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ABSTRACT

Bromelain is a protein complex containing proteases and 
other non-proteolytic constituents, with several therapeutic 
applications, such as: debriding, antineoplastic, anticoagulant 
and anti-inflammatory. The present work aimed to produce 
Eudragit® S100 nanoparticles (NP) containing bromelain 
extracted from a hybrid pineapple, Ananas comosus var. 
Erectifolius x Ananas comosus var. Bracteatus, characterize the 
nanocarrier and study optimal enzyme pH and temperature. 
NP were prepared by nanoprecipitation, using 2 polymer 
concentrations (1 and 2 mg/mL). Nanoparticles with adequate 
size (D[4,3] = 386 nm) and size distribution (Span= 0.6) were 
obtained when a lower polymer concentration was used. After 
adsorption, an increase in particle size (486 nm) and change 
the zeta potential (from -19 mV to -5.5 mV) was verified. Total 
protein quantification after immobilization showed a small loss. 
The association efficiency (AE%) of total protein was 45.24%, 
and the catalytic activity was maintained after the adsorption. 
A 3 Level Factorial Design was used to study the optimal pH 
(7.15) and temperature (52.5 °C) for free enzyme, and optimal 
pH (6.77) and temperature (52.5 °C) for adsorbed bromelain. 
This work revealed the viability of bromelain immobilization 
by adsorption to Eudragit S100 nanoparticles, which had a 
protective effect on the enzymatic activity during storage.

INTRODUCTION

Bromelain is a complex of proteases found in pineapples 
(Ananas comosus), which belong to the class of hydrolases 
(proteases that break the peptide bond of proteins and 
peptides) [1]. It is a mixture of different compounds, such as, 
proteases, phosphatases, peroxidases, cellulases, protease 
inhibitors, and others, besides carbohydrates and other not 
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identified components [2]. Different bromelain applications 
are described in the medical field. It has aroused particular 
interest in plastic surgery due to its anti-edematous, anti-
inflammatory and anticoagulant activities. In addition 
bromelain has been applied, to reduce pain, assist in wound 
healing, debridement of burns, ischemia and reperfusion, 
and as an adjuvant in antibiotic therapy [2,3]. The medicinal 
properties of pineapple plant are recognized traditionally 
in South America, China and Southeast Asia. Today, some 
of these properties are attributed to presence of bromelain 
in this plant. Among its various medicinal properties, 
bromelains anti-cancer activity has gained attention among 
researchers. Studies have shown that bromelain induces 
tumor cell apoptosis [4]. Its anti-inflammatory effect has been 
demonstrated in different animal models of inflammation 
and inflammatory human diseases, including arthritis and 
inflammatory bowel disease [5].

The topical use of bromelain rapidly hydrolysis eschar 
from burns with minimal injury to normal tissue, and it was 
demonstrated that the enzymatic debridement using the 
enzyme topically, accelerates the recovery of blood perfusion 
in injured tissues, and controls TNF-α expression, a cytokine 
involved in the inflammatory response [6]. It is effective in 
debridment of uncomplicated firearm wounds and is used 
as an adjuvant to conventional surgical debridement [7]. The 
nanoencapsulation of bromelain, together with vitamin E, has 
showed better activity to heal burnt skin on the animal model 
[8].

Polymeric nanoparticles emerged as a promising alternative 
as drug carrier. These systems have high surface area and are 
considered vectors for the delivery of substances, allowing a 
controlled release and often homogeneous drug release, thus 
increasing the therapeutic response at the site of action for a 
prolonged period [9]. These carrier systems are associated to 
the drug molecule by encapsulation or/and adsorption to the 
polymeric structure. Nanoencapsulation of bromelain has the 
main purses of stabilizing the proteolytic complex [10].

