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Abstract: The incidence of resistance to commonly used antimicrobial agents by microbial pathogens
demands increased effort in the development of effective ways of treating infections and diseases.
The n-hexane fraction of lyophilized crude bark extract of Parkia biglobosa (Jacq.) was prepared
and, in combination with selected antibiotics, assayed for antimicrobial activity against some
selected bacterial pathogens using time-kill assay. Protein leakage analysis of the combined
agents was performed using Bradford protein quantification method. Determination of active
compounds present in the n-hexane fraction was done using Fourier Transform Infrared Spectroscopy
(FTIR). While time-kill assay detected 43.33% synergy; 56.67% indifference and no antagonism
at 1/2 × minimum inhibitory concentration (MIC), 1 ×MIC exhibited 55% synergy, 45% indifference
and no antagonism. Protein leakages from the cells of selected bacteria ranged from 1.20 µg/mL
to 256.93 µg/mL. The presence of a phenyl group, an aromatic ring and phenolic compounds
in the n-hexane fraction was confirmed at 2162 cm−1–2020 cm−1, 1605 cm−1–1533 cm−1 and
1438 cm−1–1444 cm−1 spectra peaks, respectively. The observed antibiotic−n-hexane fraction
synergistic interaction revealed the improved antibacterial activity of the selected antibiotics. Hence,
exploration of a combination of antibiotics with plant secondary metabolites is hereby advocated in
the global quest for means of combating infectious diseases caused by multidrug-resistant pathogens.

Keywords: synergy; antimicrobial; pathogens; n-hexane fraction; time-kill assay; protein leakage;
Fourier transform infrared spectroscopy (FTIR)

1. Introduction

Infectious diseases cause a high level of morbidity and mortality of humankind, especially
in developing countries [1]. The discovery of antibiotics was thought to be an absolute solution
to the problem of infectious diseases until the emergence of bacterial strains with resistance to the
antibiotics [2,3]. A number of new antibacterial drugs has been produced by pharmaceutical companies
to combat the menace of infections caused by pathogens in the recent past, but resistance to these
antibacterial drugs has been increasing and has thus become a global concern [1,4,5]. Although
antimicrobial resistance may not be new, the increasing number of organisms that are resistant to a
particular drug, geographical sites affected by such resistant pathogens, the unparalleled mounting
and diverse resistance harbor by a single pathogen, as well as the commonness of antibiotic-resistant
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bacterial infections in clinical settings call for a quick discovery for new drugs or new ways of
treating infections [2,6,7]. Immune-compromised and cancer patients often suffer serious medical
complications due to multidrug-resistant bacteria, and such incidences have been on the rise for
the last few years [5,7]. The resistance by pathogens to drugs always impaired the effectiveness of
antimicrobial agents, leading to significant increase in illnesses and death rate [8]. The intricacies
involved in developing and deploying a new drug for human use is enormous, but when such a drug
finally is developed and deployed, the appearance of resistant microbial strains to this new drug
within a few years after its first clinical use is also a big challenge to public health [9]. The problem of
antibiotics resistance has led to re-emergence of infections which were thought to have been controlled
by antibiotics in new forms of resistant dynamics [10–12]. Thus, a global search for new drugs and/or
new ways of combating this menace caused by drug-resistant bacteria is imperative [13,14]. To tackle
the challenge, the inhibitory effect of secondary metabolites on the multidrug-resistance efflux pump
found in most resistant bacteria has been explored and the findings suggest that they could be an
excellent enhancer of an antibacterial drug’s activity [15]. The World Health Organization (WHO)
has also emphasised that medicinal plants are one of the best sources to obtain a variety of drugs [5].
Factors such as cost implication of some orthodox drugs, resistance of pathogens to available drugs,
cultural beliefs in addition to the search for cures for some presently incurable diseases, have raised
the global renaissance in the use of herbal preparations, with their gradual integration into the primary
and secondary healthcare systems of some developing countries [16]. The success over the years in
folk medicine as a means of keeping the human population healthy has led to the inauguration of
traditional medicine strategy programs that will span from 2014 to 2023 by WHO [17].

Exploration of herbs and higher plants for antimicrobial biomolecules and formulation of new
synergistic combinations using two commercially available antibiotics or to combine an antibiotic
with natural antimicrobial plant products are two promising ways that have been proposed as
a remedy to infections associated with multiple drug-resistant (MDR) bacterial strains [4,18–20].
The advantages of antimicrobial combination therapy involving biomolecules could include treatment
of mixed infections, therapy for acute and critical infections caused by known etiological agents,
augmentation of antibacterial activities, reduction of the time needed for developing long-term
antimicrobial agents and prevention of resistant microbes [21,22]. Furthermore, this kind of therapy
may involve protection of an active substance from degradation by enzymes, facilitate transport across
barriers such as cell and organelle walls, overcome multidrug-resistance mechanisms or provide
other signals to the host’s cells that result in higher efficacy of the crude drug when combined with a
synthetic drug [23]. Although combination therapy has been reported to be beneficial, there is a need to
investigate a combination of antimicrobial agents that will yield synergism, indifference or antagonism.
This need is the result of non-synergistic responses observed in some combination therapies as seen
in the case of penicillin−chlortetracycline combination therapy for pneumococcal meningitis which
resulted in a lower response rate than that obtained with individual antibiotics [24].

