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ARTICLE INFO ABSTRACT

Oral drug delivery is the main route for drugs administration. However, some drugs have poor permeability
across the intestinal barrier. Papain has been widely used in pharmaceutical applications due to its debridement
properties and the ability to promote skin permeation of drugs. It is known that papain complexation with
cyclodextrins improves its biological stability. In this paper, the ability of the native papain-cyclodextrin com-
plexes is shown be an oral permeation enhancer to furosemide, using a Caco-2 monolayer system to evaluate
drug permeability and apparent permeability coefficient. Analysis of the in vitro cytotoxicity over CHO-K1, Hep
G2 and Caco-2 cell lines and genotoxicity over CHO-K1 and Hep G2 cell lines were also performed. Papain-
cyclodextrins complexes did not show any cytotoxicity above 31 pg/mL. No significant genotoxic damage was
observed. Papain and cyclodextrin complexes induced almost 2.5-fold increase in furosemide permeation
compared to controls, and maintenance of the paracellular integrity of the Caco-2 cells monolayer was con-
firmed. The papain complexes may be safely applied in pharmaceutical formulations, not only as a therapeutic
agent but also as a strategic pharmaceutical adjuvant, promoting permeation of low oral permeability drugs.
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1. Introduction

The development of oral drug delivery systems provides huge ad-
vantages due to increased patient compliance and greater dose flex-
ibility. However, drug release depends on environmental factors, such
as pH, presence of enzymes and gastrointestinal transit. Besides, the
therapeutic effect can only occur after drug transport across the in-
testinal epithelium, so it reaches bloodstream [1]. In order to overcome
these bioavailability obstacles, a range of approaches is currently being
adopted such as solid dispersions [2], nanostructured systems [3] and
peptide permeation enhancers [4].

The peptide permeation enhancers act in a paracellular route, in-
creasing absorption and producing a valuable alternative whereas the
interference with dynamic epithelial is rapid and transient [5]. The
recent focus on oral drug delivery relying on peptides and proteins
encouraged our research on papain as a possible oral permeation en-
hancer, using furosemide as a low permeability drug model to de-
monstrate such effects.
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Papain (Enzyme Classification 3.4.22.2) is a proteolytic phy-
toenzyme used in dermatology for the treatment of eschars and wounds
due to its broad debriding proteolytic activity [6]. This enzyme acts on
dead tissues, helping the removal of necrotic tissue and stimulating
wound healing as well as anti-inflammatory processes [7-9]. In addi-
tion, the enzyme also holds antimicrobial activity [10], promotes cu-
taneous [11] and oral permeation [12] without interfering on the in-
tegrity of healthy tissues [13].

Towards enhancing the stability and extending its enzymatic ac-
tivity, among other aspects, papain may be complexed with cyclodex-
trins [14]. According to Renukuntla et al. [15], Shimpi et al. [16] and
Yewale et al. [17], the complexation of protein-derived pharmaceu-
ticals with cyclodextrins is considered a very interesting pharmaco-
technical strategy which can contribute to the increase of their stability
and guarantee their controlled delivery and enhanced bioavailability.

When evaluating the safety and efficacy of potential permeability
enhancers, it should be considered that these bioactive compounds
might also have the ability to induce significant damage to the cells.
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This can be tested to determine their impact over cell viability in terms
of cytotoxic effects or genotoxic damage [18]. Moreover, it is important
to provide experimental evidence on their role as an enhancer for oral
permeation of biomolecules. Several lines of evidence correlate the
permeability of drugs in Caco-2 cells monolayers with the oral ab-
sorption and bioavailability [19-21]. Therefore, this model is con-
sidered the gold standard for the assessment of permeability for many
molecules [22] and predictive with the in vivo permeability models
[23]. However, there is still insufficient information regarding the po-
tential of cyclodextrin-papain complexes in enhancing the oral per-
meation of drugs with low permeability, and in that sense any ad-
vancement is therefore original and crucial for a better understanding
of the matter.

Thus, in the present study, we have aimed to evaluate the ability of
native papain (PPN) and papain complexed either with -cyclodextrin
(PPN-B-CD) or 2-hydroxypropyl-p-cyclodextrin (PPN-HP-B-CD) to en-
hance the permeation of furosemide through a Caco-2 cells monolayer,
as well as assess the cytotoxicity and genotoxicity profile over CHO-K1,
Hep G2, and Caco-2 cell lines.

2. Materials and methods
2.1. Cells and reagents

Chinese hamster ovarian cell line (CHO-K1) (ATCC® CCL-61™),
human hepatocellular carcinoma cell line (Hep G2) (ATCC® HB-8065™)
and human colon adenocarcinoma cell line (Caco-2) (ATCC® HTB-37™)
were used in this research. Alexa Fluor™ 488 Phalloidin, Ethidium
Monoazide Bromide (EMA), fluorescent beads, Lucifer Yellow (LY), 3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (MTT),
and SYTOX™ Green were purchased from Invitrogen™ (Carlsbad, CA,
EUA). Noa-Benzoyl-bi-arginine 4-nitroanilide hydrochloride (BAPA)
(=98%), Bovine Serum Albumin (BSA), citric acid, 4’,6-diamidine-2’-
phenylindole dihydrochloride (DAPI), colchicine (COLCH), Dimethyl
sulfoxide (DMSO), furosemide (=98%) (FURO), IGEPAL® CA-630,
metoprolol (=98%) (METO), mitomycin C (MTMC), NaCl, PPN phar-
maceutical grade (30,000 USP-U/mg), sodium citrate, sucrose, Triton™
X-100 (TX-100) and B-cyclodextrin (f-CD) (1134.98 g/mol) were ac-
quired from Merck KgaA (Darmstadt, HE, Germany). CytoTox 96® Non-
Radioactive Cytotoxicity Assay kit (Lactate Dehydrogenase (LDH)
assay) was provided by Promega (Madison, WI, USA). Formaldehyde
solution was acquired from Thermo Scientific™ (Waltham, MA, EUA).
2-Hydroxypropyl-B-cyclodextrin (HP-3-CD) (1400 g/mol) was obtained
from Wacker Chemie AG (Munich, BY, Germany). All the other reagents
for cell culture were purchased from Vitrocell® (Campinas, SP, Brazil).
The chemical reagents used in this study were of analytical grade.

