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Background: 3,5-Bis[4-(diethoxymethyl)benzylidene]-1-methyl-piperidin-4-one (BBP), a
novel synthetic curcumin analogue has been revealed to possess strong in vitro and in vivo
immunosuppressive effects.

Purpose: The aim of present study was to prepare and characterize BBP-encapsulated
polylactic-co-glycolic acid-block-polyethylene glycol (PLGA-b-PEG) nanoparticles and to
evaluate its in vivo efficacy against innate and adaptive immune responses.

Methods: Male BALB/c mice were orally administered with BBP alone and BBP- encap-
sulated nanoparticles equivalent to 5, 10 and 20 mg/kg of BBP in distilled water for a period
of 14 days. The immunomodulatory potential was appraised by determining its effects on
non-specific and specific immune parameters.

Results: The results showed that BBP was successfully encapsulated in PLGA-b-PEG
polymer with 154.3 nm size and high encapsulation efficiency (79%) while providing a
sustained release for 48 hours. BBP nanoparticles showed significant enhanced dose-depen-
dent reduction on the migration of neutrophils, Mac-1 expression, phagocytic activity,
reactive oxygen species (ROS) production, serum levels of ceruloplasmin and lysozyme,
immunoglobulins and myloperoxidase (MPO) plasma levels when compared to unencapsu-
lated BBP. Enhanced dose-dependent inhibition was also observed on lymphocyte prolifera-
tion along with the downregulation of effector cells expression and release of cytokines, and
reduction in rat paw oedema in BBP nanoparticles treated mice. At higher doses the
suppressive effects of the BBP nanoparticles on various cellular and humoral parameters
of immune responses were comparable to that of cyclosporine-A at 20 mg/kg.
Conclusion: These findings suggest that the immunosuppressive effects of BBP were
enhanced as PLGA-b-PEG nanoparticles.

Keywords: of-unsaturated carbonyl-based compound, curcumin analogue, PLGA-b-PEG

nanoparticles, immunosuppression, innate immune response, humoral immune response

Introduction

Curcumin is a polyphenolic, low molecular weight compound isolated from the
rthizomes of turmeric (Curcuma longa)." This natural versatile compound has
gained widespread popularity because of its remarkable applicability in prophylaxis
as well as treatment of a variety of inflammatory conditions.> For the past three
decades, studies have delineated that owing to curcumin’s physiochemical limita-
tions ie, poor water solubility, low bioavailability, chemical instability and rapid
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Figure | Chemical structure of 3,5-bis[4(diethoxymethyl)benzylidene]- |-methyl-
piperidin-4-one.

metabolism, the in vivo application of curcumin is hin-
dered, resulting in low potency and poor absorption
characteristics.* ® Efforts to combat curcumin’s in vivo
limitations have generated the study of curcumin analo-
gues and derivatives (natural, semisynthetic and synthetic)
and novel delivery systems (nanoparticles) to increase its
aqueous solubility, stability and bioavailability.” In this
regard, different studies have reported the use of nanocar-
rier systems to deliver curcumin as well as its analogues
and derivatives.® 10

Presently, a polymeric nanoparticle-based drug deliv-

ery system is being increasingly investigated.'
Nanomaterial-based medicines offer a great potential in
delivering drugs to the target sites and this delivery route
is known to overcome many obstacles associated with
delivery of free drugs and increase their pharmacological
effects.'>! Polylactic-co-glycolic acid-block-polyethylene
glycol (PLGA-b-PEG) polymeric nanoparticles employing
PLGA-PEG block copolymer, is a delivery system with
two model polymers, PLGA and PEG, in which PEG
overcomes the demerits, associated with PLGA nanoparti-
cles when used alone. Also PLGA-PEG nanoparticles have
the potential advantage of hydrophilic character as well as
reducing the opsonization and increasing the plasma cir-

time Vivo

14,15

culation of nanoparticles during in

application.

Recently, we have reported a synthetic analogue of
curcumin possessing an o, B-unsaturated carbonyl moi-
ety, 3,5-bis[4-(diethoxymethyl)benzylidene]-1-methyl-
piperidin-4-one (BBP) as a potent immunosuppressive
agent (Figure 1). It has remarkably inhibited the
in vitro phagocytosis process by granulocytes.'® The
immunosuppressive potential of this potent structurally
modified compound has also been investigated on the
eclectic parameters of nonspecific and specific cellular
and humoral immunity in an animal experimental
model.'” Our previous findings encouraged us to pre-
pare and characterize oral polymeric PLGA-PEG nano-
particles of synthetic curcumin analogue (BBP) and to

compare its immunosuppressive effects with unencap-
sulated BBP on selected parameters of specific and
nonspecific immune responses in BALB/c mice.

Materials and methods

Chemicals and reagents

PLGA-b-PEG (polylactic co-glycolic acid- polyethylene
glycol) and pluronic F-68 were purchased from Sigma-
Aldrich Chemicals Co. Ltd. (St Louis Missouri, USA).
Acetonitrile was purchased from J.T. Baker Avantor
Performance Materials, Inc. (Phillipsburg, NJ, USA)
Lipopolysaccharide (LPS), concanavalin A (Con-A),
Roswell Park Memorial Institute medium (RPMI)-1640
and sheep red blood cells (sRBCs) were obtained from
Innovative Research, Inc. (Sarasota, FL, USA). FBS was
obtained from PAA Laboratories
(GE Healthcare UK Ltd, Little Chalfont, UK). Pharm
Lyse™ lysing solution, allophycocyanin (APC)-
conjugated anti-mouse CDS8, APC-H7-conjugated CD4,
FITC-A conjugated CD11b, PE-A conjugated CD18 and
IgG-FITC were obtained from BD Biosciences (Franklin
Lakes, NJ, USA). Cytoselect 24-well cell migration assay
kits were obtained from Cell Biolabs, Inc. (San Diego,
CA, USA). Ceruloplasmin and lysozyme kit was supplied
by Wuhan Biotech Co., Ltd (Wuhan, China). Abcam
Biotechnology Company (Cambridge, UK) supplied mye-
loperoxidase (MPO) ELISA kit. IgG and IgM ELISA kits
were obtained from Life Diagnostics, Inc., (West Chester,
PA, USA). Cyclosporine, *H-thymidine (0.5 pCi/well),
and scintillation cocktail (Ultima Gold MV) were pur-
chased from Perkin Elmer, Inc. (Waltham, MA, USA).
IL-2, IL-4 and IFN-y ELISA kits were purchased from
R&D Systems Inc., (Minneapolis, MN, USA). A phagotest
kit and a phagoburst kit was obtained from Glycotope
Technology (Berlin, Germany).

