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Highlights 

 Phthalated cashew gum was synthesized by the microwave-initiated method. 

 1H NMR spectroscopy was used to assess the degree of substitution of phthalated 

cashew gum. 

 Modified phthalated cashew gum nanoparticles were developed for delivery of 

benznidazole. 

 

 

 

 

Abstract 

Chemical modification of polysaccharides is an important approach for their 

transformation into customized matrices that suit different applications. Microwave 

irradiation (MW) has been used to catalyze chemical reactions. This study developed a 

method of MW-initiated synthesis for the production of phthalated cashew gum (Phat-

CG). The structural characteristics and physicochemical properties of the modified 

biopolymers were investigated by FTIR, GPC, 1H NMR, relaxometry, elemental 

analysis, thermal analysis, XRD, degree of substitution, and solubility. Phat-CG was 

used as a matrix for drug delivery systems using benznidazole (BNZ) as a model drug. 

BNZ is used in the pharmacotherapy of Chagas disease. The nanoparticles were 

characterized by size, PDI, zeta potential, AFM, and in vitro release. The nanoparticles 

had a size of 288.8 nm, PDI of 0.27, and zeta potential of –31.8 mV. The results showed 
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that Phat-CG has interesting and promising properties as a new alternative for 

improving the treatment of Chagas disease. 

 

Keywords: Polysaccharides; Chemical modification; Microwave irradiation; Polymeric 

nanoparticles; Benznidazole. 

 

* Corresponding author at: Department of Pharmaceutical Sciences, Federal University 

of Pernambuco, Avenue Professor Arthur de Sá, s/n, 50740-521 - Cidade Universitária, 

Recife, Pernambuco, Brazil. E-mail address: joselamartine@hotmail.com (Soares-

Sobrinho, J. L.). 

1. Introduction 

Biopolymers are a promising class of materials with a wide range of 

applications, of which health stands out, especially for use in the pharmaceutical field 

(Cordeiro et al., 2017). Characteristics such as biocompatibility, biodegradability, low 

toxicity, and low immunogenicity make these materials good candidates for application 

in drug delivery systems (DDS) (Pushpamalar et al., 2016). Biopolymers can be 

obtained from proteins (Jiang & Stenzel, 2016) and polysaccharides (Barclay et al., 

2019). 

Polysaccharides are high-performance macromolecular compounds obtained 

from renewable sources and found in almost all living organisms (Jacob et al., 2018). 

They are present in seeds, plant stems and leaves, animal body fluids, crustacean shells, 

and insects. They can also be extracted from cell walls and extracellular fluids of 

bacteria, yeast, and fungi (Garcia-Valdez, Champagne, & Cunningham, 2018). 

Cashew gum (CG) is an exudate polysaccharide obtained from the stem of 

Anacardium occidentale L., which contains approximately 72% galactose, 14% glucose, 

4–6% arabinose, 3–2% rhamnose, and 4–5% glucuronic acid (de Paula, Heatley, & 

Budd, 1998). It consists of a branched-chain polymer with bonds (1 → 6) β-D-galactose 

and (1 → 3) β-D-galactose (de Paula, & Rodrigues, 1995; de Paula, Heatley, & Budd, 

1998). The attractive physical properties of CG allow its application in the food industry 

(Oliveira et al., 2020), odontology (Hasnain et al., 2018), and tissue engineering (Bal et 

al., 2020). 

CG has high solubility in aqueous media; therefore, it can be used as a 

pharmaceutical excipient to design hydrophilic matrix tablets, promoting controlled 

drug delivery (Ofori-Kwakye et al., 2016). Its solubility can be altered by a chemical 
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modification process which can extend its application to carry drugs with low aqueous 

solubility (Abreu et al., 2016). The versatility of this material is related to the functional 

groups present in its chemical structure, especially to the primary hydroxyl group. 

These groups provide chemical reactivity for functionalization, which allows 

applications in DDS (Ribeiro et al., 2016; Subbiah, Veerapandian, & Yun, 2010). 

Hydrophobization reactions in the CG structure allowed the production of new 

DDS that improved the rate of drug encapsulation as well as sustained delivery (Richter 

et al., 2020). Studies have promoted hydrophobization by the acetylation mechanism, 

using acetic anhydride, developed new systems for drug release with low water 

solubility, such as amphotericin B (Lima et al., 2018), indomethacin (Pitombeira et al., 

2015; Cardial et al., 2019), and diethylammonium diclofenac (Dias et al., 2016). 

Anhydrides are widely used in modification reactions because of the chemical 

environment offered by the OH groups of polysaccharides (Vasconcelos-Silva et al., 

2019; Rodrigues et al., 2019). Ubaidulla et al. (2007) studied the derivatization of 

polysaccharides using phthalic anhydride. The obtained systems showed different 

physical and chemical properties, which were capable of increasing the applicability to 

DDS. In addition, the phthalated reaction has attracted attention to produce oral 

medication administration systems due to its low solubility in acidic medium, which 

protects the encapsulated drugs from the environmental stress and chemical/enzymatic 

digestion in gastric fluids (García-Casas et al., 2017). On the other hand, these systems 

are highly soluble in basic medium (Aiedeh et al., 2005). 

