
Microporous and Mesoporous Materials 325 (2021) 111316

Available online 31 July 2021
1387-1811/© 2021 Elsevier Inc. All rights reserved.

Biocomposites based on SBA-15 and papain: Characterization, enzymatic 
activity and cytotoxicity evaluation 

Danilo W. Losito a, Patricia S. Lopes b, Andreza R. Ueoka b, Márcia C.A. Fantini c, 
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A B S T R A C T   

Papain has bacteriostatic and anti-inflammatory properties and has been shown to be effective in the healing 
process of wounds, injuries, and ulcers by breaking down fibrinous material into necrotic tissue. However, 
papain is unstable and easily denatures or deactivates preventing their broad industrial application. In this work, 
papain was incorporated into SBA-15 ordered mesoporous silica, with the aim of improving its stability, as well 
as its encapsulation yield and influence of the reaction time on its stability and enzymatic activity. By small-angle 
X-ray scattering it was possible to verify that the papain is a globular and slightly elongated protein, likely 
dimeric, with a maximum size of ~6.0 nm, which favors its inclusion in the SBA-15 mesopores (~10 nm). The 
biocomposites (SBA-15:papain) were characterized by several physical-chemical techniques. The results indi
cated that the papain was incorporated into the SBA-15 mesopores. The biocomposites exhibited higher thermal 
degradation temperature than pure papain and did not show cytotoxic potential. The papain enzymatic activity 
was maintained, with the best performance for the samples prepared with 30 wt% of papain. The results also 
showed that the 3D cell culture system is better suited for biocomposites that present a cell disruption 
mechanism.   

1. Introduction 

Papain is one of the most studied proteolytic enzymes of the cysteine 
proteinases group, extracted from the latex of the Carica papaya fruit, it 
was the first enzyme whose three-dimensional structure has been 
determined [1]. As a cysteine protease with a thiol group (SH) at its 
active site, it is an excellent structural model for this group of enzymes 
[2]. It has properties such as high enzymatic activity, good thermal 
stability and non-toxicity which allow a wide range of applications in 
the food, cosmetic, pharmaceutical and textile industries [3–5]. Papain 
has bacteriostatic and anti-inflammatory properties and has been shown 
to be effective in the healing process of wounds, injuries, and ulcers by 
breaking down fibrinous material into necrotic tissue [6]. However, 
papain is unstable and easily denatures or deactivates, such as other 
soluble enzymes, making them more difficult to recycle and recovery, 

preventing their broad industrial application. Aiming to overcome these 
limitations, immobilization of free enzymes is an effective way to solve 
them [7,8]. 

Enzymatic immobilization refers to enzymes physically confined to a 
matrix, maintaining their enzymatic activity, and increasing their sta
bility [9–11]. Enzyme stability can be improved by reducing the autol
ysis in the case of protease enzymes, and the reduction of protein 
aggregation because of separation of adsorbed enzyme molecules in the 
surface [12]. Recently several techniques such as physical adsorption, 
entrapment, ion exchange and covalent bonding have been adopted to 
immobilize enzymes on solid supports, such as polyelectrophilic cap
sules, biopolymers, zeolites, and silicas such as mesoporous silicas [9, 
11–15]. 

Ordered mesoporous silicas, such as MCM-41, SBA-15 and FDU-12, 
have several properties that make them attractive for enzymes 
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immobilization, such as uniform and tunable pores (2–50 nm), high 
surface area (above 800 m2 g− 1) and large number of silanol groups 
(Si–OH) which are important for grafting enzymes to the silica surface 
[12,16,17]. Various of these silicas have been used for enzyme immo
bilization [9,12,18,19], but among them, the SBA-15 is particularly 
promising as host matrix for papain immobilization due to its excellent 
structural properties, such as, highly ordered hexagonal, large and 
adjustable mesopores (8–50 nm) and high thermal and mechanical 
stability as a result of large silica wall thickness [20,21]. 

In this work, unlike other published studies [9,22,23], papain was 
immobilized on pristine SBA-15 by wetness impregnation [22], in 
deionized water, varying the amount of papain (10 and 30 wt%), at 
different reaction time (30 and 60 min). The study was targeted to 
examine the papain content and the influence of the reaction time on 
both, stability, and papain enzymatic activity, maintaining the safety of 
the material regarding cellular viability, aiming biomedical applica
tions. As far as our knowledge, the simple procedure to prepare bio
composites of pristine SBA-15 and enzymes, using impregnation in pure 
aqueous medium, has not been explored. Aqueous medium is particu
larly interesting since there are no other molecules to interact and 
compete with papain for the free pores inside the porous matrix. Papain 
has its isoelectric point around 8.3, consequently, in water, the enzyme 
shows positive charge, making favorable its interaction with silanol 
groups in SBA-15, which are electronically negative. These interactions 
could be impaired with other negative species present in the medium. 
This could take place when salts, such as phosphate salts, are used as 
buffering compound. Furthermore, the use of buffering agents, like 
phosphate buffered saline (PBS), could significantly increase the final 
weight, if the final dispersion would be freeze-dried without any sample 
treatment, as dialysis, to eliminate the buffer salts. Furthermore, in this 
study we present an unprecedented analysis on the cytotoxicity of 
silica-papain-based biocomposites using a 3D spheroid method [24,25]. 
Cells grown as spheroids better simulate in vivo cell biology, so the use of 
3D spheroids to assess the toxicity of the biocomposites of SBA-15 and 
papain is a novelty per se, and better resemble the in vivo situation. In 
addition, papain is a protease and presents an anoikis effect, a fact that 
difficult the evaluation of in vitro tests. 

2. Experimental 

2.1. Material 

Tetraethylorthosilicate (TEOS, 98%, Sigma-Aldrich), poly(ethylene 
oxide)–poly(propylene oxide)–poly(ethylene oxide) (Pluronic P123®, 
PEO20PPO70PEO20, Sigma-Aldrich, Brazil), hydrochloric acid (HCl, 
37%, Synth, Brazil), nitric acid, HNO3, (Sigma Aldrich), silver nitrate, 
AgNO3, (Synth, Brazil), Deionized water, Nα- Benzoyl-DL-arginine p- 
nitroanilide hydrochloride (Sigma-Aldrich®, St Louis, USA), Sodium 
phosphate dibasic heptahydrate P.A. (Synth, Diadema, Brazil), Diso
dium ethylenediaminetetraacetate dihydrate P.A. (Synth, Diadema, 
Brazil), L-cysteine hydrochloride P.A. (Synth, Diadema, Brazil) Papain 
from Carica papaya (30000 USP-U/mg, EMD Chemicals Inc, San Diego, 
USA), Papain pharmaceutical grade (30000 USP-U/mg stabilized with 
sodium disulfite, Emprove® Essential Merck, Darmstadt, Germany), 
Glacial acetic acid (Synth, Diadema, Brazil). Dulbecco’s Modified Eagle 
Medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin, L- 
glutamine and trypsin with EDTA were purchased from Vitrocell® 
(Campinas, Brazil), Balb/c 3T3 (clone A31) mouse embryo cells (ATCC® 
CCL-163™) was purchased from ATCC (American Tissue Culture Collection, 
Manassas, VA), NanoshuttlesTM and the Bio-Assembler SystemTM were 
purchased from n3D Biosciences, Inc. (Houston, TX), 1-(4,5-Dimethylth
iazol-2-yl)-3,5-diphenylformazan, Thiazolyl blue formazan (MTT) and 
dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich (St. 
Louis, MO) and PrestoBlue™ was purchased from Life Technologies 
Poland (Warsaw, Poland). 