2.2. Papain-cyclodextrin complexes and their engymatic activity

Briefly, PPN, 3-CD or HP-B-CD (1:10 M ratio) were solubilized in
ultrapure water and stirred for 2 h at room temperature, protected from
light, using a shaker. The mixture was then frozen at —20 °C for 24 h
and freeze-dried (L108 lyophilizer, Liobras) for 7 days at —60 °C and in
36 um Hg vacuum to obtain the PPN-B-CD and PPN-HP-B-CD com-
plexes.

PPN (native or complexed with cyclodextrins) proteolytic activity
was quantified according to Ferraz et al. [24]. Briefly, Samples were
properly diluted in cysteine-versene buffer (pH 7) and incubated on a
thermostatic bath at 40 °C for 45 min. Absorbance was measured at
410 nm using a microplate spectrophotometer reader.

2.3. Biological assays
2.3.1. Cell culture

CHO-K1 cells were cultured with RPMI 1640 medium supple-
mented with 10% FBS, 1% i-Glutamine, and 1% antibiotic solution
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(10,000 UI/mL penicillin, 10 mg/mL streptomycin and 1 mg/mL am-
photericin B). Caco-2 or Hep G2 cells were cultured with DMEM high
glucose supplemented with 10% FBS, 1% 1-Glutamine, and 1% anti-
biotic solution (10,000 Ul/mL penicillin, 10 mg/mL streptomycin and
1 mg/mL amphotericin B). The cells were incubated at 37 °C in a 5%
CO, atmosphere with controlled humidity. The culture medium was
changed every 2-3 days. The cultures were used for testing within 3-10
passages from the initial passage.

2.3.2. Cytotoxicity assays

Cytotoxicity assessment was carried out using the MTT and LDH
assay. The extent of mitochondrial impairment was assessed using the
MTT assay based on the protocol described by Mosmann [25]. For this
assay, CHO-K1, Hep G2 or Caco-2 cells were seeded in 96-well mi-
croplates (15 x 102 cells per well; 100 pL of culture medium per well)
and incubated overnight for cell adhesion and then exposed to eight
different concentrations of PPN, PPN-B-CD and PPN-HP-B-CD
(16-2000 pg/mL) for 48 h. 1% TX-100 solution was used as a positive
control. After that, 150 pL of culture medium was added to the wells,
and the microplates were centrifuged at 1000 rpm and incubated for an
additional 3 h to stimulate cell re-attachment of living cells in sus-
pension. After that, cells were carefully washed once with PBS (100 pL/
well) and incubated for an additional 3 h with DMEM containing MTT
(0.5 mg/mL, 100 pL/well). Subsequently, the supernatant was re-
moved, and 100 pL of ice-cold isopropanol was added in each well to
solubilize the formazan formed. The microplate was then shaken on a
microplate shaker for 10 min in the dark. Absorbances were measured
at 570 nm using a microplate spectrophotometer reader.

The assessment of LDH release was performed using the CytoTox
96® Non-Radioactive Cytotoxicity Assay. In brief, Caco-2 cells were
seeded in 96-well microplates (2.0 x 10* cells/well; 100 pL per well)
and incubated for 24 h and then and then exposed to eight different
concentrations of PPN, PPN-$3-CD, and PPN-HP-f3-CD (16-2000 pg/mL)
for 8 h. 1% TX-100 solution was used as a positive control. After that,
50 L of the supernatant of each well was replenished by 50 pL of
CytoTox 96® Reagent and then incubated for 30 min. The reaction was
interrupted using the Stop Solution. Absorbance was measured at
490 nm using a microplate spectrophotometer reader.

2.3.3. Genotoxicity assays

CHO-K1 (3 x 103 cells/well) or Hep G2 (5 x 10> cells/well) were
seeded in 96-well microplates and incubated overnight for cell adhesion
and then exposed to three different concentrations of PPN, PPN-3-CD
and PPN-HP-B-CD (8, 16 and 31 ug/mL) for 4 h. COLCH (1.1 pg/mL)
and MTMC (2.5 pg/mL) were used as aneugenic and clastogenic posi-
tive controls, respectively. NaCl 0.9% was used as a negative control for
genotoxicity, and 5% DMSO was used as a positive control for cyto-
toxicity. After that, the cells were carefully washed with PBS followed
by the addition of 100 pL of fresh culture medium. The cells were then
incubated for 24 h.

The microplates were then centrifuged (1500 rpm for 10 min), re-
ceived 8.5 pg/mL of EMA diluted in PBS supplemented with 2% FBS
and were exposed to a blue LED light source (440-450 nm, 30 W)
during 30 min for the photoactivation of the compound irreversibly
linked to the DNA of non-viable cells. After this step, the cells received
PBS with 2% FBS following centrifugation to remove the free dye. Cell
lysis was performed using a NaCl solution (0.854 mg/mL) containing
sodium citrate (1 mg/mL), IGEPAL® (0.3 pL/mL) and the fluorescent
dye SYTOX™ Green (0.8 pM). After 60 min at 37 °C, the microplates
were centrifuged again and received a second lysis solution based on
sucrose (85.6 mg/mL), citric acid (15 mg/mL) and SYTOX™ Green
0.4 uM) supplemented with 5 pL of the beads that were used as an
internal standard for the micronuclei calculation. The samples were
allowed to rest for 30 min at room temperature prior to automated
reading in flow cytometer apparatus (BD Accuri™ C6, BD Biosciences).