The use of poly(lactic-co-glycolic) acid nanoparticles to load 
bromelain has been previously reported [4]. In this work 
bromelain was associated by encapsulation [4], which is 
particularly difficult considering that these particles are more 
easily linked to lipophilic molecules [11]. Nanoparticles can 
absorb proteins on their surface by interactions composed 
of different contributions (hydrophobic, electrostatic, and 

H- bonding) [12]. According to Arumugam and Ponnusamy 
(2013) [13] the bromelain surface charge of is positive. The 
electrostatic interaction of this enzyme with a negative 
nanoparticle surface was exploited in this paper to produce 
nanoparticles adsorbed with bromelain.

Eudragit S100® is a pH-sensitive anionic copolymer composed 
of methacrylic acid and methylmethacrylate having unique 
dissolution behavior above pH 7. Many authors reported the 
use Eudragit nanostructures to enhance the drug delivery [14-
19].

The nanoparticles made of Eudragit® S100 can be a potential 
carrier for not only topical delivery but also systemic delivery 
of therapeutically active compounds including microbicides, 
peptides and proteins [17].

The aim of this work was to produce and characterize Eudragit® 
S100 nanoparticles associated with bromelain from the pulp of 
a new variety of pineapple obtained by hybridization between 
Ananas comosus var. Erectifolius and Ananas comosus var 
bracteatus.

MATERIALS AND METHODS

CHEMICALS AND PLANT MATERIALS

Pineapples were obtained from the Active Germplasm Bank 
of Brazilian Agricultural Research Corporation (EMBRAPA – 
Empresa Brasileira de Pesquisa Agropecuária), in Cruz das 
Almas, Brazil. It is a new variety obtained from the hybridization 
between Ananas comosus var. erectifolius and Ananas comosus 
var. bracteatus. The Coomassie Brilliant Blue G-250 was 
obtained from Merck (Frankfuter, Germany). Eudragit S100 
was kindly donated by Evonik® Brasil, SP-Brazil. Polyssorbate 
80 was obtained from Vetec Quimica Fina Ltda, RJ-Brazil. All 
the buffers and reagents used were of analytical grade.

PREPARATION OF ENZYMATIC EXTRACT

Pineapples were washed and air dried. Peel and crown were 
removed. The pulp was sliced into small pieces before it was 
homogenized in a domestic blender with cold phosphate 
buffer (0.2 M pH 6.0) at 1:1 (w:v) ratio. The resulting blend was 
filtered in a cheese cloth and then centrifuged at 10,000×rpm 
at 4 °C for 20 min. The obtained supernatant was frozen until 
the time of analysis and was called bromelain extract [20].

PREPARATION OF NANOPARTICLES
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Polymeric nanoparticles (NP) were prepared by 
nanoprecipitation of a preformed polymer, as proposed by 
Fessi et al. in 1989 [21]. An anionic polymethacrylate was 
used (Eudragit® S100). Briefly, the polymer was solubilized in 
acetone and added, in a laminar flow, into an aqueous phase 
containing polyoxyethylenesorbitan monooleate (Tween 
80) under magnetic stirring. Organic solvent was removed
and the volume of water was adjusted by rota-evaporation. 
Bromelain extract was added dropwise in the suspension of 
NP under moderate magnetic agitation in order to establish 
an electrostatic interaction. The bromelain content and 
enzymatic activity were quantified after adsorption.

CHARACTERIZATION OF NANOPARTICLES

Formulated NPs were characterized physical-chemically 
regarding: size, morphology, protein content, association 
efficiency, zeta potential, pH and stability. For these particles, 
the zeta potential (Nano-ZS Zetasizer®, Malvern) is an essential 
parameter because the change in zeta potential indicates 
whether the association was successful. Mean particle size 
and distribution were measured by laser diffractometry 
(Mastersizer®/Malvern). Particle size reported was the average 
of three samples.

Association efficiency (AE%) was evaluated by determining 
the protein content (C), which was measured using Bradford´s 
method (1976) [22] as described below. In order to determine 
AE% the formulation was submitted to the ultra-filtration 
centrifugation

technique. The nanostructures were retained in the filter (100 
kDa) and the unabsorbed protein content was quantified in 
the ultra-filtrate (UF). Association rate was indirectly calculated 
by applying the equation [23]:

AE% = (C-UF)/C x 100

The pH was measured to ensure that it is in the bromelain 
activity range.