2.2. SBA-15 synthesis 

SBA-15 was synthesized according to Zhao et al. [17], with a slight 
modification. 4 g of Pluronic P123® was dissolved in 120 mL of HCl (2 
mol L-1) solution and 30 mL of deionized water and the mixture was 
kept under magnetic stirring for 1 h. Then, 8.9 mL of TEOS was added to 
the solution, which was continuously stirred for 24 h at 50 ◦C. The re
action mixture resulting was then placed in a Teflon-lined autoclave 
followed by hydrothermal treatment at 100 ◦C for 48 h. The precipitate 
obtained was filtered and washed with deionized water to remove 
chloride ions and after the solid was dried overnight at 60 ◦C. The 
template removal procedure was combining solvent extraction using 
ethanol at room temperature and calcination. After the extraction sol
vent procedure, the material was calcined at 540 ◦C under air atmo
sphere for 4 h. We have adopted the solvent extraction procedure [16], 
using ethanol as solvent, in order to recover and reuse the polymer 
Pluronic P123. Since it cannot be completely removed by this approach, 
the following calcination step is still necessary. However, because the 
remaining amount of polymer is small, the calcination procedure can be 
faster than it would be without solvent extraction. Moreover, the use of 
solvent extraction prior to calcination is recommended because it is a 
mild process of template removal, preserving the ordered porous 
structure. 

2.3. Papain incorporation 

The papain was dissolved in deionized water, then mixed with SBA- 
15, at the weight ratio of 1SBA-15:0.1PPN:33H2O and 1SBA- 
15:0.3PPN:33H2O. The obtained dispersion (pH = 5.3) was stirred at 
room temperature for 30 or 60 min and then it was frozen in a freezer at 
(− 25 ± 5) ◦C for 24 h and after lyophilized at − 52 ◦C, under vacuum (35 
μmHg), for 48 h in a Liobras freeze-dryer (model Liotop® L108, São 
Carlos, Brazil). The resulting samples were referred as SBAPPNXa and 
SBAPPNXb, where SBA = SBA-15, PPN = papain, X = 10 or 30 wt% of 
papain and a = 60 min and b = 30 min of stirring. 

2.4. Characterization 

All samples were characterized by small-angle X-ray scattering 
(SAXS) performed on a Nanostar (Bruker) instrument equipped with a 
microfocus Genix 3D system (Xenocs) and a Vantec 2000 (Bruker) de
tector. The sample-to-detector distance was ~667 mm, which provided 
an effective range of the modulus of the transfer moment vector, q = [4π 
sin(θ)]/λ (where 2θ is the scattering angle and λ = 1.5418 Å is the X-ray 
wavelength), experimentally accessible from 0.01 to 0.35 Å− 1. Both 
papain suspension (at concentration 3.5 mg mL− 1) and deionized water 
(used in the preparation of papain sample), were filled into reusable 
quartz capillaries with 1.5 mm in diameter mounted on stainless steel 
cases. The SBA-15:papain powder samples were placed in a sample 
holder between mica sheets. All measurements were performed at room 
temperature, RT = (22 ± 2) ◦C, and the data treatment, which includes 
azimuthal integration, background subtraction and absolute scale 
normalization, was performed using XSACT software supplied by 
Xenocs. 

Dynamic light scattering (DLS) measurement of the same protein 
suspension sample was performed, at room temperature, on a Broo
khaven DM-5000 Particle Size Analyzer, using a wavelength of 635 nm. 

Nitrogen adsorption/desorption isotherms (NAI) were recorded on 
NOVA 1200e, Quantachrome Instruments. The samples were outgassed 
at 60 ◦C for 7 h and the isotherms were obtained at − 196.15 ◦C using N2 
of 99.9998% purity and performed in the relative pressure range of 10− 6 

to 0.99 P/P0. Pore size distribution curves and pore volume (VBJH) were 
obtained using the Barrett-Joyner-Halenda (BJH) method [26] and the 
pore diameter (Dpore) was obtained from the maximum of the pore size 
distribution curve. The total pore volume (Vt) was estimated from the 
amount adsorbed at P/P0 = 0.99. The specific surface area (SBET) was 
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calculated using the Barrett-Emmett-Teller (BET) method [27] in the 
relative pressure P/P0 range of 0.05–0.3 and the C-values were obtained 
from BET analysis. 

SEM images were recorded on a JEOL microscope, model JSM 
6610LV, operating with a secondary electron imaging (SEI) detector. 
The samples were placed onto conductive double-sided adhesive carbon 
tape and covered with a thin layer of gold. 

Fourier transform infrared spectroscopy (FTIR) spectra were recor
ded on Agilent Cary 630 FTIR spectrometer, in the wavenumber range 
from 4000 to 400 cm− 1, using attenuated total reflectance (ATR) sample 
accessory. 

Differential scanning calorimetry (DSC) and thermogravimetric 
analysis (TGA) measurements were performed using a simultaneous 
thermal analyzer DSC/TGA, the Discovery SDT 650 from TA In
struments. DSC/TGA curves were obtained at heating rate of 10 ◦C 
min− 1, in the temperature range from 35 ◦C to 900 ◦C, under dynamic 
air atmosphere (100 mL min− 1), using alumina crucible with ca. 5 mg of 
the sample mass. 

Carbon, hydrogen, nitrogen, and sulfur (CHNS) were determined by 
microanalytical procedures, using a Thermo Scientific FlashEA™ 1112 
HT Elemental Analyzer (Thermo Fisher Scientific). 

2.5. Enzyme activity assay 

The proteolytic activity of papain was determined by spectrophoto
metric method by measuring the rate at which p-nitroaniline was 
released at 405 nm. p-nitroaniline, a yellow substance, was produced by 
hydrolysis reaction of Na-benzoyl-DL-arginine p-nitroanilide hydro
chloride (BAPA) (Sigma-Aldrich®, USA), a specific substrate to proteo
lytic enzymes as papain [28–30]. For that, an analytical curve to 
quantify the papain activity was built relating the rates of BAPA con
version and the papain concentrations. The rates of BAPA conversion 
were determined through relationship between absorbance at 405 nm of 
BAPA hydrolysis reaction product and reaction time (zero, 15, 30 and 
45 min), for eight different papain concentrations. Initially, solutions of 
BAPA (880 μg mL− 1), acetic acid (30% v/v) and cysteine-phosphate 
buffer solutions, pH 6.8, containing papain ranging 0.0090–0.1090 
mg mL− 1 were prepared for immediate use. For the test, one 96-well 
plate was prepared with reagents in ice-bath to avoid that reaction 
starts. Each well enclosed 125 μL of BAPA solution and 100 μL of papain 
solutions in different concentrations for the four reaction times. For 
wells related to zero-time reaction 50 μL acetic acid was added before 
the plate was taken to a heated bath at 40 ◦C and starting to count the 
time. Acetic acid solution (50 μL) also was added to corresponding wells 
in 15, 30 and 45 min to stop the reaction. The same plate was used for 
reading the BAPA reaction product in a spectrophotometer at λ = 405 
nm on a Synergy HT microplate reader (Biotek Instruments, USA) [31]. 
The absorbance values were recorded and related to reaction time 
making possible to determine the rate of BAPA conversion for each 
papain concentration. The linear relation between rates of BAPA con
version and papain concentration allows determining the equivalent 
concentration in active papain for a sample with unknown enzyme 
concentration. 

