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ABSTRACT

Blood Brain barrier (BBB) is a natural protective wall in the brain to restrict the invasion of xenobiotics
or toxic chemicals. This, in turn, becomes a major obstacle for researchers and industry people in
formulating new drugs to treat brain disorders like brain tumors, Alzheimer's disease, multiple sclerosis,
meningitis, and so on. The purpose of this research is to study the in-vitro cytotoxicity & BBB
permeation of curcumin-loaded phycocyanin nanosponges (Cur-PC NS) using Madin-Darby Canine
Kidney (MDCK) cell lines. Cell viability of Cur-PC NS was performed using 3-(4,5-dimethylthiazol-2-
yl)-2.5- diphenyltetrazolium bromide (MTT) assay, the transepithelial electrical resistance (TEER)
values, and permeability coefficient were measured to test the integrity of monolayer of MDCK cell
line. Results of the current study showed that Cur-PC NS at 50uM, 85% of MDCK cells are more viable
and there was a significant (p<0.01) reduction in TEER values up to 48 hours when compared to the
curcumin. The permeability coefficient of nanosponges produced a 2.5-fold increase in enhancement
ratio with a Papp value of 1.94+0.11x10® cm/s and 4.86+0.04x10°cm/s for curcumin and Cur-PC NS
respectively. Results of the study can be concluded that phycocyanin nanosponges can be used as a
carrier for curcumin to permeate the BBB which may play a major role in the treatment of various brain
disorders. Future studies are needed to substantiate the exact mechanism of permeability with
clarification of efflux transporters presented in BBB.
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1 Introduction

Blood- Brain barrier (BBB) is a protective and dynamic wall that
restricts the entry of any harmful substance. This barrier system
protects the brain from xenobiotics which is also a major obstacle
to delivering drugs into the central nervous system (Pardridge
2005; Kadry et al. 2020; Neumaier et al. 2021; Sanchez-Dengra et
al. 2021). Efflux transporters play a vital role in fluxing the drugs
and limit the BBB penetration (Loscher and Potschka 2005;
Neumaier et al. 2021; Sanchez-Dengraetal 2021). The Key barriers
that interfere with the permeation of drugs are brain microvascular
endothelial cells (BMECs) with tight junctional proteins &
metabolizing enzymes like cytochrome P450 and transport barriers
like P-glycoprotein (P-gp), breast cancer resistance protein (BCRP)
and organic anion transporting polypeptide. Over the decade’s,
pharmaceutical scientists had to overcome the hurdles in the
invention of drugs for central nervous system (CNS) disorders
(Banerjee et al. 2016). With the knowledge of the complex nature
of the blood-brain barrier, a drug can be designed by implementing
nanotechnology to treat CNS-related disorders (Suresh et al. 2020).

The BBB permeability of a drug can be predicted using in vitro
models. Various non-cerebral and cerebral origin In-vitro models
are available. In recent studies, MDCK cell lines were more
preferred when compared to CaCo; cell lines. The advantages of
MDCK cells are a shorter duration for maturation time in culture,
low risk of infection, low expression of P-glycoprotein (P-gp), and
experimental reproducibility (Horio et al. 1989; Irvine et al. 1999;
Polli et al. 2000; Jiang et al. 2022).

In the last two decades, various research studies have been
performed to deliver curcumin through nanotechnology to resolve
the failure of curcumin therapy in the concept of poor
bioavailability and fast metabolism (Yallapu et al. 2013;
MalekiDizaj et al. 2022). In current MDCK cell lines was used to
study the permeability and integrity of tight junctions of curcumin-
loaded phycocyanin nanosponges and compared with pure
curcumin.

2 Materials and Methods

For the curcumin-loaded phycocyanin nanosponges, curcumin was
obtained from Sigma Aldrich, Phycocyanin from TCIl Chemicals
Pwvt. Ltd, and 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium
bromide (MTT), Hank’s balanced salt solution (HBSS),
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), non-essential amino acids (NEAA) solution,
penicillin-streptomycin solution, and trypsin solution were
purchased from Sigma-Aldrich. MDCK cell line was obtained
from NCCS, Pune and Poly vinyl alcohol, double distilled water,
ethanol and all other reagents and chemicals used are analytical
grades.
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Curcumin-loaded  phycocyanin  nanosponges  (Cur-PC-NS)
(Prathima and Sreeja 2013; Velmurugan et al. 2019) was prepared
using the emulsion solvent evaporation technique. The final
nanosponges were characterized as per Manjuladevi and
Velmurugan (2020) and used for this study. The In-vitro cell line
permeability study was performed using the MDCK cell line
(Wang et al. 2014).