Determination of pH was performed with a potentiometer 
(B474 Micronal). Stability was investigated in free bromelain 
and bromelain adsorbed NP. The samples were stored in 
refrigerator at 6 °C. Samples stability was measured by 
enzymatic activity. All analyzes were performed in triplicate 
and statistical difference was evaluated by Student´s t-test.

Scanning electronic microscopy images were obtained on a 
JEOL JSM 6060 at 15 kV. Samples were coated with a thin layer 

of gold before visualization. The experiment was carried out at 
the Centro de Microscopia Eletrônica of the Federal University 
of Rio Grande do Sul, Porto Alegre, Brazil.

PROTEIN CONTENT AND ENZYMATIC ACTIVITY

Samples were diluted four times in ultrapure water and 
centrifuged in ultrafilters (100 kDa). In order to guaranty 
that bromelain did not interact with the filter material free 
bromelain was also filtrated and the protein content in the 
ultrafiltrate measured.

Protein content was spectrophotometrically measured 
according to Bradford (1976) [22], bovine serum albumin was 
used as standard.

Enzymatic activity was experimentally determined on the 
formulation, the ultrafliltrate, as well as on the retained 
fraction of the ultrafilter, considering that the adsorption of 
the protein can interfere on the protein activity due to steric 
impendent.

Enzyme activity was estimated as follows, according to 
modifications in the method described by Murachi (1976) [24]: 
1% casein (w/v) in 50 mM phosphate buffer (pH 6.0) was used 
as substrate. Sample aliquots of 50 µL were added to tubes 
containing 500 µL casein buffered solution. The mixture was 
kept in water bath at 37 °C for 20 minutes. Subsequently, a 
40 µL aliquot was removed from the reaction and added to 2 
mL Bradford reagent. Absorbance was determined at 595 nm 
using UV/visible spectrophotometer (Varian Cary). The same 
mixture without reaction was used as control. One enzyme 
unit (U) was defined as the bromelain amount necessary to 
consume 1 µg of casein in 1 min (expressed as U/mL) at 37 °C. 
All measurements were performed in triplicate.

CHARACTERIZATION OF BROMELAIN OPTIMUM pH AND 
TEMPERATURE

A surface response three level factorial design was used to 
determinate optimum pH and temperature of free bromelain 
and NP adsorbed with bromelain. Each variable was studied at 
3 levels, pH ranged from 5 to 7 and temperature ranged from 
30 to 90°C.

Three central point (c) repetitions were performed to estimate 
the possible pure error in a total of eleven experiments (Table 
1). Proteolytic activity was measured at each point.

ANOVA - variance analysis and response surface graphs were 
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plotted using Statistica software, version 7.0.

Assay pH Temperature (°C)

1 5 90

2 6 90

3 7 90

4 5 60

5 6 60

6 6 60

7 6 60

8 7 60

9 5 30

10 6 30

11 7 30

Table 1: Three Level Factorial Design used to characterize bromelain extract obtained from a hybrid 
pineapple (Ananas comosus var. Erectifolius x Ananas comosus var. Bracteatus).

RESULTS AND DISCUSSION

Bromelain is found in different tissues of a pineapple plant 
[25]. Its empirical use, with medicinal purpose, is known since 
1493, when the pineapple extract was used by the Central and 
South American native population to treat different diseases. 
Today, its therapeutic actions are attributed to bromelain 
[26]. In this work, bromelain was extracted of a new variety 
of pineapple obtained by hybridization between Ananas 
comosus var. erectifolius and Ananas comosus var. bracteatus.