The analysis was performed according to Bryce et al. [26]. Briefly,
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Fig. 1. Gating strategies for the analyses. (A): quantification of the beads (circle) used for the quantitative nuclei analysis; (B): exclusion of nuclei aggregates
(doublets); (C): discrimination of events with fluorescence equal to or higher than 1/100 of the lower fluorescence peak (nuclei in GO/G1); (D) and (E): dis-
crimination by complexity and size of the events compared to the fluorescence, respectively; (F): removal of the event associated with non-viable cells (EMA +); (G):

final analysis, delimiting the nuclei and micronuclei events.

the events marked with EMA (cell debris and nuclei fragments resulting
from apoptotic and necrotic cells) were excluded from the total
counting. This step enabled the discrimination of nuclei and micro-
nuclei from viable cells as particles dyed individually with SYTOX™,
which were evaluated according to their well-defined size forward
scatter (FSC) and fluorescence intensity (FL1). At least 20,000 events in
the nuclei regions were considered for the evaluation of each sample
(Fig. 1).

2.4. Permeability assays and TEER

The permeability assay was performed according to Hubatsch et al.
[27] with some modifications. Briefly, Caco-2 cells were cultured in 24-
well ThinCert™ (0.4 um porous and 0.33 cm? surface area) (Greiner Bio-
One, Greiner Bio one, Frickenhausen, BW, Germany) for 21 days to
reach confluence and differentiation at a seeding density of
2.0 x 10* cells per well and the culture medium was changed every 2-3
days.

The biophysical integrity of the monolayer was examined by mea-
suring the Transepithelial Electrical Resistance (TEER) with an epi-
thelial voltammeter Millipore Millicell® ERS-2 (Millipore Corporation,
Billerica, MA, USA). Control measurements from blank inserts were
subtracted to calculate the TEER of the cell layer. Resistance values
were multiplied by the surface area of the insert and expressed in ohms
per centimeter squared. Caco-2 monolayers exhibiting a TEER value of
more than 500 Q cm? were used.

Prior to assay, differentiated confluent Caco-2 monolayers were
equilibrated in pre-warmed Hank's Balanced Salt Solution (HBSS)
buffer pH 7.4 for 15 min. PPN, PPN-B3-CD or PPN-HP-B-CD in HBSS
were added to the apical compartment, along with 100 pg/mL of fur-
osemide to reach final PPN concentration of 16 ug/mL 100 pg/mL of

furosemide and metoprolol were used as negative and positive controls
in permeation, respectively. The assays were performed in triplicates
and unidirectionally from the apical compartment (donor - representing
the intestine lumen) to the basolateral one (receptor - representing the
systemic circulation) at 37 °C, under stirring (65 rpm) for 2 h. The
permeability coefficient (P,pp) (cm/s) was calculated according to the
following formula:

Fapp = Vi xdiq
(AxC,) " dT

where Vy, is the volume of the basolateral compartment, A is the surface
area of the monolayer, C, the initial concentration in the apical com-
partment and dQ/dT is the flux of the drug across the cell layers.

The paracellular permeability was assessed by the quantification of
LY from the donor to the receptor compartment. The LY concentration
used was 50 pg/mL. The LY transport was estimated by fluorescence
(Nex: 405 nm; Aoy 535 nm) using a microplate fluorescence reader.

2.4.1. Furosemide and metoprolol quantification by HPLC

The quantification of the model drugs was performed using the re-
verse phase system by HPLC (LC-10A model, Shimadzu Corporation)
coupled to a fluorescence detector and a C18 column (150 mm length,
4.6 mm inner diameter, and 5 um particle, Eclipse XDB-C18 model,
Agilent Technologies). For furosemide, the mobile phase consisted of
monobasic potassium phosphate buffer 20 mM, pH 3.0, and acetonitrile
(70:30), while for metoprolol the mobile phase consisted of monobasic
potassium phosphate buffer 20 mM, pH 3.0 and methanol (60:40). Both
mobile phases were adjusted to 1 mL/per minute flux at room tem-
perature. Furosemide was quantified using Aepn: 268 nm and Aoy
410 nm, and metoprolol with Aep,: 230 nm e Ae,: 305 nm. The aliquot
injection volume was 20 pL. All solvents were previously filtered
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(0.45 pum porous size) prior to the injection in the system.

2.5. Statistical analysis

The results were expressed as means + standard deviation. The
statistical significance of the differences was determined using one-way
ANOVA followed by Bonferroni post-hoc test. The comparisons were
considered statistically significant when the p-value was lower than
0.05 (p < 0.05) using GraphPad Prism 7.0 software (GraphPad
Software, La Jolla, CA, USA).

3. Results
3.1. Engymatic activity

Papain proteolytic activity is the key when it comes to its effects
over adherent cell lines, as its cytotoxic action is known to occur via de-
attachment effects of cell lines, which impair cell growth. Our experi-
ments revealed that the complexation with cyclodextrin led to no re-
levant changes in the proteolytic activity of papain traceable by using a
specific substrate, whereas the values obtained were around
83% =+ 0.1 and 93% = 0.2 to PPN-B- and PPN-HP-B-CD respectively,
after processing with no statistical difference.

Papain proteolytic activity is the key when it comes to its effects
over adherent cell lines, as its cytotoxic action is known to occur via
detachment effects of cell lines. Regarding the retained enzymatic ac-
tivity, it was 83% =+ 0.1 and 93% = 0.2 to PPN-f3- and PPN-HP-3-CD
respectively, relative to the native enzyme. The enzymatic activity of
papain was higher preserved in PPN-HP-B-CD after immobilization.
This observation could be related to the fact that the overall three-di-
mensional structure of papain was positively affected after the process
due to the complex chemical interaction with cyclodextrins. Such in-
teraction unfolds the catalytic site of enzyme in order to enhance its
biological properties [14].