Preparation of BBP-encapsulated

PLGA-b-PEG nanoparticles

Polymeric PLGA-b-PEG nanoparticles were prepared by fol-
lowing the method of Fessi et al with slight modification
through the nanoprecipitation technique.'® Briefly, two phases
were prepared separately ie organic phase and aqueous phase.
The organic phase comprised of the synthetic analog, BBP
(0.05%) and PLGA-b-PEG polymer (1%) which was dis-
solved in organic solvent, acetonitrile (30%). Then, 0.1%
pluronic F-68 was added in distilled water to form the aqueous
phase. The organic phase was added dropwise to the aqueous
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phase and mixed under sonication for 30 minutes. Finally, the
solution was evaporated by allowing it to stir uncovered for
2-3 hour at room temperature and centrifuged at 15,000 rpm
for 15 minutes. The resulting nanoparticles were freeze-dried
(Scanvac cool safe 1104 system HO031857, Vassingerad,
Lynge, Denmark).

Characterization of nanoparticles

The nanoparticles were characterized in terms of particle
size, zeta potential and polydispersity index (PDI) by
using Zetasizer ZS-90 (Malvern, UK). Freeze-dried nano-
particles were reconstituted with distilled water, poured
into quartz cuvettes and placed inside the sample chamber
of nanosizer while the capillary cell was employed for
measuring zeta potential. The measurements were per-
formed in triplicate and the results are shown as mean
+SD In addition, the morphological characteristics of the
prepared nanoparticles were investigated by using
a transmission electron microscopic (TEM) analysis (FEI
TECNAI G2 SPIRIT BIOTWIN, Hillsboro, OR, USA) at
120 kV. A drop of reconstituted nanoparticles was placed
on a glow discharged 400-mesh carbon coated microscopic
grid and stained using 0.1% phosphotungstic acid. The
grid was viewed under different resolutions of TEM and
the results were reported as micrographic images at

500 nm.

Encapsulation efficiency (% EE) and
loading capacity (% LC)

The percentage of synthetic analogue (BBP) incorporated
during nanoparticle preparation was determined using
a UV-Vis spectrophotometer (UV 1800, Kyoto, Japan).
The standard calibration curve was prepared by using
different dilutions of BBP (100-700 pg/mL) in 25:75
ratio of acetonitrile and distilled water while the absor-
bance was measured at a wavelength of 370 nm. Finally,
regression line of calibration as well as r* value were
determined. Freeze-dried nanoparticles were reconstituted
in distilled water and subjected to centrifugation at
15,000 rpm for 15 minutes at 4°C. The supernatant con-
taining the unencapsulated drug was separated to deter-
mine the percent EE)

entrapment efficiency (%

and percent loading capacity (% LC).

In vitro release profile
The dialysis tube method was used to determine the
release of synthetic compound from nanoparticles.'® Two

milliliters of nanoparticle solution equivalent to 2 mg of
synthetic compound, BBP was put into a dialysis tubing
cellulose acetate membrane (Sigma Aldrich Co.). The
dialysis membrane was dialyzed against 30 mL of PBS,
pH 7.4 and 2.1 to mimic human gastric and intestinal
The
a shaking water bath (37°C). At predetermined time

environment. experiment was performed in
points, 1.5 mL aliquots were taken and replaced by an
equal volume of the dialysate to maintain the sink condi-
tions. The concentration of synthetic compound was
assessed by measuring the absorbance at 370 nm using

a UV-visible spectrophotometer.

Fourier transform infrared spectroscopy

(FTIR) study
The FTIR spectra of the drug (BBP), polymer (PLGA-b-PEG)
and BBP-encapsulated nanoparticles were taken with a Perkin
Elmer Spectrum 100 FTIR spectrophotometer. Small amounts
of drug, polymer and freezedried nanoparticles were placed on
an ATR crystal and the maximum force was applied by using
an ATR pressure clamp to allow for optimum contact with the
samples. Finally, each sample was scanned in a spectral region
of 6504000 cm ™' using a resolution of 4 cm ™' and 32 co-
added scans were recorded.

Experimental animals

Male BALB/c mice (22-28 g) were obtained from the
Laboratory Animal Resource Unit, Faculty of Medicine,
Universiti Kebangsaan Malaysia (UKM, Cheras, Selangor,
Malaysia). All procedures in animal studies were directed
following a protocol approved by the UKM Animal Ethics
Committee (No. FF/2016/IBRAHIM/28-SEPT./780-SEPT.
-2016-MAC.-2018). During the experiment, animals were
kept in a well-ventilated controlled room on a 12-hour
light/12-hour dark schedule. The commercially available
laboratory rodent diet along with water ad libitum was sup-
plied to the animals. Animals were acclimatized for at least 1
week prior to being placed on study.

Study protocol

The study was conducted in three different experimental
designs to determine selected parameters of specific and
nonspecific immune responses in BALB/c mice. After
being adapted to the environment for 1 week, the mice
were randomly divided into 10 groups and each experi-
mental group consisted of 6 animals. The first group of
animals received a regular diet (normal control group).
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The second group of animals received 1% sodium carbox-
ymethyl cellulose (NaCMC) in distilled water (vehicle
control group) whereas the third group received a known
immunosuppressant, cyclosporine-A which was adminis-
tered orally at a dose of 20 mg/kg BW (positive control
group). The fourth group of animals was orally adminis-
tered with blank nanoparticles (polymer only). The ani-
mals in the experimental groups (5—7) received curcumin
analog, BBP alone after every 24 hours while the animals
(8-10) received BBP-
encapsulated PLGA-b-PEG nanoparticles equivalent to 5,
10 and 20 mg/kg BW of BBP, after every 48 hours for 14
days. On day 15, the animals were humanely sacrificed

in the experimental groups

and blood samples were collected to evaluate the effects of
BBP nanoparticles on the phagocytic activity of neutro-
phils and to determine serum levels of lysozyme, cerulo-
In the
experimental design, on day O of treatment, the mice

