
pounds with antioxidant capacity, specifically flavonoids 
and alkaloids [49, 50].

Each sample was homogenized separately in each sol-
vent with shaking (VWR S-500 Orbital Shaker) for 48 h at 
350 rpm. Following the 48 h shaking, the homogenate was 
centrifuged at 3000 rpm for 20 min (Beckman GS-15 Series 
Centrifuge) and the supernatant was collected and evapo-
rated for the respective solvent using a Hei-VAP Precision 
rotary evaporator and finally lyophilized (Labconco 2.5 L) 
[31]. The product after lyophilization was designated as 
the extract. The extract was stored in a −20 °C freezer for 
future use. After centrifugation, the remaining pellet was 
added to the next solvent for extraction. The extracts were 
then tested for their antimicrobial activity.

3.4  Microbial cell culturing

The microorganisms tested for antibacterial activity 
were purchased from Presque Isle Cultures namely: Yers-
inia enterocolitica (Cat# + 330), Escherichia coli (Cat#336), 
Staphylococcus aureus (Cat# + 4651), Providencia alcalifa-
ciens (Cat#368), Enterobacter aerogenes (Cat#341), Serratia 
marcescens (Cat#3612), Klebsiella pneumonaie (Cat# + 344), 
Pseudomonas aeruginosa (Cat# + 99), and Enterococcus fae-
calis (Cat# + 522A). Following the instructions of the man-
ufacturer, Mueller Hinton (MH) agar (HiMedia No. 2) was 
prepared and sterilized by autoclaving. Streak plating was 
performed to prepare master plates and a single colony of 
each microorganism was used to prepare overnight cul-
tures for the disc diffusion assay.
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3.5  Bacterial inoculum preparation

Miller’s LB Broth (Amresco) was prepared following the 
instruction of the manufacturer and 2 mL were added to 
each test tube that were sterilized by autoclaving. A single 
colony of each bacterium, grown in MH culture plates, was 
transferred into each LB broth tube. Cultures were incu-
bated in a water bath shaker at 37 °C for 16–18 h. Follow-
ing incubation, the turbidity of each LB Broth was diluted 
with sterile water to an absorbance level of 0.132 ± 0.005 at 
625 nm. This level is optically comparable to the 0.5 McFar-
land standards. A spectrophotometer (Bausch and Lomb, 
Model Spectronic 20) was used to adjust the absorbance 
of the suspension. This yielded a bacterial suspension of 
approximately 0.5–1.0 ×  108 CFU/mL [51].

3.6  Testing for antibacterial activity

3.6.1  Disc diffusion assay

Antibacterial activity of leaf extracts was tested by using 
the disc diffusion method. Using Mueller Hinton agar, 
the presence of a zone of inhibition (ZOI; mm) indicated 
antibacterial activity by the plant extracts. From diluted 
bacteria in the LB broth tubes, 100 uL were inoculated to 
Mueller Hinton agar plates. Bacteria were spread onto the 
plate using a sterilized L-shaped rod, while being rotated 
15 times clockwise on a platform, to ensure equal distri-
bution of the inoculum. Sterile Whatman 6 mm antibiotic 
assay discs were impregnated with 20 μL of the lyophilized 
plant extracts dissolved in dimethyl sulfoxide (DMSO) at 
a concentration of 0.5 mg/μL. DMSO is the solvent used 
to prepare the extract solutions. DMSO also served as the 
negative control, as it has no ability to inhibit bacterial 
growth.

The following antibiotic discs were used as the antibi-
otic positive controls for the following bacteria: (1) 10 μg 
of vancomycin (Carolina Biological) was used against P. 
aeruginosa, K. pneumonaie, S. aureus, and E. faecalis; while 
(2) 10 μg of ciprofloxacin (Carolina Biological) was used 
against E. coli, Y. enterocolitica, E. aerogenes, P. alcalifaciens 
and S. marcescens. After completing the disc diffusion 
assay, plates were incubated at 37 °C for 18–20 h. After 
incubation, presence of a ZOI and its diameter (largest 
and smallest) were measured in millimeters using a Ver-
nier caliper. The test was replicated three times and each 
replicate with three trials for the determination of anti-
bacterial activity.

3.6.2  Statistical analysis

For each of the nine bacteria, an analysis of variance asso-
ciated with a 2 × 3 factorial experiment was performed. In 

this experiment, species (factor 1) had 2 levels, namely: 
A. berlandieri and A. rigidula; and solvents (factor 2) had 
3 levels namely: acetone, methanol and acetic acid. To 
compare the 2 × 3 treatment combinations to both posi-
tive ( +) and negative (−) controls, a mean comparison was 
performed among the 2 × 3 = 6 treatment combinations 
and the two controls. The plant species x solvent extracts 
were randomly allocated within each of the three front-
ages. Each treatment was given a number and using a ran-
dom number generator, this designated the placement of 
each extract. In all analyses, a type-I error rate of α = 0.01 
(or 1%) was used.