3.2. Cytotoxicity assays

The in vitro safety assays are frequently applied in the initial mo-
lecular screening and for the evaluation of the activity of those mole-
cules upon cell proliferation and the possible direct toxic effects that
eventually cause cell death. Within this context, cytotoxicity assays are
considered an important tool for determining or accessing the biolo-
gical safety of many compounds while performing non-clinical studies
[28]. Initially, aiming to understand the toxicity of native papain and
papain-f-cyclodextrins complexes, two different approaches were ap-
plied for the assessment of cell viability: a) an MTT test to verify the
possible toxic effects over the mitochondrial respiratory chain over
CHO-K1, Hep G2 and Caco-2 cells (Fig. 2); b) an evaluation of the LDH
release after possible damages on the plasma membrane of Caco-2 cells
(Fig. 3).

Papain significantly inhibited CHO-K1 cell viability, especially at
concentrations above 125 pg/mL (p < 0.05) and the calculated ICsq
values were around 116.6, 81.8, and 98.4 pg/mL for PPN, PPN-$3-CD,
and PPN-HP-3-CD samples, respectively. Similar results were obtained
with Hep G2 cells, with ICso values of 62.6, 71.4, and 68.3 ug/mL for
PPN, PPN-B3-CD, and PPN-HP-B-CD samples, respectively. Regarding
Caco-2 cells, cell viability was inhibited especially at concentrations
above 31 pug/mL (p < 0.05) if compared to the positive controls, in-
dicating that the mitochondrial biochemical integrity of the cells was
preserved in the period of 48 h. It is interesting to note that the com-
pounds with native papain or papain complexed with B-cyclodextrins
were not able to cause significant membrane damages during 8 h of
incubation (p < 0.05), which highlighted the integrity of the cell
membrane.

Journal of Drug Delivery Science and Technology 55 (2020) 101413

3.3. Genotoxicity assays

In this study, the three lowest non-cytotoxic concentrations (8 pg/
mL, 16 pg/mL, and 31 pg/mL) of PPN, as well as PPN-3-CD and PPN-
HP-B-CD using CHO-K1 and Hep G2 cell lines were tested according to
OECD 487 (2016). The frequency of the micronuclei, the effects of
papain and its complexes over CHO-K1 and Hep G2 cell lines were
evident after a 4-h incubation period (Fig. 4).

The number of micronuclei formed when CHO-K1 cells (Fig. 4A)
were exposed to the positive controls was very significant (COLCH
p < 0.01 and MTMC p < 0.0001), demonstrating that the use of
those agents was efficient for the performance of these assays. Fur-
thermore, no significant genotoxic damage was observed in CHO-K1
cells at concentrations of 8, 16 and 31 pg/mL native and complexed
papain.

Regarding the Hep G2 cells (Fig. 4B), there was no significant
genotoxic damage observed in these cells upon stimuli with any of the
concentrations of native and complexed papain. The number of mi-
cronuclei formed when the cells were exposed to the positive controls
was very significant (COLCH and MTMC p < 0.0001), confirming the
functionality of the test.

3.4. Permeability assays

HPLC was used to quantify furosemide and metoprolol in the apical
and basolateral compartments. Calibration curves were made by linear
regression of the peak area vs. the concentration. The calibration curves
for furosemide and metoprolol were linear for concentrations between
1 and 1000 ng/mL (R = 0.996 for both curves). The method was
considered specific and met all the analytical specifications for the
quantification of both drugs.

The biophysical integrity of the membranes formed by Caco-2 cells
cultured in ThinCert™ membranes during the permeability assays was
assessed by the determination of TEER during the initial periods and
after 72 h of the experiment (Fig. 5).

Based on the lowest non-cytotoxic concentration of samples with
native papain or complexed with (-cyclodextrins (16 pg/mL), the per-
meability assay was performed. P,,, value of furosemide (alone) is
shown in Fig. 6. The P,p, value of furosemide through Caco-2 cell
monolayer was 6.5 * 0.1,7.0 = 0.5,7.0 = 1.1 x 107 cm/s with
native papain, papain complexed with B-cyclodextrin and papain
complexed with 2-hydroxypropyl-B-cyclodextrin, respectively. The Py,
of furosemide (negative control) was 2.8 + 0.0 cm/s. The P, value of
metoprolol positive control was 24 =+ 1.4 cm/s. It was possible to
notice an almost 2.5-fold increase in furosemide permeation with pa-
pain and its complexes compared to the control with only furosemide
(Fig. 7).

3.5. Fluorescence confocal microscopy

In order to observe certain components of Caco-2 cells, the cells
were stained with Alexa Fluor™ 488 Phalloidin (marking actin filaments
from the cytoskeleton) and DAPI (marking the nuclei), making it pos-
sible to directly observe the monolayer and the network of occlusive
junctions formed, so that the adequate morphology could be obtained
(Fig. 8).

4. Discussion

There has been a growing interest in new pharmaceutical trend like
the oral administration of proteins and peptides [29]. Thus, there is an
increasing concern towards evaluating the safety of peptides that are
candidates as new drugs or adjuvants compounds for therapeutic ap-
plications. Although papain is a proteolytic enzyme commonly used in
therapy, the impact of oral enhancer permeation administration of this
biomolecule is still unclear, especially due to its trypsin-like mechanism
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cell control; PC: positive control (1% Triton™ X-100); #: absence of cells. The data represent the mean

(*p < 0.05 sample vs. positive control followed by One-way ANOVA and Bonferroni test).

of action which leads to cell detachment of adherent cells. Un-
fortunately, there are not many studies in the reviewed literature re-
garding the cytotoxicity evaluation of papain complexed with cyclo-
dextrins, evidencing the importance and the pioneering character of
this study in providing information about the safety of these com-
pounds.

There was no statistical difference between the proteolytic activity
of papain complexed with 3-CD or HP-B-CD, which reinforces the fact
the multiple inclusion complexes are not taking place in the active site
nor in regions capable of blocking the accessibility of the active site.
Thus the enzyme interaction with the CDs were proved to be adequate
for the preservation of its activity and are in agreement with studies
previous conducted by Varca et al. [14].

