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ABSTRACT

Purpose Combinatorial approach can be beneficial for can-
cer treatment with better patient recovery. Co-delivery of nat-
ural and synthetic anticancer drug not only valuable to
achieve better anticancer effectivity but also to ascertain tox-
icity. This study was aimed to co-deliver berberine (natural
origin) and doxorubicin (synthetic origin) utilizing
conjugation/encapsulation strategy through poly (lactic-co-
glycolic acid) (PLGA) nanoparticles.

Methods Doxorubicin was efficiently conjugated to PLGA
via carbodiimide chemistry and the PLGA-doxorubicin conju-
gate (PDC) was used for encapsulation of berberine (PDBNP).
Results Significant anti-proliferative against MDA-MB-231
and T47D breast cancer cell lines were observed with 1C5,
of 1.94£0.22 and 1.02 £0.36 pM, which was significantly
better than both the bio-actives (p < 0.05). The ROS study
revealed that the PDBNP portrayed the slight increase in the
reactive oxygen species (ROS) pattern in MDA-MB-231 cell
line in a dose-dependent manner, while in T47D cells, no
significant change in ROS was seen. PDBNP exhibits signifi-
cant alteration (depolarization) in mitochondrial membrane

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11095-019-2677-5) contains supplementary
material, which is available to authorized users.

D4 Umesh Gupta
umeshguptal 75@gmail.com; umeshgupta@curaj.ac.in; https://
WWwW.cuUraj.ac.in

Department of Pharmacy, School of Chemical
Sciences and Pharmacy, Central University
of Rajasthan, Bandarsindri, Aimer, Rajasthan 305817, India

Department of Pharmaceutical Sciences and Natural Products, School
of Basic and Applied Sciences, Central University of
Punjab, Bathinda 151001, India

Rungta College of Pharmaceutical Science and
Research, Kohka, Bhilai, Chhattisgarh 490024, India

Published online: 16 August 2019

permeability and arrest of cell cycle progression at sub G1
phase while the Annexin V/PI assay followed by confocal
microscopy resulted into cell death mode to be because of
necrosis against MDA-MB-231 cells. In vivo studies in
Sprague Dawley rats revealed almost 14-fold increase in half
life and a significant increase in plasma drug concentration.

Conclusion The overall approach of PLGA based co-delivery
of doxorubicin and berberine witnessed synergetic effect and
reduced toxicity as evidenced by preliminary toxicity studies.

KEY WORDS berberine - encapsulation - in vivo
pharmacokinetics - mitochondrial pathway - necrosis -
PLGA-doxorubicin conjugate

ABBREVIATIONS

AFM Atomic force microscopy

DCM Dichloromethane

EDC 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide

hPBMCs  Human Peripheral Blood Mononuclear Cells

NHS N-hydroxy succinimide

PDBNP  Berberine loaded PLGA-doxorubicin
nanoparticles

PDC PLGA-doxorubicin conjugate

PLGA Poly lactide-co-glycolide

PNP Blank nanoparticle

PVA Polyvinyl alcohol

RBCs Red blood cells

ROS Reactive oxygen species

SEM Scanning electron microscopy

INTRODUCTION

Mono-therapy in cancer treatment may not result in the better
outcome as expected and therefore combination cancer ther-
apy is always beneficial. However, selecting the mode of
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combination therapy may be crucial in attaining the objective
of treating cancer. The therapeutic fate may be dependent on
what kind of combinatorial delivery it is? Is it “simultaneous”
or “sequential”? The simultancous delivery as “cocktail” of
two or more synthetic drugs is meritorious, as it may lead to
enhanced efficacy due to synergism which help in overcoming
drug resistance due to monotherapy. However, the cocktail
delivery may not be beneficial always (1-3). This could be due
to the possible drug-drug interactions, enhanced adverse ef-
fects (as the extend and frequency of adverse and side effects
may be aggravated in combinatorial delivery) etc. In contrast,
sequential delivery of drugs leads to several advantages over
simultaneous delivery in terms of improved therapeutic effica-
cy and reduced side effects (4,5).

Nanocarrier based co-delivery approaches have become
highly popular in the last two decades in cancer chemothera-
py- The nanocarrier based co-delivery could target the differ-
ent pathways at cellular level of the cell, which can be benefi-
cial in terms of reducing the mutation and prolonged delayed
in cancer adaption (6). Nanocarrier based co-delivery of drugs
have advantages of long circulation time, enhanced target
binding, controlled and sustained release and improved phar-
macokinetics as well as pharmacodynamics (7). Nanocarrier
based co-delivery has been majorly attempted following en-
capsulation strategy. In the present study, however, the at-
tempts were made to combine the conjugation and encapsu-
lation strategy for the co-delivery. The reason was to ascertain
no leakage and higher drug pay load of the developed
nanocarrier. The physical encapsulation may be challenging
in terms of leakage of drugs and optimization. The hypothesis
is that the conjugation of one drug followed by encapsulation
of other can be beneficial and may result into better outcome.

Traditional breast cancer chemotherapy faces challenges of
resistance and adverse effect of drugs. Most challenging is that,
the majority of initially chemo-responsive tumors develops
resistance to once-effective chemotherapeutic agents (8,9).
The additional side effects such as cellular toxicity further
necessitates to work on novel strategy which is better (10,11).
In addition to nanotechnological approaches for the effective
treatment of breast cancers, now-a-days a new area is open-
ing, which encompasses “natural bio-active(s)” for better and
safer management of cancers due to their very little propensity
to produce adverse effects and better chemo-sensitivity to-
wards cancer cells. Some of the natural anticancer bio-
actives which have recently been utilised in the treatment of
different cancers includes but not limited to curcumin, quer-
cetin, berberine etc. (12—14).

Doxorubicin is one of the most widely used anticancer drug
against breast cancer in different combinations either with
monoclonal antibodies as well as other chemotherapeutic
agents. But due to development of resistance, it does not show
its effectiveness in lower doses (15). In these circumstances, a
holistic and biocompatible approach in combination with
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traditional drug can be beneficial for reducing resistance and
to achieve the better synergetic effects (16). Poly (lactic-co-
glycolic acid) (PLGA) has been widely used for the develop-
ment of novel drug carriers due to its bio-degradable, biocom-
patible and versatile nature. Moreover, it 1s US-FDA ap-
proved and a GRAS category polymer for bio-medical appli-
cations. It has been extensively used for nanoparticulate deliv-
ery of anticancer drugs (17).

