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Abstract
Annona muricata L., Annonaceae, popularly known as soursop, has anticancer and antidiabetic pharmacological properties.

This work aims the characterization by thermoanalytical technique and determination of antimicrobial activity of different

A. muricata L. leaves particle sizes. The leaves were dried, knifed, and separated by particle size. Samples were char-

acterized by scanning electron microscopy (SEM) and thermogravimetry (TG) using the Ozawa kinetics model in two

atmospheres (nitrogen and synthetic air). The antimicrobial activity and minimum inhibitory concentration of infusions

were performed by the broth microdilution method to Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa,

and Klebsiella pneumoniae. SEM analysis suggests heterogeneous distribution in the observed particle sizes. TG curves

were able to differentiate the degradation events and the residue contents in the samples analyzed in the nitrogen and

synthetic air atmospheres. In nitrogen atmosphere curves, the different particle sizes presented four mass loss events, and

residue ranged from 20.90 to 26.80% at the end of the analysis. In synthetic air atmosphere, the different particle sizes

presented three mass loss events, and residue ranged from 7.80 to 10.42%. Ozawa model showed reaction order equal to

zero for all samples assayed, and the activation energy (Ea) ranged from 121.36 to 135.42 and 115.50 to 141.00 kJ mol-1

for the nitrogen and synthetic air atmospheres, respectively. Antibacterial activity was confirmed for all particle sizes, in

special to AM4 with S. aureus, E. coli, and K. pneumoniae. These results indicate that leaves from A. muricata L. have

great potential for a variety of medicinal applications.
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Introduction

Annona muricata L., Annonaceae, is also known as sour-

sop, graviola, and guanabana. A. muricata L. is mainly

found in tropical and subtropical regions of the world. The

genus Annona comprises more than 70 species, among

which A. muricata L. is the most widely cultivated [1].

Pharmacological studies have shown activity against can-

cer cells [2, 3], antimicrobial [4], antiarthritic, antiparasitic

[5], hepatoprotective [6], and antidiabetic [7]. Phyto-

chemical studies have revealed a wide variety of secondary

metabolites such as alkaloids, polyphenols [8], flavonoids

[9], tannins, and acetogenins [10, 11]; annonacin is the

ubiquitous acetogenin present in leaves of A. muricata L.

[12].
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The mechanism of the cytotoxicity of acetogenins is

mediated, at least partly, by inhibition of the mitochondrial

complex I, depletion of ATP levels via the inhibition of

ubiquinone-linked NADH oxidase in the plasma mem-

branes of cancerous cells causing apoptosis [11, 13]. Yang

[14] studied the cytotoxicity of annonacin in T24 bladder

cancer cells. The T24 line was more sensitive in the S

phase; there was cell cycle delay in the G1 phase by the

activation of p21 independent of p53. It also induced

expression of Bax, increased caspase-3 activity and caused

apoptotic cell death in T24 cells.

The search for natural products used to treat and/or

prevent diseases has increased interest in herbal medicines,

and with it, the search for products with effectiveness, low

risk, as well as reproducibility and consistent quality has

also increased [15].

The distribution of the particle size of the raw material

must be considered in the physical characterization of the

inputs, aiming at the standardization and quality of the

medicines obtained from plant material [16]. Correia et al.

[15] proposed the need to develop methodologies to dis-

criminate particle size in powder. The milling process for

dried plants is a critical step in the production of inter-

mediates of herbal medicines due to its importance in the

role of particle size control [17].

The quality control of synthetic and natural medicines

routinely uses analytical techniques such as liquid and

gaseous chromatography and spectrophotometry for the

identification and quantification of drugs [18]. Thermoan-

alytical techniques have gained visibility in the quality

control of herbal medicines [19] and are used in the char-

acterization of drugs, compatibility studies, purity deter-

mination, polymorphs identification, stability evaluation,

and development of pharmaceutical formulations of the

synthetic drugs [20–23] and were more recently used in the

study of plant material and its derivatives, where the TG

proved to be a useful tool for differentiating particle sizes

from plant drugs [15, 17, 24–27].

Formulations containing A. muricata L. are available on

the market as nutraceuticals [28], but thermal characteri-

zation studies of the plant material and its extracts are not

available. Thus, the aim of this work is to characterize by

SEM and TG, to determine the kinetic parameters of

decomposition, and to determine antimicrobial activity in

different particle sizes of the A. muricata L. leaves.