It was possible to observe a dose-dependent cytotoxic profile, where
the papain concentration was directly proportional to the caused cy-
totoxic effect (Fig. 2). In other words, the papain may alter cell viability
in concentrations above the ICs, values when the cells are exposed to
the samples for a 48 h period. This corroborates the possible increased
cell death process caused by cell detachment, which activates apoptotic
mechanisms instead of necrosis associated with inflammatory responses
[30]. However, the complexes PPN-3-CD or PPN-HP-f-CD were not able
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to destabilize the membrane to cause a loss of integrity and liberation of
LDH to the extracellular milieu (Fig. 3). It is interesting to note that the
CHO-K1 rodent cell line was slightly less sensitive to papain if com-
pared to Hep G2 and Caco-2 cells which may indicated the need of
performing preliminary in vitro tests using human cells instead of other
species towards mimicking the human metabolism conditions as the
main interest refers to its use for human administration.

In addition to the dose-dependent relationship of the proteolytic of
papain over the cells, the exposition time above 24 h was also relevant
to the increased cytotoxic effect shared by papain, in accordance with
previously reported studies [14,31]. It was reported that papain also
holds fibrinolytic activity. Thus, it is suggested that the observed cell
death was due to the intense proteolytic activity of papain, which could
be effective against the fibrous coatings of tumor cells, corroborating
the low viability of Hep G2 and Caco-2 cells exposed to higher con-
centrations of the native papain and its complexes [32]. Regarding the
mechanistic issues, the papain action is known to be related mainly to
the cleavage of peptidic bonds between the carboxylic groups of lysine
and arginine, and the adjacent residues [33].

The cell adhesion is important for the attachment of cells to one
another and also to the extracellular matrix. Therefore, it is considered
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Fig. 3. LDH release of native papain and
papain complexed with B-cyclodextrin or 2-
hydroxypropyl-B-cyclodextrin using Caco-
2 cells and with 8 h of incubation. CC: cells
controls; PC: positive control (1% Triton™
X-100); (A): native papain; (B): PPN-B-CD;
(C): PPN-HP-B-CD. The data represent the
means = standard deviation of two in-
dependent experiments (n = 12)
(*p < 0.05 sample vs. positive control
followed by One-way ANOVA and
Bonferroni test).
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and Hep G2 cells (B) were exposed to PPN, PPN-3-CD, and PPN-HP-$-CD, at the
concentrations of 8, 16, and 31 pg/mL for 4 h. The controls were CC: Cell
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**p < 0.01; ***p < 0.0001 sample vs. cells control followed by One-way
ANOVA and Bonferroni test).
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Fig. 5. TEER (Q.cm?) in Caco-2 cells monolayer before and after 2 h of ex-
position with papain samples (16 pg/mL) and furosemide (100 pg/mL). CC:
control without treatment; PPN: native papain, PPN-B-CD: papain complexed
with B-cyclodextrin; PPN-HP-B-CD: papain complexed with 2-hydroxypropyl-f3-
cyclodextrin. The data represent the means + standard deviation (n = 3). ns:
not significant.

fundamental for the maintenance of its organizational structure, sta-
bility, and for the tissue integrity. In the absence of adhesion to the
extracellular matrix, the cells undergo a kind of apoptosis, a process
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called anoikis. The trigger for this kind of cell death related to the
impaired mitochondrial function (intrinsic pathway), or by the activa-
tion of certain membrane receptors (extrinsic pathway), which are re-
sponsible for the activation of caspases and, in a second moment, en-
donucleases, as well as for DNA fragmentation that leads to cell death
[34]. At higher concentrations, it is suggested that papain may cause
those cells to lose connection with the matrix and to become unable to
exert their metabolism, resulting in the activation of anoikis, ending on
low cell viability in more elevated concentrations.

If on one hand papain might be cytotoxic over adherent cells due to
its proteolytic action, on the other hand, the use of cyclodextrins is
considered safe for several authors [35-39]. Regarding its safety, cy-
clodextrins use to form inclusion complexes with biomolecules, such as
papain, may promote several benefits, as they may increase the solu-
bility, prolong their stability through the gastrointestinal tract, promote
an increased diffusion through the gastrointestinal epithelium and, in-
crease its bioavailability and overall pharmaceutical efficacy [40-42].

In this study, even though the papain complexation with cyclo-
dextrins was not able to diminish the intrinsic toxicity caused by cell
detachment, it may improve the stability of the enzyme in pharma-
ceutical formulations which allows its commercialization since it could
extend the shelf life formulations [14,43].

In addition to the in vitro cytotoxicity assays, the in vitro micronuclei
assay using adherent cells provides a trustworthy and important tool for
the detection of DNA fragments on the cytoplasm of cells in interphase
after the exposition to aneugenic agents (compounds that alter the
standard number of chromosomes, possibly preventing the formation of
the spindle poles during metaphase of mitosis) or to clastogenic agents
(compounds responsible for DNA alkylation that lead to chromosomic
disruptions) [44]. The formation of micronuclei is a result of irrever-
sible cell alterations, and the presence of these fragments in the cyto-
plasm is an important indicator of alterations in the genetic material.
Thus, a positive result in this test indicates that the compound induces
genetic damages to the cell, contributing to an increased risk of de-
veloping cancer [45].

Regarding the assessment of possible genotoxic damages, the in-
vestigation of micronuclei is a predictive mean of performing tests for
the evaluation of toxicological safety [46]. It is important to mention
that the OECD 487 [47] recommends that the cell and micronuclei
counting be made by analyzing histological slides. However, there has
been an increasing need for automation for this process, especially in
the cell counting step and, currently, several research groups perform
this assay in a minimalized way, with fewer reagents and materials [48]
and with analytic techniques, such as flow cytometry for high-yield
screening tests [49].