Furthermore, a secondary metabolite from some plants has been found to potentiate the efficacy
of synthetic antibiotics when they are combined [13]. Although combination therapy with existing
antibiotics is not new, combination therapy between secondary metabolites and antibiotics can
potentially reduce the multiple side effects of combining synthetic drugs. Toxicity assay has shown
that antibiotics (especially synthetic ones) are toxic to humans. Although the toxicity of some of
the antibiotics is within the permissible range for humans, the level of toxicity could go beyond
the allowable threshold if two or more of these antibiotics are used in combination therapy [25,26].
This envisaged challenge of multiple toxic effects could be addressed by exploring combination therapy
between orthodox drugs and bioactive compounds from medicinal plants [1,3,15]. Also, this could
result in cheaper drug combination therapy that might solve the problem of non-completion of drug
regimens by poor communities of patients who are suffering from diseases which require expensive
drug-combination therapy [4]. Furthermore, antibiotic-bioactive compound combination therapies that
are synergistic will proffer a new method of treating resistant bacterial infections as they are expected
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to (re-)enable the use of antibiotics that are no longer (or less) effective for therapeutic purposes [4].
The successful use of combinations of plant extracts has been observed in anti-infective therapy and
treatment of cancer, HIV, inflammation, stress-induced insomnia, osteoarthritis and hypertension [3,27].
Nevertheless, studies on the synergy between plant extracts and synthetic drugs are limited [3,28,29],
hence the need to explore and discover the synergistic potentials between natural bioactive agents and
synthetic antibiotics in an attempt to combat most pathogens that have developed resistances against
the available antibiotics. Such a discovery will improve the treatment of infectious diseases caused by
multiple drug-resistant pathogens.

The plant Parkia biglobisa used in this study has been reported to possess various folk medicinal
applications, and one such report is that of [30], wherein we demonstrated that bark crude extract and
fractions from the plant exhibited varying degrees of antibacterial activities. This makes the plant a
potential source that could be experimentally examined for combination therapy against infections.
Based on the antibacterial potential of P. biglobosa and its fractions as earlier reported in our article,
this work was designed to investigate the possible synergistic antimicrobial effects of the n-hexane
fraction of Parkia biglobosa bark extract when combined with some selected standard antibiotics,
on some pathogens that are resistant to some available synthetic antibiotics.

2. Materials and Methods

2.1. Plant Sample

The stem bark of Parkia biglobosa used for this study was collected from Ring Road Area Osogbo,
Osun State, Nigeria. It was afterwards identified at the Herbarium of Botany Department, Obafemi
Awolowo University Ile-Ife, Osun State, Nigeria, and a well-prepared voucher specimen was deposited
at the Ife Herbarium under reference Number 16721.

2.2. Drying and Extraction of Crude Extract

The plant bark sample was processed following the method of [31] with little modification.
The stem bark sample was expurgated into small bits, oven dried at 40 ◦C to constant weight and
powdered. About 1500 g of the powder was soaked in 3:2 (v/v) solutions of methanol and sterile
distilled water for four days with regular agitation. The concoction was filtered, concentrated in vacuo
to semi-solid and then lyophilized to obtain 422 g of dried crude extract.

2.3. Solvent Partitioning of the Crude Extract

The stem bark crude extract (100 g) of P. biglobosa was reconstituted in sterile distilled water
(200 mL) in a separatory funnel and extracted with n-hexane (4 × 200 mL). The n-hexane phase
obtained was concentrated to dryness in vacuo and the resulting powder (28.0 g) was kept in an
air-tight container for further use. This procedure was repeated until enough powder of n-hexane
fraction for the synergy assay was obtained.

2.4. Sensitivity Testing of n-Hexane Fraction from Crude Bark Extract of Parkia biglobosa and Standard
Antibiotics on Bacterial Isolates

The vulnerability of bacteria to n-hexane fraction and standard antibiotic was determined using
the bioassay method of [32]. Solutions of a known concentration of selected antibiotics were prepared
while solution of desired concentration of n-hexane fraction was prepared by dissolving its powder in
5% methanol which also served as control. Wells were made with a cork borer on a Mueller Hinton
sterile agar plate that had been seeded with standardized inoculum (106 cfu/mL), and these were
separately filled with 1 mL solution of n-hexane fraction and standard antibiotics. The resulting plates
were allowed to stand at room temperature for 1 h before they were incubated at 37 ◦C for 24 h.
Zones of inhibition were afterwards measured. The results obtained were as reported in [30].
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2.5. Determination of Minimum Inhibitory Concentration (MIC) of n-Hexane Fraction and
Standard Antibiotics

The MICs of the antibacterial agents were determined according to the procedure of [33]. Solutions
of the antibacterial agents were prepared and 2 mL of these agents were added to 18 mL of pre-sterilized
molten nutrient agar to give final desired concentrations. The medium that had been seeded with
the antibacterial agent was afterwards poured into a sterile petri dish and allowed to set. After the
surface was dry enough, 18 h-old standardised inoculum of the test bacterial isolates was streaked on it.
The setup was incubated at 37 ◦C for 72 h and examined for the presence of growth or otherwise.
The MIC was taken as the lowest concentration that inhibits the bacterial growth and the results were
as reported in [30].