3.7  Minimum inhibitory concentration

Minimum inhibitory concentrations (MIC) values of Acacia 
extracts were determined by broth micro-dilution method 
[31]. Glycerol stocks of S. aureus, E. faecalis, Y. enterocolitica 
and P. alcalifaciens were grown in sterile Mueller Hinton 
Broth (MHB) overnight and diluted to a McFarland Stand-
ard of 0.5 at  OD625. Antibiotic serial dilutions (0–0.512 gµ/
mL) were prepared in MHB from the antibiotic stock solu-
tion and pipetted into columns 1–10 in a 96-well plate. A 
two-fold serial dilution of acetone and methanol extracts 
for both species (0.29 mg/mL-150 mg/mL) were prepared 
in the 96-well plate from a stock of 300 mg extract per 
mL of DMSO. Seventy-five µL of the antibiotic and extracts 
were dispensed into all wells of a 96-well plate. Seventy-
five µL of the diluted bacteria was added into wells of 
columns 1 to 11. Column 11 was utilized as a growth con-
trol while column 12 was used as a broth sterility control. 
Plates were incubated at 37 °C for 18–20 h. The lowest 
concentration that had no visible growth after 18–20 h of 
incubation was considered the MIC. MIC assays were con-
ducted with 3 replications (blocks) Each replication/block 
experiment was conducted in triplicates.

3.8  Qualitative phytochemical analysis

Each extract was subjected to a standard protocol for 
phytochemical screening to identify the presence of alka-
loids, phenols, tannins, diterpenes, triterpenes, saponins, 
and flavonoids by standard protocols [52–54]. The results 
were graded on a scale that ranges from the absence 
(symbolized by a “–– “) of the respective metabolite, to 
the presence + (which defines minimal or slightly pre-
sent), +  + (intermediate or fairly present) and +  +  + (defi-
nite or clearly present).

3.9  Chemical analysis

Reagents and deuterated NMR solvents were obtained 
from commercial sources and used as received. 1H NMR 
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spectra were recorded on a Bruker 300 MHz AVANCE I 
spectrometer with a quattro nucleus probe (QNP). Proton 
chemical shifts were given in δ values (ppm) using  D2O as 
solvent at room temperature. UV–Vis single beam spectro-
photometer Agilent Cary 60 UV–Vis Spectrophotometer 
was used for the absorbance measurements in the range 
200–800 nm using water as solvent at room temperature. 
All measurements were repeated at least thrice to ensure 
reproducibility. Solid state IR spectra were recorded on a 
Varian 640-IR with single bounce ZnSe ATR cell spectrom-
eter and υmax are partially reported  (cm–1). The solid sam-
ples were pressed against the diamond crystal using the 
attached pressure clamp.

3.10 Testing for antioxidant activity.

3.9.1  Ferric thiocyanate method

The antioxidant activity of leaf extracts was also deter-
mined in terms of measurement of percent inhibition of 
peroxidation in linoleic acid system following a reported 
method by Sultana et  al. [29]. Extracts (5  mg) of each 
treatment were added to a solution mixture of linoleic 
acid (0.13 mL), 99.8% ethanol (10 mL) and 10 mL of 0.2 M 
sodium phosphate buffer (pH 7). Total mixture was diluted 
to 25 mL with distilled water. The solution was incubated 
at 40 °C for 15 days and the degree of oxidation was meas-
ured following ferric thiocyanate method with 10 mL of 
ethanol (75%), 0.2 mL of an aqueous solution of ammo-
nium thiocyanate (30%), 0.2 mL of sample solution and 
0.2 mL of ferrous chloride  (FeCl2) solution (20 mM in 3.5% 
HCl) being added sequentially. After three minutes of 
stirring, the absorption values of mixtures measured at 
500 nm were taken as peroxide contents. BHT and ascor-
bic acid were used as positive controls while a mixture 
without plant samples was used as the negative con-
trol. Percent inhibition of linoleic acid peroxidation, 100 
– [(Abs. increase of sample at 360 h/Abs. increase of con-
trol at 360 h) × 100], was calculated to express antioxidant 
activity.

3.9.2  Statistical analysis

Statistical comparison was performed using a one-way 
analysis of variance followed by Duncan’s multiple range 
test (DMRT) for mean comparison. The three crude extracts 
of A. rigidula, acetone, methanol, and acetic acid, were 
used to compare the antioxidant activity against two posi-
tive controls, BHT and ascorbic acid, and a negative con-
trol, linoleic acid. Each analysis was used to determine the 
significant differences among means from three replicates 
run in quadruplets at p < 0.05.

4  Conclusion

This study has determined presence of antibacterial and 
antioxidant activities in A. berlandieri and A. rigidula leaf 
extracts. When comparing both species, extracts of A. rigid-
ula have significantly (p < 0.001) higher antibacterial and 
antioxidant activities than extracts of A. berlandieri. NMR, 
UV–Vis, and IR spectroscopy confirmed the presence of the 
secondary metabolites that showed positive results in the 
qualitative phytochemical analysis. The secondary metab-
olites potentially contributing to the observed biological 
activities in the Acacia leaves understudy are terpenes, 
tannins, flavonoids and saponins. The results of this study 
provide a basis for further investigations of the A. rigidula 
leaf extracts. A. rigidula leaf extracts have potential to serve 
as a source of novel antimicrobial and antioxidant agents.
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