plasmin and plasma (MPO levels. second
were immunized intraperitoneally with 5.0x10° sRBCs/
mL (a T cell-dependent antigen) as an antigenic stimulus.
Prior to immunization, the sRBCs were washed three
times with cold PBS and finally resuspended in PBS. At
the end of the study, the mice were humanely killed and
the spleen was collected for the analysis of T and B-cell
proliferation and CD4" and CD8" expression in T cell
subsets in splenocytes. The blood samples were also col-
lected for the estimation of serum levels of cytokine pro-
duction by activated T cells. In the third experimental
study, the animals were also immunized with sRBCs
on day O and the treated (with BBP alone and BBP
nanoparticles)/untreated mice were investigated for
delayed type hypersensitivity (DTH) and samples were
collected for measuring serum immunoglobulins (IgG
and IgM). Cyclosporine, a well-known immunosuppres-
sant was used as a positive control in this study and the
dose was decided based on previous studies,”*' while the
safe doses for novel synthetic analog were selected based

on toxicity study assessment from our previous study.'®

Isolation of neutrophils from whole rat
blood

The neutrophils were isolated from the whole blood of
treated mice using a modified Histopaque® gradient
technique.”> Briefly, 2 mL of lymphoprep gradient
(1,077 mg/mL) was placed into a 10 mL falcon tube
and an equal volume of whole mice blood was carefully

layered on the gradient without any break to the

gradient and centrifuged at 400xg for 45 minutes. The
high density neutrophils and erythrocytes were sedimen-
ted through the lymphoprep layer. Finally, the erythro-
cytes were lysed using Pharm Lyse™ lysing solution
and incubated for 10 minutes. At the end of incubation,
the falcon tube was centrifuged at 200xg for 5 minutes.
The supernatant was aspirated carefully without disturb-
ing the pellet and resuspended in PBS. The viability of
cells was checked with trypan blue exclusion method.

Cell migration assay

The inhibitory effect of BBP and BBP nanoparticles on
neutrophils migration was quantitatively measured by
using modified method.”> The neutrophils isolated from
the nonimmunized mice whole blood were adjusted to
a final concentration of 1.5x10° cells. A CytoSelect (San
Diego, CA, USA) 24-well cell migration assay kit was
used to perform the experiment. Initially, a total of 500
pL RPMI media comprising of chemotactic stimulant,
10% FBS was added to the lower chambers, while the
cell suspension with 1.5x10° cells (300 puL) was added
to the upper chamber of a 24-well tissue culture plate
and incubated for 2.5 hours at 37°C. After the specified
time interval, the inserts were shifted to the new wells
containing cell detachment solution and again incubated
(30 minutes) to remove cells from the bottom of the
inserts. Finally, the inserts were discarded and dislodged
cells were stained by adding the lysis buffer/CyQuant®
GR dye solution (Eugene, OR, USA). The number of
cells migrating to lower chambers was determined by
a fluorescence plate reader.

CDIIb and CDI8 integrin expression on

leukocytes

The Mac-1 expression assay was carried out by following
the method of Ahmad et al with slight modification.”* LPS
(3.5 ug/mL) was added to aliquots (100 puL) of isolated
neutrophils from mice whole blood and incubated at 37°C
for 30 minutes. Thereafter, the tubes were simultaneously
placed on ice and 10 uL of CD11b-FITC-A, CD18-PE-A
were added to the mixture. Meanwhile, IgG- FITC was
added as isotype control and tubes were incubated on ice
for 60 minutes. Subsequently, the tubes were centrifuged
at a speed of 250xg for 10 minutes and the supernatant
was discarded while retaining the pellet. Finally, the cells
were resuspended in PBS and the inhibition of adhesion
molecule expression was analyzed by flow cytometer.
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Phagocytic assay

The phagocytic activity assay was determined by using the
commercially available phagotest assay kit. The isolated neu-
trophils from the whole mice blood (100 pL) was incubated
with 20 pL of FITC Escherichia coli in shaking water bath at
37°C for 10 minutes. Thereafter, the samples were immedi-
ately transferred on ice to stop the process of phagocytosis
followed by the addition of quenching solution. The sample
tubes were centrifuged at 250xg for 5 minutes (4°C) after
adding 3 mL of washing solution. Finally, 200 pL. of DNA
staining solution was added to each tube and vortexed. The
phagocytic activity was analyzed by flow cytometer and was
determined as the percentage of phagocytizing neutrophils.

Phagoburst assay

The quantitative determination of oxidative burst of isolated
neutrophils was carried out by using a commercially avail-
able kit and assay was carried out following manufacturer’s
protocol. Briefly, 100 uL of neutrophil cell suspension was
incubated with 20 pL. FITC-labeled E. coli at 37°C for 10
minutes in order to stimulate the cells. Afterwards, 20 uL of
substrate solution (dihydrorhodamine, DHR 123) was added
to determine the percentage of phagocytic cells producing
reactive oxidants and again incubated for 10 minutes.
Finally, 200 pL of DNA staining solution was added and
cells were analyzed by flow cytometry.

Plasma level of MPO enzyme

MPO levels in the plasma were assessed by using
a commercially available MPO ELISA kit and the experi-
ment was carried out as per manufacturer’s protocol.
Plasma was separated by centrifuging the whole blood
collected from euthanized mice at 2,000xg for 5 minutes
at 4°C and was investigated for MPO levels by measuring
absorbance on a microplate reader.

Analysis of serum levels of lysozyme and

ceruloplasmin
The effect of BBP and BBP nanoparticles on serum
levels of lysozyme and ceruloplasmin was determined
by using a commercially available kit. The whole mice
blood was centrifuged at 5,000 rpm for 20 minutes at 4°
C to separate the serum. The collected serum was kept
at 20°C until the experiment was done. The assay was
performed manual

using  the provided by the

manufacturer.