2.6. Antibiotic-Extract Combination Experiment

The potentiating power of the n-hexane fraction of P. biglobosa stem bark extract on selected
antibiotics was assessed using the time-kill assay method as described by [34,35]. Conical flasks
containing 50 mL of sterile nutrient broth dosed with n-hexane fraction, antibiotics and their
combinations at 1/2 × MIC and 1 × MIC were inoculated with the standardised inoculum
(~106 cfu/mL) to serve as test experimental setup. To ascertain the authenticity of the observations
made in the course of the experiment, two controls were used. The first control involved the
experimental setup in which diluents were used instead of the antibacterial agents that were tested
in this study while the second control involved experimental setup without test organisms. The first
control was set up to ensure that the experimental setup is devoid of any other antibacterial agents
aside those intended while the second control ensures sterility before the introduction of test bacteria.
Aliquots (100 µL) of the control flasks, as well as those of the test flasks, were taken, serially diluted,
plated on nutrient agar incorporated with 0.5% 2,3,5-triphenyl tetrazolium chloride and incubated
at 37 ◦C for 24 h in order to determine the zero hour counts. Also, the test and control flasks were
immediately incubated at 37 ◦C with shaking at 120 rpm for 24 h. Afterwards, aliquots (100 µL) were
taken from control and each test flask was transferred to recovery medium containing 3% antibacterial
neutralizer (tween 80) and serially diluted in sterile physiological saline before being plated out in
five replicates. The plates were incubated at 37 ◦C for 24 h after which the numbers of colonies were
counted and the mean counts (cfu/mL) for each test and controls were calculated and expressed as
log10. According to [36,37], interactions were considered synergistic when the antibacterial agent
combinations achieved ≥2 log10 cfu/mL decrease in average viable colony counts when compared to
average viable colony count achieved by most active single agents. They were considered additive
or indifferent when the colony count decrease achieved is <2 log10 cfu/mL, and antagonistic when
average colony count of the combination is ≥2 log10 cfu/mL as compared to that achieved by most
active single agents.

2.7. Determination of Protein Leakage

Cells of Ps. aureginosa and E. faecalis from 18 h-old nutrient broth culture were discretely watched
in normal saline (0.9% w/v NaCl). Then 0.5 McFarland standard-washed cell suspensions of the test
bacteria were treated with 1/2 MIC and MIC concentrations of n-hexane fraction, antibiotic and their
combination relative at various time intervals of 15 min for 2 h. Each suspension was then centrifuged
at 7000 rpm and supernatant collected was assayed for protein using Bradford protein quantification
method [38]. Bradford reagent (0.4 mL) was added to 1.6 mL of the supernatant solution (0.2 mL
supernatant plus 1.4 mL sterile distilled water) to make 2 mL reaction volume. The optical density of
each of the reaction mixes was taken at 595 nm after 5 min using spectrophotometer and corresponding
protein concentration was extrapolated from the equation of best-fit linear regression line of the Bovine
Serum Albumin (BSA) standard curve.
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2.8. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was carried out on bulked n-hexane fraction of P. biglobosa stem bark extract showing strong
activity against the test organism in order to identify possible compounds in the fraction following
standard procedures as described by [39,40]. A 3 mm translucent sample disc of dried n-hexane fraction
(10 mg) was prepared by encapsulating it in 100 mg of KBr salt pellet. The disc was immediately
placed in the sample holder of the FTIR spectrophotometer (Perkin Elmer System 2000) and infrared
(IR) spectra were recorded in the absorption range of 4000–450 cm−1.

3. Results

3.1. Determination of Antibacterial Activities and Minimum Inhibitory Concentrations (MICs) of the n-Hexane
Fraction and Standard Antibiotics on Bacterial Isolates

The sensitivity testing and minimum inhibitory concentration (MICs) results of crude extracts,
fractions and selected antibiotics has been published in our article [30] (Tables 3 and 4) with n-hexane
fraction exhibiting strong antibacterial activities.

3.2. Synergy Experiment (The Time-Kill Assay)

Figures 1 and 2 below show the trends observed as regards to colony counts after the expiration
of time-kill assay experiment. One-way ANOVA test carried out shows that the mean colony counts
differences observed after the exposure of the test organisms to the various antibacterial agents were
significantly different at a p value of 0.05. The mean bacterial counts achieved by the antibacterial
agents were further subjected to Tukey’s post hoc test at a p value of 0.05. A few of the bacterial counts
were not significantly different when compared using the test: TET vs. N-HEX + TET against M. luteus
and B. subtilis, N-HEX vs. TET + N-HEX against K. pneumoniae, STREP vs. N-HEX + STREP against
B. subtilis, N-HEX vs. N-HEX + STREP against K. pneumonia, PEN vs. N-HEX + PEN against B. subtilis,
N-HEX vs. N-HEX + PEN against K. pneumonia, N-HEX vs. N-HEX + AMP against K. pneumonia
and AMP vs. N-HEX + AMP against E. coli at 1 ×MIC. At 1/2 ×MIC, the colony counts that were
not significantly different when compared were TET vs. TET + N-HEX against B. subtilis, N-HEX vs.
N-HEX + STREP against B. subtilis, N-HEX vs N-HEX + STREP against B. subtilis, N-HEX vs. N-HEX +
PEN against K. pneumonia, and N-HEX vs. N-HEX + AMP against K. pneumonia. More than 91% of
instances of non-significance in a mean difference of colony counts achieved by antibacterial agents
was particular to K. pneumonia and B. subtilis, while less than 9% was for E. coli. This shows that one of
the agents achieved mean colony counts similar to combinations of those instances, as is clearly shown
in Figures 1 and 2.