Materials and methods

Plant material

The leaves ofA.muricataL.were collected in the city of Santa

Rita, Paraı́ba, Brazil (7�14048.000S/34�58040.000W). The

voucher specimen was deposited in the Lauro Pires Xavier

herbarium at the Federal University of Paraı́ba (João Pessoa,

Paraı́ba, Brazil) under the number JPB63746. This accesswas

registered in the National System of Genetic Heritage and

Associated Traditional Knowledge (SISGEN) under the

number A993C08. The leaves were cleaned and sanitized,

then dehydrated in an oven with forced air circulation and a

controlled temperature of 40 ± 2 �C for 120 h. The dried

material was milled using a knife mill (Marconi, Willey),

coupled to a 2-mm opening screen. The dried leaf powder

(AM0) was submitted to a sieving system, where the powders

were selected with the following size bands: (AM0)\ 2.000,

0.500\ (AM1) C 0.350, 0.250\ (AM2) C 0.149, 0.149\
(AM3) C 0.074, (AM4)\ 0.074 mm.

Scanning electron microscopy

The morphology evaluation of the samples was performed

by scanning electron microscopy (SEM) using a micro-

scope (ZEISS�, LEO 1430). The samples were fixed on

carbon double-sided tape and metallized with gold for

1.5 min (EMITECH Metallizer, k550x). The photomicro-

graphs were obtained in a chamber with excitation voltage

of 15 kV under atmospheric vacuum of 5-10 Torr.

Thermogravimetry

Dynamic thermogravimetric curves were obtained in a

thermobalance (Shimadzu�, TGA-50). The apparatus was

calibrated with calcium oxalate monohydrate. The experi-

ments were conducted in temperatures ranging from 25 to

800 �C at heating rates (b) of 5, 10, 20, and 40 �C min-1, in

two different atmospheres: one inert using nitrogen and the

other using synthetic air with flow of 50 and 20 mL min-1,

respectively. The samplemass was 4.0 ± 0.1 mg in alumina

crucible. TheOzawamodelwas used to determine the kinetic

parameters: reaction order (n), frequency factor (A), and

activation energy (Ea). TG data were analyzed using Shi-

madzu� TA-60ws software.

Determination of antimicrobial activity

Standard strains used included American Type Culture

Collection (ATCC) of Escherichia coli (ATCC

25922), Staphylococcus aureus (ATCC 25923), Pseu-

domonas aeruginosa (ATCC 27853), and Klebsiella pneu-

moniae (ATCC 4352), which were made available by the

Oswaldo Cruz Foundation (Fiocruz, RJ).

Screening microbiology

The method was performed as described by Brandão et al.

[29] where the inocula were standardized in tubes
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containing 5 mL of sterile 0.9% saline solution. The sus-

pension was adjusted in a spectrophotometer at 625 nm, at

a concentration equivalent to 106 UFC. Infusions prepara-

tion: 500 mg of the powdered leaves was added to a con-

tainer with 10 mL of distilled water (98 ± 2 �C) for

10 min. One hundred microliters of the infusion of the

different particle sizes was subjected to serial dilution in

Mueller–Hinton broth, thus obtaining the following con-

Fig. 1 Photomicrographs of the dried leaf powder of A. muricata L. with zoom of 250 times. a AM0, b AM1, c AM2, d AM3, e AM4 and f AM4

with zoom of 1000 times

Table 1 Results of TG analyses

of A. muricata L. leaves in the

nitrogen atmosphere and b
10 �C min-1 in different

particle sizes

Samples First Step Second step Third step Fourth step Residue

Tonset/�C Dm/% Tonset/�C Dm/% Tonset/�C Dm/% Tonset/�C Dm/% %

AM0 50.28 5.70 286.57 43.07 375.83 15.37 533.93 11.99 23.97

AM1 39.77 6.21 290.04 43.22 368.27 17.80 565.75 7.51 26.80

AM2 41.35 6.88 279.44 43.25 395.98 17.36 589.93 8.32 22.82

AM3 40.35 7.50 281.13 40.57 363.46 19.80 590.05 8.83 23.31

AM4 40.94 5.74 294.06 43.99 368.28 16.56 570.24 18.89 20.90
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centrations: 25, 12.5, 6.25, 3.12, 1.56, 0.78, 0.39, and

0.195 mg mL-1 of each infusion. Ten microliters of each

culture of microorganisms was added to the microplate

well. Distilled water and gentamicin (80 mg mL-1) were

used as negative and positive controls, respectively.

