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Pre-clinical pharmacokinetic-pharmacodynamic
modelling and biodistribution studies of donepezil
hydrochloride by a validated HPLC method+

Kowthavarapu Venkata Krishna,” Ranendra Narayana Saha,® Gautam Singhvi®
and Sunil Kumar Dubey (2*2

’ M) Check for updates J

Cite this: RSC Adv., 2018, 8, 24740

A simple, sensitive and robust HPLC-PDA assay was developed and validated for rapid determination of
donepezil hydrochloride (DNP), a potent acetylcholinesterase inhibitor in rat plasma and tissues. All
biological samples were prepared by the solid-phase extraction method using loratadine as an internal
standard. Separation of the analytes was achieved on a Waters Nova-Pak C18 column (3.9 x 150 mm, 4
um) using an isocratic mobile phase of acetonitrile and ammonium formate (pH 6.4; 0.01 M) (62 : 38% v/
v) at a flow rate of 1 mL min~% All validation parameter results were within the acceptable range
described in the guidelines for bioanalytical method validation. The method showed linearity in the
concentration range of 50-5000 ng mL™" with LOD of 20 ng mL™ and LLOQ of 50 ng mL™. Moreover,
the advantage of this method over previously published methods is the short analysis run time of 6 min
in HPLC itself, alongside its application not only for plasma samples but also in tissues, with low LLOQ.
The method was successfully applied for studying the compartmental pharmacokinetics, tissue
distribution and pharmacodynamics. A two-compartmental micro model was statistically fitted for the
assessment of pharmacokinetic parameters. The tissue distribution studies suggest that the kidneys,
lungs and liver are the primarily responsible organs for metabolism and elimination of DNP.
Pharmacodynamic studies were performed by measuring acetylcholinesterase inhibitory activity of DNP,
which indicated that the pharmacokinetic and pharmacodynamic data are in correlation with each other.

Received 19th April 2018
Accepted 24th June 2018

DOI: 10.1039/c8ra03379j
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1. Introduction

Globally, ageing is accompanied by an increasing substantial
social and financial impact owing to ageing-related diseases.
Dementia is one among them, a syndrome which leads to
deterioration in cognition, thinking, behavior and ability to
carry out daily routine work.* As per an estimate, there were 46.8
million people worldwide living with dementia in 2015 and this
number may reach 131.5 million by 2050.% Alzheimer's Disease
(AD) is the most typical cause of dementia and it contributes to
60-70% of the reported cases. As per a recent investigation by
the Alzheimer's association, every 65 s one person in the United
States (US) develops AD. It is a chronic and progressive neuro-
degenerative disease. There are drugs approved by the US Food
and Drug Administration (US FDA) to condense its symptoms,
which fall under acetylcholinesterase inhibitors (AChEI) and N-

“Department of Pharmacy, Birla Institute of Technology and Science, Pilani
(BITS-PILANI), Pilani Campus, Rajasthan, India, 333031. E-mail: skdubey@pilani.
bits-pilani.ac.in; Tel: +91 8239703734

*Department of Biotechnology, Birla Institute of Technology and Science, Pilani (BITS-
PILANI), Dubai Campus, Dubai, UAE

t Electronic  supplementary  information (ESI)
10.1039/c8ra03379j

available. See DOL

24740 | RSC Adv., 2018, 8, 24740-24749

methyl-p aspartate (NMDA) receptor antagonists. Tacrine was
the first AChEI approved by the FDA and later it was withdrawn
due to its side effects.* Second generation AChEIs are DNP,
galantamine and rivastigmine. Memantine which belongs to
NMDA receptor antagonist was approved by FDA for the treat-
ment of moderate and severe AD.** All these drugs just delay the
progression of the disease, dementia cannot be cured.®’ At
present the aim of the treatment is to maintain the quality of life
as long as possible. DNP is effective in the treatment of cognitive
impairment and memory loss in patients with AD. Moreover,
due to the immense therapeutic potential and pharmacological
activities of DNP, it is essential to develop a quick and accurate
quantification method of DNP for conducting biostudies.

To the best of our knowledge, none of the methods have
been applied either for estimation of DNP after intravenous
(i.v.) administration or for compartmental pharmacokinetics,
tissue distribution and pharmacodynamic studies. However,
some methods have been reported in literature (Table 1), which
are having more run time and require large sample volume with
either a complex sample preparation procedure or use of
sophisticated instruments like LC-MS/MS that hamper routine
analysis for various applications. Abonassif, et al. developed
a HPLC-RF method for the estimation of DNP in human plasma
using a sample volume of 1000 pL with a total run time of

This journal is ® The Royal Society of Chemistry 2018
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Table1 Examples of extraction procedures and analytical techniques for estimation of DNP in biological samples®
Linearity Run time
S.No  Biological Sample Extraction method (ng mL™Y) System (min) % Recovery  Reference
1 1000 pL human serum PP by acetonitrile 5-2000 HPLC-RF 15 NR* 8
2 200 pL of rat plasma PP by acetonitrile 50-2000 HPLC-UV 20 NR* 14
3 250 pL of human plasma PP by acetonitrile 1-300 UPLC-MS/MS 5 79 10
1 1000 pL human plasma LLE by n-hexane and 3-90 HPLC-UV 15 NR* 9
IPA (97 : 3)
5 100 pL of rat plasma LLE by n-hexane and 5-500 HPLC-RF 20 NR* 15
IPA (95 : 5)
6 500 pL of human plasma SPE by acetic acid and 0.339-51.87 LC-ESFMSMS 10 68.9 12
methanol (2 : 98)
7 1000 mL of human serum  SPE by 0.025 M 5-160 HPLC with 15 55.7 16
ammonium formate (pH:2.5) UV detector

and methanol (50 : 50)

% *NR, not reported.

15 min, using protein precipitation technique (PP) by acetoni-
trile (ACN) as extracting solvent.® Furukori, et al. have reported
a HPLC-UV method using liquid-liquid extraction (LLE) process
by n-hexane and IPA (97 : 3), with a run time of 15 min and
sample volume 1000 pL of human plasma.” A simultaneous
method has also been developed for the estimation of DNP and
memantine in plasma.’ A UPLC-MS/MS method has been re-
ported for the estimation of DNP in human serum, using PP by
ACN."* Another study was performed using LC-ESI-MS/MS with
a sample volume of 500 pL of human plasma, using solid-phase
extraction (SPE) at a total run time of 10 min."* LC-MS/MS
method is highly recommended procedure, significantly
enhances the sensitivity of the method; but maintenance cost of
the instrument is more, requires trained personnel and also not
available in every research laboratory. However, DNP has been
reported to be administered at a dose ranging from 5-10 mg
kg™! in humans.* Hence, the quantification upto 50 ng mL™" is
highly sufficient, HPLC based methods are equally helpful in
estimation of DNP in pharmacokinetic samples. Moreover, the
advantage of this method over previously published methods is
the short analysis run time of 6 min in HPLC itself, its appli-
cation not only for plasma samples but also in tissues and
pharmacodynamic study.

The present work describes method development and vali-
dation details for quantification of DNP in rat plasma and
tissues within the range of 50-5000 ng mL " and elucidating the
compartmental pharmacokinetics, tissue distribution and
pharmacodynamic profiles. The proposed method has been
developed using solid-phase extraction (SPE) method using
methanol (2 mL) as an eluting solvent, and with a total run time
of 6 min. Loratadine (LRD) was selected as internal standard
(I.S) (Fig. 1). Complete validation was carried out including
selectivity, lower limit of quantification (LLOQ), limit of detec-
tion (LOD), precision, accuracy, carry over effect, dilution
integrity and stability as per guidelines on bioanalytical method
validation. Stability studies were performed to determine the
stability of stock solutions and in plasma samples that were
exposed to different storage conditions which includes freeze-
thaw, autosampler, bench top, short-term and long-term

This journal is ® The Royal Society of Chemistry 2018

storage. Moreover, using this method we have generated
a complete pharmacokinetic profile for DNP in rats. Hereby we
report a new HPLC-PDA method for the estimation of DNP in
rat plasma and in other biological tissues also. In addition to
this, we also explored pharmacodynamic studies of DNP by
estimation of acetylcholinesterase (AChE) levels.

2. Materials and methods

2.1 Chemicals, materials and reagents

DNP and LRD standards were kind gift samples from Vasudha
Pharma Chem Limited (Hyderabad, India). ACN, methanol
(HPLC grade) and sodium phosphate were procured from
Merck Limited (Mumbai, India). Ammonium formate, ace-
tylthiocholine iodide and 5,5-dithiobis-(2-nitrobenzoic acid)
(DTNB) were procured from Sigma Aldrich (St. Louis, MO, USA).
Solid-phase cartridges, Clearnert PEP-3 SPE was procured from
Agela Technologies (Wilmington, USA). Bovine serum albumin
(BSA) was purchased from Sisco Research Laboratories Pvt. Ltd.
(Mumbai, India). Water was produced by millipore Milli-Q Plus
water treatment system (Millipore Bedford Corp., Bedford, MA,
USA).

2.2 Experimental animals

All experimental animals (Wistar rats; male; 8-10 weeks;
weighing around 200-220 g), were housed in polyacrylic cages,
and all procedures involving sample collection and their care
were conducted in conformity with the institutional guidelines
that are in compliance with Institutional Animal Ethics
Committee (IAEC) of BITS-Pilani university with approved
protocol (IAEC/RES/22/05). All animals were housed in
a temperature (20-22 °C) and humidity (65%) controlled animal
facility and maintained on a 12/12 h light/dark cycle. The
temperature and relative humidity were recorded daily. Both
feed and water were provided ad libitum throughout the accli-
matization and study period.

RSC Aadv., 2018, 8, 24740-24749 | 24741
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Fig.1 Chemical structures of (I) DNP and (ll) LRD.