The tests for SBAPPN biocomposites were performed weighting an 
amount of SBAPPN necessary to reach 1.0 mg papain in the composite. 
Thus, 10 mg of SBAPPN10 or 3.3 mg of SBAPPN30 were weighted and 
dispersed in 4 mL of cysteine-phosphate buffer pH 6.8, resulting in 
theoretical papain concentration of 0.250 mg mL− 1. These dispersions 
were directly used to evaluate the papain activity in BAPA substrate 
specific method. For that, 100 μL dispersions were immediately taken 
after homogenization and transferred to a 96-wells plate. The experi
ment was carried out as described to build the analytical curve for 
papain activity. The theoretical concentration of PPN in each well was 
0.09 mg mL− 1. All the experiments were done in triplicate. 

The BAPA conversion rates for the reaction products were deter
mined by the relation between absorbance of reaction products at 405 

nm and time. The concentration of papain in SBAPPN biocomposites was 
determined applying those rates in the analytical curve of papain con
centration vs conversion rates. The percentage of biological activity 
retained in SBAPPN biocomposites was obtained by the ratio between 
concentration of PPN-determined and the theoretical papain 
concentration. 

Since the SBA-15 is not soluble in aqueous media, after reading in the 
spectrophotometer, the plate was submitted to centrifugation to sepa
rate any suspended material, and it was read again at 405 nm. This 
procedure was performed to verify if there was any interference with the 
suspended material in the analysis. 

2.6. Leaching test of immobilized papain on SBA-15 

The SBAPPN30a biocomposite that showed an indicative of greatest 
amount of papain inside the mesopores was chosen for the leaching test 
of immobilized papain on SBA-15. The test was performed under stirring 
in aqueous solution. For this, 4.0 mg of composite were weighed and 
dispersed in 10 mL water in glass bottles. The dispersions were kept 
under magnetic stirring for 1, 2, 4, and 8 h at room temperature. In each 
time, the dispersions were filtered in nylon membrane (0.22 μm pore) 
discarding the firsts 4.0 mL for filter saturation. The next 4.0 mL filtered 
were collected and analysed in spectrophotometer (Thermo, Evolution 
201, Brazil) in the wavelength range from 200 to 400 nm. A sample only 
containing SBA-15 was performed with the same procedure and used as 
a blank for the measurements. The equipment was baselined with pu
rified water. The pH of the filtered samples were measured after the 
leaching assays. All analyses were done in triplicate. The data of 
absorbance were applied in an analytical curve for PPN in water ranging 
from 0.016 to 0.510 mg mL− 1, obtained as described by Nambu et al. 
[32] for determination of the PPN concentration, allowing to estimate 
the amount of PPN leached with time. The data obtained in different 
times were compared using One-Way ANOVA at a level of significance of 
0.05. 

2.7. Cytotoxicity assay using a 3D spheroid method 

Balb/c 3T3 murine fibroblasts cells were cultured in DMEM with 
10% FBS, 1% L-glutamine and 1% penicillin-streptomycin at 37 ◦C in 5% 
CO2 conditions for both 2D and 3D cultures. 

To perform the 3D in vitro test, the Bio-Assembler™ System (in 96- 
well configuration) from n3D Biosciences, Inc (Houston, TX, USA) was 
used to construct the 3D in vitro fibroblast spheroids. The assembly of 3D 
in vitro cultures was performed as previously reported [24,25,33] with a 
small adaptation using the protocol for suspension cells. Briefly, after 
the fibroblast culture cells in 2D reach ~80% confluence, the medium 
was aspirated; the culture flask was washed once with phosphate buffer 
solution. Then the cell detachment was done by incubation the cells with 
tripsin-EDTA solution for 5 min. The culture medium was added to stop 
the tripsin-EDTA action; the cells were centrifuged at 1500 rpm for 5 
min; the supernatant was aspirated, and the pellet was re-suspended in 
culture medium. The number of cells in suspension was counted using a 
hemocytometer. After that, the cell suspension concentration of 5 × 104 

cells/spheroid and the NanoShutlle™ at a concentration of 1 μL mL− 1 ×

104 cells mL− 1 were added into a centrifuged tube and the cells were 
centrifuged down at 1500 rpm for 5 min. The cell pellet was 
re-suspended using pipette action until the pellet to be well dispersed. 
The same procedure was repeated for two more times until the pellet 
reaches a homogeneous brown color. The supernatant was aspirated, 
and the cells were re-suspended in culture medium which was distrib
uted into an ultra-low attachment 96-well plate (Greiner) at a concen
tration of 5 × 104 cells/well. Immediately afterwards, the plate was 
placed atop a magnetic drive of 96 neodymium magnets to attract the 
cells to form a spheroid. These spheroids were placed with the magnetic 
drive in the cell incubator for 24 h. In the next day, the magnetic drive 
was removed, and the cells were remodeling for 24 h. At this point, the 
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spheroids were ready to use. 
After the formation of spheroids, the culture medium was removed 

and the cells were treated with SBA-15 (0.7 mg mL− 1), PPN (0.216 mg 
mL− 1), SBAPPN (1 mg mL− 1) and DMSO (200 mg mL− 1) for 24 h and the 
treatments were replaced with 10% MTT in cells media. All the materials 
presented concentrations that were equivalent between the free forms 
and complexed ones. The cells were incubated with the reagent for 2 h at 
37 ◦C. Then, the media was aspirated, and the remaining formazan was 
dissolved in cold isopropanol and lysate by pipette action. The absor
bance of the solution was then read at 570 nm in a spectrophotometer 
(Synergy HT Biotek, USA). Dose-response curves were plotted and fit to 
a Boltzmann sigmoidal function in GraphPad Prism 7 (GraphPad Soft
ware, La Jolla, CA, USA). 

To compare the results, it was also performed a 3D PrestoBlue™ 
assay. After the formation of spheroids, the culture medium was 
removed and the cells were treated with SBA-15, papain, SBAPPN and 
DMSO for 24 h and the treatments were replaced with 1 X of Pres
toBlue™ solution. The cells were incubated with the reagent for 2 h at 
37 ◦C. Then, the cells were lysate by pipette action and the fluorescence 
of the solution was then read at 530 nm (excitation) and 590 (emission) 
in a spectrophotometer (Synergy HT Biotek, USA). Dose-response curves 
were plotted and fit to a Boltzmann sigmoidal function in GraphPad 
Prism 7 (GraphPad Software, La Jolla, CA, USA). 