In the present study, it was attempted to co-deliver anti-
cancer drug doxorubicin and natural anticancer-bioactive
berberine using nanoparticulate carrier 1.e. PLGA. One of
the objectives, was to address the doxorubicin toxicity by com-
bining them with an herbal origin anticancer bio-active.
Another objective was to utilize advantages of polymeric
nanocarriers for sequential delivery using conjugation and
encapsulation strategy opting for nanoparticles. In our recent
study, the importance of conjugation along with the encapsu-
lation in PAMAM dendrimers (14). The study reached to a
conclusion that the conjugation strategy works well compared
to encapsulation. In the present attempt also, the conjugation
of doxorubicin was intended to ensure the better drug entrap-
ment in the final formulation and to reduce the overall expo-
sure of synthetic anticancer drugs.

MATERIALS AND METHODS
Materials

PLGA (poly lactide-co-glycolide; 50:50), doxorubicin hydro-
chloride and berberine chloride was purchased from Sigma-
Aldrich, Bangalore, India. Polyvinyl alcohol (PVA), HPLC
grade water, acetonitrile, dichloromethane (DCM), [1-ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC), N-hydroxy
succinimide (NHS) were purchased from CDH, New Delhi,
India. Dialysis membrane (10-12 kDa, MWCO) was pur-
chased from Hi-media laboratories Pvt. Ltd., Mumbai,
India. All other chemicals reagents and solvents were used as
received without any further purification.

Synthesis of PLGA-Doxorubicin Conjugate (PDC)

Briefly, poly(lactide-co-glycolide) (PLGA) was converted into
its NHS (N-hydroxy succinimide) ester through synthetic
pathway as reported earlier [18,19]. PLGA (200 mg,
0.029 mmol) was taken in 100 mL round bottom flask (RBF)
and anhydrous dichloromethane (DCM, 4 ml) was added
slowly. Thereafter, NHS (3.3 mg, 0.029 mmol) was added to
PLGA solution and stirred for few minutes. In the last step, [1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC,
4.54 mg, 0.029 mmol) was mixed into anhydrous DCM
(4 mL) and transferred to PLGA solution dropwise and the
reaction mixture was stirred for 6-8 h. After completion of the
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reaction, the synthesized compound (PLGA-NHS) was dried
under vacuum using rotary vacuum evaporator (Buchi,
Switzerland). PLGA-NHS was washed with cold mixture of
methanol and ethyl ether to remove excess amount of NHS.
PLGA-NHS conjugate was used as such for further conjuga-
tion with doxorubicin. In this step, PLGA-NHS (200 mg,
0.017 mmol) was taken in 100 mL RBF and anhydrous
DCM (5 mL) was added in subsequent step through subse-
quent addition of doxorubicin (30 mg, 0.017 mmol) and
DMAP (3.2 mg, 0.025 mmol). The reaction was performed
in an inert atmosphere in dark place at room temperature for
18-24 h. The resulting PLGA-doxorubicin conjugate (PDC)
(Fig. 1) was dried under vacuum and dialysed against water to
remove excess doxorubicin and was used for further encapsu-
lation of another bioactive, berberine.

Preparation of Nanoparticles

Berberine loaded PLGA-doxorubicin nanoparticles (PDBNP)
were prepared as per previously reported method (18,19).
Briefly, PDC (200 mg) was dissolved in DCM (5 mL) and
stirred for few minutes until complete dissolution. PDC: solu-
tion was added into methanolic solution of berberine (20 mg/
5 mL) with continuous stirring. Further, the above solution
was poured into poly vinyl alcohol (PVA) solution (8 mL,
1% w/v) and ultrasonicated (Qsonica 125, USA; 4-5 min).
After sonication, sonicated emulsion was transferred into dis-
tilled water (15 mL) under constant stirring (800 + 50 rpm,
Remi, India) at ambient temperature for 18-24 h to evaporate
efficiently, the present organic residue. The obtained
nanoparticulate dispersion was separated using centrifugation
(18,000 rpm speed, CPR-30 plus, Remi, India). The formed
nanoparticles were washed with the help of distilled water to
confiscate additional surfactants. Similar methodology was
adopted for the preparation of blank PLGA nanoparticles
(PNP) without adding the drug.

Characterization
NMR and FT-IR Spectroscopy

PLGA-doxorubicin conjugate (PDC) was well characterized
through NMR and FT-IR spectroscopy. '"H-NMR was per-
formed at Central University of Rajasthan, India through
Bruker Avance-500 NMR spectrophotometer using CDCl;
as a deuterated solvent (Bruker Bio-Spin Corporation,
Switzerland) and FT-IR (Perkin Elmer) was performed using
KBr pellet method.

Particle Size, Zeta Potential, and PDI

The average particle size (nm) and the zeta potential (mV) of
the PDC conjugate, formed PDBNP and blank PLGA

nanoparticles were characterized through, Malvern Zetasizer
(Nano ZS, UK). For the sample preparation, the analysed sam-
ples were dispersed in deionized water before analysis. The
same procedure was adopted for analysing the zeta potential
(mV). The analysis was performed in triplicate (20—22).

Scanning Electron Microscopy

The surface morphology of PDC was performed through
scanning electron microscopy at 10,000X magnification
(Nova Nano SEM 450, FEI) at Malaviya National Institute
of Technology (MNIT), Jaipur, India. The analysed samples
were attached to a double side tape on aluminium stub which
were gold coated (Quorum, Q150T ES) and samples were
examined under scanning electron microscope. The surface
morphology of PDBNP was also performed through scanning
electron microscopy at 26,000X magnification (23).

Atomic Force Microscopy

The surface morphology of the PDC and PDBNP was per-
formed through atomic force microscopy (AFM, Bruker
Tapping mode, Co., Germany) at Malaviya National
Institute of Technology (MNIT), Jaipur, India. PDC sample
was prepared in water with sonication up to 30 min. A thin
film was prepared on a glass slide. The slides were dried and
examined under atomic force microscope. Similar sample
preparation steps were followed for the PDBNP. After sonica-
tion, the sample was poured on a glass slide to make a thin
film. After making a thin film the glass slide was dried and
examined under atomic force microscope (AFM, Bruker
Tapping mode, Co., Germany) (23).

HPLC Analysis
Chromatography System and Conditions

Liquid chromatography (Shimadzu L.C, Japan) equipped with
4.6 X 250 mm column RP-18, ODS (Merck, USA) with par-
ticle size 5 pm and detector PDA detector with fixed analytical
wavelength was used in measurements.