Spleen cell suspension preparation

From the animals immunized with 5.0x10° sSRBCs/mL intra-
peritoneally, the spleen was removed aseptically and the sple-
nocyte suspension was prepared using the method of Arshad
et al.'® The spleen was washed with cold PBS and placed onto
anylon cell strainer (70 pm) and cut into small pieces. By using
the plunger at the end of a syringe, the small pieces of spleen
were pushed through the strainer and the cells were then
washed with excess PBS. The cell suspension was centrifuged
at 300xg for 5 minutes and supernatant was aspirated. To lyse
the RBC:s, the pellet was resuspended in 2 mL pre-warmed (at
37°C) Pharm Lyse™ lysing solution and for 3 minutes at 37°C.
Finally, the cells were washed, supernatant was discarded and
the pellet was resuspended in 1 mL of complete medium. By
using the trypan blue exclusion method, the viability of cells
was assessed.

T and B lymphocyte proliferation assay
The method described by George et al was used to perform the
lymphocyte proliferation assay.>> LPS and Con-A at different
concentrations (5 and 10 pg/mL, respectively) were used to
stimulate the splenocytes. Concisely, 4x10° cells/mL of spleen
cell suspension in RPMI complete medium was incubated with
or without aforesaid mitogens in 96-well plates (200 pL/well)
for 48 hours. Afterwards, *H-thymidine (0.5 pCi/well) was
incorporated in all wells and incubated for 24 hours. Upon
completion of incubation period, by using a Nunc cell har-
vester (Rochester, NY, USA), the cells were harvested and
5 mL of scintillation fluid was added to determine the thymi-
dine incorporation by a liquid scintillation counter (counts
per minute). The results were expressed as the stimulation
index (SI).

T lymphocyte phenotyping by flow
cytometric analysis

With slight modification, the method previously described
by Gupta et al was used.?® Briefly, 50 pL of splenocytes
cell suspension (1x106 cells/mL) was incubated with 10
pL of APC-conjugated anti-mouse CD8 and APC-H7-
conjugated anti-mouse CD4" antibodies on ice for 30
minutes. Thereafter, the cell suspension was washed with
cold PBS (2 mL) and centrifuged at 250xg for 5 minutes.
Lastly, the supernatant was removed and the pellet was
resuspended in 300 pL of PBS. Acquisition and analysis
were performed with multicolor flow cytometry using Cell
Quest Pro Software (San Jose, CA, USA). The results
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were expressed in percentage of CD4" and CD8"
expressions.

Measurement of Th1/Th2 cytokines

The serum levels of IL-2, IL-4 and IFN-y from the treated
and untreated mice were quantitatively determined using
the commercially available ELISA kits (R&D Systems).
The serum was separated from whole blood (collected
under sterile conditions from the experimental animals)
by centrifuging it at 2,000xg and 4°C for 20 minutes.
The assay was performed using the standard protocol
provided by the manufacturer. The results were determined
within 30 minutes using a plate reader set to 450 nm.

Delayed type hypersensitivity reaction
(DTHR)

The DTHR or footpad reaction was performed using
a method described by Koffuor et al with minor
modification.?” Male BALB/c mice were divided into six
groups with 6 animals in each group. On day O of treat-
ment, all groups were injected intraperitoneally with 200
pL sRBC (5x10° cells/mL) and the treatment with BBP
and BBP nanoparticles was continued for 14 days. On day
14, the thickness of hind footpad of all experimental
animals was recorded using digital Plethysmometer
(Ugo Basile SRL, Gemonio, Italy). The right hind footpad
thickness was considered as control whereas, the left hind
footpads of all mice were challenged by injecting 20 puL of
sRBC (5x10°) intradermally. After 24 hours, the thickness
of footpad was measured again and the variance among
right hind paw thickness and left hind paw was referred to
as footpad reaction.

Measurement of serum IgG and IgM levels

in response to sRBC

Commercially available ELISA kits were used to detect
the serum levels of IgG and IgM. The assay was carried
out using the manufacturer’s protocol. To determine the
level of IgM antibody, blood samples were withdrawn
from all mice on day 7 and to determine the level of IgG

antibody, the samples of blood were again taken from all
groups of animals on day 15. Serum was rapidly separated
by centrifugation at 3,500xg for 10 minutes at 4°C and
stored at —20°C until used.

Statistical analysis

The results were subjected to statistical analysis using one-
way ANOVA with post-Dunnett’s test (to compare test
samples with the control), using Graph Pad Prism 5 soft-
ware (GraphPad Software, Inc., La Jolla, CA, USA) and
were expressed as the mean +£SD of at least six experi-
mental values. P<0.001, P<0.01 and P<0.05 were consid-
ered to be statistically significant.

Results
Preparation and physiochemical

characterization of nanoparticles

The synthetic curcumin analog was successfully incorpo-
rated into PLGA-b-PEG nanoparticles through nanopreci-
pitation technique. The obtained results indicated that the
average diameter, polydispersity index and zeta potential
of BBP-encapsulated PLGA-b-PEG nanoparticles were
154.3+7.8 nm, 0.26+0.05 and —28+6.9 mV (Table 1)
which are consistent with previously published work.?®
TEM analysis revealed that the nanoparticles consisted of
small, discrete, spherical shaped particles as shown in
Figure 2. The nanoparticle size observed in TEM was
consistent with the results obtained by dynamic light
scattering.

Drug entrapment and loading capacity

In our study, the entrapment of synthetic analog within the
nanoparticles was found to be 79+£3.60% (Table 1). This
high value of EE represents that most of the drug mole-
cules were entrapped during the formulation process as
well; this high value may be attributed to the amphiphilic
nature of the nanoparticles.”” Moreover, our findings
showed that BBP-encapsulated PLGA-b-PEG nanoparti-
cles had a loading capacity of 32+2.7%.

Table | Physicochemical characterization of BBP-encapsulated PLGA-b-PEG nanoparticles

Particle size (nm) | Zeta potential (mV) | Polydispersity

index

Entrapment efficiency

(%)

Loading capacity (%)

154.3+7.8 —28+6.9 0.26+0.05

79+3.60 32427

Notes: Results are presented as mean + SD;N=3.

Abbreviations: BBP, 3,5-bis[4-(diethoxymethyl)benzylidene]- | -methyl-piperidine-4-one; PLGA-b-PEG, polylactic-co-glycolic acid-block-polyethylene glycol.
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Figure 2 TEM images of BBP-encapsulated PLGA-b-PEG nanoparticles at a magnification of 500 nm. The scale bar or magnification is 40x.
Abbreviations: TEM, transmission electron microscope; BBP, 3,5-bis[4-(diethoxymethyl)benzylidene]- |-methyl-piperidin-4-one; PLGA-b-PEG, polylactic-co-glycolic acid-

block-polyethylene glycol.