2.3 Liquid chromatographic conditions

HPLC analysis were performed on Shimadzu liquid chromato-
graph system (Kyoto, Japan) equipped with a binary pump (LC-
10AT), Photo Diode Array (PDA) detector (SPD-M20A), column
oven (CTO-10AS) and auto sampler (SIL-HT, Shimadzu, Japan)
was used to inject the samples. The HPLC system was equili-
brated for approximately 30 min before starting of analysis and
chromatography was carried out at 40 £ 0.5 °C. Eluents were
monitored at a wavelength of 268 nm using a PDA detector. DNP
and LRD were separated on Waters Nova-Pak C18 column (3.9 x
150 mm, 4 pm) with a mobile phase consisting of acetonitrile
and ammonium formate (pH 6.4; 0.01 M) (62 : 38% v/v) in an
isocratic mode at a flow rate of 1 mL min~"'. The injection
volume was 50 pL and retention time for DNP and LRD were
3.31 and 3.99 min respectively. Control of hardware, data
acquisition and elaboration were performed using LC solution
software version 1.24 SP1.

2.4 Preparation of stock solutions, calibration curve
standards (CS) and quality control (QC) samples

Standard stock solution of DNP was prepared by dissolving
accurately weighed amount in methanol to obtain a final
concentration of 5 mg mL™". Further, same volumes of DNP
stock solution (5 mg mL™") was diluted with Milli-Q water to
make 400 pg mL™" working stock solution. From 400 pg mL™!
working stock solution, working standard solutions of 1, 2, 6,
20, 40,70 and 100 pg mL ™" were prepared by serial dilutions in
Milli-Q water. The concentrations of working QC standard
solutions were prepared as 1.6, 3 and 80 pg mL™". CS and QC
samples were prepared by spiking with 10 pL of corresponding
working standard solutions in 190 pL of blank rat plasma. The
final CS were prepared as 50, 100, 300, 1000, 2000, 3500 and
5000 ng mL™" in plasma matrix. The QC were prepared by using
QC standard solutions at four concentration levels, such as
limit of quantification (LOQQC, 50 ng mL™"); low QC (LQC, 80
ng mL™'), medium QC (MQC, 1500 ng mL™") and high QC
(HQC, 4000 ng mL ™). All the stock and working solutions were
stored in the refrigerator at —20 °C till analysis.

2.5 Sample preparation

Several extraction techniques were tested, such as protein
precipitation with organic solvents (methanol, acetonitrile) and
by liquid-liquid extraction using dichloromethane, n-hex-
ane : IPA (97 : 3) and n-hexane : IPA (95 : 5). These procedures

24742 | RSC Adv., 2018, 8, 24740-24749

View Article Online

Paper

(0

allow good recovery for IS, but plasma interference was
observed with low recovery of analyte.

SPE method was also tested in order to reduce solvent
consumption, maximize the analytes recovery, and to optimize
the sample clean-up process. A 200 pL aliquot of plasma sample
containing DNP was taken in 2 mL capacity of polypropylene
disposable tube, followed by the addition of 20 pL of 100.0 pg
mL™" of LRD (L.S) solution (I.S solution was prepared in ACN)
and was vortexed for 1 min. Then 200 pL of ammonium formate
buffer was added and vortexed for 2 min on a vortex mixer. The
samples were then loaded into the SPE cartridges using a semi-
automated SPE system (ESI; Table S1f). The SPE eluents were
collected in glass tubes and evaporated to dryness at 40 + 0.5 °C
under a gentle stream of nitrogen gas. The residue was recon-
stituted with 200 pL of mobile phase and vortexed for 30 s.
Finally, 50 pL of sample was injected into HPLC through auto-
injector for quantification.

2.6 Method validation procedures

The proposed method was validated as per guidelines US FDA
and European Medical Agency guidelines of bioanalytical
method validation.'”**

2.6.1 System suitability. System suitability is typically
a system performance test, which was carried out by injecting
the same concentration sample by six times for checking the
column efficiency, reproductivity and resolution. It was per-
formed to verify the holistic function of the chromatography
system on a day-to-day basis.

2.6.2 Selectivity. The selectivity of the method was carried
out to evaluate potential chromatographic interference from rat
plasma matrix at retention time (RT) of the drug and IS. The rat
blank plasma samples were collected randomly from selected
six different Wistar rats and analyzed as per described chro-
matographic conditions.

2.6.3 Linearity and calibration curve. The calibration curve
of an analyte (DNP) was prepared using six calibration stan-
dards in a range of 50 to 5000 ng mL ™. Six calibration curves
were prepared for plasma and tissue samples by plotting peak
area ratios (drug/LS) on Y axis versus nominal plasma concen-
trations on X-axis. Highest calibration standard sample (ULOQ,
5000 ng mL™") was 100 times less than the lowest limit of
calibration point (LLOQ, 50 ng mL™"), so it was necessary to
perform weighted linear regression on calibration data. All the
different weighting factors were applied to the data obtained
from least-squares regression analysis and the best weighting

This journal is ® The Royal Society of Chemistry 2018
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factors were chosen according the percentage relative error (%

2.6.4 Limit of detection (LOD) and lower limit of quanti-
tation (LLOQ). The limit of detection (LOD) is defined as the
lowest concentration of analytes that can be detected and
differentiated from the noise level.

The lower limit of quantitation (LLOQ) is defined as the
lowest concentration of analytes that can be quantified with
accepted accuracy and precision recommendations (not
exceeding +20%).

LOD and LLOQ were determined by using signal to noise
ratio method. First the signal to noise ratio was checked for
standard samples at system suitability step. LOD and LLOQ
were calculated based on eqn (1). Desired S/N values for LOD
was 3 and for LLOQ was 10.

Concentration of LOQ and LOD

C trati f Standard - S
' oncentration o Aandaar % Desuedﬁvalue [1]

S
—value of Standard
x Value of Standar

Generally, LLOQ is the first point in calibration curve and
analyzed plasma samples by spiking with LLOQ concentration
in six replicates (n = 6).

GV

3
1’?

(E)
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2.6.5 Precision and accuracy. The intra-day and inter-day
assay precision and accuracy were determined by analyzing
six replicates at three different QC levels (LQC, MQC, HQC) as
described in Section 2.4 and LLOQ. The intra-day assay preci-
sion and accuracy were determined in six replicates by
analyzing samples on same day, while inter-day assay precision
and accuracy were determined in six replicates by analyzing
each QC and LLOQ samples on five different days. The accep-
tance criteria for intra and inter-day precision (RSD, %) was
limited to =15% and accuracy was required to be limited within
+15% except for LLOQ, where it should not exceed +20% for
accuracy and precision.

2.6.6 Recovery. The percentage recovery of DNP through SPE
were determined by comparing the peak area of analyte spiked
plasma QC samples with those of unextracted neat standards
that is standard solution with equivalent concentrations.

2.6.7 Carry over effect and dilution integrity. Carry over
effect was determined by injecting highest calibration standard
sample (ULOQ, 5000 ng mL~") followed by blank sample. As per
guidelines, the sample dilution must be performed to ensure
the integrity of plasma samples. In dilution integrity, blank
plasma was spiked with 2 times higher than the ULOQ
concentration (10 000 ng mL™") and was diluted 5 times and 10
times with blank plasma (n = 6) to obtain a concentration of
2000 ng mL~" and 1000 ng mL~'. Dilutes samples were pro-
cessed and analyzed with freshly spiked calibration curve in

(D) .+

® ]

Trry TETTTTLT YT T Trr—"T
18 1o i 4 a2 aa ax 4% m

Fig.2 HPLC chromatograms for (A) blank plasma, (B) calibration standard, (C) LOD (20 ng mL™Y), (D) LLOQ (50 ng mL™Y, (E) peak purity index of

DNP, (F) peak purity index of LS.

This journal is ® The Royal Society of Chemistry 2018
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Table 2 Precision and accuracy data of back calculated concentrations of calibration standard samples of DNP in rat plasma (n = 6)°
Linear equation and Nominal concentration Measured concentration Precision Accuracy
Component coefficient of regression (ng mL™) (Mean + SD, ng mL™%) (% CcV) (% bias)
Plasma y = 0.000384x — 0.0088, r* = 0.9999 50 51.87 + 3.21 6.19 3.74
100 95.30 + 4.57 4.80 —4.70
300 304.26 £ 16.99 5.58 1.42
1000 999.58 + 2.96 0.30 —-0.04
2000 1983.08 £ 12.60 0.64 —0.85
3500 3464.12 £ 5.27 0.15 —-1.03
5000 5042.00 + 8.58 0.17 0.84
Brain ¥y = 0.0003x — 0.0058, = 0.9998 50 55.26 + 1.15 2.08 10.52
300 289.54 + 15.48 5.35 —-3.49
1000 939.40 + 87.62 9.33 —6.06
2000 1950.68 £ 13.60 0.70 —2.47
3500 3335.07 £ 30.75 9.18 —4.71
5000 4872.22 £+ 19.75 0.41 —2.56
Heart y = 0.0003x — 0.0075, 7 = 0.9991 50 56.24 + 6.54 11.63 12.48
300 314.36 £+ 1.10 0.35 4.79
1000 1011.78 + 18.88 1.87 1.18
2000 2147.01 £ 51.93 2.42 7.35
3500 3547.65 + 4.37 0.12 1.36
5000 5262.01 + 43.58 0.83 5.24
Lungs y = 0.0003x — 0.0099, = 0.9999 50 56.78 + 4.23 7.45 13.56
300 316.62 + 28.83 9.11 3.54
1000 1041.39 + 93.03 8.93 4.14
2000 2168.05 £ 106.81 4.93 8.40
3500 3749.94 + 206.25 5.50 7.14
5000 5372.00 £ 291.26 5.42 7.44
Spleen ¥y = 0.0003x + 0.0089, # = 0.9996 50 55.31+ 3.32 6.00 10.62
300 289.15 + 8.66 2.99 —3.62
1000 1049.53 + 80.29 7.65 4.95
2000 2148.97 + 146.01 6.79 7.44
3500 3600.13 £ 269.69 7.49 2.86
5000 5247.77 + 32.88 0.63 4.96
Kidney y = 0.0003x — 0.0008, r* = 0.9995 50 46.42 + 4.12 8.88 —7.16
300 309.21 + 3.51 1.14 3.07
1000 1050.37 £ 85.23 8.11 5.04
2000 2243.01 £ 223.27 9.95 12.15
3500 3804.79 £ 163.19 4.29 8.71
5000 5355.65 £+ 51.11 0.95 7.11
Liver ¥y = 0.0003x — 0.0126, 7 = 0.9999 50 52.94 + 1.68 3.17 5.88
300 281.24 + 25.88 9.20 —6.25
1000 935.92 + 29.60 3.16 —6.41
2000 1880.22 + 135.81 7.22 —5.99
3500 3240.65 £ 18.66 0.58 —-7.41
5000 4703.54 + 5.48 0.12 —5.93

% 8D, standard deviation; CV, coefficient of variation.

plasma. The accuracy and precision values should be within
+15%.