Mobile Phase and Sample Preparation

For the preparation of mobile phase, the solvents were prop-
erly filtered and degassed through sonication. Acetonitrile and
sodium acetate buffer (pH 4.10) in ratio 70:30 v/v were used.
Wavelength of 487 and 346 nm was selected respectively for
doxorubicin and berberine. Flow rate for mobile phase was
1.0 mL/min and column temperature were kept at 25°C
(24,25).

Doxorubicin and berberine (each 1.0 mg) were dissolved in
methanol (10 mL) in a volumetric flask, separately, and the
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Fig. I Schematic representation of
PLGA-doxorubicin conjugation.

concentration of final stock solution was made up to 100 pg/
mL. Ten different aliquots of known concentration were pre-
pared for HPLC in concentration range of 2 to 20 ppm.
Appropriate amount was taken from stock solution and was
diluted with acetonitrile. The sample mixtures were immedi-
ately injected in the HPLC system and analyzed for retention
time and other parameters.

Entrapment Efficiency and Drug Loading

Entrapment efficiency and drug loading was determined using
carlier reported method. Briefly, 10 mg of PDBNP was mixed
in the solvent mixture (acetonitrile, sodium acetate buffer,
70:30). The solvent mixture was centrifuged (approx.
800 rpm, 50 G, for 10 min) and filtered with the help of
syringe filter (pore size 0.22 p, Moxcare, India). The filtrate
was assessed with the help of HPLC (Shimadzu LC-2010
CHT, Japan) as per previously reported method (24,25).
Doxorubicin entrapment in PDBNP was estimated based on
reaction yield of PLGA and doxorubicin in percentage.

Ex Vivo Erythrocytic Membrane Toxicity

For red bold cells (RBCs) compatibility of the formulations,
the ex viwo erythrocytic membrane interaction was performed.

@ Springer
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Briefly, the whole human blood was collected from healthy
human volunteers and stored in anticoagulant vials (Hi-
Media, India). Further, the whole blood sample was centri-
fuged (1500 + 100 rpm, 154-201 G, Remi, India) and RBCs
were separated. In the next step, RBCs were transferred into
different solutions such as distilled water which was considered
as 100% hemolysis. In other samples, the RBCs were mixed
into doxorubicin, berberine, PDC and PDBNP (0.5 mL,
20 ppm) and added to normal saline (0.9%, 4.5 mL) in sepa-
rate vials. For blank samples, the RBCs were mixed into nor-
mal saline (0.9%). The aforementioned samples were kept for
interaction with RBCs and centrifuged (1800 + 200 rpm,
201-314 G, Remi, India). The supernatant solution was col-
lected and estimated with the help of UV-visible spectropho-
tometer (Labtronics Double Beam UV-Vis
Spectrophotometer, LT-2800) at 540 nm. Percent hemolysis
was calculated as per reported formula (14,26,27). The study
was performed in triplicate.

In Vitro Release

In vitro release of doxorubicin and berberine from PDBNP was
accomplished in phosphate buffer saline (PBS) at pH 7.4,
using indirect dialysis method the used dialysis membrane
was of MWCO 10-12 kDa; Hi-Media, India. Similar method
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was followed for the release study of PDBNP nanoparticles.
Briefly, doxorubicin, berberine and PDBNP (equivalent to
2 mg of pure drug) was suspended in dialysis membrane and
dialysis membrane was immersed into PBS buffer (pH 7.4,
100 mL). The whole study was performed at ambient and
37°C temperature with constant stirring (100 + 20 rpm). At
predefined intervals aliquots of 2.0 mL were withdrawn and
collected. For maintaining perfect sink conditions, fresh media
was replaced each time the aliquot was withdrawn. All the
collected samples were analysed for drug content using
HPLC analysis as per carlier reported method
(21,24,25,28-31).

In Vitro Cytotoxicity Study
Cell Culture and Treatment

MD-MBA-231 and T47D breast cancer cells were purchased
from NCCS Pune and were grown in DMEM media with
FBS (10%) and an antibiotic (penicillin and streptomycin
100 units/mL). The cells were incubated at 37°C in COq
(5%) using a CO, incubator. After the cells became confluent,
the culture media was removed and washed with 1X PBS
solution to inactivate the existing media in culture. The cells
were further, treated with Trypsin-EDTA 0.25% (w/v) solu-
tion for trypsinization. Subsequently, trypsin was inactivated
by adding DMEM media; cells were collected and centrifuged
at 1200 rpm at 37°C for 5 min. The maintenance of cultured
cell line was done in 25 em? flasks (32). The same steps were
repeated for maintaining the cells.

Similarly, human peripheral blood mononuclear cells
(hPBMGs) culturing was done as per Protocol No. CUPB/cc/
14/1EC/4483 approved by Institutional Ethics Committee of
Central University of Punjab, Bathinda, India, according to
guidelines issued by ICMR, New Delhi, India. The similar pro-
cedure for cancer cell culture was utilized, with slight modifica-
tion whereby DMEM media was replaced by RPML

3-(4,5-Dimethythiazol-2-Yl)-2,5-Diphenyl Tetrazolium Bromide
(MTT) Assay

Anti-proliferative potential of the investigational compound
was evaluated using MTT based assay. The assay was per-
formed in 96-well plates in which each well consisted of ap-
proximately 8 x 107 cells (counted by trypan blue dye)
suspended in 100 pL. complete media. Treatment was given
at three concentrations viz., 1, 5 and 25 uM and incubated for
48 h. After 48 h, the whole media was discarded, and cells
were washed with PBS (1X). After washing with PBS, the cells
were treated with MTT dye (0.5 mg/1.0 mL) and cells were
incubated for 4 h, to allow formation of formazan crystals.
The formazan crystals were dissolved using fixed quantity of
DMSO. The resulting absorbance was spectrometrically read

(570 nm) using microplate reader. The result was established
by comparing the data in triplicate (33). The IC5 calculation
was further done using Origin software. MTT assay was per-
formed against MDA-MB-231 and T47D cells.

Human Peripheral Blood Mononuclear Cells (hPBMCs) Based
MTT Assay

Briefly, fresh blood from healthy volunteer was drawn, which
was added with RBC lysis buffer and was hold as such for
20 min at 4°C. After this the mixture was centrifuged and
pellet was obtained by discarding the supernatant. The pellet
was cultured using RPMI media under standard condition.
MTT assay was performed as per the previous discussed
methodology. The similar procedure for cancer cell culture
was utilized, with slight modification whereby DMEM media
was replaced by RPMIL

Reactive Oxygen Species (ROS) Detection

Cell Rox was employed for the detection of ROS levels. The
assay was conducted using MD-MBA-231 and T47D breast
cancer cells as per discussed in above section. After incubated
time (48 h) Cell Rox red dye was added to the plates and
analysis was done by measuring fluorescence at Em/Ex (665
and 644). The whole experiments were performed at 37°C
followed by washing (PBS, 1X) to remove the unused dye.