Drug polymer interaction

The FTIR spectra of BBP, BBP nanoparticles, and pure
synthetic compound indicated that the drug was success-
fully encapsulated in PLGA-PEG nanoparticles and there
was no interaction between the drug and the polymer
(Figure 3).

In vitro release study

The percentage cumulative release of BBP alone and
BBP-encapsulated nanoparticles is shown in Figure 4.
A fast release of BBP was observed during first 3 hours
both in acidic and basic pH which could be attributed to
desorption and release of BBP from the surface of nano-
particles. After 3 hours, the drug release became slow but
continuous until most of the drug was released after 48
hours. Contrary to this, for the experimental setup of
BBP alone, it was noticed that the majority of the drug
BBP was released within first 3 hours until the complete
drug was released within 24 hours. It can be clearly seen
that during the whole period of study, the release of BBP
was higher at basic pH compared to acidic pH, which
suggests the absorption of synthetic curcumin analog was

Effect of BBP and BBP nanoparticles on

neutrophil migration

The results of cell migration assay showed that BBP
nanoparticles exhibited dose-dependent and highly sig-
nificant inhibitory effects on the directional movement
of neutrophils compared to nonsensitized control
(Figure 5). Also it was observed that BBP nanoparti-
cles showed amplified immunosuppressive activity in
comparison to BBP alone at all doses. However, the
effects produced by BBP alone were also found sig-
nificantly different when compared with control group.
BBP nanoparticles at the highest dose showed compar-
able inhibition on the migration of neutrophils with the

positive control group.

Effect of BBP and BBP nanoparticles on

Mac-| expression

Our results indicated that BBP nanoparticles showed an
augmented suppression of Mac-1 expression in contrast
to BBP alone. However, in comparison to the untreated
group, the neutrophils purified from the blood of BBP
nanoparticle-treated mice followed a dose-dependent

mainly occurring in the intestine and not in the manner of inhibition of percentage expression of
stomach.*° CDI1b/CDI18, but very strong inhibitory effects
Drug Design, Development and Therapy 2019:13 submit your manuscript 1427
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Figure 3 FTIR spectra of (A) PLGA-b-PEG polymer, (B) pure BBP powder and (C) lyophilized powder of BBP-encapsulated nanoparticles.

Abbreviations: FTIR, Fourier transform infrared spectroscopy; PLGA-b-PEG, polylactic-co-glycolic acid-block-polyethylene glycol; BBP, 3,5-bis[4-(diethoxymethyl)benzy-

lidene]- I-methyl-piperidin-4-one; T, transmittance.

(P<0.001) were seen at the highest dose (20 mg/kg).
However, significant changes were also reported at
doses of 10 and 5 mg/kg (Table 2). Interestingly, it

alone at 20 mg/kg was similar.
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Figure 4 (A) In vitro release profile of BBP from lyophilized BBP-encapsulated PLGA-b-PEG nanoparticles at pH 2.1 and 7.4 of releasing media (B) In vitro release profile of

pure BBP at pH 2.1 and 7.4 of releasing media.
Notes: The error bars represent the +SD of the measurements, N=3.

Abbreviations: BBP, 3,5-bis[4-(diethoxymethyl)benzylidene]- | -methyl-piperidin-4-one; PLGA-b-PEG, polylactic-co-glycolic acid-block-polyethylene glycol.

Effect of BBP and BBP nanoparticles on

phagocytic activity of neutrophils

A statistical summary of the potential effect of BBP nano-
particles showed that the administration of BBP nanopar-
ticles at all doses of (5-20 mg/kg) caused the significant
inhibition of bacteria engulfment by neutrophils compared
to the control group (Table 2). Likewise, the suppressive
activity at the highest dose of BBP nanoparticles was
comparable with the positive control, cyclosporine-A.
Furthermore, it can also be seen that the effect of BBP
nanoparticles on the neutrophils' phagocytic activity also
presented a trend of heightened suppression compared to
BBP alone.

Effect of BBP and BBP nanoparticles on

phagoburst activity of neutrophils

The obtained data revealed that mice treated with BBP
nanoparticles and BBP alone at different doses exhibited
a significant decrease in the percentage of leukocyte oxida-
tive burst in a dose-dependent manner compared with
untreated group. Although much less inhibition was
observed for BBP alone at 5 mg/kg. Corresponding to
Mac-1 expression activity, percent inhibition of phagoburst
activity by BBP nanoparticles at 5 mg/kg and BBP alone at
20 mg/kg was found similar. In addition, a similar trend of
boosted immunosuppressive effects by BBP nanoparticles
was seen when compared with BBP alone (Table 2).
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Figure 5 Effect of BBP and BBP-encapsulated nanoparticles (BBP-NP) (5, 10 and
20 mg/kg) on the chemotaxis of neutrophils isolated from experimental animals.
Results are represented as mean +SD, with N=6 in each group.

Notes: **P<0.001; **P<0.01; *P<0.05 significantly different from the control.
Abbreviations: NSC, nonsensitized control; VHC, vehicle-treated control; poly-
mer, PLGA-PEG; BBP, 3,5-bis[4-(diethoxymethyl)benzylidene]- |-methyl-piperidin
-4-one; BBP-NP. BBP-nanoparticles.

Effect of BBP and BBP nanoparticles on

plasma level of MPO enzyme

A statistical summary of the data shown in Table 3 indicated
that mice treated with BBP nanoparticles and BBP alone at
different doses exhibited a significant dose-dependent sup-
pression of plasma MPO levels compared to the untreated
group. The BBP nanoparticles at 20 mg/kg were found
almost equally as potent as cyclosporine-A. Consistent
with our previous results, nanoparticles containing BBP
exhibited superior repressive effects on plasma levels of
MPO compared to BBP alone in male BALB/c mice.