Microwave (MW) irradiation has attracted attention as a methodology for the 

chemical modification of polysaccharides. Some of the advantages of MW-irradiation 

are clean product formation, reducing reaction time, and providing greater reaction 

control by decreasing the possible formation of byproducts, ensuring greater 

reproducibility of modified products (Singh, Kumar, & Sanghi, 2012). This 

methodology is an alternative to conventional thermal heating, which is a highly time-

consuming process (Kumar et al., 2017; Desbrières, Petit, & Reynaud, 2014). For 

instance, MW-assisted synthesis of a new class of surfactants based on polysaccharides 

derived from polygalacturonic acid (PGA) was performed with a reaction time of 15 

min, while the reaction under conventional thermal heating was carried out in 16 h 

(Mohd Aris et al., 2017). The MW-assisted reaction occurs when the polar molecules 

are exposed to the MW irradiation, and the molecules tend to align with the electric 

field of the MW. However, not all molecules are immediately aligned, generating 
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friction between the molecules and converting electromagnetic energy into thermal 

energy (Kalia, Sabaa, & Kango, 2013; Loupy, 2004). Bal et al. (2020) focused on the 

use of MW irradiation techniques to obtain polyacrylamide grafted cashew gum (CG-g-

PAM) to create polymeric scaffolds for tissue growth. 

Benznidazole (BNZ) is the main drug used for the treatment of Chagas disease 

(CD). CD is an infection caused by protozoan Trypanosoma cruzi, endemic in Latin 

America (Malik, Singh, & Amsterdam, 2015). According to the World Health 

Organization (WHO, 2010), CD is considered a neglected disease, and an important 

public health problem, with limited therapy. BNZ is commercially available as an 

immediate-release tablet. The treatment is administered 2 to 3 times a day for 60 days in 

most cases (Bermudez et al., 2016). However, the side effects limit its effectiveness and 

safety (García, Manzo, & Jimenez-Kairuz, 2018). In addition, BNZ has low aqueous 

solubility, which limits its bioavailability in vivo (Romero & Morilla, 2010). The 

literature cited the use of nanotechnology as a good strategy to improve the performance 

of BNZ (Santos-Silva et al., 2019; Seremeta et al., 2019).  

This study evaluates the efficiency of MW irradiation in the preparation of CG 

with phthalic anhydride. In addition, phthalated cashew gum (Phat-CG) was used as a 

polymeric matrix for the development of BNZ-loaded nanoparticles for DDS. 

 

2. Materials and Methods  

2.1. Materials 

Phthalic anhydride, cellulose acetate membrane (14000 Da), and deuterium oxide (D2O) 

were obtained from Sigma-Aldrich (St. Louis, USA). Dimethyl formamide (DMF), 

acetone, sodium dodecyl sulfate (SDS), dimethyl sulfoxide (DMSO), and chloridric acid 

(HCl) were of analytical grade and obtained from Dinamica (SP, Brazil). The drug BNZ 

used in this study was donated by the Laboratory of the State of Pernambuco - LAFEPE 

(PE, Brazil).  

 

2.2. CG Purification 

Cashew exudate was collected from trees of the genus Anacardium occidentale 

L., native to Parnaiba, Piaui, Brazil. CG was purified using the method proposed by de 

Paula, Heatley, & Budd (1998). 

 

2.3. Modification reaction 
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 CG (1.0 g) and phthalic anhydride (2.0 g) in 10.0 mL DMF were irradiated in a 

microwave reactor (CEM Discover Microwave Reactor, USA). Three phthalated 

cashew gum (Phat-CG) derivatives were obtained: Phat-CG 1 (160 W, 3 min of 

reaction), Phat-CG 2 (250 W, 3 min of reaction), and Phat-CG 3 (250 W, 8 min of 

reaction). All experiments were performed at 80 °C. Phthalated derivatives were slowly 

precipitated with deionized water, and a solid whitish colored product was formed. 

Then, the precipitate was washed with water and dried in an oven at 50 °C.  

 

2.4. Characterization of phthalated gum cashew 

2.4.1. Fourier transform infrared spectroscopy (FTIR)  

The FTIR spectra were obtained using a PerkinElmer Spectrum 400 (ATR) 

module in the range of 4000 to 700 cm−1, combining 16 scans with a resolution of 4 cm-

1. 