The obtained bromelain extract was immobilized on Eudragit® 
S100 NPs by adsorption. The polymer/extract interaction can 
be attributed to a physical attraction, electrostatic adsorption. 
Inert polymers and inorganic materials are usually used as 
support for the immobilization of proteins. Immobilization 
is a confinement of the protein to a phase (matrix/support) 
different from the substrates and products. This strategy 
prevents the aggregation, proteolysis and interaction of 
proteins with hydrophobic interfaces [27]. The protein-NP 
conjugate is a reversible immobilization and the enzyme can 
be detached from the support under gentle conditions [28]. 

NANOPARTICLES CHARACTERIZATION

Size, Zeta Potential and Morphology of NPs

Synthetic organic polymers have the great variability on 
physical and chemical characteristics. The main synthetic 

polymers are polystyrene, polyacrylate, polyvinyls, polyamide, 
polypropylene and copolymers are polyaldehyde and 
polypeptide structures [29]. In this work, nanoparticles were 
produced by nanoprecipitation of Eudragit® S100, an anionic 
polymer.

The prepared nanoparticles were nanometric, having mean 
diameter of 887 nm for the higher concentration of Eudragit® 
S 100 and 386 nm for the lower. Particle size is an important 
factor to determinate the biodistribution of circulating NPs 
and ensures the therapeutic efficacy [10]. Using a different 
technique of NPs production, a modified quasi-emulsion 
solvent diffusion method, Yoo, Giri and Lee (2011) [17] 
obtained Eudragit® S100 NPs with size 211.5 nm. While 
Nepolean et al. (2012) [18] used a cationic polymer (Eudragit® 
RLPO) to produce NPs and obtained particles with size from 
496 to 984 nm, increasing according the increment in polymer 
concentration.

These results are similar with our results, smaller NPs are 
obtained when using a lower polymer concentration. Other 
report used papain, a cysteine protease, like bromelain, 
loaded in submicron particles of Eudragit® S100 and L100. The 
particle size varied 242 from 665.6 nm to 2785.6 [30].

A monomodal size distribution with Span of 0.665 was 
observed for the formulation with 1 mg/mL of Eudragit® S100 
with 2:1 ratio NP:bromelain but when a higher proportion of 
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bromelain was added a second larger population was also 
formed (Fig. 1). This indicates an excess of bromelain when the 
ratio is 1:1 NP:bromelain.

When bromelain was added to the NPs with higher polymer 
concentration, aggregate were formed and the resulting 
suspension was multimodal (Fig. 1). The different behavior of 
the protein/NP interaction can be attributed to the difference 

in particle size. According to Aubin-Tam and Hamad-Schifferli 
(2008) NP size can affect the protein structure and activity [31]. 
Possibly, the observed result indicates that when interacting 
with particles of higher mean diameter, bromelain alters its 
structure and precipitates in larger agglomerates, but the 
interaction with particles of mean diameter 386 nm resulted 
in the successful adsorption of the protein.

Figure 1: Size distribution of blank Eudragit® S100 nanoparticles and NPs associated with bromelain extracted 
from pulp of a hybrid pineapple Ananas comosus var. erectifolius x Ananas comosus var. bracteatus.

 Table 2. Nanometric formulations of free Eudragit® S100 nanoparticles and NPs associated with bromelain extracted 
from pulp of a hybrid pineapple Ananas comosus var. erectifolius x Ananas comosus var. bracteatus.

Polymer concentration (mg/mL) Ratio nanoparticle:bromelain D[4,3] (μm) Span
Zeta Potencial 

(mV)
pH

1 (1:0) 0.387±0.008 0.621±0.04 -19.0±0.85 5.6

1 (2:1) 0.496±0.009 0.662±0.02 -5.5±0.39 5.6

The zeta potentials of the blank NPs were initially highly 
negative (-19.0 mV), after the addition of bromelain the 
negative charge was lower (-5.5 mV). This shows that the 
particle surface charge suffered changed once bromelain 
was added, indicating an electrostatic interaction. The results 
indicate that the bromelain was adsorbed on NP surface once 

the size of the NP increased after the bromelains addition 
besides the change on zeta potential (Table 2).