Effect of BBP and BBP nanoparticles on
serum level of ceruloplasmin and
lysozyme

The obtained data depicted that the treatment of BALB/c
mice with BBP nanoparticles (5-20 mg/kg) resulted in
dose-dependent and amplified inhibition of serum lysozyme
and ceruloplasmin levels in contrast to the animal groups
treated with BBP alone (Table 3). Along with this, it was
also noticeable that in comparison to the untreated group,
the inhibitory response produced by BBP-encapsulated
nanoparticles and BBP alone on both ceruloplasmin and
lysozyme levels in the serum was significantly different.

Effect of BBP and BBP nanoparticles on
splenocyte proliferation

The results revealed that the synthetic analog encapsu-
lated nanoparticles provoked highly significant inhibi-
tion on Con-A and LPS induced splenic lymphocyte
proliferation in contrast to sensitized control and this
inhibition was observed in a dose-dependent way. The
reduced proliferative responses of BBP nanoparticles
on both T cell and B cell were comparable with the
cyclosporine-A-treated group. However, it was also
noted that the antiproliferative effects of BBP alone
elicited significant inhibition only at the highest dose
(20 mg/kg) compared to untreated the group. The
comparison between BBP alone and BBP nanoparticles
exposed the increased antiproliferative activity by
nanoparticles containing synthetic compound (Table 4).

Table 2 Effect of BBP and BBP-encapsulated nanoparticles on percent Mac-| activity, percent phagocytic activity and percent

phagoburst activity

Groups | Treatment | Dose (mg/kg) | Percent Mac-I Percent Phagocytic Percent Phagoburst
expression activity activity

| NSC - 85.16+4.8 73.98+4.7 81.47+£3.4

I VHC - 83.76%5.5 75.04+3.4 83.92+3.7

mn Polymer 82.76+3.4 75.87+3.3 82.71+3.4

v Cyclosporine-A | 20 66.691+4 3%+ 45.2945.9%F* 63.7414.2%*

\% BBP 5 82.22+5.4 69.08+5.4 80.70£3.5

\ BBP-NP 5 75.0943.3%* 59.7143.2%* 70.3814.6**

Vi BBP 10 79.19z6.1 65.53+4.2 75.96+3.6

Vil BBP-NP 10 72.0413.9%* 56.31+4.5%%* 68.65+2 5%+

IX BBP 20 75.79+3.6%* 63.1343.3*% 70.2145.2%*

X BBP-NP 20 68.75+5.0%%* 51.74+4 4% 64.57+3.7%F%

Notes: Results are presented as mean +SD values. ***P<0.001; **P<0.01; *P<0.05 are significantly different compared with the control group.
Abbreviations: BBP, 3,5-bis[4-(diethoxymethyl)benzylidene]- |-methyl-piperidin-4-one; NSC, nonsensitized control; VHC, vehicle-treated control; polymer, PLGA-PEG;

BBP-NP, BBP-nanoparticles.
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Table 3 Effect of BBP and BBP-encapsulated nanoparticles on MPO plasma levels and serum levels of lysozyme and ceruloplasmin

Groups | Treatment Dose (mg/kg) | MPO plasma levels Lysozyme levels Ceruloplasmin levels
(ng/mL) (ng/mL) (ng/mL)

| NSC - 81.57+8.5 1230+72.1 132.0+13.1

Il VHC - 80.78+6.5 1233+80.3 144.4+10.8

1] Polymer 82.85+6.4 1239+82.9 137.0+9.3

v Cyclosporine-A | 20 28.17+6.6%%* 814.3156.4%+* 82.62+8.7+%*

\% BBP 5 70.70£7.9 1067+57.69 122.2+12.4

Vi BBP-NP 5 55.32+4.8%* 965.9+56.7* 107.7+8.3*

Vil BBP 10 63.03+6.7 1044+46.5 117.3+6.6

Vil BBP-NP 10 42.57+6.5% 898.8+41 .4+ 98.9748.9%*

IX BBP 20 48.62+4.8%* 976.2+56.0% 110.6+8.9*

X BBP-NP 20 32.40+4.7%%* 838.5+£54.2%+F 91.65+7.2%%

Notes: Results are presented as mean +SD values. **P<0.001; **P<0.01; *P<0.05 are significantly different compared with the control group.

Abbreviations: BBP, 3,5-bis[4-(diethoxymethyl)benzylidene]- | -methyl-piperidin-4-one; MPO, myeloperioxidase; NSC, nonsensitized control; VHC, vehicle-treated control;

polymer, PLGA-PEG; BBP-NP, BBP-nanoparticles.

Table 4 Effect of BBP and BBP-encapsulated nanoparticles on proliferation of T and B lymphocytes (SI) and percent expression of

CD4" and CD8" cells in the spleen

Lymphocyte proliferation (SI) T- cell subset detection (%)
Groups Treatment Dose (mg/kg) T cells B cells CD4" cDs8"
| SC - 3.72+0.3 2.52+0.4 25.87+3.7 34.28+5.0
I VHC - 3.56+0.5 2.631+0.5 26.67+4.7 33.37+4.7
1 Polymer 3.61+£0.5 2.40+0.7 26.08+6.2 33.40+4.2
\'% Cyclosporine-A 20 1.44£0.4%+* 0.98+0.6%** 9.79+4.4%F* 14.97 £4.8*%+*
\' BBP 5 3.11+£0.6 2.00+0.5 21.62+4.5 30.08+3.5
\ BBP-NP 5 1.7610. 1% 1.25+0.2°%* 15.83+4.5% 23.90+4.2*
\l BBP 10 2.82+0.3 1.71+0.4 18.43+3.2 27.07+4.6
VI BBP-NP 10 1.52+0. 1%* 1.12£0.3%* 13.40+4.2%* 20.83+3.7*
IX BBP 20 2.50+0.5* 1.45+0.5* 15.00+4.1 25.47+4.7
X BBP-NP 20 1.3210. | 0.97+0.3%#* | 1.68%5.0%%* 15.0045.7#%*

Notes: Results are presented as mean +SD values. **P<0.001; **P<0.01; *P<0.05 are significantly different compared with the control group.
Abbreviations: BBP, 3,5-bis[4-(diethoxymethyl)benzylidene]- | -methyl-piperidin-4-one; SI, stimulation index; SC, sensitized control; VHC, vehicle treated control; polymer,

PLGA-PEG; BBP-NP, BBP-nanoparticles.