The bacterial growth was indicated by addition of 20 lL
of aqueous resazurin (Sigma-Aldrich) 0.01%, with further

incubation at 37 ± 1 �C for 2 h. Viable microorganisms

reduced the blue dye to a pink color. Thus, MIC was

defined by the lowest concentration without color change

of the dye. The assays were performed in triplicate.

Results and discussion

In the development of formulation from medicinal plants,

the polarity of the extracting solvent and the particle size

may influence the concentration of the secondary

Table 2 Results of TG analyses

of A. muricata L. leaves in the

synthetic air atmosphere and b
10 �C min-1 in different

particle sizes

Samples First step Second step Third step Residue

Tonset/�C Dm/% Tonset/�C Dm/% Tonset/�C Dm/% %

AM0 43.39 8.57 290.77 39.05 482.93 40.86 10.42

AM1 39.40 8.11 282.70 39.46 488.13 43.36 7.80

AM2 32.97 7.20 274.46 41.24 479.64 41.22 9.30

AM3 43.26 7.81 274.28 43.47 480.10 39.26 9.00

AM4 36.42 6.70 287.75 43.16 505.55 39.86 10.19
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Fig. 2 Dynamic TG curves of

AM0 in the nitrogen (NITRO)

and synthetic air (AIR)

atmospheres and in heating rate

of 10 �C min-1
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metabolites present in the herbal medicines [16]. Quality

control is vital to the safety and quality of herbal medici-

nes; however, the quality of standardization is more diffi-

cult because of the lack of interest in the study in the

development stage [27].

Photomicrographs of dried leaf powder showed hetero-

geneous distribution in the observed particle sizes (Fig. 1),

with improvement in homogeneous with the reduction in

the mean diameter of the samples, and AM4 showed a

tendency to agglutination, as shown in Fig. 1f.

We chose to describe the thermal events only for sample

AM0, because the other samples with different particle

sizes in the same atmosphere conditions and heating rate

showed only differences in the values of mass loss and

residue. These data are shown in Tables 1 and 2.

Figure 2 shows the TG curves of the samples in the

nitrogen and synthetic air atmospheres and b of 10 �C
min-1. In the nitrogen atmosphere, AM0 showed four mass

loss steps. The first step occurred between 39.77 and

122.80 �C (Tstart and Tend) with mass loss (Dm) 5.70% and

can be attributed to the loss of volatiles and water. The

second step occurred between 122.80 and 375.83 �C with

Dm 43.07%, and the third step occurred between 375.83

and 533.93 �C with Dm 15.37%. The second and third

steps represent the degradations of the set of macro- and

microconstituents of the samples [24, 25]. The fourth step

occurred between 533.93 and 799.57 �C with Dm 11.99%,

resulting in residue at the end of the analysis of 23.97%,

where the last step is characterized with slow and pro-

gressive mass loss resulting in a residue at the end of the

analysis of more than 20%. These results are similar to

those found by Fernandes et al. [30] for Spondias

dulcis Parkinson.

In the nitrogen atmosphere, the samples in different

particle sizes presented four mass loss steps (Table 1); the

second step presented the largest mass loss in this atmo-

sphere, being chosen for the studies of thermal kinetics; the

samples AM4 and AM3 presented highest loss of mass in

the second and third steps, respectively; and the samples

with the largest particle size AM0 (23.97%) and AM1

(26.80%) presented highest residue at the end of the

analysis, showing that the heat transfer rate and degrada-

tion may have been influenced by the particle size in the

nitrogen atmosphere.

In the synthetic air atmosphere, AM0 showed three mass

loss steps. The first step occurred between 34.31 and

143.50 �C with mass loss (Dm) 8.57% and can be attributed

to the loss of volatiles and water. The second step occurred

between 144.43 and 365.15 �C with Dm 39.05%, and the

third step occurred between 365.15 and 554.94 �C with

Dm 40.86%, resulting in residue at the end of the analysis

of 10.42%.