2.1 MDCK cell culture

For the transport studies, MDCK cells (Madin-Darby Canine Kidney
cells) were cultivated in standard conditions with DMEM medium
supplemented with 10% FBS, 1% NEAA, and 1% penicillin—
streptomycin and was cultured in a humidified incubator at 37°C
with 5% CO, and (80% confluent) were seeded at a density of 10°
cell/mL on the upper side of 12 well plate filters (1.131 cm?® growth
area). The culture medium was replaced every three days following
the two days of seeding to be ready for experimental use. The quality
of the monolayers was assessed by measuring their transepithelial
electrical resistance (TEER) at 37 °C using an EVOM epithelial
Voltmeter with an Endohm electrode (World Precision Instruments,
INC., Sarasota, FL.). The TEER shows the impedance to the passage
of small ions through the physiological barrier and is recognized as
one of the most accurate and sensitive measures of BBB integrity.
Only monolayer’s displaying TEER values above 400 Q was used in
the experiments (Wang et al. 2014).

2.2 Cytotoxicity study

The cell viability of nanosponges was performed using an MTT
assay. MDCK cells were seeded in 96- well plates at a density of
5X10° cells/ well and cultures for 24 hr. Nanosponges were also
added to the wells at various concentrations. After allowing 2 hrs
co-incubation at 37°C, 100 pL of MTT (0.5 mg/mL) was added to
each well and incubated for a further 4 h at 37°C. After incubation,
the medium was removed, and 100 pL of dimethylsulfoxide
(DMSO) was added to the residual precipitates. The absorbance
was determined at 590 nm using a microplate reader. Cell viability
was expressed as a percentage of the absorbance relative to that of
the control. Control cells were not exposed to any materials.
Experiments were performed with three replicate wells for each
sample and control (Wang et al. 2014).

2.3 Monolayer integrity testing (TEER measurement)

The cell lines were used after pre-incubating at 37°C in 5% CO;,
conditions for 2 days. TEER was measured to confirm the
functionality of the tight junctions. The assays were carried out using
the Blood Brain Barrier cell layers with TEER values in the range
between 400 and 2000 Q cm?. After establishing that MDCK display
extremely tight barrier properties, nanosponges were suspended in a
0.2 mL assay medium or the free drug to the apical side of the Blood
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Brain Barrier layers and cultured in the model. The TEER values
were monitored at a fixed time (Nikandish et al. 2016).

2.4 Drug uptake and Calculation of permeability (Papp)

At the end of the study, samples were collected from the apical and
basolateral sides of the BBB model and the concentration using
HPLC-UV methods was measured. To calculate the apparent
permeability coefficient (transport capacity), the following formula
was used

Papp = (dQ /dt) X (1/A.Co)

The enhancement ratio was calculated by dividing the Papp value
of curcumin-loaded phycocyanin nanosponges and pure drug,
dQ/dt is the transferred drug per time; A is the surface area of the
filter (1.131 cm?); Co is the initial concentration of nanosponges in
apical side (Taub et al. 2002)

2.5 Statistical analysis

The results were presented as mean and Standard deviation (SD)
with n=3. Statistical significance of differences was processed by

Wilcoxon matched-pairs test and student t-test (Paired and
unpaired). The value of *p<0.05 & ** p<0.01 was statistically
significant. All the statistical calculations were performed using
the software Graph Pad prism version 9.1.2.

3 Results
3.1 Cytotoxicity study

The Cytotoxicity of Cur-PC- NS was performed using MTT assay
using MDCK cell lines after 24-hrs exposure to free drug and
curcumin-loaded phycocyanin nanosponges. Results of the study
showed that the Cur-PC-NS at a concentration of 25ug/ml &
50pg/ml have no adverse effect on cell viability (Figure 1).