 

2.4.2. Gel permeation chromatography  

Molar mass distribution was determined by gel permeation chromatography 

using a Shimadzu LC-20AD instrument coupled to a refractive index detector (RID - 

10A). For the analysis, a 300 × 7.8 mm linear Polysep column was used with 0.1 mol/L 

NaNO3 (aq) as the eluent. The measurement was performed at 30 °C, with a flow rate of 

1 mL/min and the injected sample volume was 50 µL, using the following curve: 

 

LogM = 14.33638 − 1.12336 ×  Ve      Eq. (1) 

 

2.4.3. X-ray diffraction (XRD)  

The crystallographic profile of the polysaccharides was determined using a 

PANalytical diffractometer (X’Pert Pro model) equipped with an X'Celerator solid-state 

detector and a spinning sample holder. The diffractogram patterns were recorded using 

randomly oriented mounts with CuKα radiation, operating at 45 kV and 40 mA, in the 

range of 2θ 4º to 70º. 

 

2.4.4. Thermal analysis 

Thermogravimetric analysis (TGA) was performed using a Shimadzu (mod. 

TGA-50H), equipped with a vertical oven and microbalance with a precision of 0.001 
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mg. Samples of CG and derivatives with approximately 10 mg were placed in 

aluminum crucibles and heated from 20 to 600 °C at 10 °C min−1 in a nitrogen 

atmosphere. 

 

2.4.5. Elemental analysis 

The elemental percentages of hydrogen and carbon were obtained using a 

PerkinElmer 2400 analyzer equipped with a thermal conductivity detector. 

 

2.4.6. Nuclear magnetic resonance spectroscopy (1H NMR) 

 Crude gum (30 mg) was dissolved in D2O (0.7 mL). Phthalated derivatives (30 

mg) were dissolved in D2O (0.7 mL) basified with 1 M NaOH (10.0 μL). The spectra 

were obtained using an Agilent NMR spectrometer at 300 MHz. In order to suppress the 

residual water signal it was applied standard PRESAT pulse sequence. 

The degree of substitution (DS) of the phthalated groups was calculated 

according to Eq. (2), where A is the integral area of the phthalated protons (7.11– 7.37 

ppm), B is the integral area of 3.0 to 5.5 ppm, and 𝑛 is the weighted average of the CG 

composition by the number of hydrogens, which do not undergo chemical exchange, in 

each monosaccharide (Vasconcelos Silva et al., 2019). 

 

DS =
A

4
 × 

𝑛

B
                                                          Eq. (2) 

 

2.4.7. NMR relaxometry  

The transverse relaxation time (T2) was measured in the time domain, using a 

Minispec MQ-60 (Bruker, Germany) relaxometer, in the solid state of CG and 

phthalated derivatives.  

 

2.4.8. Determination of solubility  

CG and phthalated derivatives were dissolved in ultrapure water and in 

simulated gastric fluid (SGF) prepared according to USP34, without enzymes. All 

samples were a supersaturated state solution and were agitated for 24 h (Incubator 

SHAKER SL 222, SOLAB, SP, Brazil). This was followed by centrifugation at 2260 × 

g for 30 min (Excelsa II 206 - BL, Fanem, SP, Brazil). After drying in the oven at 50 
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°C, the resulting mass (recovered mass) was weighed. The experiments were performed 

tree times. The solubility was calculated using Eq. (3): 

 

S =
m × 100

mi
                                                    Eq. (3) 

m =  initial mass (mi) − recovered mass  

S = coefficient of solubility 

2.5. Preparation and characterization of nanoparticles 

2.5.1. BNZ nanoparticle preparation 

The nanoparticles (NP-BNZ) were prepared following the nanoprecipitation 

technique (Chaves et al., 2018) with some modifications. Phat-CG 1 (20.0 mg) and 

BNZ (4.0 mg) were dissolved in 3.0 mL of acetone: DMSO (1:1 v/v). The aqueous 

phase, composed of ultrapure water (10.0 mL) (Elix Advantage pure water, Merk, 

Darmstadt, Germany), was added to the organic phase and sonicated (Ultrasonic Tip 

Sonicator, Eco - sonics, SP, Brazil) for 2 min with 70% amplitude. Then, 10.0 mL of 

water were used as a stabilizer to complete the final volume of 20.0 mL of the solution.  

The mixture was maintained under magnetic stirring at room temperature (25 

°C) for the formation of nanoparticles, and complete evaporation of the organic solvent 

(Aminu, et al., 2013). Plain nanoparticles (without drug) were obtained by following the 

same procedure. All experiments were performed in triplicates. 

 

2.5.2. Characterization of nanoparticles  

  Particle size, polydispersity index (PDI), and zeta potential measurements were 

performed using a Zetasizer Nano ZS (Malvern Instruments Ltd.), with a 633 nm laser. 

The particle size distribution was measured using dynamic light scattering (DLS). The 

zeta potential was determined by means of the electrophoretic mobility of the particles, 

and the measurements were performed in a folded capillary electrophoresis cell. The 

measurements were performed in triplicates at 25 °C, with a 90° detection angle. 