Morphology of nanoparticles associated to bromelain (2:1) 
was evaluated by scanning eletron microscopy (Fig. 2). 
Nanoparticles presented a spherical homogenous format.
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Protein content was measured in order to determine the AE% and the maintenance of enzymatic activity after adsorption was 
also evaluated (Table 3). 

Table 3. Protein content and proteolytic activity on formulations containing Eudragit® S100 NPs associated with bromelain 
extracted from pulp of a hybrid pineapple Ananas comosus var. erectifolius x Ananas comosus var. bracteatus.

Figure 2: Scanning electron microscopy of Eudragit S100 nanoparticles associated with bromelain extract from a hybrid 
pineapple Ananas comosus var. erectifolius x Ananas comosus var. bracteatus.

Sample
Protein Content 

(µg/mL)
Proteolytic activity 

(U/mL)

Bromelain 496.0 ± 6.7 44.1 ± 2.7

NP + bromelain 425.04 ± 8.94 47.91 ± 0.82

Ultrafiltrate 232.75 ± 10.00 41.71 ± 3.38

Retained fraction - 32.71 ± 1.16*

*statically different than bromelain before adsorption (p <
0.05; Student´s t-test). The AE% was 45.24% with maintenance 
of enzymatic activity. Different efficiency has been found 
by other authors [34] when producing encapsuled papain 
on submicron Eudragit® S100 e L100 particles obtaining an 
encapsulation efficiency of 81.17% and 82.35%, respectively. 

BHATNAGAR et al. (2014 and 2015) [4,10] reported Eudragit® 
coated bromelain loaded poly(lactic-co-glycolic) acid NPs 
with encapsulation efficiency of 48.8% and 52%, respectively. 
Adsorption usually renders lower AE% than encapsulation, 
even so the AE% for these particles is close to the ones found 
by Bhatnagar and co-workers for the same protein.
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Some therapeutic activities of bromelain are based on its effects 
on the production of cytokines and inflammatory mediators, 
these effects require that bromelain be proteolytically active [5]. 
One of the advantages of using physical interaction between 
an enzyme and an polyelectrolyte, such as Eudragit® S100, 
is that the native structure and function of the protein is not 
markedly lowered [31]. The proteolytic activity of the retained 
fraction after the ultra-filtration was lower (p< 0.05) than the 
NP formulation and the bromelain pulp extract. A reduction of 
enzyme activity was expected, considering an AE% of 45.24%. 
The ultrafiltrate presented a proteolytic activity equal to the 
bromelain pulp extract and NP formulation. The pulp extract 
of bromelain contains several proteinase inhibitors [32], there 
possibly occurred the immobilization of proteases inhibitors in 
the formulation or filter membrane, rendering an ultrafiltrate 
with low or no proteases inhibitors.

The enzyme stability was determined by quantifying its activity 
on bromelain and the formulation (NPs + bromelain) for 0, 1, 
3 and 5 days. After 1 and 3 days at 6 °C, the free bromelain 
retained 38.6% ± 2.2% and 17.2% ± 0.3% of its proteolytic

activity loosing completely its activity after 5 days. The 
bromelain associated to NPs retained 55.5% ± 2.8% and 27.2% 
± 1.8%, respectively, after 1 and 3 days, with maintenance 
of 5.3% ± 0.9% of its activity at the last day. Similar result 

was reported by PARODI et al. (2014) [33] that investigated 
bromelain’s proteolytic activity by storing it 24 h at 37°C. The 
extract displayed significant autodigestive activity. The same 
autodigestive effect was observed on our bromelain but 
less loss was observed on associated bromelain to NPs. This 
immobilization had a protective effect on the biocatalyst. 

THE EFFECT OF TEMPERATURE AND pH ON THE 
PROTEOLYTIC ACTIVITY OF BROMELAIN

Temperature and pH are very important characteristics in 
enzyme kinetics studies. These features affect directly the 
enzymatic behavior and its stability. The studied temperature 
ranged from 30 to 90 °C and pH from 5 to 7 as showed on Table 
1.