The choice of the concentrations to be used during the mutagenicity
evaluation must consider these preliminary tests of cell cytotoxicity to
elect the highest non-toxic concentration to the cells, guaranteeing
good cell viability. The OECD 487 [47] recommends the evaluation of
at least three concentrations during the in vitro micronuclei assay. The
concentrations used in this study resulted in at least 70% cell viability
in the cytotoxicity assays with the CHO-K1 and Hep G2 cell lines
(Fig. 4).

According to OECD 487 (2016), CHO-K1 is one of the cell lines
indicated for these assays, and a plethora of studies use this cells to
evaluate the genetic toxicity profile of several substances during the
non-clinical trials, since these cells are easily cultured and fast-growing,
even though they are originated from rodent mammals [50-55]. Sev-
eral lines of evidence supported that Hep G2 cells are also easily cul-
tured, and besides that they can keep some cellular functions similarly
to normal hepatocytes, such as the expression of specific surface re-
ceptors, the synthesis, and secretion of plasmatic proteins, and they are
able to maintain the activity of certain phase-1 enzymes (oxidative
reactions) and phase-2 enzymes (conjugation reactions) from the me-
tabolism related to activation and detox of potentially genotoxic mo-
lecules [56-60]. Thus, the fact that Hep G2 cells present similar
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Fig. 6. Permeation profile of furosemide through the Caco-2 cell monolayer in 2 h.
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Fig. 7. Permeability coefficient (P,pp) (cm/s) of 100 ug/mL furosemide, iso-
lated or in the presence of compounds with 16 pg/mL papain, in the Caco-
2 cells monolayer after a 2-h exposition. FURO: furosemide; PPN: native papain;
PPN-(B-CD: papain complexed with B-cyclodextrin; PPN-HP-B-CD: papain com-
plexed with 2-hydroxypropyl-p-cyclodextrin. The data represent the means =
standard deviation (*p < 0.05 compared to the negative control (furosemide)
followed by One-way ANOVA and Bonferroni test).

characteristics as the human liver can offer a more predictive result
regarding the first-passage metabolism of orally-administered drugs, as
well as their mutagenic potential after this metabolism [57].

The results suggested that neither native papain nor papain-cyclo-
dextrin complexes may be mutagenic upon contact with human liver
cells (Fig. 4). The absence of genotoxic events with papain was also
demonstrated by Silva et al. [61], who demonstrated the absence of
mutagenicity by papain with concentrations ranging from 5 to 500 pg/
mL, using plasmid DNA of prokaryote organisms and the technique of

electrophoresis in agarose gel.

Although the use of both cell lines was adequate to predict the
absence of genotoxicity from compounds with papain, some authors
affirm that the use of human-derived cell lines on the assessment of
genetic safety is more trustworthy. Liao et al. [62] compared the use of
CHO-K1 and V79 cells (from rodents) to human lymphocytes from
peripheral blood for the prediction of micronuclei formation and other
genetic alterations when those cells were exposed to different con-
centrations of mitomycin C and observed that the human cells pre-
sented higher selectivity in the cytogenetic assays, especially the in vitro
micronuclei assay.

Indeed, Fowler et al. [63] highlighted that p53 deficiency in several
cell lines from rodents, such as V79 and CHO, makes those cells more
susceptible to false-positive results if compared to human cell lines like
TK6 and Hep G2. Therefore, the choice of human cells for the in vitro
micronuclei assay is fundamental for detecting the frequency of geno-
toxic events with higher precision and reliability.

Diaz et al. [64] considered as positive results those presenting a
significant statistic difference (p < 0.05) and when compared to
controls, those that presented a =3-fold increase in the percentage of
micronuclei events. The same authors considered as slightly positive
those results that presented statistical significance (p < 0.05) com-
pared it to the controls, and also a = 2-fold increase, but < 3, in the
percentage of micronuclei events. Based on this classification, the po-
sitive controls (colchicine and mitomycin C) were considered slightly
positive for genotoxicity when compared to cells controls using
CHO-K1 cell line, as although they presented a statistically significant
difference (p < 0.05), the mean micronuclei frequency values were
only 2-fold higher than the cell controls. However, regarding Hep G2
cells, the positive controls were considered positive for genotoxicity
compared to the cell controls, since the mean micronuclei frequency
values presented statistically significant differences to the controls
(p < 0.05), whose genotoxicity values were at least three times lower

Fig. 8. Fluorescence confocal microscopy of a
Caco-2 cells monolayer. (A): DAPI - blue, labeling
the nuclei; (B): Alexa Fluor™ 488 Phalloidin -
green, labeling the actin filaments present pre-
ferentially at the cell borders and microvilli; (C):
Merged. Scale bar = 10 pum. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this ar-
ticle.)
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than the positive controls, showing that the assay holds a good sensi-
tivity and, therefore, there was a good configuration of positive con-
trols.

OECD 487 [47] outlines that a positive result in the in vitro micro-
nuclei assay indicates that the substance induces the loss of chromo-
some breaks. A negative result indicates that in the applied assay
conditions, the substance does not induce chromosomic breaks or loss/
gaining of mammal cells in culture. Thus, the results were considered
potentially genotoxic for colchicine and mitomycin C (controls of the
experiments), and it was possible to affirm that the native papain and
papain and cyclodextrin complexes were not able to promote significant
cytogenetic alterations and were considered non-genotoxic at the con-
centrations used in the study.

Regarding the permeability assays, Caco-2 cells that grow attached
to permeable membranes maintain some morphological and functional
characteristics of the intestinal epithelium. This epithelium is formed by
enterocytes, which are strongly attached by protein junction complexes
located mainly on the apical portion of those cells and specialized with
microvilli on the apical border, metabolic enzymes, and efflux trans-
porters like P-glycoprotein (P-gp), which allow the evaluation of the
intestinal permeability under controlled conditions [29]. P-gp is an
energy-dependent efflux pump that inhibits the absorption of several
pharmaceuticals and is considered one of the main mechanisms of re-
sistance due to the variety of pharmacokinetic parameters it provides
[65].