2.6.8 Stability studies. Stability of analytes in plasma
matrix were evaluated before and after subjecting to different
conditions and temperatures that could encounter during
regular analysis. Stability in plasma was evaluated in terms of
freeze-thaw stability, bench top stability, short-term stability
and autosampler stability. All stability studies were conducted
in three replicates at each concentration of the three different
QC levels (LQC, MQC, and HQC). Freeze thaw stability was
performed after freezing (—80 + 10 °C for 48 h) and thawing QC
samples for three consecutive cycles within 2 days. Bench top
stability was analyzed at 25 &+ 2 °C for 24 h, short-term stability
was evaluated at —80 £ 10 °C for 15 days and long-term stability

24744 | RSC Adv., 2018, 8, 24740-24749

was examined at —80 £ 10 °C for 3 months were performed in
rat plasma with all QC levels. Replicate injections of extracted
plasma samples were analyzed after 48 h to estimate auto
sampler stability.

All QC samples were extracted and quantified against fresh
calibration curves and fresh QC samples. The acceptance
criteria of accuracy and precision for all stability samples
should be within £15%.

2.7 Pharmacokinetic study

To investigate the developed method, pharmacokinetic studies of
DNP was performed on young Wistar rats weighing around 200-
220 g. An i.v. administration, at a dose of 5 mg kg™ of DNP were
given to animals. After dosing, blood samples were collected in

This journal is ® The Royal Society of Chemistry 2018
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Table 3 Precision (% CV) and accuracy (% bias) of DNP in rat plasma samples at QC levels (n = 6)
Inter-day Intra-day

Nominal Conc. Measured Conc. Precision Accuracy Measured Conc. Precision Accuracy
Level (ng mL™Y) (Mean + SD, ng mL™%) (% CV) (% bias) (Mean + SD, ng mL ) (% cv) (% bias)
LLOQ 50 53.54 + 2.43 4.54 7.08 50.21 £+ 3.19 6.35 0.42
LQC 80 79.74 £+ 4.45 5.58 —0.33 77.51 £5.36 6.92 -3.11
MQC 1500 1543.40 + 14.82 0.96 2.89 1513.29 + 22.85 1.51 0.89
HQC 4000 4025.35 £ 25.97 0.65 0.63 3926.75 + 65.42 1.67 —1.83

1.5 mL capacity of polypropylene disposable tubes for each time
point at 0, 0.083, 0.166, 0.5, 0.75, 1, 3, 6, 9, 12, 15, 18, 24, 30 and
36 h. Blood samples were collected from the retro-orbital plexus
into heparinized micro centrifuge tubes at pre-determined time
interval. Plasma samples were harvested by centrifuging the
blood at 6000 rpm for 15 min and stored at —80 & 10 °C undil
analysis. DNP plasma concentration-time profiles were plotted.

2.8 Pharmacokinetic modeling

Pharmacokinetic parameters for DNP were performed by using
compartmental analysis. Model selection was guided by visual
inspection of the observed plasma profiles and Akaike's infor-
mation(AIC) criterion.” The lowest AIC value suggests best fit
model. Various pharmacokinetic parameters such as concen-
tration maximum (Cpmay), area under curve (AUC), volume of
distribution in central compartment (V1), volume of distribu-
tion in peripheral compartment (V2), plasmatic clearance (CI),
intercompartmental clearance (CLD2), alpha half-life (¢;,, o),
beta half-life (t;,, B), and elimination rate constants of two
compartmental model (K10, K12, K21) were estimated Phoenix
WinNonlin Certara™ (Pharsight, U.S.A; version:8.0).

2.9 Tissue distribution study in rats

Wistar rats were randomly divided into 2 groups, one group as
control and for the other group DNP was given iv. at a dose of
5 mg kg~ '. Tissues (brain, heart, lungs, kidney, spleen and liver)
were promptly harvested at 0.166, 0.75, 2, 6 h (three rats/time
point) after the administration of dose and thoroughly rinsed
in ice-cold saline to remove blood and other content and blotted
dry with filter paper. An accurately weighed amount of each
tissue samples were homogenized in 1:2 w/v of phosphate
buffer saline solution by using tissue homogenizer. After
homogenization, centrifugation was done at 10 000 rpm for
15 min, clear supernatant was collected and stored at —80 °C
until analysis.

2.10 Pharmacodynamic studies

The levels of AChE and butyl cholinesterase are the biological
markers for AD.* Cholinesterase inhibitors (ChEIs) enhances
the breakdown of AChE in synaptic cleft, thus enhancing ACh
levels. Pharmacodynamic effects of DNP on AChE activity in rats
was explored. The estimation of AChE activity in plasma
samples were performed as per method described by Ellman
et al** In brief, the assay sample contained 0.05 mL of plasma,
3 mL of 0.01 M sodium phosphate buffer (pH 8), 0.10 mL of

3

This journal is ® The Royal Society of Chemistry 2018

acetylthiocholine iodide and 0.10 mL of DTNB (Ellman reagent).
The change in absorbance was measured immediately at
412 nm spectrophotometrically. Protein content in plasma
samples was measured by the method of Lowry et al** using BSA
(1 mg mL ") as a standard. Results were calculated using molar
extinction coefficient of chromophore (1.36 x 104 M ' cm™ )
and expressed as nanomoles per milligram protein.** Maximal
AChE inhibition time of DNP was estimated.****

3. Results
3.1 Method development

3.1.1 Optimization of liquid chromatographic conditions.
A methodological approach was followed for the method
development so as to obtain analyte in less time using simplest
possible chromatographic conditions for obtaining an appro-
priate recovery, symmetric peaks and high resolution of the
drugs. For that, liquid chromatographic conditions such as
choice of mobile phase, composition of mobile phase, pH of
buffer, column selection, flow rate and injection volume were
optimized (ESI; Table S2f). After successive optimization,
acetonitrile-ammonium formate (pH: 6.4; 0.01 M) was selected
as mobile phase which gave best peak shape and good peak
intensities. Different columns were used to optimize better
resolution, selectivity and retention time. Waters Nova-Pak C18
column (3.9 x 150 mm, 4 pm) with acetonitrile-ammonium
formate (pH: 6.4; 0.01 M) mobile phase in ratio of 62 : 38% v/v
in isocratic mode at 1 mL min~" flow rate was found to be most
suitable for DNP analysis with a total run time of 6 min. The
injection volume was 50 pL and optimized retention time for
DNP and LRD (LS) were 3.31 and 3.99 min respectively at
a wavelength 268 nm.

Table 4 Absolute recoveries (%) of DNP in rat plasma samples from
QC levels®

Recovery (%)

Nominal concentration Mean +
Level (ng mL™Y) n SD (n =3) % CV
LLOQ 50 3 80.22 +1.44 1.80
LQC 80 3 80.28 +£1.18 1.47
MQC 1500 3 78.68 £+ 1.62 2.06
HQC 4000 3 80.28 £ 1.95 2.43

Mean 12 79.86 £ 1.55 1.94

% n, number of samples; SD, standard deviation; CV, coefficient of
variation.

RSC Adv., 2018, 8, 24740-24749 | 24745
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Table 5 Stability of DNP in rat plasma at QC levels
Nominal concentration Measured Concentration Precision Accuracy
Stability (ng mL™Y) (ng mL™") &+ SD (% CV) (% bias)
0 h (for all) 50 53.54 +2.43 4.54 7.08
80 79.97 + 4.45 5.58 —0.33
1500 1543.40 + 14.82 0.96 2.89
4000 4025.35 + 25.97 0.65 0.63
Autosampler (48 h) 50 51.72 =+ 2.60 5.03 3.44
80 83.48 + 4.06 4.86 4.35
1500 1446.35 =+ 8.49 0.59 —3.58
4000 3972.38 £5.35 0.13 —0.69
Bench-top (24 h, RT) 50 54.12 +1.42 2.62 8.24
80 84.49 +4.94 5.85 5.61
1500 1548.91 + 7.95 0.51 3.26
4000 3951.87 + 24.88 0.63 —1.20
Freeze-thaw (—80 °C, 3 cycle) 50 54.84 £ 2.50 4.56 9.68
80 82.64 + 6.28 7.60 3.30
1500 1463.00 + 15.13 1.03 —2.47
4000 3840.44 + 18.39 0.48 —3.99
Short-term (—80 °C, 15 days) 50 49.74 + 2.68 5.39 —0.52
80 78.01 £ 2.62 3.36 —2.49
1500 1414.08 =+ 54.99 3.89 —-5.73
4000 3722.16 +12.29 0.33 —6.95
Long-term (—80 °C, 3 50 47.81 + 2.47 5.17 —4.38
months) 80 84.54 +12.78 3.29 5.62
1500 1337.55 + 12.59 0.94 —-10.83
4000 3655.47 + 13.88 0.38 —8.61

3.1.2 Optimization of plasma sample preparation. Once
the chromatographic conditions were optimized, extraction
recovery of analyte was optimized by selecting an appropriate
extraction method. The plasma sample clean-up procedure was
also an important step in the method as it is directly propor-
tional to sensitivity and selectivity of method. Higher recovery of
analyte from plasma matrix can be obtained by minimum
sample preparation processing, as well as proper choice of
extraction method. Various problems have been encountered
during the method optimization. Different methods for
extracting drug from plasma matrix have been tried such as
protein precipitation (with ACN and methanol), liquid-liquid
extraction (with hexane, methylene chloride, IPA) and solid-
phase extraction (SPE) (ESI; Table S3f). Out of all, SPE was
found to produce higher recoveries, reproductivity and cleaner
chromatogram.