The results were analysed by calculations of means, standard devi
ation, and coefficient of variation. Subsequently, they were evaluated by 
multi-factor variance analysis (ANOVA) at a significance level of 95% (α 
= 0.05). The results were submitted to the Tukey test, for significance 
analysis between the means, with the significance level of 1 and 5% or to 
the Sidak’s multiple comparisons test with the significance level of 1 and 
5%. 

3. Results and discussion 

3.1. SAXS 

3.1.1. Papain 
The obtained SAXS curve is shown in Fig. 1A (filled circles). The 

CRYSOL software [34] and the crystallographic structure of papain 
(9pap.pdb), shown in Fig. 1B, were used. It was observed a satisfactory 
agreement between the experimental data and the theoretical one 
(Fig. 1A, continuous line). The discrepancies, related to structural dif
ferences, are likely due to the thermal and hydration effects. 

In order to estimate the size of papain in aqueous dispersion from 
SAXS measurements, the Indirect Fourier Transform (IFT) analysis [35] 

was performed, which provides information in real space. The result is 
depicted in Fig. 2. From the IFT fitting (Fig. 2A, continuous line) using 
WIFT software [36], the pair distance distribution function, p(r), is ob
tained (Fig. 2B). The p(r) profile suggests that the protein has a globular 
and slightly elongated shape with longest length of ~6.0 nm (deter
mined where p(r) ≈ 0). The oscillation in the p(r) curve at r = 5.0 nm 
indicated a dimer-like form, in agreement with the correspondent 
crystallographic structure of papain (Fig. 1B). From IFT analysis the 
forward scattering, I(0) = (0.0628 ± 0.0004) cm− 1, and the protein 
radius of gyration, RG = (1.97 ± 0.01) nm, were evaluated. The 
parameter I(0) is related to the protein molecular weight, MW (in kDa), 
by (Oliveira 2011): 

MW =
I(0)⋅NA

c⋅(Δρm)
2  

where NA is the Avogadro’s number, c is the concentration of the protein 
(in mg mL− 1) and Δρm is the excess scattering length density per unit 
mass (in cm g− 1). A fair approximation of Δρm for proteins is 2 × 1010 

cm g− 1 [37]. Using c = 3.5 mg mL− 1, we will have MW ≈ 27.1 kDa. Since 
the expected value is 23.406 kDa [38], the obtained MW is satisfactory, 
indicating a quite monodisperse sample. 

The size of the protein in aqueous dispersion was also investigated 
using DLS. The measured correlation function C(t) is shown in Fig. 3A 
(filled circles). By using the Non-Negatively constrained Least Squares 
(NNLS) method [39] to satisfactorily fit the C(t) function, we obtained 
the histograms of hydrodynamic diameter per intensity (Fig. 3B), per 
volume (Fig. 3C) and per number of particles (Fig. 3D). As we can 
observe from the histogram of diameter per intensity (Fig. 3D), there are 
two populations with mean diameters of ~4.0 and ~60.0 nm (estimated 
to be the approximate center of the correspondent distributions). 
Despite the existence of the larger particles (likely protein aggregates), 
they are much less numerous according to the histograms of diameter 
per volume (Fig. 3C) and per number (Fig. 3D). 

Using the HYDROPO software [40] as well as the crystallographic 
structure of papain (Fig. 1B), the predicted hydrodynamic diameter of 
this protein is ~4.7 nm, in agreement with the value obtained by DLS 
analysis. In addition, the estimated radius of gyration and the longest 
papain length are, respectively, ~1.7 and ~6.0 nm, also in agreement 
with the SAXS results. 

3.1.2. SBA-15:papain (SBAPPN) 
SAXS curves of SBA-15 and SBAPPN biocomposites are shown in 

Fig. 4A, where five diffraction peaks are indexed, which are 

Fig. 1. A) Fitting of SAXS curve with CRYSOL software. B) Crystallographic structure of papain protein (9pap.pdb) used in CRYSOL analysis.  
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characteristics of SBA-15 with a highly ordered 2D hexagonal meso
structure (space group p6mm) [41–43]. Free-modeling structural pa
rameters (interplanar spacing, d(hkl) and lattice parameter (a(hkl)), 
obtained from the peak indexation, are shown in Table 1. No significant 
changes in these parameters were observed, although the intensity of the 
diffraction peaks of SBAPPN biocomposites decreased compared to pure 
SBA-15, indicating the papain incorporation into the SBA-15 meso
porosity. However, as the reaction time increases (from 30 to 60 min) 
the reduction in intensity is more evident, suggesting that the reaction 
time may influence the amount of papain loaded into the SBA-15 mes
opores as well as the formation of protein aggregates, located on the 
surface of the silica matrix, since large scattering amplitudes were 
observed at low q values for the samples with papain. The insert in 
Fig. 4A shows a zoom in the region from q = 0.10 Å− 1 to 0.25 Å− 1 to 
better visualization of the (110), (200), (210) and (300) reflections. In 

order to evaluate the presence of papain in the silica matrix, a theoret
ical model [44] was used to satisfactorily fit the experimental data 
(Fig. 4B). The fitting was performed considering only scale parameters, 
pore internal radius and wall thickness, and the obtained results are 
presented in Table 2. The internal radius is smaller for the samples 
containing papain, indicating its presence inside the mesoporosity. The 
slight increase on the wall thickness observed for the samples with 
papain compared to pure SBA-15 can be attributed to lyophilization or 
some impregnation of papain outside the silica tubes. On the other hand, 
the values of Scale and Backgr parameters suggest that higher times and 
papain concentrations lead to higher adsorption of the protein into the 
silica matrix, since Scale and Backgr have small values in these cases. In 
addition, according to the values of Scale_q4 parameter, short periods of 
impregnation and high papain concentrations could be linked to in
dications of papain aggregation outside the mesopores, therefore 

Fig. 2. A) Fitting of the SAXS curve with WIFT software. B) From the obtained p(r), whose profile is compatible with the fact that papain is a globular and slightly 
elongated protein with two domains (Fig. 1B), we conclude that the longest protein length is ~6.0 nm. 

Fig. 3. A) Correlation function curve fitted by the NNLS method. From this analysis, the hydrodynamic diameter distributions of papain per intensity (B), volume (C) 
and number (D) were obtained. 
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occupying the surface of the silica matrix. Higher encapsulation times 
may increase the entrapment of papain inside the mesopores, resulting 
in lower Scale_q4 values. 

3.3. N2 adsorption-desorption analysis 

Fig. 5 shows the physisorption isotherms (A and C) and pore size 
distribution (B and D) for pure SBA-15 and SBAPPN biocomposites. All 
samples exhibited isotherms of type IV with hysteresis loop of type H1, 
according to the IUPAC classification [45], which are typical of ordered 
mesoporous silica such as SBA-15. 