The time-kill effect of combinations of the n-hexane fraction of P. biglobosa stem bark extract and
antibiotics is shown in Tables 1 and 2. The fraction showed the ability to improve the antibacterial
effect of the antibiotics on both Gram-positive and Gram-negative bacteria. The highest reduction in
cell density of 3.98 ± 0.00 log10 was observed against B. stearothermophillus when n-hexane fraction
and tetracycline were combined at 1 ×MIC values. At the 1/2 ×MIC level, 43.33% synergy, 56.67%
indifference, and no antagonism were observed, whereas at the 1 × MIC level, 55% synergy, 45%
indifference, and no antagonism were observed. Overall, synergistic response constituted about 49.17%
of all forms of combinations of extract and antibiotics against all test isolates; antagonism was not
detected among the 120 tests carried out.
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Figure 2. Trend of mean colony counts achieved by single and combined antibacterial agents
at 1/2 × MIC. Key: BA = B. anthracis, PA = Ps. aureginosa, BST = B. stearothermophillus,
BC = B. cereus, BP = B. polymyxa, CP = C. pyogenes, PF = Ps. fluorescence, CS = C. sporogenes,
ML = M. luteus, EF = E. faecalis, SA = Staph. aureus, BS = B. subtilis, KP = K. pneumoniae,
EC= E. coli, PV = P. vulgaris, n-hex = n-hexane fraction, Strep = streptomycin, Tet = tetracycline,
AMP = ampicillin, Pen = penicillin.
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Table 1. In vitro activity of n-hexane fraction-antibiotic combination at MIC level against test bacterial
isolates. (Reduction in bacterial counts ((log10 CFU/mL ± SD) ** of combined agents compared with
the two antimicrobial agents used alone).

Bacterial Isolates TET + N-HEX STREP + N-HEX PEN + N-HEX AMP + N-HEX

B. anthracis (LIO) −2.86 ± 0.01(S) −2.81 ± 0.02(S) −1.34 ± 0.10(I) −2.80 ± 0.17(S)
Ps. aureginosa (NCIB 950) −0.70 ± 0.05(I) −0.32 ± 0.05(I) −0.49 ± 0.05(I) −0.52 ± 0.05(I)

B. stearothermophillus (NCIB 8222) −3.98 ± 0.00(S) −2.07 ± 0.10(S) −2.91 ± 0.10(S) −3.01 ± 0.13(S)
B. cereus (NCIB 6349) −0.93 ± 0.17(I) −2.73 ± 0.09(S) −2.27 ± 0.16(S) −2.17 ± 0.11(S)

B. polymyxa (LIO) −2.96 ± 0.22(S) −3.57 ± 0.14(S) −1.90 ± 0.01(I) −2.27 ± 0.13(S)
C. pyogenes (LIO) −0.35 ± 0.04(I) −2.87 ± 0.10(S) −2.22 ± 0.06(S) −2.78 ± 0.17(S)

Ps. fluorescence (NCIB 3756) −0.56 ± 0.14(I) −3.34 ± 0.10(S) −2.90 ± 0.04(S) −2.13 ± 0.10(S)
C. sporogenes (NCIB 532) −2.11 ± 0.14(S) −2.29 ± 0.10(S) −2.15 ± 0.10(S) −1.45 ± 0.08(I)

M. luteus (NCIB 196) −0.45 ± 0.14(I) −1.68 ± 0.10(I) −0.28 ± 0.06(I) −2.29 ± 0.27(S)
E. faecalis (NCIB 775) −3.15 ± 0.01(S) −3.88 ± 0.11(S) −1.46 ± 0.14(I) −3.46 ± 0.17(S)

Staph. aureus (NCIB 8588) −3.65 ± 0.19(S) −3.55 ± 0.11(S) −3.83 ± 0.17(S) −1.82 ± 0.04(I)
B. subtilis (NCIB 3610) −0.05 ± 0.00(I) 0.01 ± 0.04(I) 0.26 ± 0.01(I) −0.81 ± 0.05(I)

K. pneumoniae (NCIB 418) −0.38 ± 0.38(I) −0.17 ± 0.17(I) −0.97 ± 0.97(I) −0.33 ± 0.33(I)
E. coli (NCIB 86) −0.53 ± 0.06(I) −1.08 ± 0.12(I) 0.63 ± 0.04(I) −1.28 ± 0.06(I)
P. vulgaris (LIO) −2.76 ± 0.17(S) −2.87 ± 0.13(S) −2.61 ± 0.10(S) −2.46 ± 0.08(S)

Key: NCIB = National Collection of Industrial Bacteriology, LIO = Locally Isolated Organisms, TET = tetracycline,
PEN = penicillin G, STREP = streptomycin AMP = ampicillin, N-HEX = n-hexane fraction; S = synergy,
I = indifference, ** = Mean of five replicates.