3.2 Method validation

3.2.1 System suitability, selectivity and chromatographic
separation. By performing the system suitability test, we con-
formed that system was working fine and it showed reproduc-
ibility with proper resolution. In described chromatographic
condition, analytes were successfully separated with optimum
retention time less than 6 min. (DNP and LS retention times
were 3.31 and 3.99). The sample clean-up procedure was so
selective as there was no significant plasma matrix interference
at retention time of analyte. A representative chromatogram of
blank plasma, (plasma sample without analyte and 1S), plasma
sample with analyte and IS, LOD plasma sample (20 ng mL™")
and LLOQ plasma sample (50 ng mL™") are shown in Fig. 2.

24746 | RSC Adv, 2018, 8, 24740-24749

3.2.2 Linearity, calibration curve, LOD, LLOQ. All the cali-
bration standard curves for plasma and tissue samples showed
linearity and reproducibility over the selected concentration range
of 50-5000 ng mL " with 7 values more than 0.9999. The r* values,
slopes and intercepts were calculated from five intra and inter day
calibration curves using weighted linear regression analysis (1/var,
1/x,1/x%, 1/y/x, 1}y, 1y, 1/,/) wherein, best weighting factors were
chosen as 1/x> as these showed minimum percentage relative error
(% RE) (ESIL; Table S4f). The observed mean back calculated
concentrations with accuracy (% bias) and precision (% CV) are
presented in Table 2. At LLOQ (n = 6) accuracy (% bias) was in the
range of 3.74% with a % CV of 6.19%. LOD and LLOQ were
established as 20 ng mL ™" and 50 ng mL ™" respectively.

Table 6 Pharmacokinetic parameters for DNP after i.v. bolus (5 mg
kg~) administration in rats (n = 4)

Pharmacokinetic parameters DNP 5 mg kg™ ; i.v. (Mean + SEM)

129.86 + 2.61
114.06 £ 5.36

AIC of one compartment
AIC of two compartment

Co (ng mL™") 468.02 + 11.84
AUC y_o (ngh mL™") 4655.05 + 352.53
V1 (mL kg™ 10 697.06 + 274.35
V2 (mL kg™?) 4424.51 + 816.59
Cl (mL h™" kg) 1087.58 =+ 89.00
CLD2 (mL h™" kg) 2070.95 + 599.09
Ty;2 o (h) 1.21 + 0.46
Ty2 B (h) 10.43 £+ 0.53
MRT (h) 13.94 £+ 0.95
K10 (h™Y) 0.101 + 0.0058
K12 (h™Y) 0.196 + 0.06
K21 (h7™Y) 0.554 + 0.24

This journal is ® The Royal Society of Chemistry 2018
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DNP PK Profile

o 5 10 15 20 25 30 35
Time (h)

(A)

Fig.3
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(B)

(A) Plasma concentration—time profile of DNP (mean + SD, n = 4) and (B) representative chromatogram of plasma sample obtained after

30 min of post drug administration.* *In these studies, DNP was administered by i.v. bolus at a single dose of 5 mg kg™ eachin rat (n = 4).

3.2.3 Precision and accuracy. The intra and inter day
accuracy, precision data obtained from QC samples at four
different concentration levels (LLOQC, LQC, MQC, HQC) are
shown in Table 3. The inter and intra-day precision values did
not exceed 6.92%. The inter and intra-day % bias ranged from
—3.11 to 7.08%. All the values were within the recommendation
of international guidelines.

3.2.4 Recovery, carry over, dilution integrity. The mean
recovery values from rat plasma samples are listed in Table 4.
The mean absolute recovery for DNP was found to be 79.86 &
1.55% (n = 12). No carry over effect was observed, there was
absence of peaks of analytes in blank sample was injected after
ULOQ. Dilution integrity was carried out by diluting 5 times and
10 times with the blank plasma (n = 6). The accuracy value after
5 times and 10 times dilution were found to be 98.60 £ 3.47 and
101.75 * 2.81 respectively.

500 —

£ ©  Observed

— Predicted

Concentration (ng/ml), Predicted (ng/ml)

Time (h)

Fig. 4 Concentration plot of observed versus predicted.

This journal is ® The Royal Society of Chemistry 2018

3.2.5 Stability studies. The stability studies for DNP were
performed as per the procedure described in Section 2.6.8.
Different stability studies such as stock solution stability,
freeze-thaw stability, bench top stability, short-term stability
and autosampler stability results indicated that DNP was stable
under different storage conditions that may be faced during
routine study sample analysis and there was no significant
degradation observed (Table 5).

3.3 Pharmacokinetic study in rats

The developed assay was productively implemented for the
pharmacokinetic study of DNP after the i.v. administration of
DNP at a dose of 5 mg kg™ " in Wistar rats. The calibration range
(50-5000 ng mL™") of this assay method fitted to estimate all
pharmacokinetic samples. The various pharmacokinetic
parameters of DNP including observed maximum concentra-
tion (C,), half-life (¢,,,) and area under the curve (AUC,_,) were
calculated using compartmental pharmacokinetic analysis and
represented in the Table 6. Mean + SD plasma concentration
versus time profile of DNP is shown in Fig. 3.

DNP PD Profile

=] B

-
=

AChE Activity (nm/mg)

o 5 10 15 20 25 30 35 40
Time (h)

Fig. 5 Pharmacodynamic profile of DNP.
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Fig.6 Concentration (mean + SD) levels of DNP in rat tissues at 0.1666, 0.75, 2 and 6 h.** *¥|n these studies, DNP was administered by i.v. bolus

at a single dose of 5 mg kg™ " each in rat (three/time point).

3.4 Pharmacokinetic modeling

Experimental plasma concentration-versus-time profiles were
fitted to a two-compartmental micro model with i.v. bolus input
and linear first order elimination from the central compartment
using iterative weighted non-linear least squares regression
using Phoenix WinNonlin Certara™ (Pharsight, U.S.A;
version:8.0). The observed versus predicted concentrations did
not differ from the line of identity, and no bias was observed
(Fig. 4). DNP have shorter distribution half-life (7, ) of 1.21 h,
which indicates rapid distribution from systemic circulation
into the extravascular tissue spaces. Moreover, smaller elimi-
nation rate constant (K;,) of 0.1 h from central compartment,
longer elimination half-life (7}, B) of 10.43 indicates behaved
slow distribution and elimination characteristics.

3.5 Pharmacodynamic study

To examine the pharmacodynamic changes of DNP, the AChE
inhibitory activity was determined (Fig. 5). Results have shown
the correlation between pharmacokinetic profile, as the inhib-
itory activity was observed till 9 h thereafter, decrease in activity
was noticed. The maximal effect of AChE inhibition was at 9.5 h,
it clearly indicates the action of the DNP was matching with the
pharmacokinetic data. Therefore, the established data in this
study was reliable and highly suitable for pharmacokinetic-
pharmacodynamic modeling.

3.6 Tissue distribution study

Tissue distribution study was carried out to identify the major
distribution sites of DNP after i.v. administration at a dosage of
5 mg kg™ '. The distribution of DNP in the various rat tissues are
represented in Fig. 6 and the representative of chromatographs are
shown in Fig. S1.f The results demonstrated that DNP has
exhibited wide range of distribution to tissues within the time
course examined. As per the data obtained, the DNP concentration
in various organs showed the following order: kidney > lungs >
liver > brain > spleen > heart. By comparing organ and plasma
samples, the distribution level in the kidney was 7.95 folds higher
than that in plasma, 5.77 folds higher in the lungs than that in
plasma and 4.09 folds higher in the liver than that in plasma. This
clearly suggests that kidney, lungs and liver were the organs
primarily involved in metabolism of DNP, leading to deposition at

24748 | RSC Adv., 2018, 8, 24740-24749

these sites. Moreover, the lowest concentration was found in heart,
which indicates DNP has less perfusion rate in heart. In summary,
the distribution of DNP was highest in kidney and lowest in heart.

4. Conclusion

The aim of the present study was to develop an assay method for
DNP in plasma matrix with simple extraction preparation
techniques. Chromatographic separation was achieved on
Waters Nova-Pak C18 column (3.9 x 150 mm, 4 pm) using
isocratic mobile phase of acetonitrile and ammonium formate
(PH 6.4; 0.01 M) (62 : 38% v/v) at flow rate of 1 mL min ™. Solid-
phase extraction was selected as an optimized method for
higher recovery and proper resolution. The assay recovery was
=79 £ 1.55% with insignificant matrix effect. The calibration
curves in plasma and other tissues were linear in a concentra-
tion range of 50-5000 ng mL ™' with LOD and LOQ was 20 ng
mL™" and 50 ng mL™" for plasma samples, respectively. The
advantages of the method include simple and rapid sample
preparation process, freedom from matrix interference and
requirement of small plasma sample volume (200 pL), can be
applied within a wide concentration range (5000 ng mL™ ') and
a short total run time (06 min). Experimental plasma concen-
tration-versus-time profiles were fitted to a two-compartmental
micro model with i.v. bolus. The tissue distribution studies
suggest, that kidney, lungs and liver are the primarily respon-
sible organs for metabolism and elimination of DNP. Moreover,
pharmacodynamic studies were conducted by estimating the
inhibitory action of AChE was in correlation with pharmacoki-
netic profile. Our constructive studies provide valuable infor-
mation to evaluate pharmacokinetic and pharmacodynamic
studies for DNP.
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ABSTRACT: Alzheimer’s disease (AD) is a progressive neuro-
degenerative disorder associated with memory and cognitive impair- iactone *% IR e BE i
ment. Donepezil is an acetylcholinesterase inhibitor used for the T SO s ma_’ i
symptomatic treatment of AD. However, high dose of donepezil is : e
prescribed to achieve effective concentration in the brain, which leads to
significant side effects, gastrointestinal alterations, and hepatotoxicity. In
the present study, ApoE3 conjugated polymeric nanoparticles derived
from diblock copolymer methoxy poly(ethylene glycol)—polycaprolac-
tone (mPEG—PCL) have been used to boost the delivery of donepezil
to the brain. mPEG—PCL is an amphiphilic diblock polymer with a
tendency to avoid nanoparticle uptake by phagocytic cells in the liver
and can significantly reduce the gastric mucosal irritations. Moreover,
ApoE3-based nanocarriers showed a promising ability to enhance brain
uptake, binding to amyloid beta with high affinity and accelerating its
clearance. Donepezil-loaded polymeric nanoparticles were performed by using a nanoprecipitation method and further surface
modified with polysorbate 80 and ApoE3 to increase the brain bioavailability and reduce the dose. Optimization of various
process parameters were performed using quality by design approach. ApoE3 polymeric nanoparticles were found to be stable in
simulated gastric fluids and exhibited a sustained drug release pattern. Cellular uptake studies confirmed better neuronal uptake
of the developed formulation, which is further corroborated with pharmacokinetic and biodistribution studies. Orally
administered ApoE3 polymeric nanoparticles resulted in significantly higher brain donepezil levels after 24 h (84.97 + 11.54 ng/
mg tissue) as compared to the pure drug (not detected), suggesting a significant role of surface coating. Together, these findings
are promising and offer preclinical evidence for better brain availability of donepezil by oral administration.