Textural parameters, such as specific surface area (SBET), pore 

diameter (Dpore), pore volume (VBJH), total pore volume (Vt), C-values 
and wall thickness (Wt), were calculated using Wt = a(100) -Dpore equa
tion [46], of SBA-15 and SBAPPN biocomposites, are presented in 
Table 1. All biocomposites presented slight lower values of superficial 
area and pore volume (VBJH and Vt) compared to SBA-15 due to papain 
inside of the mesopores, which were more evident in samples prepared 
using a time of stirring of 60 min and samples with higher papain con
tent (30 wt%), corroborating with the SAXS results. The C-values 
(Table 1) of the biocomposites decreased slightly compared to pure 
silica probably due to the decrease in free hydroxyls due to their inter
action with papain molecules or due to incorporation of these molecules 
within the mesopores [47]. 

3.3. SEM micrographs 

Figs. 6 and 7 present the SEM images of the pure ordered mesoporous 
silica and SBAPPN biocomposites, respectively. As shown in Fig. 6, SBA- 
15 exhibited a typical interconnected rod-like morphology. For both 
SBAPPN biocomposites, the SEM micrographs (Fig. 7) showed no sig
nificant morphological change, suggesting that the bulk structure of 
SBA-15 was retained after the papain incorporation. 

3.4. FTIR spectroscopy 

FTIR spectroscopy was used to examine the changes in the structure 
of silica and papain when the biocomposites were formed. Fig. 8 shows 
FTIR spectra of SBA-15, papain and the biocomposites. The FTIR spec
trum of SBA-15 exhibits a band at 3390 cm− 1 which is assigned to sur
face hydroxyl group (νO-H) of silanol groups (Si–OH) and of adsorbed 
water. A weak band at 962 cm− 1 (νSiO) is detected. The O–H bending 
vibration of physically adsorbed water molecules appears at 1635 cm− 1 

and the typical vibrations of siloxanes groups appear in the 1200-500 
cm− 1 range. The strong band at 1070 cm− 1 was attributed to asymmetric 
stretching vibration of siloxane groups (Si–O–Si). The symmetric 
stretching vibration from SiO bonds appears at 795 cm− 1 and the 
bending vibration from Si–O–Si at 436 cm− 1 [42,48]. Papain FTIR 

Fig. 4. (A) SAXS measurements of SBA-15 and SBAPPN biocomposites. (B) SAXS experimental data and fitting with the structural theoretical model of the samples.  

Table 1 
Structural and textural properties of SBA-15 and SBAPPN biocomposites ob
tained by NAI and free modeling SAXS analyses.  

Samples SAXS NAI  

d(hkl)/a(hkl) (nm) SBET 

(m2 

g− 1)/C- 
values 

Dpore 

(nm) 
VBJH/ 
Vt 

(cm3 

g− 1) 

Wt 
(nm)  

(100) (110) (200)     

SBA-15 10.1/ 
11.7 

5.8/ 
11.6 

5.0/ 
11.6 

832/ 
249 

9.7 1.4/ 
1.5 

2.0 

SBAPPN10a 10.1/ 
11.7 

5.8/ 
11.6 

5.0/ 
11.6 

647/ 
153 

8.8 1.2/ 
1.3 

2.9 

SBAPPN10b 10.0/ 
11.5 

5.8/ 
11.6 

5.0/ 
11.6 

781/ 
147 

8.9 1.6/ 
1.7 

2.2 

SBAPPN30a 10.0/ 
11.5 

5.8/ 
11.6 

5.0/ 
11.6 

420/ 
109 

8.0 0.8/ 
0.9 

3.1 

SBAPPN30b 10.0/ 
11.5 

5.8/ 
11.6 

5.0/ 
11.6 

541/ 
106 

8.8 1.0/ 
1.1 

2.3 

Description of symbol: d(hkl) = interplanar spacing, a(hkl) = lattice parameter, 
SBET = specific surface area, Dp = pore diameter, VBJH = pore volume, Vt = total 
pore volume, Wt = wall thickness, estimated from the SAXS data and pore 
diameter (a(100) – Dp). 

Table 2 
Values of the parameters used to fit the SAXS experimental data.  

Sample/Fitting Parameter SBA-15 SBAPPN10a SBAPPN10b SBAPPN30a SBAPPN30b 

Scale (103) 10.850 ± 0.079 3.888 ± 0.057 7.13 ± 0.11 4.14 ± 0.13 6.68 ± 0.15 
Radius (Å) 51.15 ± 0.15 48.68 ± 0.27 49.25 ± 0.29 47.57 ± 0.52 48.50 ± 0.37 
R_outer (Å) 67.14 ± 0.14 69.51 ± 0.27 68.38 ± 0.29 69.72 ± 0.54 69.82 ± 0.39 
Backgr (10− 3) 17.88 ± 0.49 4.91 ± 0.20 9.91 ± 0.36 0 2.43 ± 0.28 
Scale_q4 0 121.2 ± 9.4 241 ± 18 445 ± 33 1023 ± 45 

Parameter description: Scale = global scale factor, Radius = radius of the mesopore, R_outer = corresponds to the parameter Radius added to the wall thickness of the 
amorphous silica, Backgr = constant background, Scale_q4 = scale factor for the scattering at low q, which is proportional to q4. a = 60 min and b = 30 min. 
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spectrum displays a band at 3263 cm− 1 and it was assigned to N–H 
stretching, coinciding with the broad absorption band of O–H. The band 
at 2924 cm− 1 is typical of –CH2 asymmetric stretching and the bands at 
1640 cm− 1 and 1394 cm− 1 attributed to C––O asymmetric and sym
metric stretching, respectively, corresponding to amide I band. The band 
at 1529 cm− 1 is attributed to vibrations on the plane of the N–H bond 
and to the C–N bending vibration, related to amide II [22,49,50]. All 
biocomposites exhibit the typical vibrations of SBA-15 and some vi
bration bands of papain, such as amide I and II bands. The silanol groups 
(Si–OH) of SBA-15 can interact with the amide groups of papain, 
forming hydrogen bonds [51]. Because the characteristic peaks of 

papain amide groups at 1394 cm− 1, 1529 cm− 1 and 1640 cm− 1 did not 
alter significantly in the SBAPPN biocomposites, the intermolecular 
interaction between silica and protein is likely weak. 

3.5. Thermal analysis 

TG/DSC curves of papain and SBA-15 are presented in Fig. 9. TG 
curve of papain shows three events of weight loss. The first corresponds 
to release of water molecules (5%), in the temperature range 35–140 ◦C, 
presenting an endothermic peak in DSC curve. The thermal decompo
sition of papain (2nd and 3rd steps), in the temperature range of 
140–445 ◦C (60%) and 445–900 ◦C (33%), respectively, which are 
accompanied by two exothermic peaks in the DSC curve [52]. It is worth 
mentioning that, around 600 ◦C, the decomposition products of papain 
were eliminated, and no residue remained. TG curve of pristine SBA-15 
shows an initial weight loss (1.5%) from 35 to 157 ◦C that corresponds to 
the evaporation of physically adsorbed water, which is associated to a 
DSC endothermic peak centered at 96 ◦C. The second step of weight loss 
(4.3%), in temperature range of 157–900 ◦C, was attributed to the 
dehydroxylation of surface silanols [53]. 