These apical junction complexes are composed of three distinct re-
gions: occlusive junctions, adherent junctions, and desmosomes, which
help to maintain the polarized morphology of the cell monolayer.
However, according to Cano-Cebrian et al. [66], the occlusive junctions
are the main responsible for the selective control of paracellular per-
meation of nutrients and xenobiotics. The junctions are composed by
transmembrane ramified proteins with an extracellular domain, pre-
dominantly from the family of claudins and occludins. The extracellular
domains form loops that bind to the loops from the domains of the
adjacent cells, blocking the intercellular space and creating a seal
among neighbor cells. These junctions also connect with the cytoske-
leton and stabilize the cell-to-cell adhesion [67]. The occlusive junc-
tions can be opened by intracellular mechanisms (signaling mechan-
isms involved in the modulation of these junctions) or by extracellular
ones (direct interruption of the recognition interactions among the
proteins) [68].

Currently, the permeability evaluation of drugs to be orally ad-
ministered during the initial steps of nonclinical research is mandatory
for the development of new formulations, and it is considered an im-
portant criterion during the screening and selection of new pharma-
ceuticals for later clinical investigations [69]. According to Kratz et al.
[70], the cell culture is a useful tool to predict the permeability of drugs
through the cell monolayer that mimics the barrier condition of the
intestinal epithelium. The Caco-2 cells monolayer model for the in-
vestigation of permeability and metabolism is widely used as an alter-
native to the use of animals [71], because it presents an elevated re-
producibility and precision and also presents a strong correlation with
the absorbed dose in humans [72].

The TEER is a good index of confluence and integrity of monolayers.
Initially, the TEER values were above 500 Q cm?, indicating that the
cells monolayer presented high cohesion due to the significant presence
of cell junctions that maintained the integrity of the epithelial barrier
during the 21 days of culture. After the application of the samples
containing papain, a decrease of TEER values was observed compared
to the initial values, although the new values are still considered to be
elevated (Fig. 5).

It is interesting to notice that the sample containing papain com-
plexed with B-cyclodextrin reduced TEER after 2 h. It is known that the
hydrophobic regions of cyclodextrins can interact with lipids from the
plasma membrane, possibly leading to cholesterol depletion and, con-
sequently, destabilizing the cell membrane and favoring the
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transcellular permeation [37], although the use of cyclodextrins is
considered safe for oral administration [73]. Compared to 2-hydro-
xypropyl-B-cyclodextrin, B-cyclodextrin is more lipophilic. Therefore, it
is more likely to form inclusion complexes with specific membrane li-
pids, such as cholesterol, phosphatidylcholine, and sphingomyelin. This
interaction impairs the integrity of the bilayer and leads to a higher
fluidity of the membrane. Inversely, the presence of hydroxypropyl
groups turns the cyclodextrin more hydrophilic, diminishing its inter-
action with the aforementioned lipids [74].

Furthermore, decreased TEER values might also be associated with
the presence of papain. Though in low concentrations, this enzyme was
able to exert its proteolytic action against the proteins from the extra-
cellular matrix and the junction complexes, which are essential for the
maintenance of the epithelial barrier integrity [75]. According to
Stremnitzer et al. [76], papain in concentrations below 1 pg/mL is able
to degrade several proteins related to cell junctions, i.e., claudin-4 and
occludins in human keratinocytes in vitro.

However, when transport studies were examined, the decreased
TEER value recovered and returned to the initial level after 72 h, in-
dicating a good recovery of the cell monolayer integrity. In addition,
there was no statistically significant difference between TEER values at
the assayed periods. Similar results were found by Guggi and Bernkop-
Schniirch [77]. Therefore, in the present study, it is suggested that
papain might have promoted a decreased intercellular cohesion, which
occurs due to the cell junctions and also modulated the paracellular
permeation of furosemide, suggesting that the opening of tight junc-
tions was transient and reversible.

Several regulating agencies recommend the use of Caco-2 cells
monolayer for the assessment of intestinal permeability of drugs, as a
model for quantifying the permeated fraction and for the classification
of permeability according to the Biopharmaceutical Classification
System (BCS) [78]. Yee [79] says that a drug is considered poorly ab-
sorbed (0-20%) when P, is lower than 1 x 107° cm/s, moderately
absorbed (20-70%) when P, value is within 1 and 10 X 107% cm/s,
and well absorbed (70-100%) when P,,, value is higher than
10 x 10° cm/s.

Furosemide is a loop diuretic used for the treatment of edema,
congestive heart failure, and hypertension, but also for the treatment of
acute and chronic kidney failure [80]. According to BCS, furosemide is
classified as class IV, meaning it presents low solubility and low per-
meability [81]. Granero et al. [82] describe that this low transcellular
permeability is due to intrinsic physical-chemical characteristics from
the molecule, and to the activation of multiple resistance mechanisms
to the drugs. Furosemide, which is considered a weak acid (pKa 3.9),
presents an incomplete absorption through the gastrointestinal tract
and is not able to cross the epithelial layer just by diffusion. Besides,
furosemide is a substrate from P-gp. Therefore, this efflux pump is re-
sponsible for the intense secretion of this drug to the intestine lumen,
hampering, even more, its absorption.

The permeability coefficient (Papp) of furosemide in the presence of
only 2-hydroxypropyl-p-cyclodextrin was approximately 7.01 X 10-
6 cm/s. This Papp value was not significantly lower than the furosemide
Papp value in the presence of papain-cyclodextrin complexes.