KEYWORDS: Alzheimer’s disease, Donepezil, ApoE3, mPEG—PCL, pharmacokinetic, biodistribution
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1. INTRODUCTION

Alzheimer's disease (AD) is the most predominant neuro-
degenerative disorder and a type of dementia that causes major

an AChE inhibitor approved by the U.S. Food and Dm%
Administration (US-FDA) for treatment of AD in all stages.
Currently, DNP is marketed as an oral tablet or capsule under

issues for patients memory, thinking, and behavior.' ™ As per a
survey conducted by the Alzheimer’s Association, there were
46.8 million people worldwide living with dementla in 2015
and this number may reach 131.5 million by 2050.* AD is a
chronic and progressive neurodegenerative disease associated
with the impaired level of acetylcholinesterase (AChE) in the
brain region and the formation of f-amyloid plaques and
neurofibrillary tangles, the management of cognitive deficit is
still remaining elusive.”” Donepezil hydrochloride (DNP) is

< ACS Publications  ©xxxx American Chemical Society

various brand names Aricept, Aricep, Depzil, and so forth. The
daily repeated administration is essential at a dosage of 5—23
mg based upon the severity of the patient.'” The major
challenges associated with AChE inhibitors are gastrointestinal
alterations and hepatotoxicity. ' Further, usage of high doses
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Table 1. Design and Characterization of mPEG—PCL Polymeric Nanoparticles by Nanoprecipitation Technique

responses
independent factors experimental values predicted values

drug/polymer solvent/nonsolvent partidle size (nm) PDI % DL* particle size (nm) PDI % DL®
0.1 025 85.52 0.17 715 86.70 0.15 9.72
025 04 121.48 0.22 16.15 12649 023 16.70
025 0.1 187.25 0.17 11.28 178.57 0.19 11.64
05 025 99.65 0.27 15.87 103.06 024 16.11
0.5 025 102.79 0.26 16.48 103.06 024 16.11
0.5 025 96.87 0.21 15.36 103.06 024 16.11
0.5 025 104.47 0.25 16.12 103.06 024 16.11
0.5 025 109.75 0.23 17.07 103.06 024 16.11
0.5 0.02 343.94 0.39 16.87 354.89 0.38 16.59
0.5 048 234.52 0.34 22.78 22761 034 22.25
0.75 0.1 348.22 0.52 .15 33846 0.51 17.53
0.75 04 220.58 0.44 19.28 224.52 042 19.85
09 025 290.51 0.55 17.33 293.04 0.57 16.94

“9% DL = drug loading.

of DNP results in painful urination, seizures, chest pain, and
gastric-associated problems."”

Nanoparticulate drug delivery systems are highly explored by
the researchers to enhance the drug permeation across the
brain thereby resulting in reduced toxicity. "¢ Several
approaches have been reported to enhance the brain uptake
of AChE inhibitors including nanocarrier delivery systems like
liposomes, solid lipid nanoparticles, and polymeric nano-
particles which have attracted a significant interest.' "'*
However, most of the reported methods have used an alternate
route for administration like intravenous, intranasal, or
transdermal. DNP-loaded nanosuspension improved brain
delivery by direct olfactory administration.'” Polysorbate 80
coated with poly(n-butylcyanoacrylate) nanoparticles and
liposomes decorated with cell penetrating peptide exhibited a
significant improvement in the brain uptake via intravenous
administration for rivastigmine.”””' To date, very few methods
have been reported to increase the brain uptake by oral
administration. Double-coated poly(butylcyanoacrylate) nano-
particles and polysorbate 80-coated polylactide-co-glycolide
nanoparticulate delivery systems have shown significant brain
targeting efficacy for oral delivery.”””’ In the previous reports,
paclitaxel was conjugated with a shuttle peptide and stapled
RGD peptide to improve its brain delivery.”*” Recent studies
found that the multifunctional monosialotetrahexosyl ganglio-
side (GM1)-modified reconstituted high density lipoprotein
(GM1-tHDL) has a therapeutic potential not only in
accelerating Aff clearance but also in inhibiting the subsequent
pathological cascades.”® Moreover, lipoprotein (ApoE3)-based
nanocarriers exhibited a promising ability to improve brain
uptake, binding to amyloid beta (Af) with high affinity and
accelerating its clearance.”””* Therefore, our aim in this study
was to develop a suitable lipoprotein nanocarrier system for
effective targeting to the brain, which results in dose reduction
and improved therapeutic efficacy for AD. Herein, we have
opted to develop a polymeric nanoparticle surface coated with
ApoE3 for enhanced brain uptake and amyloid beta clearance
by oral route.””** Polymeric nanoparticles showed better tissue
permeability and stability, however, their utility is limited by
scale up issues, biodegradation, and toxicity. Thus, self-
assembled polymeric nanoparticles composed of biodegradable
amphiphilic block copolymers have emerged out as an

attractive approach. It has been reported that small-sized
methoxy poly(ethylene glycol)-block-poly(lactic-co-glycolic
acid) [mMPEG—PLGA] nanoparticles can improve the transport
of drugs across brain capillary cells, oral bioavailability, brain
uptake, and also bioactivity.” Destabilizing effect on amyloid
fibril formation and the ability to cross blood brain barrier has
been investigated on DNP-loaded PLGA-b-PEG nanopar-
ticles.”® Several reports have concluded that poly(ethylene
glycol) corona of long-circulating polymeric nanoparticles
favors interaction with the Af peptide both in solution and in
serum.”’ Amphiphilic block copolymers also have a hydrophilic
corona, which could result in the formation of stealth
properties and colloidal stability. Moreover, polymeric nano-
particles are excellent nanocarriers which can easily be altered
by surface modifications for targeting and better therapeutic
efficacy. Methoxy poly(ethylene glycol)—polycaprolactone
(mPEG—PCL) has a tendency to avoid nanoparticle uptake
by phagocytic cells in the liver and can significantly reduce the
gastric mucosal irritations.”””’

Keeping the above stated facts in view, we have selected
mPEG as the hydrophilic segment and &-caprolactone as the
hydrophobic segment to form mPEG—PCL amphiphilic
polymer synthesized in-house and used for the delivery of
DNP for the first time. The fabrication of DNP-loaded
mPEG—PCL nanoparticles were optimized by quality by
design approach (QbD) to achieve higher drug loading and
lower particle size (<200 nm) and polydispersity index.
Optimized formulation was further surface modified with
brain targeting lipoprotein and tested for gastric stability,
cellular studies, pharmacokinetics, brain uptake, and therapeu-
tic efficacy after oral administration. Additionally, in vitro in
vivo correlation (IVIVC) studies were performed for the
prepared formulations using Phoenix WinNonlin 8.0 with an
add-on IVIVC toolkit (CertaraTM, U.S.A.) software.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of Amphiphilic
Diblock Copolymers. mPEG—PCL was synthesized by
simple ring opening polymerization reaction of &-caprolactone
by using tin(II) 2-ethylhexanoate as a catalyst. The 'H NMR
data confirmed the synthesis of mPEG—PCL diblock
copolymer (Supporting Information, Figure S1). As per 'H

DOl: 10.1021/acschemneuro.9b00343
ACS Chem. Neurosdi, XXXX, XXX, X0XX—XXX



ACS Chemical Neuroscience

Research Article

Sam -
M3

0552 )

Size

[ = ]
]
~

B: Solvent Non-Solvent
i
B: SolventNon-Solvent
i

A: Drug:Polymer

%0L e,
T

1007

% DL

PDI

B SolventNon-Solvent

A Drug-Polymer

- am - . -

.
A Drug Polymer

Figure 1. Surface response plots showing the effect of drug/polymer ratio (w/w) and solvent/nonsolvent ratio (v/v) on particle size (nm), PDI,
and % drug loading; respective figures below each indicate their contour plots.

NMR spectrum, the presence of peaks at § 1.39, 1.66, 2.32, and
4.07 represents the formation of polycaprolactone and
characteristic peaks at 6 3.66 and 3.39 indicate the presence
of methylene units of PEG. Molecular weight of diblock
copolymer was determined by '"H NMR and GPC. '"H NMR
data represents molecular weight of the polymer to be ~15207
Da whereas GPC data showed Mn and Mw of 12 147 and
14955 Da respectively with molecular weight distribution of
1.98 (Supporting Information; Figure S2). Yield = 89%.