Table 2. In vitro activity of n-hexane fraction-antibiotic combination at 1/2 ×MIC level against test
bacterial isolates. (Reduction in bacterial counts (log10 CFU/mL± SD) ** of combined agents compared
with the two antimicrobial agents used alone).

Bacterial Isolates TET + N-HEX STREP + N-HEX PEN + N-HEX AMP + N-HEX

B. anthracis (LIO) −2.18 ± 0.01(S) −2.21 ± 0.14(S) −1.55 ± 0.03(I) −2.08 ± 0.10(S)
Ps. aureginosa (NCIB 950) 0.31 ± 0.05(I) −0.10 ± 0.03(I) −0.35 ± 0.04(I) −0.29 ± 0.02(I)

B. stearothermophillus (NCIB 8222) −2.75 ± 0.00(S) −2.00 ± 0.10(S) −2.15 ± 0.10(S) −2.28 ± 0.13(S)
B. cereus (NCIB 6349) −0.86 ± 0.04(I) −2.01 ± 0.09(S) −2.25 ± 0.11(S) −1.93 ± 0.11(I)

B. polymyxa (LIO) −2.38 ± 0.10(S) −2.63 ± 0.14(S) −1.64 ± 0.03(I) −2.00 ± 0.65(S)
C. pyogenes (LIO) −0.18 ± 0.03(I) −2.78 ± 0.09(S) −2.14 ± 0.08(S) −2.47 ± 0.11(S)

Ps. fluorescence (NCIB 3756) −0.29 ± 0.02(I) −2.41 ± 0.10(S) −1.80 ± 0.04(I) −1.95 ± 0.12(I)
C. sporogenes (NCIB 532) −1.98 ± 0.14(I) −1.67 ± 0.10(I) −1.86 ± 0.10(I) −0.48 ± 0.08(I)

M. luteus (NCIB 196) −0.22 ± 0.02(I) −1.34 ± 0.08(I) 0.12 ± 0.05(I) −2.01 ± 0.09(S)
E. faecalis (NCIB 775) −2.40 ± 0.01(S) −3.06 ± 0.11(S) −0.53 ± 0.14(I) −3.10 ± 0.17(S)

Staph. aureus (NCIB 8588) −3.32 ± 0.19(S) −2.87 ± 0.11(S) −2.44 ± 0.17(S) −1.45 ± 0.04(I)
B. subtilis (NCIB 3610) 0.00 ± 0.00(I) 0.16 ± 0.04(I) 0.41 ± 0.01(I) −0.77 ± 0.05(I)

K. pneumoniae (NCIB 418) −0.20 ± 0.05(I) 0.42 ± 0.19(I) 0.03 ± 0.15(I) −0.04 ± 0.11(I)
E. coli (NCIB 86) −0.24 ± 0.06(I) −0.52. ± 0.12(I) 0.94 ± 0.04(I) −0.45 ± 0.06(I)
P. vulgaris (LIO) −2.05 ± 0.17(S) −2.10 ± 0.13(S) −1.07 ± 0.10(I) −2.23 ± 0.08(S)

Key: NCIB = National Collection of Industrial Bacteriology, LIO = Locally Isolated Organisms, TET = tetracycline,
PEN = penicillin G, STREP = streptomycin, AMP = ampicillin, N-HEX = n-hexane fraction S = synergy,
I = indifference, ** = Mean of five replicates.

3.3. The Effect of the Combination of n-Hexane Fraction and Streptomycin on Protein Leakage from
E. faecalis Cells

The protein leakage from E. faecalis cells due to the effect of n-hexane fraction, streptomycin and
the combination of the two is shown in Figures 3 and 4. The protein leakages after 15, 30, 45, 60, 75,
90, 105 and 120 min of contact time to E. faecalis with n-hexane fraction were 0.66 ± 0.01, 9.39 ± 0.01,
14.88 ± 0.02, 20.88 ± 0.02, 22.51 ± 0.00, 50.38 ± 0.00, 50.38 ± 0.02, and 99.56 ± 0.00 µg/mL respectively
at 1/2 × MIC. The results of protein leakages by streptomycin for the same time intervals for the
same organism at 1/2 ×MIC were 0.66 ± 0.01, 1.21 ± 0.01, 14.86 ± 0.00, 19.23 ± 0.00, 22.51 ± 0.01,
50.38 ± 0.01, 66.78 ± 0.01 and 93.00 ± 0.05 µg/mL, respectively. When the two antimicrobial agents
were combined, the protein leakages observed at the same order of time interval at concentration
1/2 × MIC were 0.67 ± 0.02, 14.33 ± 0.02, 20.89 ± 0.01, 29.08 ± 0.01, 32.35 ± 0.01, 42.18 ± 0.00,
89.73 ± 0.01 and 191.36 ± 0.01 µg/mL respectively.
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Figure 3. Caption. The effect of n-hexane fraction, streptomycin and their combination
at 1×MIC on protein leakage from Enterococcus faecalis cells. Each point represent the amount of protein
leaked (µg/mL) from the cells at a particular time interval in the presence of the antibacterial agents.
Key: n-hex = n-hexane fraction, strep = Streptomycin.
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Figure 4. Caption. The effect of n-hexane fraction, streptomycin and their combination at 1/2 ×MIC
on protein leakage from Enterococcus faecalis cells. Each point represent the amount of protein
leaked (µg/mL) from the cells at a particular time interval in the presence of the antibacterial agents.
Key: n-hex = n-hexane fraction, strep = Streptomycin.