The morphology of the nanoparticles was analyzed by atomic force microscopy 

(AFM) using a TT-AFM equipment (AFM Workshop, USA) in intermittent contact 

mode, using TED PELLA tips (TAP300 – G10) at an amplitude frequency of 

approximately 252.70 kHz. The samples were diluted at 1:100 in deionized water and 

left in an ultrasound bath for 15 min. After, a 10 µL aliquot of each sample was taken 
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and deposited on a mica surface and left for 15 min at room temperature to allow the 

sample to dry and then analyzed. 

 

2.5.3. Encapsulation efficiency determination and drug loading   

Quantitation of NP-BNZ was performed by determination of unencapsulated 

drug using the ultracentrifugation method. Briefly, the samples were prepared by 

diluting the nanoparticles with 0.1% (w/v) SDS, with pH adjusted to 3.5 (1 mol/L HCl).  

The samples were centrifuged at 17,828 × g for 30 min (Centrifuge 5417R, 

Eppendorf). The supernatant absorbance was measured by UV-Vis spectroscopy 

(Vankel 50 UV-Vis, Varian) at 322 nm. A standard curve was obtained for BNZ at 

0.1% (w/v) SDS. All analyses were performed in triplicates. The encapsulation 

efficiency (EE) and drug loading (DL) were calculated using Eq. (4) and Eq. (5). 

 

EE =
initial amount of drug − recovered drug

initial amount of drug
 x 100       Eq. (4) 

 

DL =
initial amount of drug − recovered drug

initial amount of drug +  initial amount of polymer 
 x 100  Eq. (5) 

 

2.5.4. In vitro release study 

Release profiles for NP-BNZ and free BNZ were obtained using a dialysis 

system. The nanoparticles were lyophilized, resuspended in 2.0 mL of water, introduced 

into the cellulose acetate membrane with a molecular weight cut-off of 14,000 Da and 

dialyzed against 50 mL of SGF without pepsin (USP 34) at 37 °C for 240 min under 

stirring (Incubator SHAKER SL 222, SOLAB, SP, Brazil).  

At predetermined times (10, 20, 30, 45, 60, 120, and 240 min), samples of 0.6 

mL were collected and quantified by UV-Vis spectroscopy. The fluid was replenished 

to keep the volume constant. The release profile of free BNZ was performed using the 

same parameters as for the nanoparticles. The analyses were performed in triplicates 

and the results expressed as mean ± S.D. Statistical analysis was performed using a two-

way analysis of variance (ANOVA) followed by a post-hoc Tukey test (p < 0.05) using 

Prism Software Version 6 (Prism, Version 6, GraphPad Software Inc., La Jolla, CA, 

USA). 
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3. Results and discussion 

3.1. Microwave-initiated modification reaction 

In the present study, CG was modified using a MW-initiated synthesis method 

(Fig. 1). In this reaction, MW is absorbed by the polar OH groups linked to the 

polysaccharide, leading to the formation of favorable sites for modification (Desbrières 

et al., 2014). In addition, when using a polar solvent, such as DMF, which has a 

dielectric constant (tan δ: 0.161), the energy transfer to the phthalic anhydride 

molecules causes dielectric heating, producing another set of reactive sites. These 

effects generated in the polysaccharide chain and in phthalic anhydride recombine and 

promote the production of modified polysaccharides (Silva et al., 2012).   

Phat-CG has been reported in previous studies (Lustosa et al., 2017; Oliveira et 

al., 2019). The process was carried out using a conventional method, which required 

high temperatures and was time-consuming. Reactions performed by MW present high 

performance at lower temperatures and shorter periods of reaction. 

 

Fig. 1. Scheme of cashew gum phthalated modification. 

 

3.2. Characterization of polysaccharides  

Fig. 2 (A–D) shows the FTIR spectra of the CG and modified derivatives 

prepared under different conditions. The CG spectrum showed absorption bands around 

3336, 2908, and 1015 cm-1, showing the characteristic vibrations of O–H, C–H (carbon 

sp3), and C–O–C (ether groups glycosidic), respectively (Silva Vasconcelos et al., 

2019). For the reaction of CG in DMF, without phthalic anhydride, the MW heating 

method did not show substantial changes in the spectral pattern. 
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The FTIR spectra of CG and the modified derivatives showed small changes. 

However, the characteristic bands remained unchanged at 3358, 2902, and 1011 cm-1, 

corresponding to O–H, C–H, and C–O–C, respectively. This similarity indicates that the 

effect of heating by MW did not change the primary structure of the CG. 

New bands (in blue) emerged in the modified derivatives around 1710, and 1360 

cm-1, attributed to C=O and C–O stretching vibrations of carboxylic acid, respectively. 