Mitochondrial Permeability Assay

JC-1 dye was employed for the detection of alteration in mito-
chondrial permeability. The assay was conducted using MD-
MBA-231 and T47D breast cancer cells as per above men-
tioned procedures. After incubated time (48 h), JC-1 dye was
added to the plates separately. JC-1 assay analysis was done by
measuring fluorescence at Em/Ex (527 and 590) using a micro-
plate reader. The whole experiments were performed at 37°C
followed by washing (PBS, 1X) to remove the unused dye.

Cell Cycle Analysis Using Propidium lodide

Cellular samples treated with investigational compounds
(PDC and PDBNP) at their sub IC5y concentration using
MDA-MB-231 cancer cell and were incubated for 48 h. The
assay as per the manufacturer protocol (Sigma Aldrich,
Product No. P4170) The cells approximately 10° were
trypsinised and transferred to each tube. The cells were fur-
ther centrifuged (1200 rpm) for 5 min and washed with the
help of 1x PBS buffer. After that cells were fixed using chilled
methanol (70%) and incubated for 3 h at —20°C. Post 3 h cells
were centrifuged (2500 rpm) and washed with 1x PBS buffer.
Further, propidium iodide (40 pL) and Ribonuclease A
(50 puL) was mixed into each well and incubated for 30 min
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at room temperature in the dark. The DNA content was then
measured using Flow cytometer (BD Accuri C6).

Cell Uptake Study

Flow cytometry (BD Accuri C6) was utilized to determine the
fluorescence shift of the synthesized conjugate
and nanoparticles (PDC and PDBNP). The compounds after
confirmation of their fluorescence shift in flow cytometer were
analysed via confocal microscopy (Model: Olympus FV 1200,
Japan) to determine the actual cell uptake. Briefly, MDA-MB-
231 breast cancer cells were cultured using cover slip.
Cultured cells MDA-MB-231 Cells) were treated with formu-
lation PDC and PDBNP at their sub 1C5, concentration for
12 and 24 h, respectively. After each time period cells were
thoroughly washed with 1x PBS and were mounted in glass
slide using mounting media, before analysing them in confocal
microscopy. The green and red channel of confocal wave-
length was used for the study.

Annexin V vs Propidium lodide Assay

Annexin V vs Pl assay was done in accordance with manufac-
turer protocol (SKU No. V13242; Thermo Fisher). Briefly,
after 48 h treatment, cells were trypsinized, centrifuged and
washed with 1x PBS buffer. Thereafter cells were prepared in
Annexin Binding Buffer provided by manufacturer. Annexin
V and PI was added separately and was analysed in BD C6
Flow Cytometer after 30 min staining with dyes.

In Vivo Pharmacokinetics

The in vivo pharmacokinetics protocol was approved by
Institutional Animal Ethics committee (IAEC) Rungta
College of Pharmaceutical Sciences and Research, Bhilai,
C.G., India (Reg. No. 1189/Po/Re/S/08/CPCSEA/2017/
04). Sprague Dawley rats (male) weighing 200-250 g were
used for the evaluation of the pharmacokinetic parameters.
The animals were divided into five groups; Group 1 received
doxorubicin (positive control), Group 2 received berberine
(positive control), Group 3 received PDC, Group 4 received
PDBNP, and Group 5 was kept as the control (negative con-
trol). The respective sterile doses were carefully injected
(0.3 mL; dose equivalent to 1 mg/kg of doxorubicin and ber-
berine) (14,34) through the tail vein of each rat. After pre-
defined time intervals, the blood samples (0.2 mL) were col-
lected from retro-orbital plexus. To the collected samples,
methyl tert-butyl ether (2 mL) was added and centrifuged
(2000%g). The supernatant was collected, dried and mixed
into acetonitrile. The whole collected samples were filtered
through 0.22 p syringe filters and analyzed for doxorubicin
and berberine through HPLC as reported in earlier para-
graphs (24,25).
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Statistical Treatment

All experimentations were executed at least three, times.
Simple Student’s t test and one-way analysis of variance
(ANOVA) was used with the help of GraphPad Prism soft-
ware (3.0, CA, USA) for statistical treatment of data, with
< 0.05 considered to be a significant difference.

RESULTS AND DISCUSSION

Synthesis and Characterization of PLGA-Doxorubicin
Conjugate (PDC)

NMR and FT-IR Spectroscopy

The PLGA-doxorubicin conjugate (PDC) was synthesized fol-
lowing the reported protocols (18,35) with slight modifica-
tions. The developed conjugation was a two-step reaction
and the obtained conjugate was characterized by FT-IR and
"H-NMR. A strong peak at 1641.33 cm ™' demonstrated the
existence expected amide link between PLGA and doxorubi-
cin. The broad peak of OH at 3318.65 cm™' in PLGA-
doxorubicin conjugates revealed the doxorubicin OH peak
(Fig. 2). Another strong peak at 1085.58 cm ™' exposed C-O
stretching band and aromatic peak (doxorubicin) at
1564.13 cm™' confirmed the presence of aromatic peak of
doxorubicin in PDC. All the observed FT-IR peaks in spectra
established the formation of PLGA-doxorubicin conjugate
(PDC). Similar to FT-IR spectroscopy, the conjugation was
further inveterate with the help of "H-NMR.

In proton NMR spectra (Fig. 3), the peak at 7.54 and
7.70 ppm chemical shift indicated the anthracene ring of
doxorubicin. The peak at 8.24 ppm showed the formation
of the amide bond between the COOH terminal of PLGA
molecules and the NHy terminal of doxorubicin. The PLGA
molecules signified the typical shift at 5.2 and 4.82 which
inveterate the existence of methine (m, CH) and methylene
(m, CHy) protons, respectively.