Furthermore, the protein leakages from E. faecalis at 1 ×MIC for n-hexane fraction at the same
time intervals were 2.29 ± 0.01, 11.04 ± 0.01, 16.51 ± 0.01, 26.34 ± 0.01, 26.34 ± 0.01, 27.43 ± 0.01,
29.09± 0.01, 63.48± 0.01 and 109.39± 0.00 µg/mL, respectively. The protein leakages by streptomycin
at 1 × MIC using the same time intervals were 4.47 ± 0.01, 9.26 ± 0.18, 14.87 ± 0.01, 27.44 ± 0.01,
27.45 ± 0.01, 35.62 ± 0.01, 77.71 ± 0.01, and 115.96 ± 0.01 µg/mL, while the protein leakages by the
combination of n-hexane and streptomycin at 1 ×MIC were 14.86 ± 0.00, 27.44 ± 0.01, 35.63 ± 0.01,
47.10 ± 0.00, 54.76 ± 0.01, 132.34 ± 0.00, 225.79 ± 0.00 and 414.33 ± 0.02 µg/mL respectively.

3.4. The Effect of the Combination of n-Hexane Fraction and Streptomycin on Protein Leakage from
Pseudomonas aureginosa Cells

The protein leakage from Ps. aureginosa cells due to the effect of n-hexane fraction, streptomycin
and the combination of the two is shown in Figures 5 and 6. The protein leakages after 15, 30, 45,
60, 75, 90, 105 and 120 min of contact time of Ps. aureginosa with n-hexane fraction were 1.20 ± 0.00,
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1.21 ± 0.00, 6.11 ± 0.00, 7.75 ± 0.00, 12.68 ± 0.00, 17.60 ± 0.01, 22.51 ± 0.00, 75.72 ± 0.00 µg/mL,
respectively, at 1/2 ×MIC. The results of protein leakages by streptomycin for the same time intervals,
for the same organism at 1/2×MIC, were 1.21± 0.01, 1.21± 0.01, 6.12± 0.01, 13.77± 0.00, 17.59± 0.01,
20.32 ± 0.01, 56.94 ± 0.01 and 67.90 ± 0.01 µg/mL, respectively. When the two antimicrobial agents
were combined, the protein leakages observed for the same order of time intervals at concentration
1/2 × MIC were 1.21 ± 0.01, 1.22 ± 0.02, 13.23 ± 0.01, 20.88 ± 0.01, 23.61 ± 0.01, 102.84 ± 0.00,
117.60 ± 0.01 and 165.13 ± 0.00 µg/mL, respectively.
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Figure 6. Caption. The effect of n-hexane fraction, streptomycin and their combination at 1/2 ×MIC
on protein leakage from Pseudomonas aureginosa cells. Each point represent the amount of protein
leaked (µg/mL) from the cells at a particular time interval in the presence of the antibacterial agents.
Key: n-hex = n-hexane fraction, strep = Streptomycin.

At 1 × MIC concentration, the protein leakages from Ps. aureginosa by n-hexane fraction at
the same time intervals as earlier described were 1.21 ± 0.01, 1.22 ± 0.02, 8.30 ± 0.00, 15.97 ± 0.02,
14.31 ± 0.00, 19.23 ± 0.00, 50.38 ± 0.00 and 106.11 ± 0.00 µg/mL, respectively. At these same
time intervals and at 1 × MIC, the protein leakages by streptomycin were 1.21 ± 0.01, 3.94 ± 0.01,
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13.22 ± 0.00, 19.23 ± 0.00, 19.78 ± 0.01, 27.44 ± 0.01, 61.31 ± 0.01 and 85.36 ± 0.01 µg/mL, while
the protein leakages by the combination of n-hexane and streptomycin at 1 ×MIC were 8.86 ± 0.01,
14.87 ± 0.01, 22.51 ± 0.00, 30.16 ± 0.00, 33.98 ± 0.01, 56.93 ± 0.00, 142.19 ± 0.00 and 256.94 ± 0.01
µg/mL, respectively.

Statistically speaking, both one-way ANOVA test and Tukey’s post hoc test show that the amount
of protein leakages from Ps. aureginosa and E. faecalis at 1×MIC and 1/2×MIC by various antibacterial
agents used in this work are significantly different at a p value of 0.05.

3.5. Fourier Transform Infrared Spectroscopy (FTIR)

The infrared absorption spectra of P. biglobosa n-hexane fraction contain characteristic features
and strong vibrational bands in the region as shown in Figure 7. The various bands for the n-hexane
fraction are 3197, 2162, 2030, 1681, 1605, 1532, 1517, 1444, 1333, 1202, 1102, 1030, 816, 761 and 733 cm−1.Sustainability 2017, 9, 228  11 of 17 
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4. Discussion

Tables 1 and 2 show the results of the combination experiment between the n-hexane fraction
and four selected antibiotics. The MIC values of the antibiotics, as well as those of the n-hexane
fraction, were first determined to serve as reference point for defining the interactions. Going by the
recommendation on MIC breakpoints in relation to the antibiotic used in this study [41,42], the various
bacteria used fall into either resistant or slightly susceptible groups as reported in our article [30].