Results were obtained in U/mL and were plotted in relative 
activity to better display the bromelain kinetic reaction 
features under temperature variations. As a consequence of 
enzyme immobilization, some properties such as catalytic 
activity or thermal stability become altered [28]. To ensure 
the interference of immobilization on enzymatic kinetics, the 
optimum pH and temperature were quantified the formulation 
containing bromelain associated to Eudragit® S100 NPs. A 
Three Level Factorial Design with two variables was used for 
this characterization. Response surface plots are shown in Fig. 
3A and 3B.

Figure 3: Kinetic characterization of free bromelain (A) and Eudragit® S100 NPs Containing bromelain (B) 
from pulp of a hybrid pineapple Ananas comosus var. erectifolius x Ananas comosus var. bracteatus.
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Results show that bromelain has maximum activity at 52.5 
°C and pH 7.15 while the bromelain NP have its maximum 
catalytic capacity at the same temperature and pH 6.77. This 
little difference on pH values is not significant. Immobilization 
of biocatalysts can protect them from changes in their 3-D 
structure face to experimental variations. The experimental 
matrix applied in the current study described the well- 
adjusted behavior of bromelain activity against the variables 
analyzed. Variance analysis, presented in Table 3, show that 
the results are statistically significant and that there was no 

lack-of-fit. The model’s efficiency was checked by determining 
the coefficient R2 0.998 and 0.9976 for free and associated 
bromelain, respectively. This indicates a good match between 
the response predicted by the model and the experimentally 
obtained enzymatic activity. A test based on Fisher distribution 
(F-test) indicates that there is good agreement between the 
models predicted response and the experimental values 
studied for each variable. There is no lack-of-fit for kinetic 
characterization of free (F = 45.67 < 99.17) and adsorbed 
bromelain (F = 8.621 < 19.16)

Table 4: Variance analysis of kinetic characterization of free bromelain and Eudragit® S100 NPs containing 
bromelain from pulp of a hybrid pineapple Ananas comosus var. erectifolius x Ananas comosus var. bracteatus.

SS – sum of squares; DF – degree of freedom; MS – mean square; Fcal – calculated F value; Ftab –

tabulated F value.

Other authors reported higher bromelain activity at 59 °C [34], 
40 °C [35] 30 °C with rapid activity loss above 60 °C [36] or 50 
to 70 °C, with total loss of its proteolytic activity when exposed 
to 90 °C [37]. It is clear that the enzymatic kinetic features can 
vary depending on the source of the biomolecule. The pH 
variation is another essential parameter in enzyme feature 
studies. Changes on pH cause different ionization pattern on 
the biomolecule. These variations can enhance its affinity with 
its substrate or can cause its denaturation. Studies reported 
optimum pH of 7.7 [34], of 5.0 [35] and of 6.0 [36] and range 
between pH 6-7 [38] and 7 for a commercial bromelain [37].

CONCLUSION

It was possible to extract bromelain from the pulp of a hybrid 
pineapple (Ananas comosus var. Erectifolius x Ananas comosus 
var. Bracteatus). The bromelain extract was successfully 
adsorbed to Eudragit S100® nanoparticle as showen by 
an increase of particle size and decrease in zeta potential 
modulus. This association maintained the proteolytic activity 
of the enzymes, which is important for future therapeutic 
applications. Bromelain kinetic reaction features were 
also maintained when associated to the NP. Additionally, 
adsorption of bromelain to NP exerted a protective effect on 
enzymatic activity during storage.

ANOVA

Variation

source

Free bromelain NPs formulation with bromelain

SS DF MS Fcal Ftab SS DF MS Fcal Ftab

Regression 15059.4758 5 3011.895 597.6806 10.96702 16624.8710 5 3324.974 414.9716 5.05

Residual 25.1965 5 5.03931 40.0627 5 8.01253

Lack-of-fit 24.83 3 8.28 45.67 99.17 37.19 3 12.40 8.621 19.16

Pure error 0.36 2 0.18 2.88 2 1.44

Total SS 15084.67 10 16664.93 10
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