In the synthetic air atmosphere, the samples in different

particle sizes presented three mass loss steps (Table 2), and

AM3 (43.47%) and AM4 (43.16%) presented highest loss

of mass in the second step. The residue obtained at the end

of the analysis in this atmosphere aligns with that found by

the method of total ashes. This finding is correlated with

the presence of oxygen in the degradation using both

methods. In the synthetic air atmosphere, the TG curves did

not show any more mass loss after 550 �C at the b of 10 �C
min-1. These results show that TG can be used with pre-

cision as a substitute to the classical methods for deter-

mining total ashes of plant material using a synthetic air

atmosphere. In this study, the inert atmosphere seems to

have delayed the degradation of the samples, with the

appearance of the fourth step of degradation and greater

residue (Table 1 and Fig. 2).

The last step in the TG curves in the studied atmo-

spheres may be related to the cyclization of aromatic

groups and formation of elemental carbon, where the

appearance of the material at the end of the analysis

showed distinct visual characteristics, with black and white

coloration for the residues in nitrogen and synthetic air,

respectively.

Guimarães et al. [26] used TG to study the plant drug

Poincianella pyramidalis after grinding and granulometric

separation in different atmospheres. The authors observed

changes in the appearance of the carbonized material and

attributed those changes to a possible incomplete degra-

dation in the inert atmosphere.

The TG curves of samples at different heating rates

showed displacement of the degradation event at higher

temperatures with the increase in b. In the nitrogen atmo-

sphere, an increase in the mass of residue was observed

with increase in b (Fig. 3).

Particle sizes were evaluated in different atmospheres

and b using Tonset, thermal degradation steps (second and

fourth for the nitrogen atmosphere and second and third for

the synthetic air atmosphere), and the residue (Table 3).

There were significant differences across the heating

rates in the atmospheres in the second degradation step.

There were no significant differences for particle sizes,

with p value of 0.816 and 0.821 for the nitrogen and syn-

thetic air atmospheres, respectively. There were no differ-

ences in the thermal events attributed to degradation of

macro- and microconstituents, possibly due to the mass

loss that occurred during these events mainly by

volatilization or degradation followed by volatilization at

high temperatures [31].

For the events related to elemental carbon formation and

cyclization of aromatic groups, the third step in the syn-

thetic air atmosphere did not show differences between

particle sizes (p value 0.116), but showed differences for b
with p value of 0.002. For the fourth step in the nitrogen

Thermal characterization and microbiology assay of Annona muricata L. leaves 3741
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atmosphere, there were no differences between the b
(p value 0.839), but there were differences in the Tonset for

particle sizes (p value 0.026), with greater influence

between the coarse and fine powders (AM0 and AM3).

In the kinetic study of thermal decomposition by

dynamic TG, the Ozawa model was applied. In applying

this model, it was necessary to obtain four curves under

different heating ratios of the different particle sizes. The

decomposition fraction (alpha 0.2) between Tonset and

Tendset of the decomposition event was determined through

the derivative of the main event (second event in the

atmospheres). The reaction order equalled zero order for all

samples. The Ea and A showed different values in the

nitrogen and synthetic air atmospheres, as shown in

Table 4. The values of Ea obtained were of the following

order: AM1[AM0[AM3[AM4[AM2 and
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Fig. 3 Dynamic TG curves of

A. muricata L. leaves in the

nitrogen (NITRO) and synthetic

air (AIR) atmospheres and in

different heating rates. a AM0

NITRO, b AM0 AIR, c AM1

NITRO, d AM1 AIR, e AM2

NITRO, f AM2 AIR, g AM3

NITRO, h AM3 AIR, i AM4
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AM4[AM0[AM2[AM3[AM1 for the nitrogen

and synthetic air atmospheres, respectively. In the nitrogen

atmosphere, the Ea was higher for AM0 and AM1, whereas

in the synthetic air atmosphere, particle size did not

influence Ea.

Correia et al. [15] studied different particle sizes of

Tabebuia caraı́ba where the decomposition kinetics were

of zero order for all of the studied samples, with variations

in the degradation process, not showing uniformity in Ea

values. The authors concluded that the thermal decompo-

sition was not similar in the plant material in different

granulometries, and the Ea values of the samples varied

when submitted to the same conditions and data treatment.

These results differ from those observed by Brandão et al.