Fig. 10 shows TG/DSC curves of SBAPPN biocomposites. Comparing 
the TG curves of these biocomposites and free papain, it was noted that 
the onset temperature for papain thermal decomposition in the bio
composites was higher (around 270 ◦C) than the pure papain (242 ◦C) 
and the final temperature of papain thermal decomposition was higher 
for SBAPPN biocomposites (above 700 ◦C) than for pure papain (around 
600 ◦C), indicating that the immobilization of papain enzyme into SBA- 
15 matrix protected the enzyme against thermal decomposition, 
corroborating that immobilization might be a good alternative to protect 
enzymes from physical agents [54]. The time of stirring (30 or 60 min) 

Fig. 5. (A) and (C) Adsorption-desorption isotherms of SBA-15 and SBAPPN materials. (B) and (D) pore diameter of SBA-15 and SBAPPN biocomposites.  

Fig. 6. SEM image of SBA-15.  
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used for biocomposites preparation did not significantly influence in the 
onset temperature. Although the samples prepared with 10 wt% of 
papain have shown higher protection when compared with the ones 
prepared with higher papain content (30 wt%), which can be related to 
the presence of papain outside the mesoporosity. 

For all biocomposites, the TG curves (Fig. 10 and Table 3) show three 
weight loss events, similar to papain curve, however, in different tem
perature ranges. For the SBAPPN10 biocomposites, the first event 
(35–165 ◦C), with weight loss ranging between 3 and 5%, and endo
thermic peak in DSC, corresponds to the loss of physically adsorbed 
water. The second (155–510 ◦C) and third (510–900 ◦C) ones were 
assigned to thermal decomposition of papain and elimination of silanol 
groups on silica particles which are condensed to siloxanes (total weight 
loss around 12%), with exothermic peaks in DSC, like the papain one. 
For the SBAPPN30 biocomposites, the first event (35–145 ◦C), with 
weight loss at 2.8%, corresponds to the loss of physically adsorbed water 
(endothermic peak in DSC) and the other events which occurs in the 
temperature ranges of 145–490 ◦C (second event) and 490–900 ◦C (third 
event) were attributed to papain thermal decomposition and silanol 
groups elimination (total weight loss close 27%), both events correspond 
to exothermic peaks in the DSC. The lowest papain thermal decompo
sition for the SBAPPN30 biocomposites is indicative of papain outside 
the mesopores, which is corroborated by SAXS. Considering that the 
papain contains 5 wt% of adsorbed water and the nominal content of 
papain in the biocomposites was 10 and 30 wt%, we can consider that 
the papain content obtained by TG curves, for the biocomposites, is 
similar to the nominal content of used papain (Table 3). 

Elemental analysis (CHNS) was performed for the pure papain and 
the biocomposites (SBAPPN). The papain content in the biocomposite 
samples was estimated by the percentage of carbon and nitrogen in each 
sample, because these elements are the majoritarian components 

papain, using pure papain as a reference. Elemental analysis for the pure 
papain revealed the presence of carbon and nitrogen, in a concentration 
of 40.5 wt% and 12.2 wt%, respectively. By these results and the ob
tained results for the biocomposites (SBAPPN10a (C = 6.4 wt% and N =
1.9 wt%), SBAPPN30a (C = 11.3 wt% and N = 3.4 wt%), SBAPPN10b (C 
= 6.1 wt% and N = 1.8 wt%), and SBAPPN30b (C = 10.9 wt% and N =
3.3 wt%) the papain content in the SBAPPN biocomposites was esti
mated, which corresponds to a content around 16 wt%, 28 wt%, 15 wt% 
and 27 wt%, receptively, for SBAPPN10a, SBAPPN30a, SBAPPN10b and 
SBAPPN30b. These results revealed that the content of papain obtained 
by elemental analysis is close to the nominal content, especially for the 
samples with a content of 30 wt%. 

3.6. Enzyme activity assay 

One of the highest challenges as working with bioactive compounds 
is to guarantee that such compounds maintain its features such as the 
chemical structure and biological activity. For enzymes, it is especially 
true, because its usefulness in several fields is related to capability in 
transforming substrates in products, normally with low energy 
consumption. 

In this work, papain was in contact with SBA-15, a mesoporous silica, 
able to entrap molecules inside its pores, aiming the controlled release 
and protect against physical or chemical destabilization factors. The 
assays performed for the characterization of SBAPPN composites were 
able to confirm that papain has occupied the mesopores of SBA-15 and, 
likely, that some protein aggregates are in the surface of the silica ma
trix. Despite the presence of papain entrapped in silica, the previous 
assays are not able to inform if papain had maintained its biological 
activity. In order to assess the preservation of enzymatic activity in the 
composites, SBAPPN was in contact with its specific substrate BAPA. 

Fig. 7. SEM images of SBAPPN biocomposites.  
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Fig. 11A shows the analytical curve for papain activity found for eight 
different concentrations of papain ranging from 0.0090 to 0.1090 mg 
mL− 1 (R2 = 0.982, y = 0.0531x + 0.0002). A concentration of 0.0909 
mg mL− 1 was chosen to perform the enzymatic activity assay for 
SBAPPN materials, however those with 10% papain (SBAPPN10) 
reached correlation coefficients lower than 0.90, specially SBAPPN10b 
(R2 = 0.6351) not allowing to build valid curve between absorbances 
and time, whereas for SBAPPN10a, despite the low value (R2 = 0.8607), 
the BAPA conversion rate was calculated to compare with SBAPPN30 
composites. PPN solution in the same concentration (0.0909 mg mL− 1) 
was used as control reaching at 105.89% of PPN relative biological ac
tivity. For each sample, the linear equation was determined, and the 
angular coefficient (BAPA conversion rate) was applied in the analytical 

curve for papain activity. Data of linear correlation, BAPA conversion 
rate, determined PPN concentration and relative biological activity are 
shown in Fig. 11C. 

As shown in Fig. 11D, it was found a significant difference between 
SBAPPN composites as ANOVA One-way was applied to compare the 
PPN activity (p-value = 0.034). Tukey test unveiled to exist difference 
between SBAPPN30b and SBAPPN10a, belonging to different groups, 
whereas for SBAPPN30 composites no difference was determined. 
Despite that, the higher enzymatic activity for SBAPPN30b (89.78%) in 
relation to SBAPPN30a (87.01%) may be related to the slightly higher 
presence of exposed papain in SBA-15, corroborating with SAXS, NAI, 
and TG data, which show that for the half-hour of agitation, papain gets 
less into the SBA-15 mesopores, making it more easily available to 

Fig. 8. FTIR spectra of SBA-15, papain and SBAPPN biocomposites.  