The bands at 1630, 1602, and 1583 cm-1 can be assigned to the C=C bonds of the 

aromatic group. The two bands at 1284 and 1265 cm-1 can be attributed to the ester 

group (Lustosa et al., 2017). Comparing the FTIR spectrum obtained for the phthalation 

synthesized by conventional heating (Oliveira et al., 2019) and the spectra from Fig. 2, 

it was confirmed that the reaction using MW occurred successfully. 

 

Fig. 2. FTIR spectra of (A) cashew gum, (B) phthalated cashew gum 1, (C) phthalated 

cashew gum 2 and (D) phthalated cashew gum 3.  

 

Jo
ur

na
l P

re
-p

ro
of



 12 

The molecular weight of CG and phthalate derivatives were calculated and are 

shown in Table 1. The molecular weight of CG corresponds to that reported in the 

literature (Silva et al., 2019). It was observed that all derivatives showed a reduction in 

molecular weight. This is due to the polysaccharide modification process. When a 

polymeric chain is subjected to physical and chemical stress, inter- and intra-molecular 

bonds can be broken, decreasing molecular weight (Čížová et al., 2008). Phat-CG 3 

showed a higher molecular weight compared to that of Phat-CG 2, probably due to 

exposure to greater power and reaction time. This is because under these conditions an 

increase in the reaction temperature may occur (Lewicka, Siemion, & Kurcok, 2015; 

Petit, Reynaud, & Desbrieres, 2015). The reactivity of OH groups tends to increase as 

the temperature increases; this phenomenon can cause cross-links in the polysaccharide, 

thus promoting greater molecular weight (Wang et al., 2014). In the study by Xing et al. 

(2004), MW radiation was performed to introduce N-sulfo and O-sulfo groups in 

chitosan. It has been observed that heating by MW is a convenient way to obtain a wide 

range of products with different molecular weight and DS, just by changing the 

irradiation time or energy conditions. This effect was observed for the reaction of the 

phthalated derivatives. 

 

Table 1. Molecular weight, degree of substitution values and elemental analysis data 

from cashew gum and phthalated derivatives. 

 Molecular 

weight 

(g/mol) 

DS Carbon 

% 

Hydrogen

% 

C 

(mmol) 

H 

(mmol) 

C/H 

CG 2.12 x 104  39.10 6.6 3.25 6.54 0.49 

Phat-CG 1 7.38 x 103 0.31 45.80 5.97 3.81 5.92 0.64 

Phat-CG 2 3.72 x 103 0.39 47.58 5.89 3.96 5.84 0.67 

Phat-CG 3 1.22 x 104 0.43 47.18 5.88 3.92 5.83 0.67 

 

  The 1H NMR spectra of CG and the modified derivatives are shown in Fig. 3 (A 

– D). CG and derivatives showed signals of the methyl group present in rhamnose at 1.3 

and 1.1 ppm, respectively. The chemical shifts from 3.5 to 4.0 ppm correspond to H-2 

to H-5. Signals at 4.3 and 4.8 indicate the H-1 of galactose and rhamnose, respectively. 

The chemical shift region from 4.6 to 5.0 refers to the anomeric protons (Vasconcelos 

Silva et al., 2019; Oliveira et al., 2019). The signals between 7.1 and 7.4 ppm (blue 
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arrow) represent the new signals that characterize the presence of the hydrogens of the 

aromatic ring inserted through the modification. 

 

 

Fig. 3. 1H NMR spectra of (A) cashew gum, (B) phthalated cashew gum 1, (C) 

phthalated cashew gum 2 and (D) phthalated cashew gum 3. For spectral B, C and D 

standard PRESAT pulse sequence was applied.  

 

The results of the DS are shown in Table 1. The DS of the modified derivatives 

was calculated based on the integrals of the 1H NMR spectra, according to Eq. 2 

(Vasconcelos Silva et al., 2019). For the synthesis performed at 160 W for 3 min (Phat-

CG 1), the DS was 0.31. The derivatives produced at 250 W showed DS values that 

varied from 0.39 and 0.43. In the study by Oliveira et al. (2019), where the modification 

was performed by the conventional heating method, a maximum DS value of 0.31 was 

obtained at a reaction time of 20 min. At the same CG/phthalic anhydride ratio (w/w) 

and increasing the reaction time to 8 min (Phat-CG3), an increase in the DS value (0.43) 

was observed.  

Table 1 shows the results of the elemental analysis of CG and phthalic 

derivatives. An increase in the carbon and hydrogen (C/H) ratio compared to the CG 

with the modified derivatives was observed. This is due to the insertion of the 
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phthalated group into the polymer chain. However, the C/H ratio between the 

derivatives presented similar values, corroborating the results of DS by 1H NMR. 

Fig. 4 (A and B) shows the TG/DTG curves for the CG and phthalated 

derivatives. The first event in the region of 35–130 °C for CG was attributed to the loss 

of water and gas, where the percent loss was 8.08%. The second event for CG occurred 

at 214–265 °C, which corresponds to the condensation of hydroxyl groups. The third 

event for CG occurred at 269–345 °C, which corresponds to the thermal degradation of 

the polysaccharide structure with a loss of mass of 15.15% and 41.21%, respectively 

(Silva et al., 2006; Cordeiro et al., 2017). 