3.2 Monolayer integrity testing

Results presented in figure 2 revealed that Cur-PC-NS decreased
the integrity of the Blood Brain Barrier model cell line, proving
that it can open the tight junction of Blood Brain Barrier for
movement of curcumin loaded phycocyanin nanosponges into the
brain. The amount of curcumin and curcumin loaded phycocyanin
nanosponges after crossing the monolayer is shown in figure 3.
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Figure 1 MDCK cell viability % of nanosponges at 24hr, the data represent mean + SD (n=3 different monolayer)
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Figure 2 Effect of Cur-PC-NS and curcumin with TEER measuring. The data represent mean + SD (n=3); **p<0.01
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Figure 3 In-vitro cell line permeability investigation using MDCK cell line, the data’s represent mean + SD; **p<0.01

3.3 Permeability coefficient (Papp)

The permeability coefficient was found 1.94+0.11x10°® cm/s and
4.86+0.04x10°® cm/s for curcumin and Cur-PC-NS, respectively.
The enhancement ratio showed that Cur-PC-NS exhibited 2.5-fold
increase in positive effect than the pure drug curcumin on MDCK
cell line permeability.

4 Discussion

Curcumin loaded phycocyanin nanosponges was used to improve
the BBB permeation, more entrapment, and target delivery which
in turn to treat various CNS-related disorder based on earlier
research (Tejashri et al. 2013; Gharakhloo et al. 2020; Suresh et al.
2020). In this study, the MDCK model was chosen, as it mimics
the structure of BBB and also due to its advantage over the human
colorectal adenocarcinoma cell line (Caco-2) in sense of shorter
culture time (4 days vs. 21 days) drug permeability across BBB
(Irvine et al. 1999; Polli et al. 2000). The rationale behind using
phycocyanin as a carrier for curcumin is due to its wide range of
application in the pharmaceutical field (Jiang et al. 2017), have
proved to target TAM (Tumor-associated Macrophages) as
photosensitizer (Wan et al. 2017).

Our results showed that the curcumin loaded phycocyanin
nanosponges (Cur-PC-NS) had a positive effect and exhibited 96%
of cells are viable at 50ug/ml which shows high biocompatibility
of our nanosponges and no toxic effect on cells. Our findings are
supported by previous research works exhibiting that curcumin has
a non- cytotoxic effect on cells at lower concentrations (Zanotto-
Filho et al. 2012; Gharakhloo et al. 2020; Susanna et al. 2020).
The tight junction integrity of monolayer is also loosened or
decreased to 45% of the initial TEER value in our results
suggesting that the increased permeability of curcumin

nanosponges, regain of the tight junction at 48hrs i.e., 52%, and the
reversal of TEER value indicates the reconstruction of cell
junctions (Yeh et al. 2011; Wang et al. 2014). Hence it suggests
that curcumin loaded phycocyanin nanosponges are safe and
compatible. The enhancement ratio of Cur-PC-NS permeability
coefficient (Papp) is 2.5-fold when compared to curcumin alone,
which is also supported by the research work of Pushpalatha et al.
(2018) in  curcumin  nanoformulation. Thus, curcumin
nanoformulation can be used for treating glioblastoma as a single
therapy or along with chemotherapeutic agents due to its safety,
biocompatibility, and pharmacological property (Neil and Sandeep
2016; Del Prado-Audelo et al. 2019). Further studies are needed to
prove the exact mechanism of penetration, whether passive or
endocytosis and transcellular transport of nanosponges and P-
glycoprotein substrate mediated inhibition or efflux of the drug.

Conclusion and Future Perspective

Our results proved that the formulated nanosponges have no
toxicity and decreased the TEER values thereby increasing the
permeation of the drug into the blood brain barrier. Thus, it can be
concluded that phycocyanin nanosponges can be used as a carrier
to deliver curcumin into the brain. We have completed the animal
study for our nanosponges along with biomarker estimation, which
will be published in the future. However, future studies are needed
to confirm the exact mechanism of permeation across the blood
brain barrier in presence of various efflux transporters.
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