Preparation and Characterization of PDBNP
Farticle Size and Zeta Potential

The average particle size of PDC conjugates was found to be
706.6 = 11.25 with 0.838 £ 0.127 pdi and — 14.0 + 1.46 mV ze-
ta potential. The higher size of the PDC was due to conjugation
between PLGA and doxorubicin molecule. Further, PDC con-
jugate was used for the preparation of nanoparticles (PDBNP).
The average particle size (nm) and zeta potential (mV) of
PDBINP were found to be 198.01 + 3.25 nm and — 8.76
1.58 mV, respectively. The polydispersity index (Pdi) of
PDBNP was 0.140 £0.095 (Table I). The low Pdi of PDBNP
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Fig. 2 FT-IR spectra of; (@) doxorubicin, (b) PLGA, and (c) PDC (PLGA-doxorubicin conjugate).

showed the uniform size distribution. The blank nanoparticles
(PNP) were found to be of 75.07 + 1.58 nm with —27.05
2.47 mV and a Pdi of 0.102 £ 0.045 (Table I). The size of the
PDBNP was higher than blank nanoparticles which might be
due to the encapsulation of berberine in PDC, which
would be resulting from the size enhancement than
blank nanoparticle (PNP). The higher size of the PDC
was due to conjugation between PLGA and doxorubicin
molecule. Further, the PDC conjugate was fabricated
into nanoparticles (PDBNP). Generally, the conjugates
may have different size (usually larger) than the formulated
nanoparticles. In nanoparticles, the conjugates acquire a def-
inite shape due to high speed stirring and other conditions
used for the formation of nanoparticles. So due to overall
process the size of the nanoparticles might be less than the
conjugates. The overall particle size characterization con-
cludes that the size of the PDBNP nanoparticles was within

limits of a standard nanoparticulate drug carrier and can be
used further to explore its applications.

Scanning Electron Microscopy (SEM)

The prepared PLGA-doxorubicin conjugate (PDC) was
rough and agglomerated in shape. Figure 4a, indicates that
the PDC conjugates were not homogeneous in shape and
were not with smooth morphology. The PDC was of irregular
shape with uneven surface morphology which was due to con-
jugation of PLGA and doxorubicin. The conjugation leads to
the formation of amide bond between PLGA and doxorubicin
and owing to SEM image of this conjugate was not spherical.

At another side, the surface morphology of the prepared
PDBNP was spherical in shape (Fig. 4b). Figure 4b, describes
that the PDBNP nanoparticulate formulation was homoge-
neous with smooth surface morphology and of spherical in
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Fig. 3 'H-NMR spectra of PDC
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shape. The spherical shape of the formed nanoparticle was
homogenous due to formation of nanoparticulate system.

Atomic Force Microscopy (AFM)

Atomic force microscopy provides more information about
the surface morphology in terms of average roughness (Ra),
and the root-mean-square roughness (Rq) of prepared PDC
conjugates. Figure 4c and d, shows the 2 dimensional and 3-
dimensional structural AFM images of PDC at 10 pM. These
images also demonstrated morphology of the PDC conjugates
with the Ra and Rq of 2.98 and 4.33 nm. The PLGA-
doxorubicin conjugate (PDC) showed irregular surface mor-
phology due to conjugation between PLGA and doxorubicin.
Figure 4c and d indicated that the surface morphology of the
PDC was not spherical in shape.

Atomic force microscopy of nanoparticles (PDBNP) de-
livers the more evidence for the surface texture and morphol-
ogy. Figure 4e, f, g and h showed the 2 dimensional and 3
dimensional images of PDBNP at 10 and 5 uM, respectively.
The average roughness (Ra), and the root-mean-square
roughness (Rq) was observed 4.99 nm and 6.11 nm respec-
tively. These images also demonstrate the smooth surface with

spherical in shape and morphology which further confirmed
the SEM results.

HPLC, Entrapment Efficiency and Drug Loading

Aliquots of different concentrations of doxorubicin were se-
lected in the range of 2 to 20 pg/mL for analysis in HPLC
system. There retention time (RT) showed in the chromato-
gram were approximately at 3.82 min as in Fig. S1 (supple-
mentary data) and linearity (R%) was 0.9994. Same protocol
was adopted for berberine with different wavelength. For this,
different concentrations of berberine were selected in the
range of 2 to 20 pg/mkL run into HPLC system with contin-
uous mobile phase. The obtained RT in case of berberine was
approximately 5.16 min. as shown in Fig. S2 (supplementary
data) with a linearity (R%) of 0.9986.

Entrapment efliciency and drug loading was determined
with the help of HPLC analysis. The PDC was used to entrap
berberine, which was further stretching the PLGA length
resulting into increased entrapment efficiency. The entrapment
efficiency and drug loading of PDBNP was found to be 52.98
+1.58 and 12.8 £ 1.35% (%ow/w), respectively (Table I). The
entrapment efficiency of PDBNP revealed that the berberine

Table 1 Particle Size, Zeta Potential, Polydispersity Index, Entrapment Efficiency and Drug Loading of Prepared Formulations
S. No. Formulation code Particle size (nm) PDI Zeta potential (mV) Entrapment efficiency (Yow/w) Drug loading (%w/Aw)
l. PNP 75.07 = 1.58 0.102 = 0.045 —27.05*2.47 - -
. PDC 706.6 = 11.25 0.838 £0.127 —140= 146 - -
3. PDBNP 198.01 +£3.25 0.140 = 0.095 —-876 = 1.58 52,98 = 1.58 128 =135

Data represented as mean =+ SD (n = 3)
PNP: Blank PLGA nanoparticles; PDC: PLGA-doxorubicin conjugate, PDBN

@ Springer
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Fig.4 (a) SEM microphotograph of PDC at 10,000x, and (b) PDBNP at 26,000, (c) two and (d) three dimensional AFM images of PDC at 10 uM, (e) Two and
(f) three dimensional AFM images of PDBNP at |0 uM, (g) Two and (h) three dimensional AFM images of PDBNP at 5 uM, (i) and (j) In vitro drug release pattern
of doxorubicin, berberine and PDBNPs from PBS buffer at pH 7.4 at ambient temperature and (k) and (I) at 37°C. (PDBNP-|: Doxorubicin release from PDBNP

and PDBNP-2: Berberine release from PDBNP).

was entrapped into the hydrophobic core of PLGA molecule.
The drug was, probably entrapped into polymeric core due to
the capacity of PLGA. The percentage of conjugated doxoru-
bicin in PDBNP was 6.55% w/w which was calculated based
on moles of doxorubicin conjugated to PLGA.