Fig. 9. TG/DSC curves of pure SBA-15 and papain.  
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interact with BAPA. On the other hand, these values of biological ac
tivity are close to free papain if considered that the free papain is totally 
available to interact with specific substrate whereas papain entrapped in 
silica depends on that BAPA in solution get closer and into the silica to 
interact with papain. Furthermore, in the preparation of SBAPPN, only a 
part of papain put to interact with silica might have been entrapped by. 
This suggests that the papain in silica continued being active, and even 
with a fraction of papain entrapped the activity was kept about 87–89%. 
The same was found by Bhange et al. [55] for immobilization of bile salt 
hydrolase in SBA-15 since the enzyme kept its activity and showed 
better stability as exposed to high temperatures and extremes of pH. 
Also, Fan et al. [56] entrapped in SBA-15 by absorption method an 
enzyme esterase (Est648), from a gene expressed in Escherichia coli, 

recovering an activity about 81.3% in optimized conditions, corrobo
rating the findings of this work. 

3.7. Leaching of PPN from SBAPPN composites 

Aiming to elucidate if the SBAPPN biocomposite is kept in water or 
tends to dissociate releasing PPN, the samples of SBAPPN30a was 
assessed for leaching up to 8 h under stirring in deionized water at room 
temperature. This experiment can evaluate how much PPN is released 
from the composite to the aqueous medium and consequently could 
exert its biological activity as a free molecule in solution. Thus, SBA-15 
could play two different roles, one related to enzyme protection due to 
the entrapment, and the other related to the control of the PPN release 

Fig. 10. TG/DSC curves of SBAPPN biocomposites.  

Table 3 
DSC and TGA thermal analysis results of papain (PPN), pure SBA-15 and SBAPPN biocomposites.  

Samples Step 1 
*35–140 ◦C 

Step 2 
*140–445 ◦C 

Step 3 
*445–900 ◦C 

Residue at 
900 ◦C  

Δw 
(%) 

Tonset 

(◦C) 
Tpeak 

DTG 
(◦C) 

Tpeak 

DSC 
(◦C) 

ΔH (J 
g− 1) 

Δw 
(%) 

Tonset 

(◦C) 
Tpeak 

DTG 
(◦C) 

Tpeak 

DSC 
(◦C) 

ΔH (J 
g− 1) 

Δw 
(%) 

Tonset 

(◦C) 
Tpeak 

DTG 
(◦C) 

Tpeak 

DSC 
(◦C) 

ΔH (J 
g− 1) 

Δw (%) 

*PPN 5.0 59 80 83 1242 60.0 242 213 
255 
301 

359 1640 33 547 567 569 4693 2 

SBA-15 1.5 41 67 
113 

96 1213 4.3 260 350 507 5014 – – –   94.2 

SBAPPN10a 4.7 67 98 94 657 6.7 275 188 
327 

350 226 4.4 429 540 540 281 84.2 

SBAPPN10b 3.9 72 100 96 753 7.3 276 189 
326 

350 318 4.7 438 543 542 296 84.1 

SBAPPN30a 2.8 72 96 97 892 18.7 270 184 
326 

349 730 7.4 531 547 549 533 71.1 

SBAPPN30b 2.8 69 95 95 753 18.3 266 185 
325 

350 752 7.7 533 552 556 496 71.2 

T = temperature, Δw = weight loss, ΔH = enthalpy (normalized). 
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from the composite to the aqueous medium. 
To quantify the PPN leached to aqueous medium, an analytical curve 

for PPN in 230 nm was obtained and expressed by the equation [PPN]=
(Abs230nm + 0.0159)/2.804 (r2 = 0.9999). The equation was used to 
calculate directly the PPN concentration in samples. The values deter
mined of PPN concentration were related to theoretical PPN concen
tration in sample and percentual recovery value stablished. Fig. 12 
shows the profile of PPN leached up to 8 h. 

The statistical analysis from data of PPN leaching from SBAPPN30a 
indicates that there is significant difference among the amounts of PPN 
leaching in the four times investigated (p = 0.0005). However, Tukey 
test for grouping samples considering a 95% of confidence interval 
shows difference just to samples at 8 h (53.5% of PPN leached), 

indicating that in the first 4 h the samples leaches amounts of PPN very 
close (around 43% of leached PPN). This finding unveils that since the 
first hour the PPN adsorbed on SBA-15 surface was rapidly dissolved to 
water medium, which was prevalent up to 4 h. On the other hand, at 8 h 
assay, the amount of PPN leached was increased in 11%, suggesting that 
a fraction of PPN more intimately linked with SBA-15 starts to gain the 
aqueous medium in amounts sufficient to be recorded. These data 
showed that at least 57% of the PPN in the biocomposite SBAPPN30a is 
more intensively associated with SBA-15 and could be released slowly, 
extending the time of enzyme action in a therapeutic system. 

The data of PPN leaching analysed together the data of biological 
activity indicate that PPN present in SBAPPN30a biocomposites main
tain its activity even as entrapped in the SBA-15 mesopores, since the 
activity test was carried out just for 45 min recording about 87% of 
biological activity, while less than 45% of PPN was found in solution 
within the first hour. In this sense, at least 42% of activity might be 
attributed to PPN still entrapped into silica mesopores, demonstrating 
that biological activity is maintained even in this condition. 

Considering the therapeutic use of PPN, the results indicate that 
SBAPPN biocomposites could be used as immediate as prolonged action, 
what would be useful in the treatment of ulcerative process to the skin, 
gastrointestinal tract, or other biological surface, or as a permeation 
enhancer for the skin in cosmetic and pharmaceutic bioactives. 

Regarding pH of aqueous medium, after leaching experiment, the 
values ranging from 7.62 (4 h) to 8.62 (8 h). This values are different of 
those obtained during the several SBAPPN preparation (pH 4.94–5.06). 
These values were expected since solutions of papain in water shows pH 
around 5.1–5.3, and SBA-15 dispersed in water shows pH of 5.3. The 
higher pH values after leaching assays might be attributed for slowly 
SBA-15 dissolution. In fact, SBA-15, as other silica compounds, may 
dissolve so slowly in water, becomes the medium weakly alkaline [57, 
58]. 

Fig. 11. Determination of papain activity through BAPA substrate specific reaction. A-analytical curve of papain activity; B- BAPA conversion rate at 0.0909 mg 
mL− 1 PPN in SBAPPN biocomposites; C- data of PPN activity analysis; D- PPN relative biological activity. In D, ANOVA One-way unveils significant difference 
between samples (p-value = 0.034); equal letters represent values in a same group as Tukey test was applied. 

Fig. 12. Leaching of PPN from SBAPPN30a in purified water under stirring at 
room temperature. The pH values were determined after filtration through a 
nylon membrane 0.22 μm pore. 
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3.8. Cytotoxicity assays 

In order to mimic the in vivo environment, 3D in vitro models without 
scaffolds could be produced, such as the spheroid model here employed, 
to evaluated proteolytic enzymes, as papain, which presents an anoikis 
effect [59]. This effect where the cell death process could be caused by 
cell detachment, which activates apoptotic mechanisms instead of ne
crosis associated with inflammatory responses, could lead to false results 
regarding the cytotoxicity of papain [60]. 