For the Phat-CG 1 derivative, four degradation events were observed, with 

percentages of mass loss of 6.8% (34–108 °C), 4.78% (147–118 °C), 24.16% (195–263 

°C) and 39.79% (272–337 °C). The derivatives Phat-CG 2 and Phat-CG 3 presented 

three degradation events. The percentages of mass loss for Phat-CG 2 were 6.23% (68–

162 °C), 5.50% (172–337 °C), and 54.37% (208 –338 °C). For Phat-CG 3, the 

percentages of mass loss were 4.84% (62 –160 °C), 8.9% (166 –207 °C), and 56.0% 

(215 –333 °C). The first event observed for these derivatives showed lower values of 

moisture content when compared to CG. These data corroborated the values observed 

for the DS because as the derivative becomes more substituted, the water content 

decreases, changing the hydrophobicity of the material. 

According to the TG/DTG curves, the second mass loss event of the derivatives 

was related to the phthalic anhydride grafted in the polysaccharide structure. It is 

possible to notice that the largest mass loss occurred with the derivatives that presented 

the highest DS value. Braz et al. (2018) studied the chemical modification of chitosan 

with maleic anhydride. They noted that while the DS increased, there was also an 

increase in the amount of variation of mass loss, as observed in this study with CG and 

phthalic anhydride. 

The third and fourth decomposition events of Phat-CG 1 occurred at a 

temperature close to that observed for the second and third events of CG, which reveals 

that the thermal stability of this derivative has not been altered. On the other hand, the 

Phat-CG 2 and Phat-CG 3 derivatives presented similar decomposition profiles. It can 

be observed that the decomposition temperatures of these modified materials were 

lower than those of the CG, which reveals a lower thermal stability of the modified 

materials. When observing the degradation events of the Phat-CG 2 and Phat-CG 3 

materials, one less event was identified when compared to the Phat-CG 1. However, a 
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shoulder was observed in the curves for Phat-CG 2 (212–266 °C) and Phat-CG 3 (215–

266 °C), indicating overlap of these two events, which may have been caused by the 

amount of grafted material. 

 

 

Fig. 4. Thermogravimetric curves (A) and derivative curves (B) of cashew gum and 

phthalated derivatives 

 

Fig. 5 shows the diffractograms of the CG and phthalated derivatives. The CG 

showed amorphous characteristics because its structure follows a certain order of 

microcrystallinity (Vasconcelos Silva et al., 2019). The diffractograms of the 

derivatives showed new diffraction peaks at 2θ = 15.4°, 18.7°, 21.27°, 22.38°, 27.13°, 

30.78°, 37.19°, and 37.86°. These changes reveal the incorporation of phthalic 

anhydride in the polymer chain, showing mixed characteristics of amorphicity and 

crystallinity. The modifications are expected to occur first in the hydroxyl groups, 

located on the surface of the polymer. After rearrangement of the surface, new 

crystallographic patterns may arise due to chemical interactions (Teixeira et al., 2018). 

All derivatives followed the same pattern of crystallinity; however, it was observed that 

the peak intensity increased with increasing DS. 

Studies have reported that changes with anhydrides tend to increase the 

crystallinity of polysaccharides (Zang et al., 2013; Braz et al., 2018). This is a result of 

the possible interactions of phthalic anhydride with hydroxyl groups, and thus, these 

interactions affect the crystal growth process (Zhang & Zhang, 2015). After 
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modification, in general, rearrangements occur on the surface of the polysaccharides, 

and the appearance of new patterns suggests that they are 𝜋-𝜋 interactions (Melo et al., 

2010). Aromatic rings are more prone to an organization process, and thus the 

molecular movements can be limited owing to their rigidity; therefore, the packaging of 

polymer chains in crystalline lattices is facilitated (Guimaraes et al., 2007). 

 

 

Fig. 5. X-ray diffraction patterns of (A) phthalic anhydride, (B) cashew gum, (C) 

phthalated cashew gum 1, (D) phthalated cashew gum 2 and (E) phthalated cashew gum 

3. 

 

Table 2. Solubility coefficient and relaxation time T2 from cashew gum and phthalated 

derivatives. 