In Vitro Release

The wn vitro release study for both berberine and doxorubicin
was performed in PBS buffer at pH 7.4, as release media. The
media was selected as PBS to mimic the physiological condi-
tions. The results concluded that the PDBNP showed an initial
slow and sustained release pattern followed by constant release
during initial 24 h (Fig. 41, j, k and 1). The preliminary sluggish
release of PDBNP-1 (Doxorubicin release from PDBNP) was
due to conjugation of doxorubicin with PLGA. The conjugate
displayed the slow pattern rather than PDBNP-2 (Berberine
release from PDBNP). PDBNP-2 showed a fast release for ini-
tial 2 to 4 h, which may be due to surface adhered drug
(berberine) and afterward it showed a constant release due to
encapsulation in nanoparticles. The pure doxorubicin and ber-
berine were released completely less than 10 h. On the other
hand, the sluggish and continuous release was mainly depen-
dent on the dispersal of the drug from the matrix of the nano-
particles and conjugation of the drug. The overall results
showed that drug release from PDBNP followed a sustained
pattern. The release study was conducted up to 24 h in which

both drugs behaved in a sustained manner, however, the re-
lease of berberine was quite faster initially compared to doxo-
rubicin. The possible reason could be the conjugation of doxo-
rubicin to PLGA (Fig. 44, j, k and ). The in vitro release study
was reported till 72 h time period and found to be similar and
sustained release of drugs thorough PDBNP.

Ex Vivo Erythrocytic Membrane Toxicity
and Microscopy

Ex vivo erythrocytic membrane toxicity exhibited the extent of
RBC rupturing as percentage for doxorubicin and berberine,
which was observed to be 26.47 and 4.88%, respectively
(Fig. 5a). In this data, the results concluded that the doxoru-
bicin showed higher RBCs toxicity compared to berberine.
However, when PLGA-doxorubicin conjugates (PDC) were
used then hemolytic toxicity was reduced compared to the
pure doxorubicin, which was approx. 11.08% (p < 0.0001).
Similarly, PLGA-doxorubicin loaded berberine NPs
(PDBNP) exhibited 5.23% (Fig. 5a) hemolysis which was ap-
proximately half of erythrocyte toxicity compared to PDC
conjugates (p < 0.005) and nearly 5 times less than pure doxo-
rubicin (p < 0.0001). Hemolytic toxicity was significantly re-
duced, which is essential for a safe formulation. The incorpo-
ration of drug in PLGA might have hindered the drug asso-
ciated toxicity leading to less hemolysis. The results were
favourable to develop a safer nanoparticulate formulation.
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Fig. 5 (a) Percent hemolysis of naive doxorubicin, berberine, PDC and PDBNP Values represents mean = SD (n = 3). *** indicates the extremely significant
differentiate with p value <0.0001). ** indicates significant differentiate with p value <0.005 and # indicates no significant difference), (b) Microscopic images of
drugs as well as formulation effected RBC's (1) doxorubicin effected RBC's, (2) berberine affected RBC's, (3) PDC affected RBC's, (4) PDBNP affected RBC's.
(PDC: PLGA-doxorubicin conjugate, PDBNP: Berberine loaded PLGA-doxorubicin nanoparticles).

Microscopic analysis of hemolysed RBCs was performed
with the help of fluorescence microscope at 40x (Olympus
Inverted Fluorescence Microscope CKX53, Japan). Naive
doxorubicin ruptured the RBCs and changed the shape which
might be due to its high toxicity (Fig. 5b) and can be seen
clearly, and to another side less RBCs were ruptured due to
berberine, which is a natural bioactive (Fig. 5b). But when
doxorubicin was conjugated with PLGA, it showed almost half
hemolysis compared to naive doxorubicin indicating less tox-
wcity (Fig. 5b). Further, PDBNP showed very less hemolysis
compared to naive doxorubicin approximately 5.23% and less
ruptured RBC than the naive drug alone. PDBNP showed
very less toxicity probably because of incorporation of PLGA
in the nanoparticulate system (Fig. 5b). This is also evident
from the microscope images. It seems that there is definitely
some role which is being played by berberine in reducing
hemolysis due to PDC. It might be that the conjugated doxo-
rubicin is interacting with encapsulated berberine molecules
rendering it less available for interaction with RBC
membrane.

In Vitro Cytotoxicity

3-(4,5-Dimethythiazol-2-Yl)-2,5-Diphenyl Tetrazolium Bromide
(MTT) Assay

The MTT assay was performed in MDA-MB-231 and

T47D breast cancer cell lines. In case of MDA-MB-231
breast cancer cells, the IC5o of pure doxorubicin was

@ Springer

found to be 3.89+0.72 uM and for berberine was
4.93+0.34 pM respectively at 48 h period. To our
delight our formulations were found to have better an-
tiproliferative potential, where PDC showed half maxi-
mal inhibition of 2.05+ 0.36 puM, which was less than
doxorubicin (p<0.005) and PDBNP showed IC;, of
1.94 £ 0.22 uM, which was significant (p<0.05) and
more effective than naive doxorubicin and or all above
results (Fig. 6a).

Whereas, in T47D breast cancer cells treatment with
doxorubicin and berberine exhibited IC5q of 3.12 + 0.42
and 6.12%£0.77 uM, respectively. The antiproliferative
potential of the formulations as traced by half maximal
inhibitory concentration was in alignment to results of
MDA-MB-231, where PDC and PDBNP showed ICj;,
of 2.88+£0.63 uM and 1.02 £ 0.36 uM respectively (p <
0.05) (Fig. 6b).

Further we were also interested in evaluating whether
the formulations are selective toward breast cancer cells
only, we performed MTT assay utilising human periph-
eral blood mononuclear cells (hPBMCs). To our delight
we found formulations to be significantly non-cytotoxic
as compared to naive drugs toward hPBMCs thus es-
tablishing their selectivity toward breast cancer cells
(Fig. 6¢). The idea behind the experiment was to assess
the toxicity of nanoparticles formulation towards normal
cells. Since the toxicity towards normal cell is a major
drawback of cancer cells, we wanted to ascertain wheth-
er or not our formulation exhibits any sort of toxicity at
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assay. [*** indicates the extremely significant differentiate with p < 0.005, ** indicates significant differentiate with p < 0.05 and # indicates no significant
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high concentration (above IC;p) as compared to their
parent drug. We were only focused with the effect of
berberine loaded PLGA-doxorubicin nanoparticles
(PDBNP) on cytotoxicity no other toxicity in general.