2.2. Optimization of Polymeric Nanoparticles. The
optimization of drug-loaded polymeric nanoparticles was
fabricated by quality by design (QbD) approach using design
of experiments. Moreover, it suggests the optimized batch
using a minimum number of trials by statistically varying
process parameters. Response surface methodologies such as
CCD and Box-Behnken design are normally explored for
evaluating the differences between the variables. However, we
have used CCD design for optimizing polymeric nanoparticles.
Polymeric nanoparticulate system prepared by a nano-
precipitate technique mainly relies on the rapid diffusion of
solvent across the interface between the solvent—polymer and
aqueous phase. From the preliminary studies, the drug/
polymer and the solvent/nonsolvent ratios showed significant
effect on selected responses such as mean particle size, PDI,
and percent drug loading. Five levels of independent variables
were selected (Supporting Information; Tables S1 and S2) and
the results obtained are represented in Table 1. This design
gives information about polynomial equations involved in
interaction effects of independent variables and its responses.
The validation of these polynomial equations generated by
software were evaluated statistically by using analysis of
variance. Response surface plots generated were used to
study the effects of the predesigned responses such as particle
size, PDI, and percent drug loading. The attentive observation
of polynomial equations and surface plots results in under-

standing the effects of each variable independently and in
combination with other variables on each response.

The full quadratic model equations for particle size
(Supporting Information, S1), PDI (Supporting Information,
§2) and % drug loading (Supporting Information, S3) were
generated by response surface regression process by using
design expert software as follows

Particle size = +355.408 — 196.75A — 1865.09B — 345.8AB
+ 536.7324° + 3537.891B

PDI = +0.218 + 0.016A — 0.779B — 0.866AB + 0.717A" + 2.261B*

9% drug loading = +5.805 + 30.972A — 9.887B — 18.266AB
— 17.363A + 62.651B*

where, A is drug/polymer ratio (w/w) and B is solvent/
nonsolvent ratio (v/v)

By clearly examining the coeflicient of equations and
response surface plots %Figure 1), it shows that the particle
size, PDI, and percent drug loading are highly dependent on
both the selected independent variables. The positive and
negative signs in the polynomial equation suggest the increase
and decrease in particle size, PD], and percent drug loading
with respect to the factor. As there is an increase in the drug/
polymer ratio, an increase in the particle size, PDI, and percent
drug loading was observed. Herein, the amount of drug was
kept constant by varying the amount of polymer. From the
response surface plots, the amount of polymer increase
resulted in a decrease in particle size and PDI. This kind of
behavior might be due to the higher concentration of
hydrophilic moiety (mPEG) as the polymer concentration
increases. The role of mPEG in nanoparticle is to act as a
capping agent which in turn behaves as a shield on the growing
particle hence the particle cannot grow after certain extent.
Increasing the concentration of mPEG in turn reduces the
average size of particles and PDI. Moreover, with the increase
in drug/polymer ratio, enhancement of percent drug loading

DOl: 10.1021/acschemneuro.9b00343
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was observed but above the ratio of 0.5 the particle size and
PDI increased in steady increments.

An increase in solvent/nonsolvent ratio, the particle size,
PDI, and percent drug loading were found to decrease until the
ratio of 0.25 and after that the increase was observed. This kind
of alternations may be because of a change in the viscosity of
the dispersion formed during processing. Increased viscosity of
the dispersion by alternation of solvent/nonsolvent ratio
resulted in high viscous resistance against the shear force
during the forming of nanoparticles.

The overlay plot was generated for the prediction of
optimized formulation, and the independent variables were
optimized by numerical and graphical methods, whereas
optimized formulation was selected from design space in the
overlay plot (Supporting Information; Figure S3). The selected
criterion for the optimized region was to obtain minimal
particle size, PDI and maximum percent drug loading.
Moreover, the predicted results obtained for the responses
such as particle size, PDI and percent drug loading were
validated by comparing them to the actual experimental values.
The differences between the predicted and experimental values
were found to be from —6.34 to 5.11. The predicted versus
experimental values demonstrated correlation with each other
indicating good reliability of the model (Table 2).

Table 2. Experimental Design Model Validation

responses predicted values experimental values % residuals
particle size (nm) 100.76 107.15 + 3.64 —6.34
polydispersity index 022 021 + 0.08 455
% drug loading 1743 1654 £ 121 511

The morphological characteristics and absolute size of the
nanoparticles were determined by FE-SEM and HR-TEM
(Figure 2). The absolute size was found to be between 100 and
120 nm for both characterization techniques which is
concordant with dynamic light scattering (DLS) size. Nano-
particles were found to be uniformly spherical in shape without
showing any aggregation. Redispersibility index was found to
be 1.02 + 0.02 with 5% trehalose. The residual content analysis
of the organic solvent acetonitrile and triethylamine was
estimated by headspace-gas chromatography. As per guide-
lines, acetonitrile belongs to class 2 solvents and triethylamine
belongs to class 3 solvents and the content of organic solvent
in the lyophilized formulation was found to be below the
acceptable limits (Supporting Information, $4).

2.3. Surface Coating of Optimized Nanoparticles by
Polysorbate-80 and ApoE-3 Conjugation to the Coated
Nanoparticles. The particle size of D1-NPs before coating
was found to be 107.15 + 1.48 with a zeta potential of 0.79 +
0.26, whereas after coating with 1% polysorbate-80 the particle
size was 124.26 + 2.19 with a zeta potential of —6.97 + 0.99.
However, the D3-NPs showed the particle size of 137.65 +
2.69 with a zeta potential of —2.08 + 0.36. The increased
particle size of the polymeric nanoparticles provides a coating
over the surface. The conjugation efficiency of ApoE3 was
found to be 27.21 + 2.58%.

2.4. Protein Binding Assay. Protein adsorption plays an
important role in stability of nanoparticles in the blood. The
nanoparticles with a lipophilic surface have a tendency to
adsorb proteins on their surface, which can result in promoting
their opsonization and macrophage recognition, therefore
increasing the clearance rate leads to elimination from systemic

Sire Dustribution by Intensdy

Zeta Potential Distrbuton

Figure 2. Characterization of polymeric nanoparticles by DLS (a) size, (b) zeta potential, and absolute size by (c) FE-SEM and (d) HR-TEM.

D
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circulation. By utilizing hydrophilic moieties like PEG or
poly(ethylene oxide) (PEO), researchers have tried to reduce
the protein adsorption of the nanoparticles. PEG and PEO
helps in the formation of “stealth” nature to the nanoparticles,
resulting in decreased clearance rate leading to increased blood
circulation by restricting interactions with the components of
bloodstream.”*** These compounds are nontoxic and already
classified as Generally Regarded as Safe (GRAS) by the United
States Food and Drug Administration. In this study, we have
used PEG in the polymeric system and incubated D1-NPs, D2-
NPs, and D3-NPs with 4% BSA (physiological concentration).
The protein adsorption for D1-NPs, D2-NPs, and D3-NPs
were found to be 4.15 + 2.12, 3.89 + 1.79, and 3.59 + 2.08%,
respectively. The presence of PEG units over the surface of
nanoparticles resulted in the low protein adsorption, thereby
increasing the circulation half-life in blood.

2.5. In Vitro Drug Release Studies. The in vitro drug
release pattern for the nanoformulations were studied using a
dialysis method, and the drug release profile is shown in Figure
3. DNP loaded nanoparticles observed a biphasic release

In-vitro release profile

3 8 8

Cumulatice % drug release
Qo Q (=]

[
(=]

o

680
Time (h)

100 120

Figure 3. In vitro drug release profile of DNP at pH 7.4 (mean + SD,
n=3)

pattern, and an initial burst release within 1 h of ~40% of drug
was released followed by a sustained release pattern until 96 h.
It can be concluded from the release studies that the mPEG—
PCL nanoparticles exhibit sustained a drug release pattern. The
sustained drug release from all of the nanoparticles can be
ascribed to better encapsulation of the drug in the interiors of
the nanoparticles, as shown from percent entrapment studies.
To predict the release pattern mechanism, the data was fitted
in different mathematical models like zero order, first order,
Higuchi, Korsmeyer—Peppas, and Hixson—Crowell. Table 3
shows the release constants and its regression coeflicient values
for the respective model. On the basis of the regression
coeflicient values, it can be concluded that all the nanoparticles
exhibit Korsmeyer—Peppas model with a Fickian diffusion
release pattern (n < 0.43). This release mechanism might be

due to degradation of the nanoparticles and leads to creation of
fine pores through which the DNP can be diffused.

2.6. Stability Studies. 2.6.1. Stability of Polysorbate-80-
Coated and Apo-E-Functionalized Polysorbate-80-Coated
Nanoparticles in SGF and SIF. The effect of simulated
biological fluids on particle size, PDI and percent entrapment
efficiency (EE) is shown in Table 4. Significant changes in
particle size, PDI and percent EE were observed in D2-NPs
due to degradation of the surface coating. Minor differences in
particle size, PDI and percent EE were observed in D3-NPs
although the changes were insignificant due to the stability of
coating in biological fluids. Moreover, it was observed that a
percentage of surfactant coating remaining in SGF was 89.48 +
6.4% for D3-NPs and 46.8 + 5.3% for D2-NPs. A similar
pattern was observed after 6 h of incubation in SIF, where the
percentage of coating remaining for D3-NPs was found to be
86.54 £ 3.9% and 39.72 + 5.4% for D2-NPs. These findings
suggest that the percentage coating of polysorbate-80
remaining/protected was significantly more in D3-NPs than
D2-NPs due to the stability of ApoE3 in gastrointestinal fluids.

2.6.2. Long-Term Stability Studies. The long stability study
for nanocarrier delivery system is the major parameter to be
considered and should thoroughly characterize its resuspend-
ability. Long-term stability studies were performed as per the
ICH guidelines for all formulations. The size, PDI, and zeta
potential were evaluated for 3 months where the formulations
were stable and did not show any significant change in
comparison to initial sample (Table 5). Moreover, lyophilized
polymeric nanoparticles showed less than 1 min for
redispersion. Thus, the designed lyophilized formulations
were found to be stable under various storage conditions.