 T2 (ms) Solubility g/100g H2O  Solubility in SGF 

g/100g H2O 

CG 0.42 94.47 ± 2.04 82.57 ±5.77 

Phat-CG 1 0.15 27.56 ± 0.52 27.43 ± 3.57 

Phat-CG 2 0.15 30.22 ± 3.52   30.31 ± 2.25 

Phat-CG 3 0.15 26.33 ± 6.37 26.99 ± 4.86 
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Table 2 shows the results of NMR relaxometry experiments T2. The T2 

measurements are correlated to the molecular dynamic of the polymer (Voron'koa et al., 

2017). Compared to CG, the modified derivatives presented shorter T2 times. This 

means that the phthalated derivatives showed less molecular mobility in structural 

terms. The presence of hydrophobic groups, which are related to the aromatic ring, 

guarantees the rigid domains and thus decreases the molecular mobility. These 

observations are easily corroborated by the crystallographic analysis, due to the 

crystalline profile phthalated derivatives present less mobility to the polymer chains 

(Shapiro, 2011).  

Polysaccharides generally exhibit distinct structural characteristics in terms of 

molecular weight, composition, glycosidic binding pattern, and degree of branching 

(Gou et al., 2017). The study of these factors determines the functional properties of 

polysaccharides, such as solubility, which is critically important for various applications 

in pharmaceutical science (Vasconcelos Silva et al., 2019; Xu et al., 2019). 

Table 2 shows the solubility coefficients of CG and phthalated derivatives in 

Milli-Q water and SGF without pepsin. In the literature, it is already defined that CG 

has good solubility in aqueous environments (Kim et al., 2018). This phenomenon is 

due to the presence of various OH groups, which leads to a strong interaction between 

polysaccharide molecules via hydrogen bonding. Therefore, the balance between 

polymer-water interactions is energetically favorable and creates a solvation layer 

around the polymeric chain that keeps the polysaccharide molecules apart (Mothé, & 

Rao, 1999; Nayak et al., 2019). 

Due to the phthalated substituent, the modified derivatives exhibited low 

solubility in water. This effect is explained by the intramolecular interactions between 

the polymeric segments that cause aggregation between the polymeric chains, which 

hinders their solubility in aqueous media (Oliveira et al., 2019). The solubility results 

corroborate the other characterizations already discussed in this work, indicating that the 

insertion of the phthalated group occurred successfully in all derivatives. It was 

observed that the reaction in the MW occurred with the same efficiency under all 

reaction conditions. The solubility in SGF was evaluated with the purpose of using 

phthalated polymers as a possible polymeric matrix for drug transport. The literature 
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reports that the presence of phthalated groups under acidic conditions promotes drug 

protection (Aiedeh, Taha, & Al-Khatib, 2005; Ubaidulla et al., 2007). 

 

3.3. Characterization of nanoparticles 

Among the phthalated derivatives obtained, the Phat-CG 1 derivative was 

selected to produce nanoparticles. This derivative was chosen because it presented the 

closest pattern of thermal decomposition to that observed for CG, and the crystallinity 

peaks were less intense when compared to other derivatives. However, nanoparticles 

without the drug were obtained with all derivatives and characterized according to size, 

PDI, and zeta potential data. All presented similar characteristics. The method used to 

obtain the polymeric nanoparticles was nanoprecipitation. The polymer and the drug are 

in an organic phase that is miscible with water. When the aqueous phase is added to the 

organic phase, there is a decrease in the interfacial tension between the aqueous phase 

and the organic phase, and the diffusion of the organic solvent in the aqueous phase 

occurs very quickly, favoring the formation of nanoparticles (Sur et al., 2019). The 

sonication process contributed to a better particle size distribution (Karakus et al., 2019; 

Hedayati, Niakousari, & Mohsenpour, 2020). 

The NP–BNZ presented average hydrodynamic size of 288.4 ± 8.5 nm, PDI of 

0.27 ± 0.02 and zeta potential of –31.8 ± 0.9 mV, which are considered suitable 

parameters for monodisperse and stable nanosystems (Crucho, & Barros, 2017). The 

encapsulation efficiency and drug loading were 33.5% and 5.43%, respectively. 

Although suitable parameters have been achieved from the nanoparticles, it seems that 

encapsulation efficiency could be improved using optimization methods that improve 

the rates of drug loading (Santos-Silva et al., 2017). The nanoparticles without the drug 

presented a size of 270.3 ± 1.4 nm, PDI 0.26 ± 0.01 and zeta potential of –32.8 ± 1.8 

mV. A slight increase in size was observed in NP–BNZ when compared to plain 

nanoparticles. This outcome corroborates other studies and can be explained by the 

presence of the drug that may rearrange the polymer matrix, providing an increase in 

size (Chaves et al., 2018; Aminu et al., 2020).  

In the methodology discussed in this work, it was not necessary to use surfactant 

in the aqueous phase to obtain the polymeric systems. The polysaccharide obtained in 

our study has amphiphilic characteristics, which reduces the surface tension between the 

nanosystem and the aqueous solution, allowing the stabilization of the nanostructure 

(Mendes et al., 2011; Roy et al., 2014). This evidence can be seen from the zeta 
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potential analysis, which is an important parameter for particle stability (Abriata et al., 

2017). The nanoparticles exhibited anionic character, due to the acid groups that were 

inserted in the CG chains. These results indicate that it may be advantageous to use a 

modified biopolymer instead of a synthetic polymer that has a high cost. Also, because 

of the high hydrophobicity of the synthetic polymer, it would be necessary the use of 

surfactants to improve the colloidal stability of the polymer system (Santos-Silva et al., 

2017).  