Reactive Oxygen Species (ROS)

Majority of anticancer drugs are associated with the
upsurge in ROS level beyond a threshold to induce
cancer cell death as secondary mechanism. We were
interested to find out the effect of our formulations
(PDC and PDBNP) and pure drugs (doxorubicin, ber-
berine) on ROS levels in breast cancer cells. To quan-
tify same, we utilized Cell ROX Red based ROS assay.
The study was conducted at three concentrations viz., 1,
5 and 25 pM in MDA-MB-231 and T47D cells.
Doxorubicin, berberine, PDC and PDBNP portrayed
slight increase in the ROS pattern in the MDA-MB-
231 cell line in a dose-dependent pattern (Fig. 7a).
Another side, in case of T47D cells, no major and sig-
nificant ROS rise was seen even up to the highest con-
centration of 25 uM of drug concentration (Fig. 7b).

The data, therefore, suggest that the PDC and
PDBNP may be exhibiting their anticancer effect via
some other mechanism excluding ROS gain (Fig. 7).

Mitochondrial Permeability Assay

During the event of extrinsic cell death induced by an-
ticancer agents, the mitochondrial potential of a cell is
known to be significantly altered. To evaluate the
changes in mitochondrial potential, we performed JC-1
dye-based assay against MDA-MB-231 and T47D cell
lines breast cancer cells by treating them with our for-
mulations (PDC and PDBNP) and pure drugs (doxoru-
bicin, berberine) at three concentrations viz., 1, 5 and
25 pM. The results portrayed that doxorubicin, berber-
ine alone possess significantly less mitochondrial poten-
tial alteration as compared to the formulations in both
cell lines employed for assay (Fig. 8a and b). PDBNP
exposed to the MDA-MB-231 cells at 25 uM exhibited
the sudden depolarization in mitochondrial membrane
potential that may be attributed to cell death at this
highest concentration used. The overall results suggest
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Fig.7 CellROX based assay to measure intracellular reactive oxygen species (ROS) induced in, (@) MDA-MB-23 | and (b) T47D cancer cells. The Investigational
compounds portrayed the slight increase in the ROS pattern in each cell line in a dose dependent pattern. The study was conducted in triplicate at three

concentrations viz., |, 5 and 25 uM.

that the mode of cancer cell death by formulations PDC
and PDBNP could be via mitochondrial-dependent
pathway. The past reports also suggest that the mecha-
nism of berberine induced apoptosis is via alterations in
the Bcl-2/Bax ratio, production of ROS, and due to
decrease in mitochondrial membrane potential (36).
Berberine acts on mitochondria of tumor cells and re-
sults into destabilization, membrane permeabilization
and subsequently apoptosis (37-39). The outcome of
this study could be correlated that the developed
nano-therapeutic might be responsible for better mito-
chondrial uptake of berberine as well as doxorubicin
leading to better effectivity.

Cell Cycle Analysis Using Propidium lodide

To check the exact phase of cell cycle affected by the
formulations and naive compounds, we performed the
propidium iodide-based cell cycle analysis. The assay
was conducted on MDA-MB-231 cells at 5 pM concen-
tration with selected investigational compounds. The re-
sult suggested that the doxorubicin arrested the cell cy-
cle at sub G1 phase (along with G2/M inhibition) and
PDC arrested the cell cycle at G2/M phase, whereas
berberine was able to halt the cell cycle progression at
G1, and PDBNP was able to cause profound death and
halted the cell cycle progression at Sub G1 phase (along

a JC-1 Based Mitochondrial Permeability Assay in
1000 MDA-MB-231 Cells
‘é 800 - 2
f § 600
= . -
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. ol | _
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mControl 1 pyM 55 uM =25 uM

with G2/M inhibition). The doxorubicin and PDBNP
caused profound cell death of 24.38 and 44.95%, re-
spectively (Fig. 9). The difference may be attributed to
the fact that nanoparticles alter the pharmacokinetics
parameters of the drug encapsulated. Owing to which
there is slow and sustained release of both the drugs
and may possess a combinatorial effect on cytotoxicity,
cell cycle and apoptotic cell death (40,41).

Annexin V vs Propidium lodide Assay

In order to investigate the exact mode of cell death
propagated upon treatment with investigational com-
pounds, we performed Annexin V s Propidium lodide
(PI) based assay. The assay relies upon the binding of
Annexin V with phosphatidyl serine, which is a major
protein that is leaks from cytosol to cell surface during
the process of apoptosis. Once the membrane gets
premetallized the PI enters and intercalates the DNA
signifying the necrosis. The assay was performed against
human breast cancer MDA-MB-231 cells and treatment
was given at sub IC5( concentration for 48 h. After this
time point, cells were harvested and processed as per
the manufacturer protocol and our previously published
methodology. The result analysis (Fig. 10a and b)
portrayed that nanoparticle formulation (PDBNP) exhib-
ited necrosis (26.2%) mode of cell death, in comparison

b JC-1 Based Mitochondrial Permeability Assay in
1200 T47D Cells " .
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Fig. 8 Investigational compounds altered the mitochondrial potential drastically in, (@) MDA-MB-231 and (b) T47D cancer cells. The high upsurge in
mitochondrial potential by compounds under investigation suggest the trigger of mitochondrial dependent pathway as possible explanation of anticancer effect.
The study was conducted in triplicate at three concentrations viz., |, 5 and 25 uM.
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to its counterpart doxorubicin, berberine and PDC, to be significant as compared to normal control and
showing 5.7, 12.6 and 9.7% death via necrosis mode.  individual drugs employed for formulation preparation.
Another side, PDC conjugate caused majority of cell to  The analysis was done using BD Accurt C6 flow
undergo early apoptosis (11.8%). All results were found  cytometer. The rupturing of cell by treatment with
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Fig. 10 (a) Effect of investigational compound treatment on cell mode death (apoptosis and necrosis) performed on MDA-MB-231 cells. Apoptosis was
measured using Annexin V and necrosis by Pl stain, (b) The bar graph represents the quantitative analysis suggesting the percentage of each type of cell in each

quadrant.
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PDBNP at 24 h was also illustrated using confocal mi-
croscopy (Fig. S3, Supplementary data).

Cell Uptake Study

The PDC and PDBNP were found to be auto-fluorescent as
deduced by flow cytometry experiments (Fig. S4,
Supplementary data). The compounds were therefore used
for their cell uptake studies in absence of any fluorescent dyes.
The study was conducted for 12 and 24 h, respectively, using
MDA-MB-231 breast cancer cells at IC5( concentrations. The
study demonstrated that PDC and PDBNP was able to enter
the cell membrane at 24 h. The PDBNP caused cell rupturing
at 12 hinterval suggesting it cells necrotic potency (Fig. 11). At
24 h time period PDC caused profound cell rupturing while
localizing itself inside the cellular compartment (Fig. 11).
Formulation PDBNP portrayed higher cell death and we were
able to locate only few ruptured cells containing the formula-
tion based upon the fluorescence. Thus, the study concluded
that there was significant drug uptake of formulations by the
breast cancer cells and were able to cause profound cell dam-
age at higher time interval by releasing the active drugs).