2.7. Cell Culture Studies. 2.7.1. Cell Viability Assay. The
cytotoxicity of pure drug and nanoparticles were determined in
the HepG2 and U-87 cells using the MTT cytotoxicity assay.
The MTT assay measures cellular oxidative metabolic activity
based on the activity of NAD(P)H-dependent dehydrogenase
enzymes. The effect of various concentrations (50—500 pg/
mL) of DNP on the viability of HepG2 (Supporting
Information; Figure S4) and U-87 cells (Figure 4) were
explored. The cell viability above ~85-90% in the
concentration range 50—150 pg/mL, indicates the biocompat-
ibility and nontoxicity of the polymeric nanoparticles.
However, DNP showed 50—60% cell viability in HepG2 cells
and 60—70% viable cells in U87 cell lines at the concentration
range 300—500 pg/mL, whereas DNP polymeric nanoparticles
showed slightly less cytotoxicity in both HepG2 and U-87 cells.
These results indicate that the DNP polymeric nanoparticles
are biocompatible in the concentration range 50—500 ug/mL
and can further be utilized at slightly higher concentrations and
thus are appropriate as drug carriers.

2.7.2. Cellular Uptake Studies. D3-NPs showed signifi-
cantly higher uptake into the U87 cells (85.96+ 1.86) in

Table 3. Drug Release Kinetic Modeling

D1-NPs D2-NPs D3-NPs
mathematical modeling parameters R? parameters R parameters R
zero order Ky 1.08 0.8598 Ky 111 0.8618 Ky 058 0.8732
first order Ky: 0.02 0.9147 K;: 0.03 0.9130 K,: 0.03 09476
Higuchi Ky 9.30 0.9350 Kz 9.50 0.9326 Ky 9.67 0.9550
Korsmeyer—Peppas Kg: 30.27; n: 0.19 0.9735 Ky: 31.14; n: 0.19 0.9688 Ky: 26.87; n: 0.23 0.9871
Hixson—Crowell Kyt 0.007 0.8996 Ky 0.007 0.8998 Kiye: 0.008 0.9295
E DOl: 10.1021/acschemneuro.9b00343
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Table 4. Stability of Polymeric Nanoparticles in Simulated Gastric Fluids”

PDI

particle size (nm)

D3-NPs

D2-NPs

D3-NPs

D2-NPs

D3-NPs

D2-NPs

91.09 + 1.98
91.09 + 1.98

022 + 0.06 90.79 + 291
021 + 0.09 90.79 £ 291

0.19 + 0.06
0.19 + 0.06

final
0.33 £ 0.12
0.45 £ 0.11

0.17 £ 0.03
0.17 £ 0.03

13848 + 2.94
13848 + 2.94

initial
12248 + 2.09
12248 + 2.09

media
SGE pH 1.2
SIF pH 6.8

8829 + 2.15
86.18 + 236

64.15 £ 3.51
59.18 + 4.39

141.88 + 1.98

95.12 + 3.15
8623 + 2.18

“Results were represented as mean + SD, n = 3.

143.18 + 2.33

comparison to the pure drug (45.94 + 2.65); this might be due
to its nanosize and surface modifications for active targeting
(Figure 4).

2.8. Pharmacokinetic Studies. The pharmacokinetic
studies for pure drug, D1-NPs, D2-NPs, and D3-NPs were
performed in wistar rats. Mean + SD plasma concentration
versus time profile for DNP solution and all the nanoparticles
is shown in Figure 5. As per our previous report, a
biexponential decline in the plasma concentration was
observed for DNP, hence data was fitted in a two-
compartmental model.*® After oral administration of DNP
and its formulations at a dose of 5 mg/kg, the drug was
absorbed quickly and the peak plasma concentration was
reached at approximately 0.7 h as represented in the Table 6.
The D3-NPs exhibited ~6.1-fold (p < 0.05) increase in plasma
elimination half-life (t,/,5) than DNP solution, indicating slow
distribution and elimination of the drug. The AUC, , was
found to be higher in D3-NPs (16532.19 + 776.54 ng-h/ml) in
comparison to other formulations and the pure drug, which
indicated the long circulating ability of the formulation in
plasma. The clearance (Cl) of D3-NPs showed ~13.38-fold (p
< 0.05) decrease than the pure drug.

2.9. In Vitro in Vivo Correlation. Level-A (IVIVC) model
was developed using the drug dissolution and in vivo data.*”
The IVIVC profile is essential for dosage form development
and also for quality control point of view. IVIVC plot
displaying correlation between plasma concentration (ng/mL)
and fraction bioavailability versus time (h) of the formulations
were determined (Supporting Information; Figure SS).
Further, statistical parameters percent prediction errors for
Cpnax and AUC were within the limits with a fold error less than
10 for the selected internal validation formulation (Supporting
Information; Table S3).

2.10. Biodistribution Studies. Biodistribution studies
were performed to identify the potential nanoformulation for
the brain targeting efficiency after oral administration. DNP
distribution pattern was quantified in all the major organs. The
concentration time profiles of brain and liver are represented in
Figure 6. It has been observed that the D3-NPs showed ~5.8-
fold (p < 0.05) increase in the brain uptake and ~15.30-fold (p
< 0.05) decrease in brain clearance in comparison with the
pure drug (Table 7). Moreover D1-NPs and D2-NPs also
exhibited the same trend but the highest brain uptake was
observed in D3-NPs due to be presence of ApoE3 lipoprotein
carrier. Moreover, D3-NPs has a strong affinity with LDL-R,
binds specifically to these receptors, and enters the brain due
to the presence of ApoE3 coating. Apart from this, ApoE3 has
antioxidant and antiamyloidogenic activity which helps in rapid
amyloid beta clearance.”” DNP has been reported for
hepatoxicity due to excess accumulation at liver, and D3-NPs
showed significant decrease in the liver might be because of
bypassing of liver and targeting moieties attached over the
surface of nanoparticles.”” On the other hand, significantly
reduced concentrations were noticed in the other organs also
(Supporting Information; S5). Moreover, these finding
suggested that the biodistribution studies were complementary
to the systemic pharmacokinetic data as well as cellular uptake
studies by U-87 cells.

2.11. Pharmacodynamic Studies. To explore the
pharmacodynamic efficacy of DNP, the AChE inhibitory
activity was estimated in the brain samples (Figure 7). The
data obtained from the pharmacodynamic studies are in
correlation with the brain concentration levels, as the

DOl: 10.1021/acschemneuro.9b00343
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Table 5. Long-Term Stability Studies”

long-term stability studies (storage conditions 25 + 2 °C, 60 + 5% RH)

size (nm) PDI zeta potential (mV)
sampling
time DI1-NPs D2-NPs D3-NPs D1-NPs D2-NPs D3-NPs D1-NPs D2-NPs D3-NPs
initial 107.15 + 1.48 124.26 + 2.19 137.65 + 2.69 024 + 0.04 0.18 + 0.02 0.21 £+ 0.05 0.79 £+ 026 —-697 £ 099 -2.08 + 0.36
after 1 11025 + 2.18 128.15 + 1.98 141.32 + 3.65 026 + 0.06 0.21 + 0.06 0.19 + 0.07 0.81 + 0.15 =704 £ 119 =222 + 0.63
month
after 2 11518 + 3.18 131.09 + 4.12 148.18 + 2.65 025 + 0.03 0.19 + 0.04 0.22 + 0.06 072 + 033 —6.88 + 098 -249 + 0.54
month
after 3 114.09 + 2.41 12948 + 3.29 145.17 £+ 3.18 026 + 0.04 0.21 + 0.03 0.23 £+ 0.08 0.80 + 0.19 =707 £ 0.89 =295+ 0.71
month
“Results were represented as mean + SD, n = 3.
MTT Assay in U87 cells Cellular uptake studies
1104 =
= DNP L =3 DNP
100- - D1-NPs 2 80 | =3 D1-NPs
% - ~ D2-NPs g 3 D2-NPs
® -+ D3-NPs S 604 : | B D3-NPs
> 80- 5 . z
@ 2 40 | i [
© 704 =
° 70 2
60 2 204 ‘ ‘
vc 50 100 150 300 500 4 6 12 24
Concentration (pg/mL) Time (h)

(A)

(B)

Figure 4. Cell culture studies of nanoparticles in (A) MTT assay in U87 cells. (B) Cellular uptake studies in U87 cells.
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Figure 5. Plasma concentration—time profile for DNP (mean + SD, n
= 4).

maximum inhibitory activity was achieved in 1 h itself;
thereafter, a decrease in activity was observed. Moreover, in
D3-NPs the AChE inhibitory activity was found to be
significantly high in comparison with the pure drug. The
maximal inhibitory action was observed at 1 h, which clearly
indicates the pharmacological action of DNP and in agreement
with the tissue distribution data. Therefore, the data obtained
in this study was found to be reliable and can be utilized for
pharmacokinetic—pharmacodynamic modeling.

3. CONCLUSION

In summary, we have fabricated ApoE3 coated polymeric
nanoparticles using QbD approach for enhancing the brain
uptake by oral route. Brain permeation of neuroactive agents is
the major challenge. The in vitro data in simulated gastric
fluids suggested that polysorbate 80 coating was found to be
stable in ApoE3-coated nanoparticles and the concentration of
polysorbate 80 remaining on the surface was in agreement with

Table 6. Pharmacokinetic Parameters of DNP after Per Oral (5 mg/kg) Administration in Rats

parameter units pure drug

T h 048 + 0.01
Cinax ng/mL 237.76 + 56.18
Ty h 028 + 001
Tipp h 630 £ 091
Ka 1/h 2.69 + 006
Ky 1/h 043 £ 001
K 1/h 150 + 032
K, 1/h 0.63 + 0.04
AUC h X ng/mL 1235.57 + 29848
CL mL/h/kg 404671 + 198.15

DI1-NPs D2-NPs D3-NPs
0.70 + 0.03 0.69 + 0.02 0.69 + 0.02
446.46 + 89.15 466.16 + 72.29 48461 + 8649
051 + 0.02 0.67 £ 0.06 0.68 + 0.05
28.83 + 2.19 39.39 & 348 44.79 + 3.18
242 + 0.09 2.84 £ 0.05 299 +0.15
0.08 + 0.01 0.06 £ 0.01 0.04 £ 0.01
0.87 £ 0.19 0.67 + 0.09 0.63 + 0.06
042 + 0.05 0.33 £ 0.04 036 £ 0.03
10203.48 + 315.15 13097.33 L 395.14 16532.19 + 386.12
490.03 £ 95.11 381.76 + 86.28 30244 + 5448
G DOl: 10.1021/acschemneuro.9b00343
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Figure 6. Brain and liver concentration—time profile for DNP (mean + SD, n = 3), * indicates p < 0.05, when compared with the pure drug.