The combination of antibiotics with bioactive compounds has been reported to have enhanced
the potency of synthetic antibiotics, especially first-line antibiotics [1,3]. The result of the combination
of four antibiotics (ampicillin, tetracycline, streptomycin and penicillin G) with n-hexane fraction
of P. biglobosa via time-kill assay method detected broad-spectrum synergy (43.33% at 1/2 × MIC,
55% at 1 × MIC), broad-spectrum, indifference/additive (56.67% at 1/2 × MIC, 45% at 1 × MIC)
and no antagonistic interactions against tested organisms (Tables 1 and 2). These results corroborate
reports of [1,3] on the potentiating ability of plant extracts on standard antibiotics. The non-specificity
of synergy detected in this investigation toward antibiotics type, as well as Gram-positive or
-negative bacteria, suggests that the n-hexane fraction contains biocompounds that could enhance the
antibacterial and resistance-modifying potentials of different classes of antibiotics as suggested by
some studies [4,13,43–45]. This finding adds to the existing knowledge on the need to explore nature
for novel biocompounds which can be used in standardised herbal-antibiotics combination therapy to
treat and control infectious diseases, especially those caused by antibiotic-resistant pathogens.
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The in vivo activities of antibiotics that attack the cell wall of bacteria could be enhanced
by biocompounds from the plant by co-attacking the cell wall [2,8]. The presence of phenolic
bioactive compounds as shown by FTIR analysis which has been reported to fight bacteria via
membrane perturbation [46] in the n-hexane fraction coupled with peptidoglycan inhibitory ability of
β-lactams (penicillin and ampicillin) used in this investigation explains in part the observed synergy
in this study. On the other hand, the synergy observed for the combination of n-hexane fraction
with either streptomycin and tetracycline in this study could be via inhibition of bacterial efflux
pumps by a bioactive component of n-hexane fraction which in turn enhanced the protein synthesis
inhibitory activity of the antibiotics. The potentiating power of some plant-derived biocompounds on
antimicrobial agents by inhibiting multidrug-resistant (MDR) efflux systems, which is responsible for
the substantial amount of antibiotic resistance in bacteria, has been reported by [47].

Broad-spectrum inhibitory potential of plant extracts and biocompounds from natural
sources against bacteria have been reported [48–51], and efflux pump inhibitors such as
5′-methoxyhydnocarpin isolated from Berberis fremontii which inhibited NorA efflux pump in
Staphylococcus aureus, have been found to enhance antibacterial properties of other antibacterial
agents [23,43]. These efflux pump inhibitors if actually present in the n-hexane fraction used in this
study (further work is ongoing on this) may have broad-spectrum activity considering the fact that
synergy observed was non-specific to either Gram-positive or -negative bacteria. Biocompounds of
plant origin that demonstrated broad-spectrum inhibitory activities against quinolone, tetracycline
and erythromycin efflux pumps (NorA, TetK and MsrA) have been reported [3,52]. Therefore, the
difference in the modes of action of the n-hexane fraction from that of the antibiotics used in this work
may be an important factor in the synergy observed when they were combined.

The observed broad-spectrum activity of the n-hexane fraction of the bark extract and antibiotic
combinations which were either synergistic or indifferent demonstrated the therapeutic potentials
of P. biglobosa and suggested that this kind of combination therapy could be beneficial if explored
in treating infectious diseases even at a concentration lower than MIC of an individual agent used
in the combination experiment. It was observed that concentrations relative to MIC and time of
exposure to antibacterial agents played a vital role in the outcomes of the combination experiment
considering the results of various n-hexane fraction-antibiotics combinations (Tables 1 and 2) and
amount of protein leaked from representative Gram-negative and Gram-positive bacteria (Figures 3–6)
at 1/2 ×MIC and 1 ×MIC. The amount of protein leakages from Ps. aureginosa cells (Gram-negative
bacterial representative) and E. faecalis cells (Gram-positive bacterial representative) further upheld the
results of the combination. The protein component leakages by n-hexane fraction and streptomycin
combination (256.94 ± 0.01 ug/mL from Ps. aureginosa cells and 414.33 ± 0.02 ug/mL from E. faecalis
cells) were more than the addition of that by n-hexane fraction (106.11± 0.00 ug/mL from Ps. aureginosa
cells and 109.39 ± 0.00 ug/mL from E. faecalis cells) and streptomycin (85.36 ± 0.01 ug/mL for
Ps. aureginosa and 115.96 ± 0.01 ug/mL for E. faecalis) at 1 × MIC after 120 min of contact time.
This same trend was observed when the MICs of the various antibacterial agents used were halved.
The protein leakage results also showed that the antibacterial agents demonstrated a classic monophasic
pattern of effect when used singly and in combination, thus supporting the earlier report of [53,54] on
the ability of plant extracts and their fractions to leak intracellular material from bacterial cells in a
classic monophasic pattern.