In Vivo Pharmacokinetics

Pharmacokinetic parameters were determined for the
prepared nanoparticulate formulation in Sprague
Dawley rats model using plasma-drug profile standard
protocol. The bioavailability of prepared PDBNP was
calculated from the area under the plasma concentra-
tion vs time curve, and it was compared to doxorubicin
and berberine. After administration of PDBNP, AUC_,
of doxorubicin in plasma was 3.9 times and approxi-
mately 2 times higher than pure berberine. The
AUC(., was 699.51 +8.14 pg mL™'/h for pure

12 h_PDC

24 h_PDC

doxorubicin and 1171.60 + 14.55 pg mL™'/h for ber-
berine, respectively. In case of PDBNP administration
the AUC., was increased to 13,120.82 £ 158.05 and
3473.77 £ 85.55 pg mL™'/h, respectively for doxorubi-
cin and berberine. The AUC in both instances for
PDBNP was higher compared to pure bio-actives. In
parallel, the urinary excretion of doxorubicin and ber-
berine was reduced in case of PDBNP. The half-life of
PDBNP was 42.51 £3.47 and 25.29£4.01 h (Fig. 12
and Table II), for doxorubicin and berberine, respec-
tively. The t;,o was approximately 14.65 and 5.52 times
higher than pure doxorubicin and berberine which in-
dicated the higher bioavailability of these drugs. In case
of PDC also, the different parameters were found to be
favourable for better effectivity. For instance, the half-
life of PDC was around 15 h which is itself indicating a
sustained nature of release and behaviour.

CONCLUSIONS

The objective of co-delivery was attempted to address in
the present study. The co-delivery of doxorubicin and
berberine utilizing conjugation and encapsulation strate-
gy was found to be meritorious. The synthetic as well as
natural bioactive together established synergistic effect
against breast cancer cells i vitro as well as i vio.
PLGA is a biodegradable polymer which is non-toxic
to normal cells, that’s why doxorubicin was conjugated
to PLGA using carbodiimide chemistry and further this
conjugate was used to encapsulate berberine to prepare
the optimized nanoparticles (PDBNP). The study result-
ed in positive outcome as per as in vitro anticancer
studies against MDA-MB-231, and T47D breast cancer
cells are concerned. The duo combination resulted into

12 h_PDBNP 24 h_PDBNP

Fig. Il Confocal microscopy images (along with contrast images) obtained at time interval of 12 h and 24 h, respectively, upon treatment with ions PDC and
PDBNP nanoparticles. The data suggest efficient drug uptake by the cellular compartment during the period of study.
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Fig. 12 Plasma drug 300
concentration-time curve for doxo-
rubicin, berberine, PDC and
PDBNP Values represent mean =
SD (n = 3). PDC: PLGA-
doxorubicin conjugate; PDBNP:
Berberine loaded PLGA-
doxorubicin nanoparticles.
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favourable results as per as in vitro studies are
concerned.

The formed nanoparticles were found to exhibit ex-
cellent anti-proliferative potential as compared to indi-
vidual drugs/bio-actives against MDA-MB-231, and
T47D breast cancer cell lines. The formulations also
portrayed selective toxicity towards cancer cells as com-
pared to normal hPBMCs. PDBNP exhibited the slight
increase in the ROS pattern in the MDA-MB-231 cell
line in a dose-dependent manner but in case of T47D
cells, no major and significant ROS rise was seen even
up to the highest concentration. The PDBNP formula-
tion was found to alter the mitochondrial potential sig-
nificantly thus proving their mode of cell death via mi-
tochondrial dependent pathway beside causing cell cycle
arrest at Sub G1 phase (along with G2/M inhibition)
and inducing necrosis as mechanism of cell death as
inferred by Annexin V/propidium iodide assay, respec-
tively. Cell uptake study further confirmed the uptake of
drug formulation by breast cancer cells initially and

2]

10 15 20 25 30
Time (h)

inducing organelle burst (necrosis) as revealed by confo-
cal microscopy. The i vivo pharmacokinetics revealed
the significant increase in bioavailability as observed in
plasma-concentration drug profile study in rat model
in viwvo leading to significant improvement in overall
half-life. The overall approach via co-delivery of doxo-
rubicin and berberine, using PLGA will improve the
synergetic effects and reduced the toxicity associated
with drugs.

Usually co-delivery of drugs has been reported with the
physical encapsulation approaches in the past using drug car-
riers such as liposomes, nanoparticles, dendrimers etc. In the
current approach, however, it was attempted to conjugate one
drug followed by encapsulation of another natural bio-active
which resulted into improved activity i vitro and improved
kinetic parameters i vivo. Conjugation of both drugs together
can be challenging and can be another aspect which can be
explored in future. The future protocol would also include the
assessment of the nanoparticles in tumor induced animal
model.

Table Il  Different Pharmacokinetic Parameters of the Doxorubicin, Berberine, PDC and PDBNP Obtained from In-Vivo Studies
Parameter Doxorubicin Berberine PDC PDBNP

Doxorubicin Berberine
AUCy; (ug mL™ ‘/h) 6949 +7.28 112 = 68.05 2478.5 = 154.05 2765 = 51.01 1218.3 =25.04
AUCy . (Ug mLf‘/h) 699.51 =8.14 1171.60 = 14.55 5878.5 = 29.34 13,120.82 = 158.05 3473.77 = 85.55
K(h™ ‘) 0.2385 = 0.089 0.151 £0.047 0.046 = 0.003 0.0163 = 0.0071 0.0274 = 0.0069
tip (h) 2.90 = 0.284 458 +0.39 15.06 = 1.98 42.51 =347 2529 £ 401
Vg (L) 1.29 +0.047 1.20 = 0.079 .19+ 0.059 [.15+0.073 |.386 = 0.048
Cl (L) 0.307 = 0.054 0.181 +£0.084 0.024 = 0.005 0.0188 =0.0015 0.0379 = 0.0024

PDC: PLGA-doxorubicin conjugate; PDBNP: Berberine loaded PLGA-doxorubicin nanoparticles

Here, AUC, .. denotes the area under curve (bicavailability), K denotes elimination rate constant, t, , denotes the half-life, V4 denotes volume of distribution and

Cl denotes clearance

? data represented as mean =+ SD (n = 3)
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