Effect of BBP and BBP nanoparticles on
lymphocyte phenotyping

The data shown in Table 4 revealed that in comparison
to the sensitized control group, the percentage expres-
sion of CD4" and CD8" was significant and dose-
dependently suppressed at graded doses by BBP as
well as BBP nanoparticles. However, the inhibition
by BBP nanoparticles at 20 and 10 mg/kg doses was
found comparable to the immunosuppressant drug.
Likewise, it can be seen that the nanoparticles contain-
ing BBP improved the inhibitory activity on lympho-
cyte phenotyping compared to the effects when BBP
was administered alone.

Effect of BBP and BBP nanoparticles on
serum level of IL-2, IL-4 and IFN-y

The results revealed that in comparison to the sensitized
control group, the sera level of IL-2 and IL-4 fed with
BBP nanoparticles were remarkably reduced and the effect
seemed comparable to the cyclosporine-A treated group at
a dose of 20 mg/kg as shown in Figure 6A and 6C. On the
contrary, Figure 6B presented that the sera level of Thl
cytokine, INF-y were found to be significantly suppressed
at all doses when compared to the sensitized control group.
However, at the highest dose, the strongest inhibitory
effects were seen, suggesting that BBP-encapsulated nano-
particles were as efficacious as the positive control,
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Figure 6 Effect of BBP and BBP-encapsulated nanoparticles (BBP-NP) (5, 10 and 20 mg/kg) on the serum level of (A) IL-2, (B) IL-4 and (C) IFN-y from experimental animals.
Results are represented as mean *SD, with n=6 in each group. ***P<0.001; **P<0.01; *P<0.05 significantly different from the control.
Abbreviations: IL, interleukin; IFN, interferon; SC, sensitized control; VHC, vehicle-treated control; polymer, PLGA-PEG; BBP, 3,5-bis[4-(diethoxymethyl)benzylidene]-

I-methyl-piperidin-4-one; BBP-NP. BBP-nanoparticles.

cyclosporine-A. A comparative analysis between the BBP
nanoparticles and the BBP-alone treated group exposed
that BBP nanoparticles provoked amplified repressive
effects

potential.

signifying the improved immunosuppressive

Effect of BBP and BBP nanoparticles on
delayed type hypersensitivity response

In this study, the immunized treated groups adminis-
tered with BBP-encapsulated nanoparticles and BBP
alone at graded doses were found to elicit substantial
suppression in paw edema compared to the untreated
group at 24 hours. However, as can be seen in Table 5,

the percentage inhibition in the paw edema by BBP
nanoparticles was more pronounced in contrast to BBP
alone. BBP nanoparticles at 20 mg/kg displayed com-
parable immunosuppressive effects with cyclospor-
ine-A.

Effect of BBP and BBP nanoparticles on

serum level of IgG and IgM antibodies

The levels of immunoglobulins IgG showed a highly sig-
nificant reduction (in a dose-dependent manner) in sera of
BBP nanoparticles treated mice when compared to the
control, but fewer suppressive effects were noticed in
sera of BBP-alone treated mice (Table 5). Similarly, the
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Table 5 Effect of BBP and BBP-encapsulated nanoparticles on DTH response and serum IgM and IgG levels in BALB/c mice

Paw thickness (mm) Production of immunoglobu-
lins (U/mL)
Groups | Treatment Dose (mg/kg) | 24 hours oedema | Percent inhibition in | IgM IgG
paw edema
| SC - 0.74£0.1 46.72+5.4 81.10+7.2
Il VHC - 0.76+0.5 45.62+3.8 80.55+6.0
1] Polymer 0.73+£0.4 45.23+6.3 79.05+5.4
v Cyclosporine-A | 20 0.44+0.4 40.54%%* 21.4415.0%%* 36.92+5.2%
\ BBP 5 0.68+0.6 8.1* 43.00+5.1 75.6847.1
Vi BBP-NP 5 0.55+0.3 25.67%* 31.22+5.2% 61.59+5.7%*
Vil BBP 10 0.64+0.5 13.51%* 3991444 71.23+£52
Vil BBP-NP 10 0.51+0.3 31.08%* 28.17+2.8% 49.92+5.3%*
IX BBP 20 0.61+0.3 17.56%* 34.13+6.3% 68.72+5.3*%
X BBP-NP 20 0.49+0.5 33.78% 24.79+6.5%%F 40.09+3.9%%*

Notes: Results are presented as mean +SD values. ***P<0.001; **P<0.01; *P<0.05 are significantly different compared with the control group.
Abbreviations: BBP, 3,5-bis[4-(diethoxymethyl)benzylidene]- | -methyl-piperidin-4-one; BBP-NP, BBP-nanoparticles; DTH, delayed type hypersensitivity; |g, immunoglobulin;

SC, sensitized control; VHC, vehicle-treated control; polymer, PLGA-PEG.

reduction in sera levels of IgM antibody were found sig-
nificantly different for both BBP and its nanoparticles-
treated group when compared with the untreated sensitized
group. Additionally, the data revealed that BBP nanopar-
ticles produced comparable suppressive effects on serum
levels of IgG and IgM with cyclosporine-A at the highest
dose.

Discussion

This study was designed to investigate the immunosuppres-
sive effects of PLGA-PEG nanoparticles containing the
synthetic curcumin analog, BBP compared to the effects
produced by the synthetic compound alone. The findings of
this study suggest that the immunosuppressive effects of
BBP were enhanced as PLGA-b-PEG nanoparticles. The
curcumin analog-encapsulated PLGA-PEG nanoparticles
were successfully prepared. The mixture of amphiphilic
block polymer and BBP when added dropwise to the aqu-
eous phase, the hydrophobic domain of PEG-b-PLGA, ie,
PLGA, formed a hydrophobic core with BBP being encap-
sulated while the hydrophilic domain, PEG, remained on
the surface of the polymeric nanoparticles and stabilized the
nanoparticles size.>! The size of nanoparticles plays
a fundamental role as it affects the biodistribution profile
and in vivo efficacy and the optimal size of nanoparticles for
in vivo application lies between 70 and 200 nm.>? The high
value of zeta potential obtained in this study showed that the
nanoparticles prepared were nonaggregated and physically
stable.”® Evidenced by a number of previous studies, it has
been demonstrated that most of the nanoparticles developed

for the drug delivery system are spherical in shape.** In
addition, BBP-encapsulated in PLGA-PEG nanoparticles
have shown a sustained release, which can be explained
by the fact that the release kinetics were entirely controlled
by diffusion.*