The results of protein leakage obtained in the synergy experiment suggest that the mechanisms
of action of the various antimicrobial agents used in the combination experiment could include
cell membrane disruption or damage which in turn leads to the leakage of the cell contents.
The leakage of cell content due to the antibacterial effects of some plants’ bioactive compounds
has been reported [55,56], while streptomycin has been reported to cause protein misread in the
translation process, thereby causing incorporation of misread protein into the cell membrane leading
to the formation of abnormal channels [57]. These abnormal channels could lead to the influx
and accumulation of effective concentration of the antibacterial agents in bacterial cells and cause
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bactericidal or bacteriostatic effects. Therefore, the combination of cell membrane disruption ability
of the n-hexane fraction as well as the formation of abnormal channels by streptomycin, also explain
in part the observed synergistic effects of the combination of n-hexane fraction of P. biglobosa bark
extract with streptomycin on test organisms. As much as the protein leakage experiment suggested
membrane distribution as the mode of action of the n-hexane fraction, a proteomics analysis will give
a more detailed knowledge and ascertain the origin of the protein leakage.

Fourier Transform Infrared Spectroscopy (FTIR), as one of the most widely used methods
to identify the chemical constituents of plant extracts [58], was employed to elucidate the likely
compounds present in the fraction used for this work. The infrared absorption spectra of the n-hexane
fraction contain characteristic features and strong vibrational bands in the region 3200–3197 cm−1

which give an indication of the presence of the O–H and/or N–H group. The presence of a
phenyl group was, however, confirmed in the fraction by the appearance of bands in the region
of 2162–2020 cm−1. The band peaks at ~1605 and 1532 cm−1 were attributed to the presence of the
aromatic ring. The peak at 1681 cm−1 was correlated with the stretching vibration of carbonyl (C=O)
and/or (C–N, amide 1) [59,60]. However, a report by [61], showed that the carbonyl absorptions in
flavones, isoflavone and their 5-hydroxy derivatives are not abnormal as suggested by earlier work.
The infrared data can be explained by taking into account the C=C absorption which often overlaps
with the C=O bands as occurred in the n-hexane fraction.

Other features of the fraction are the absorption bands at 1438 and 1444 cm−1, which are related
to the first overtone of the –OH stretch of H2O. It has been reported that the –OH phenolic compounds
do have vibrational bands at 1200 and 1350 cm−1 [62]. The close proximity of these bands to those
found in the fraction suggests that the n-hexane fraction of P. biglobosa bark under investigation may
contain flavonoid constituents. Ethereal functional groups, as found for C–O–C vibrations in the
fraction, were supported by the bands at 1102–1030 cm−1, and the aromatic substitution patterns
were confirmed by the presence of the vibration bands at 832–733 cm−1; this is attributed to both
ortho- and meta-substitution of the hydroxyl groups on the phenyl ring. Phenol compounds with
high concentration have been shown to have vibrational frequency characteristics at 3200–3400 cm−1,
which are usually broad [62]. The FTIR assay confirmed the presence of aromatic, phenyl, carbonyl,
amide, hydroxyl, phenolic, and ethereal chemical groups, thereby corroborating the findings of [63].
These identified chemical groups are important components of some bioactive phytochemicals such
as flavonoids, saponins, tannins and triterpenes that are present in the bark of P. biglobosa [30,64,65].
A pure triterpene compound called lupeol was isolated by [65] who further found that this compound
is one of the major bioactive components of P. biglobosa. This explains in part the compound that could
possibly be responsible for the improved bioactivity that we observed when the n-hexane fraction of
P. biglobosa bark extract was combined with the selected antibiotics. Although the FT-IR results
provided clues to the type of compounds that may be present in this active fraction, work is ongoing
to isolate chemical compounds from the fraction.

5. Conclusions

The combinations of n-hexane fraction from the crude stem bark extract of Parkia biglobosa with
the standard antibiotics used in this study displayed only synergistic and additive interactions.
These observations suggest that the bark of the plant possesses bioactive constituents that could
be used in combination therapy with standard antibiotics against pathogens. This report further
showed that the activity of antibiotics to which pathogens had developed resistances could be
enhanced by bioactive compounds that are present in the bark of P. biglobosa. This study also
showed that n-hexane is a very good solvent to be considered for the extraction of antibiotic-resistant
modulating biomolecules present in the bark of P. biglobosa. Although we did not run an assay to
investigate side effects of n-hexane fraction of P. biglobosa on eukaryote cells, experimental reports from
researchers such as [11,66–68] and the use of this plant in herbal medicament in some African countries
(e.g., Mali, Cote d’Ivoire and Nigeria) prove that the fraction has negligible toxicity to eukaryotic
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cells. This explains the reason for the successful and wide usage of the plant in folklore medicine and
suggests that formulations should be prepared for in vivo assay in an animal model. If successful,
clinical trials should follow in order to establish a scientifically based regime in terms of quality and
quantity. This kind of scientific-based regime will prevent the abuse of herbal-antibiotic therapy that
has become more common, especially in this era of increasing infections caused by antibiotic-resistant
pathogens. Since the extract from the plant’s bark is non-toxic to humans and is readily available,
the n-hexane fraction-antibiotic formulation of this kind is expected to be more effective, safer and
cheaper than antibiotics−antibiotic combination therapy in combating the infections caused by the
pathogens used in this study. Finally, absolute knowledge on the potentiating power of the n-hexane
fraction from the bark of P. biglobosa on synthetic antibiotics used in this study cannot be claimed until
compounds that are responsible for the observed interactions are isolated; however, work on these
compounds is underway.
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