Due to their ability to interact with the epithelial barrier, cyclo-
dextrins can sequester phospholipid components of the bilayer mem-
brane, leading to temporary destabilization of the cell monolayer by
decreasing the barrier properties of the lipophilic membrane. In gen-
eral, this mechanism may facilitate the promotion of furosemide per-
meation. Besides that, in the presence of cyclodextrins, the physico-
chemical and biological properties of biomolecules can be very
advantageously altered. 2-Hydroxypropyl-f-cyclodextrin has a higher
solubility and its self-assembly to soluble active biomolecules, such as
papain. This cyclodextrin has a good inclusion complexation and tol-
erability for biomedical uses. In terms of safety, 2-hydroxypropyl-f3-
cyclodextrin has less toxicity than B-cyclodextrin [37]. Although stu-
dies have shown that cyclodextrins are virtually non-toxic due to their
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lack of absorption, it is reported that bacterial (-cyclodextrin de-
gradation and fermentation in the colon may lead to gas production and
diarrhea. Moreover, it has been shown that 3-cyclodextrin is capable of
causing cell lysis in different types of cells, which may lead to hemolysis
and renal toxicity. Due to this, they have been considered unsuited for
parenteral formulations.

Regarding the papain, it is important to highlight that this phy-
toenzyme has several beneficial properties, such as stimulating tissue
healing, antimicrobial activity and promoting controlled drug per-
meation, as described in the paper. The complexation of papain with
cyclodextrin can promote the stabilization of the enzyme and guarantee
the prolongation of its biological activity.

Although presenting an absorption with great variability, a small
quantity of furosemide is able to be absorbed through paracellular
mechanisms, although this pathway is not considered to be very ac-
cessible for the molecules that present charges and high molecular
weight [83]. These characteristics corroborate the fact that furosemide
has a very limited absorption through the gastrointestinal tract, con-
tributing to its low bioavailability and possibly compromising the
therapeutic efficacy.

In the present study, although the biopharmaceutic classification of
furosemide suffered no alteration, the P, value of furosemide greatly
improved in the presence of papain. Surprisingly, the Py, value of this
drug associated with the compounds with papain was about 2.5 times
higher compared to the P, value from the isolated furosemide (ne-
gative control) (Fig. 6). The P,,, values from furosemide and meto-
prolol are in accordance with the values found by other authors
[84-86].

According to Aungst [87] and Lee et al. [88], the cellular junctions
present between cells from the intestine epithelium significantly limit
the paracellular permeation of several compounds. Therefore, to mod-
ulate the opening of these junctions is an important factor to enhance
the bioavailability of low-penetration drugs. Currently, the main in-
testinal permeation enhancers are small-chain fat acids, acylcarnitines,
bile salt derivatives, and EDTA, which exert its action mechanism either
by enhancing plasmatic membrane fluidity, consequently enhancing
the transcellular permeation, or by altering the modulation of expres-
sion and the activity of cell junctions, therefore favoring the para-
cellular permeation [89].

The concentration of native papain or complexed with 3-cyclodex-
trin used in this study was high enough to dilate the occlusive junctions
present in Caco-2 cells and to favor the permeation of furosemide
without permanent damage the Caco-2 cell monolayer. Bock et al. [90]
evaluated the ability of papain and other proteolytic enzymes, i.e.
trypsin, chymotrypsin, and bromelain, in crossing the epithelial barrier
and observed that even in low concentrations, papain can lead to a
significant decrease in TEER values of the Caco-2 cells by opening the
occlusive junctions, facilitating the paracellular transport of compounds
with low permeation ability. Guggi and Bernkop-Schniirch [77] also
demonstrated that papain is able to enhance the permeation of com-
pounds with low and high molecular weight through the small intestine
mucosa. Grabovac et al. [12] developed pills containing heparin with
low molecular weight associated with papain and explored its proteo-
lytic activity, aiming to enhance the permeation of biomolecules along
the gastrointestinal tract of rats, and observed a significant increase of
heparin bioavailability compared to the control group.

LY was used as a marker for the paracellular integrity of Caco-2 cells
monolayer. This fluorescent compound presents very low P,y values as
it permeates only by a paracellular mechanism [91]. The Py, value was
4.3 x 1077 cm/s. According to Wang et al. [92], Papp values lower
than 5 x 10”7 cm/s indicate that the monolayer integrity was pre-
served during the performance of the permeability assays.

The results of the present study are promising for the development
of pharmaceutical formulations containing papain complexed with cy-
clodextrins and for its ability to promote the permeation of other drugs
with low oral permeability. The use of cyclodextrins, B-CD and HP- -
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CD, did not offer any advantages if compared to the native form of the
enzyme in term of safety or enhancement of the permeation effects, but
studies have already showed that the complexes present better stability,
impacting directly on the desirable stability of the enzyme.

5. Conclusions

In summary, this work proved the in vitro safety of papain-cyclo-
dextrin complex and its effectiveness in promoting furosemide per-
meation, however, the results shown do not include the comparison of
B-cyclodextrin alone with furosemide in view of physicochemical as-
pects and biological aspects of this association.

The results indicated that native papain, as well as p-cyclodextrin-
papain and 2-hydroxypropyl-B-cyclodextrin-papain complexes, feature
concentration-dependent cytotoxicity, whereas no cytotoxicity was
observed at the lowest concentrations investigated over CHO-K1, Hep
G2 and Caco-2 cells. The low cell viability values observed were hy-
pothesized to result from papain proteolytic activity which causes cell
detachment rather than necrosis originated by direct toxicity or cell
death mechanism.

In terms of genotoxicity, native papain and its complexes with cy-
clodextrins did not induce any effect at any concentration over the
above-mentioned cell lines which highlights a possible safety use of the
enzyme and its complexes in biomedical applications. No contribution
in terms of papain effects over the micronuclei formation was observed
for the complexes if compared to the native form of the enzyme.

As for the transport studies, the findings suggested that the en-
hanced permeation across the intestinal epithelial by papain and pa-
pain-B-cyclodextrin complexes might play an essential role in the en-
hanced intestinal absorption of furosemide.

In conclusion, the results suggest that the complexes containing
papain could be applied as pharmacotechnical adjuvants in order to
promote a safe permeation of drugs that present low oral permeability.
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