The morphology of the nanoparticles is shown in the AFM images of the NP-

BNZ and unloaded nanoparticles (Fig. 6A–D). Both nanoparticles showed a spherical 

morphology. It was observed that the average sizes of the nanoparticles evaluated by 

AFM were smaller than those determined by DLS. The AFM analysis contains 

information on the three dimensions of the system. In the images, the z-axis is normally 

used to determine the diameter of spherical particles (Sitterberg et al., 2010; Eaton et al., 

2017). The size analysis determined by DLS is an indirect measure, as the dimensions 

are evaluated by means of the hydrodynamic ray, measured from light scattering 

(Bhattacharjee, 2016). In addition, the ionic layers, solvation layer, and dispersion 

behavior of particles in solution are conditions that influence the measurement (Eaton et 

al., 2017). 
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Fig.6. Atomic force microscopy 3D image of benznidazole-loaded nanoparticles (A-B) 

and nanoparticles without the drug (C-D). Images with a size range of 10 and 2 µm and 

a resolution of 512 pixels. 

 

The in vitro release profile of NP-BNZ was studied to assess its performance as 

a form of oral administration. To accurately test a system's pH dependency, the in vitro 

release profile must simulate in vivo conditions (Asare-Addo, et al., 2011; Subbiah & 

Guldberg, 2019; Feng et al., 2020). The exposure time and the type of buffer must be 

representative and considered (Hu & Luo, 2018). The time and SGF used in this study 

were chosen, as they are the ones recommended to simulate gastric conditions (Gaucher 

et al., 2010; Wong, Al-Salami, & Dass, 2017). The release profile of free BNZ was also 

evaluated for comparative purposes. Fig. 7 shows the release profile of NP-BNZ and 

free BNZ under conditions of SGF without the presence of enzymes. As it can be seen, 

both NP-BNZ 8.6  0.2% and free BNZ 8.7  0.84% presented similar rates in the 

initial moments of release. This is because part of the BNZ remained on the surface of 

the nanoparticle (Seremeta et al., 2019). However, in 120 min, NP-BNZ released about 

16.7  2.3%, while for free BNZ 27.77  4.1%. After 240 min, NP-BNZ released about 

22.86  1.2%, while for free BNZ 33.73  4.5%.  These differences were statistically 

significant with p < 0.0001. Compared to the free drug, the loaded NP-BNZ exhibited a 

continuous and considerably slower release. 
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Fig. 7. In vitro release profile of benznidazole-loaded nanoparticles and free 

benznidazole at simulated gastric fluid. 

 

  This acid resistance of nanoparticles can be explained by the low swelling of the 

phthalated groups in the SGF medium, which was probably a result of the hydrophobic 

characteristics of the polymer. Under these conditions, the carboxylic groups present in 

the system are in a non-ionized form, which makes them less hydrophilic. García et al. 

(2018) showed the release profiles of BNZ in interpolyeletrolytic complexes composed 

of polysaccharides (chitosan and alginate) and synthetic polymers (polymethacrylates). 

For both systems, a slow and prolonged release of BNZ in the dissolution medium 

(SGF) was observed. In the case of the polysaccharide system, a lower BNZ release was 

observed compared to the polymethacrylate compound, due to the interactions between 

the amino groups of chitosan and the acid groups of alginate, since the solubility in the 

gastric medium of chitosan is avoided by the alginate network, which is insoluble under 

acidic conditions (Karuna et al., 2018). 

The modified derivative used in this work can become an interesting platform 

for modified drug release, given its behavior for drug delivery systems using 

polysaccharides as a polymeric matrix. However, cytotoxicity tests and the evaluation 

of the effectiveness of nanoparticles in cell cultures for T. cruzi are still necessary. 
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4. Conclusion 

In this study, a MW-initiated synthesis method to produce phthalate cashew gum 

was successfully performed. Three derivatives were prepared, and physicochemical 

characterization was performed. The variation in MW power and time influenced the 

properties of the derivatives. It was observed that the higher the MW power and time, 

the greater the hydrophobization of cashew gum. The temperature and magnetic 

agitation were maintained in a controlled manner to guarantee reproducibility and 

reliability of the results, showing that the methodology presented in this work is more 

efficient than the conventional thermal heating method. Using pharmaceutical 

technology as a strategy, it was possible to obtain polymeric nanoparticles using 

phthalated gum for BNZ administration. The results verified that, with the modification, 

the polymer provided greater protection to the drug in the simulated gastric fluid 

environment. Finally, the developed system can be useful for the treatment of Chagas 

disease. 
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