The immunosuppressive effects of BBP and BBP-
encapsulated nanoparticles on the nonspecific immune
responses involved the phagocytosis process. For the signifi-
cant reduced percentage of CD11b and CD18 expressions
compared with the control group, it is assumed that BBP and
BBP nanoparticles may have a direct effect on signal transduc-
tion or translocation pathways and conformational changes on
CDI11b/CD18 complexes as neutrophils; once activated
CD11b/CD18 are translocated to the cell surface presumably
through conformational or topological alterations.*® In addi-
tion, the downregulation of Mac-1 could be one of the possible
mechanism for the inhibition of FBS-induced chemotaxis of
neutrophils isolated from mice pretreated with BBP and BBP
nanoparticles because chemoattractant-triggered neutrophil’s

chemotaxis is mediated by Mac-1.’

A recent study revealed
that the inhibition of Mac-1 expression caused the antibodies
against the complementary surface receptors, CR3 on neutro-
phils to suppress the binding of microbes to phagocytes.*®
Another study described that suppression of CD11b/CD18
results in impaired degranulation and superoxide production
in peritonitis models as well as decreased adhesion, and also
causes impairment of both spreading and phagocytosis of
complementary opsonized particles.>* MPO, being part of
the innate immune system, plays an important role in cellular
homeostasis and impaired levels cause initiation and
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progression of acute and chronic inflammatory diseases.*” The
substantial inhibition of MPO could be attributed to the inhibi-
tion of Mac-1, as the downregulation of Mac-1 suppresses the
sequential phagocytosis process and release of toxic radicals
and enzymes. Lysozyme enzyme triggers the complement
system through its bactericidal and opsonin effects to prevent
different infections*' and ceruloplasmin is an important com-
ponent of cell-mediated immunity.*> The potential inhibitory
effects of BBP and its nanoparticles at the indicated doses on
lysozyme serum levels could possibly be due to inhibition of
the phagocytosis process. The aforesaid enzyme was released
during the process of phagocytosis while the dose-dependent
inhibition of ceruloplasmin levels could be attributed to the
suppression of certain pro-inflammatory cytokines like TNF-
0, IL-1 and IL-6 which cause the release of ceruloplasmin.*
The suppression of T cell-mediated immune functions
occupies a key position in the pathological process of differ-
ent chronic inflammatory disorders. The substantial reduc-
tion of T and B cell proliferation could be attributed to the
antiproliferative action of the BBP nanoparticles on the inhi-
bition of enzymes (ribonucleotide reductase and DNA poly-
merase) involved in process of DNA synthesis or it may have
repressed the growth of cells during the S phase of cell
cycle.** The mechanism was further elucidated by investi-
gating the effects of BBP and BBP nanoparticles on the
differentiation of T lymphocytes into CD4" and CDS8" cell
subsets in sSRBC challenged male BALB/c mice and our
results corroborated previously reported work.*> T cell-
mediated immunological responses were also explored by
the release of Thl and Th2 cytokines and it is suggested that
the reduced production of cytokines may be due to the
inhibition of T and B cells documented in this study. In
addition, it also has been reported that production of IL-12
is one of the major mechanisms that affects the cytokine
production in CD4" cells.*® DTH is one of the important cell-
mediated immune responses and has been reported to pro-
vide protection against several intracellular pathogens. The
possible mechanism for substantial inhibition of the paw
edema at the highest dose (20 mg/kg) could be due to the
inhibition of T lymphocytes activation and the resultant
release of cytokines.*” T and B cells along with the macro-
phages are involved in the production of immunoglobulins.
Numerous studies reported that the reduction in humoral
immune responses could be due to suppression of antigen
processing and presentation, or the inhibition of proliferation
of T and B cells or might be influenced by the release of
different cytokines produced upon T cell and B cell

. . 4
stimulation.*8

Therefore, the findings from this study revealed that
the synthetic analog, BBP-encapsulated PLGA-b-PEG
nanoparticles displayed immunosuppressive effects as
strong as cyclosporine-A as well as exhibiting superior
biological activity in comparison to BBP alone on var-
ious cellular and humoral parameters of immune
responses. Thus, polymeric nanoparticles, when fabri-
cated as drug carriers for encapsulated BBP, elicited
enhanced immunosuppressive effects in male BALB/c
mice. Previously, one study reported the enhanced hepa-
toprotective effects of bis-demethoxy curcumin analog
(BDMC) nanoparticles

Similarly, BDMC curcumin analog nanoparticles have

compared to free drug.®’
shown potent anticancer activity.’® Another study
showed the enhanced inhibitory effects of curcumin-
loaded PLGA-PEG nanoparticles on breast cancer cell
lines compared to curcumin alone.®' The increased sup-
pressive effects could be attributed to the long-term
systemic circulation provided by PLGA-b-PEG nanopar-
ticles as PEG reduces the interactions between the nano-
particles and the enzymes of the digestive fluids and
increases the uptake of the drug in the bloodstream
and lymphatic tissue.’ In addition, the stealth behavior
of PEG could possibly reduce the clearance of BBP-
encapsulated nanoparticles by reticulo-endothelial sys-
tem and increase in vivo circulation time, thus allowing
the drug to reach its site of action.’® The mechanism of
increased efficacy of the nanoparticles could also be
attributed to better internalization and endocytosis of
the nanoparticles by the cells.

Conclusion

In conclusion, we reported the preparation and physico-
chemical characterization of BBP-encapsulated PLGA-
b-PEG nanoparticles with enhanced therapeutic effects
on the cellular and humoral components of the innate
and adaptive immune system of male BALB/c. Our pre-
sent work and prior study in combination with the obser-
that
features along with the provision of novel drug delivery

vation corroborated modification of structural
system can increase the in vivo therapeutic effectiveness
of a hydrophobic and least bioavailable drug like curcu-
min. However, it is strongly recommended that detailed
studies should be undertaken to explore the mechanism
behind the increased efficacy of BBP nanoparticles as
well as absorption, and pharmacokinetic properties of
BBP and BBP nanoparticles, in particular, need to be

identified.
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