[29] studying Momordica charantia. These authors

observed reduction in Ea with decreasing particle size of

the samples and concluded that the complexity of the plant

matrix may induce changes in the kinetic parameters for

the different particle sizes, depending on the intrinsic

characteristics of the plant material.

The infusions of leaf powders in the different particle

sizes were able to inhibit the growth of all gram-positive

(S. aureus) and gram-negative bacterial strains (P. aerug-

inosa, E. coli and K. pneumoniae) studied. The improve-

ment of the antimicrobial activity with the reduction in

particle size can be attributed to the greater surface area

allowing the particles to improve the extraction of active
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Table 4 Degradation kinetics

using the Ozawa model for the

different particle sizes of

soursop leaves

Samples Nitrogen atmosphere Synthetic air atmosphere

Ea/KJ mol-1 A/min-1 Ea/KJ mol-1 A/min-1

AM0 131.16 ± 3.49 9.96E ? 09 146.03 ± 5.02 2.67E ? 11

AM1 135.79 ± 4.10 7.11E ? 10 119.48 ± 3.27 1.32Ev ? 09

AM2 117.66 ± 4.18 8.39E ? 08 132.21 ± 2.52 1.92E ? 10

AM3 126.15 ± 2.60 4.74E ? 09 124.10 ± 7.10 4.44E ? 09

AM4 125.59 ± 5.43 3.33E ? 09 153.85 ± 3.13 1.72E ? 12

Ea activation energy, A frequency factor

Table 3 Determination of differences between the samples using

p value at different heating rates and atmospheres

Events Nitrogen atmosphere Synthetic air atmosphere

b Particle sizes b Particle sizes

p value p value p value p value

Second step 0 0.816 0 0.821

Third step – – 0.002 0.116

Fourth step 0.839 0.026 – –

Residue 0.056 0.953 0.676 0.002

b heating rates

Table 5 Antimicrobial activity and MIC determination of soursop

leaves tested against microorganisms

Samples MIC/mg mL-1

Microorganisms tested

S.a E.c P.a K.p

AM0 3.12 1.56 3.12 3.12

AM1 1.56 1.56 3.12 3.12

AM2 1.56 1.56 1.56 1.56

AM3 0.78 1.56 1.56 0.78

AM4 0.78 0.78 1.56 0.78

MIC minimum inhibitory concentration, S.a. Staphylococcus aureus,

E.c. Escherichia coli, P.a. Pseudomonas aeruginosa, K.p. Klebsiella

pneumoniae
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metabolites with antibiotic action. Table 5 shows the MICs

for the different particle sizes.

Radji et al. [32] and Van de Venter et al. [33] reported

antimicrobial activity of A. muricata L. extract against

Mycobacterium tuberculosis. Previous studies have shown

the activity of other species of the genus Annonaceae, as

the ethanol extract of A. crassiflora showed activity against

Bordetella bronchiseptica, P. aeruginosa, Rhodococcus

equi, and S. aureus [34]; the extracts of A. ambotay Aubl.

(wood) and A. cherimolia Mill (leaves) showed activity

against Bacillus subtilis and S. aureus, but hexane extracts

from leaves of A. muricata L. showed no activity against B.

subtilis, E. coli, Micrococcus luteus, P. aeruginosa and S.

aureus [35]. The antimicrobial activity present in aqueous

extracts and the presence of activity against gram-positive

and gram-negative bacteria can be explained by the influ-

ence of the solvent and extraction method on the variety of

secondary metabolites extracted [36, 37].

Conclusions

The thermal profile of the leaf powder of Annona muricata

L. presented third and fourth steps of mass loss with dif-

ferences in the amount of residue at the end of the analysis,

in the synthetic air and nitrogen atmospheres, respectively.

The TG made it possible to differentiate the events of

thermal degradation and the residual contents in the sam-

ples in different sizes of particle. The degradation kinetics

using the Ozawa model were determined; the samples

showed a reaction order equal to zero, higher Ea was

observed for coarse and moderately coarse powders in the

nitrogen atmosphere, and no influence was observed on Ea

for the particle sizes in the synthetic air atmosphere. The

samples showed activity against the studied bacteria, and

an increase in antimicrobial activity occurred with the

reduction in particle size. Differences in particle sizes can

influence the quality, safety, and efficacy of herbal

medicines, and thermal analysis can be used to control the

quality of these products.
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antioxidante en guanábana (Annona muricata l.): una revisión
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