Cell culture on flat surfaces (2D models) was important to under
stand molecular principles in cell biology. However, these culture con
ditions do not accurately reflect the in vivo situation like correct tissue 
architecture, cell-cell contact and cell-matrix interactions. 3D models 
are promising candidates for improved preclinical models because they 
represent appropriate physiological systems and are suited to perform 
cell-based drug screening or to evaluate potential therapeutic molecules 
[61]. 

We performed the test using the vital dyes: MTT (formazan) and 
PrestoBlue™ (resazurin). The first one is widely employed at 2D cyto
toxicity assays and is a reliable method. The cell viability is assessed by 
measuring the mitochondrial function, which reduces the tetrazolium 
salt to the purple formazan by cellular dehydrogenase enzymes on living 
cells [62]. The second one is a fluorometric method to estimate the 
number of viable cells by measuring the reduction of resazurin into 
resorufin [63]. 

The cytotoxicity in spheroids of SBA-15 ordered mesoporous silica 
materials containing papain (Fig. 13) showed that papain do not present 
cytotoxicity (100% cell viability) but presented a statistically significant 
difference (p-value = 0.0422) between the MTT and PrestoBlue™ vital 
dye assays, when using the Sidak’s multiple comparisons test. 

The composite formed by SBA-15 and papain (79 and 65% cell 
viability) and SBA-15 alone seems to induce cytotoxicity (50 and 47% 
cell viability), an effect that was not observed by Vieira et al. [43]. This 
could be explained by the diversity of the methods, as at the previous 
paper the authors used a 2D model to assess the cytotoxicity of SBA-15 
and the use of a different viability cell dye, Neutral Red Uptake assay, 
that relies on the intracellular accumulation of the dye in cellular lyso
somes via active transport instead of the enzymatic conversion of the 
dye in mitochondria and endoplasmic reticulum as formazan or just in 
mitochondria as resazurin [64]. In general, the results obtained with 

MTT assay depend on metabolic rate and on the number of mitochondria 
result in many known interferences [64]. 

All the samples and the positive control showed a difference statis
tically significant (Tukey’s multiple comparisons test) when compared 
with the cell control, for both cell viability evaluation assays, presenting 
p-values of CC vs. PPN (0.0453); CC vs. SBA (<0.0001), CC vs. SBA-PPN 
(0.0058) and CC vs. DMSO (<0.0001) for PrestoBlue™ assay and CC vs. 
SBA (pvalue = 0.0006), CC vs. SBA-PPN (0.0037) and CC vs. DMSO 
(<0.0001) when comparing the results for MTT assay. 

Di Pasqua et al. [65] also discussed that the cytotoxic chemical ori
gins of the mesoporous silica are unknown, although the exposed surface 
area of the particle appears to be an important factor in causing cell 
death. In addition, we also suppose that the presence of the SBA-15, a 
highly absorptive material, could affect the cells organization on the 
spheroid form, blocking the dye permeation and consequently limiting 
the amount of the dye conversion in living cells. This hypothesis must be 
further clarified. 

Corazza et al. [29] found that papain, even in a triple co-culture 
presents cytotoxicity, mostly due to the anoikis effect. The results here 
presented for papain could be explained based at the structure of the 
spheroids. If the cells form a tight spheroid, viability dyes could not 
penetrate it leading to low responses. On the other hand, if the studied 
chemical disrupts tight cell-cell interactions of the spheroids this will 
result in augmented vital dye activity. However, cytostatic chemicals, 
which only affect cell proliferation without interfering with cell-cell 
contacts leads to an exceptionally low vital dye activity. In this 
context our results corroborated that papain acts as a disruptive sub
stance instead of a cytostatic one, where DMSO (our positive control – 
26 and 30% cell viability) could be considered a real cytotoxic chemical 
as fewer cells in a tight spheroid simply reduce less vital dye and SBA-15 
do not present a cytotoxicity or even a disruptive mechanism. 

4. Conclusions 

From the IFT analysis of SAXS data of pure papain in solution, we 
concluded that the dispersed papain is a globular and slightly elongated 
protein, likely dimeric, with a maximum size of ~6.0 nm and a radius of 
gyration of ~2.0 nm. The protein molecular weight estimated from the 
forward scattering is reasonable compared to the expected one, indi
cating that the sample is quite monodisperse. This is corroborated by 
DLS analysis, which showed the presence of only a few large protein 
aggregates (with mean diameter ~60.0 nm). In terms of volume and 
number, most of the papain particles have an average hydrodynamic 
diameter of ~4.0 nm. Simulations with CRYSOL and HYDROPO soft
ware highlighted the existence of good agreement between all SAXS and 
DLS observations and the crystallographic structure of the protein. The 
predicted hydrodynamic diameter is ~4.7 nm, compatible with DLS 
observations. In addition, the simulated radius of gyration and the 
longest papain length are, respectively, ~1.7 and ~6.0 nm, in agree
ment with SAXS results. 

The SAXS results also indicated that the papain was incorporated 
into the SBA-15 mesopores, whereas the aggregates are likely in the 
surface of the silica matrix. The biocomposites (SBA-15:papain) showed 
high thermal stability when compared to pure papain and are quite 
promising for biomedical applications. It was observed that the amount 
of papain (10 and 30 wt%) used to prepare the biocomposites influences 
the papain thermal stability. It was also observed that the reaction time 
may influence the amount of papain loaded into the SBA-15 mesopores. 
Protein aggregates on the surface of the silica matrix also was evidenced. 
Papain entrapped in SBA-15 mesoporous silica had its biological activity 
maintained since it was achieved about 89% activity to the composite 
with the best performance (SBAPPN30b). These results corroborate the 
ability to SBA-15 in carrying biological molecules, preserving their 
biological function, what is extremely important when it is looked for 
the use of those biocomposites in products for health and wellness or 
other fields of industrial interest. 

Fig. 13. Cytotoxicity assay using Balb/c 3T3 cells in a Bio-Assembler™ System 
and MTT and PrestoBlue™ as vital dyes. CC (cell control), SBA (0.7 mg mL− 1), 
SBAPPN biocomposites (5 mg mL− 1), PPN (0.216 mg mL− 1) and DMSO (200 
mg mL− 1). ANOVA One-way unveils significant difference between samples 
where *p < 0.05 sample vs. cell control as Tukey test was applied. # represents 
a comparison of results by one-way ANOVA and the Sidak’s multiple compar
isons test to evaluate the difference between the samples when comparing the 
two viability dye assays. 
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The leaching results indicated that SBAPPN biocomposites can be 
used as immediate as prolonged action, considering the therapeutic use 
of PPN, which would be useful in the treatment of ulcerative process to 
the skin, gastrointestinal tract, or other biological surface, or as a 
permeation enhancer for the skin in cosmetic and pharmaceutic 
bioactives. 

Furthermore, no important cytotoxicity was attributed to papain 
when a 3D system was employed; showing that papain, when entrapped 
in SBA-15, in addition to maintaining the biological activity, also do no 
present cytotoxicity. The results also showed that the 3D cell culture 
system is better suited for biocomposites that present a cell disruption 
mechanism. 
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