Table 7. Brain Pharmacokinetic Parameters of DNP after Per Oral (5 mg/kg) Administration in Rats

parameters units pure drug
Tix h 0.50 £ 0.00
Ciaw ng/mg 69.82 £ 1635
MRT h 11.72 + 298
AUC h X ng/mL 541.01 + 8645
CL mL/h/kg 924191 + 12069

DI1-NPs D2-NPs D3-NPs
1.00 + 0.00 1.00 + 0.00 1.00 + 0.00
5390 + 21.59 8334 + 2694 151.51 + 34.18
4042 £ 726 5220 + 9.54 67.54 + 8.66
222663 + 136.59 3629.89 + 269.89 8274.35 + 298.45
2245.54 + 109.85 137745 £ 7098 60428 + 5532

Brain Pharmacodynamic Profile
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Figure 7. Brain pharmacodynamic data for DNP (mean + SD, n = 3).

the initial coating amount. Moreover, level A correlation was
established using in vitro and in vivo data. ApoE3-coated
polymeric nanoparticles have improved pharmacokinetic
profile and exhibited significant increase in the brain levels of
DNP, which concludes the improvement in the brain uptake of
DNP. From the pharmacodynamic data it is evident that the
AChHE activity was significant with the level of DNP in the
brain.

4. METHODS

4.1. Chemicals. DNP and loratadine were kind gift samples of
Vasudha Pharma Chem Limited (Hyderabad, India). HPLC grade
solvents acetonitrile, methanol and dimethylformamide, dichloro-
methane, hexane, and isopropyl alcohol were procured from Merck

Millipore (MA, U.S.A.). Coomassie brilliant blue G dye was procured
from Himedia (Mumbai, India). Ammonium formate, methoxy
poly(ethylene glycol) (Mn, 5000), tin(II) 2-ethylhexanoate, &-
caprolactone, trehalose, polysorbate 80, pepsin, acetyl thiocholine,
ApoE3, §,5'-dithiobis(2-nitrobenzoic acid) (DTNB), and methyl-
thiazolyldiphenyl-tetrazolium bromide (MTT) were acquired from
Sigma-Aldrich (St. Louis, MO, U.S.A.). Polystyrene standards were
procured from Waters (U.S.A.). Solid-phase cartridges (Clearnert
PEP-3 SPE) were procured from Agela Technologies (Wilmington,
U.S.A.). Ultrapure water was acquired from Milli-Q system (Merck
Millipore, MA, U.S.A.). Dialysis tubing (3.5 kDa) was procured from
Thermo Fischer scientific (Rockford, U.S.A.). Fetal bovine serum
(FBS), dulbecco’s modified Eagle’s medium high glucose (DMEM),
and penicillin—streptomycin solution were purchased from Gibco Life
Technologies (U.S.A.). Dried toluene, triethylamine, cobalt nitrate
hexahydrate, ammonium thiocyanate, bovine serum albumin, sodium
chloride, monobasic potassium phosphate, sodium hydroxide,
pancreatin, sodium phosphate, benzyl alcohol, and diethyl ether
were procured from SISCO research laboratories (SRL, India).

4.2. Synthesis of Amphiphilic Diblock Polymer. Methoxy
polyethylene glycol (Mn ~ 5000 Da, 1 g, 0.2 mmol) was dissolved in
dried toluene. e-caprolactone (131.41 equiv, 3.0 g, 26.28 mmol) was
added dropwise to the above solution in a Schlenk tube, and later
tin(IT) 2-ethylhexanoate (10 mol % of initiator, 15 yL) was mixed and
the reaction was processed under nitrogen atmosphere for about 24 h
at 110 °C.>**® The reaction mixture was further concentrated by
using a rotary evaporator, and the product was dissolved in
dichloromethane and precipitated two times by chilled methanol
and third time with chilled diethyl ether. The polymer was properly
dried, evaluated, and characterized by '"H NMR (Bruker, Germany)
and by gel permeation chromatography (GPC) (Waters, US.A,
Styragel HR column). The polymeric sample was dissolved in

DOl: 10.1021/acschemneuro.9b00343
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dimethylformamide at a concentration of § mg/mL and filtered using
0.4 p syringe filter. The average molecular weight of the polymer was
calculated by GPC equipped with Waters 2414 RI detector.

4.3. Formulation of Polymeric Nanoparticles. Polymeric
nanoparticles were prepared by nanoprecipitation method.>*** In
brief, 12.5 mg of polymer, 5 mg of DNP, and 1.6 uL of triethylamine
(equal molar of donepezil hydrochloride) were dissolved in 1.8 mL of
acetonitrile (organic phase) followed by the dropwise addition to 5
mL of Milli-Q water (aqueous phase) under stirring for 20 min. The
resulting nanodispersion was dialyzed with distilled water for 8 h
using dialysis tubing (MWCO, 3.5 k Da) to remove unentrapped
drug. Water was changed twice during the course of dialysis. With the
help of dynamic light scattering (DLS) method mean particle size, the
polydispersity index (PDI) and zeta potential of nanoparticles were
measured. Morphology of the polymeric nanoparticles was evaluated
by field emission scanning electron microscopy (FE-SEM) (Apreo
LoVac, FEI, U.S.A)) and transmission electron microscope (HR-
TEM) (Technai G2, 200 kV, FEL, U.SA.). Loading efficiency and
entrapment efficiency of DNP in nanoparticles was measured by using
the following formula.**

Loading efficiency (%)
_ Weight of DNP in polymeric nanoparticles
B Weight of polymeric nanoparticles

X 100

Entrapment efficiency (%)
Amount of DNP in polymeric nanoparticles
" Amount of DNP taken in prepartion of polymeric nanoparticles

X 100

4.3.1. Optimization of Polymeric Nanoparticles by Central
Composite Design. A central composite design (CCD) was utilized
to obtain the minimum number of experiments required to optimize
the DNP loaded polymeric nanoparticles using Design-Expert
(Version 8.0.7.1, Stat-Ease Inc., Minneapolis, MN, U.S.A.). On the
basis of preliminary batches, the drug/polymer ratio (A, w/w) was
varied from 0.1 to 0.9 and solvent/nonsolvent ratio (B, v/v) was
varied from 0.02 to 0.48, opted as independent variables. As proposed
by the design, a total of 13 runs were executed for particle size (Y)),
polydispersity index (Y) and percent drug loading (Y;) as the
response (dependent) variables (Table 1). Five center points were
included to evaluate the reproducibility of design. This design gives
information about the interaction effects of independent variables and
its formulation characteristics. Statistical model for each response was
selected based on the highest order polynomial where the additional
terms are significant and the model is not aliased. Analysis of variance
for all the responses were executed and the best fit model was
statistically selected based on various parameters like multiple
correlation coefficient (R?), adjusted, and predicted correlation
coefficients, standard deviation, and coefficient of variance. Graphi-
cally, 3D response surface plots were generated by software. The level
of significance was considered at p-value <0.05. The optimized
nanoformulation (D1-NPs) was prepared as per the predictor profile
for maximum desirability to attain the targeted goal within the design
space. The effect of each independent variable on responses was
analyzed using CCD. Moreover, the model optimization was executed
on the basis of attaining the lowest particle size and PDI with higher
percent drug loading.

The optimized formulation with 5% trehalose as cryoprotectant
was transferred into a 15 mL glass vial, frozen at —80 °C, and then
lyophilized using Freeze-Dry System (LabConco) for 48 h. The
lyophilized nanoformulation was then reconstituted by adding Milli-Q_
water followed by gentle agitation. The dispersed nanoformulation
was evaluated for redispersibility index (S;/S, ratio between particle
size after and before lyophilization); if the value is lower than two,
then the selected cryoprotective system was found to be efficient.
Further the residual organic solvent content (acetonitrile and
triethylamine) in the lyophilized nanoformulation was estimated by
headspace gas chromatography.

4.4, Surface Coating of Optimized Nanoparticles by
Polysorbate-80. Surface coating of optimized nanoparticles by
polysorbate-80 was performed to enhance the brain uptake (D2-
NPs).”>* In brief, freeze-dried nanoparticles were dispersed in water
containing 1% of polysorbate-80 (20 mg/mL of nanoparticles). This
dispersion was further bath sonicated for 10min for complete
dispersion of nanoparticles and then incubated at room temperature
for 30 min. The quantification of surface coating was performed as per
reported methods by colorimetric method using ammonium
thiocyanate and cobalt nitrate hexahydrate.23

4.5. ApoE3 Conjugation with Coated Nanoparticles. The
ApoE3 (20 pg/mL) was finally adsorbed to the lyophilized surface
coated nanoparticles by stirring for 1 h at room temperature and
further bath sonicated for 10 min (D3-NP).” Quantification of
ApoE3 conjugation efficiency was determined as per previously
repc;'?titjl methods by bradford assay using coomassie brilliant blue G
dye.””

y4.6. Protein Binding Assay. Polymeric nanoparticles were
evaluated for its protein binding efficiency using Biuret assay as per
reported methods.” Briefly, 10 mg of polymeric nanoparticles was
incubated with 10 mL of 4% bovine serum albumin (BSA) and placed
in an orbital shaking incubator for 24 h at 120 rpm. The
nanoparticular suspension was centrifuged at 15000 rpm, and the
biuret reagent (4 mL) was added to the supernatant (1 mL) and
incubated for 30 min in the orbital shaker at 120 rpm. Further, the
supernatant was analyzed by UV spectrophotometry (Shimadzu UV-
1800) at 540 nm for unabsorbed protein content. The standard
calibration curve for BSA was plotted in the range of 500—2500 ug/
mL which is used for qua.ntiﬁcation.“

4.7. In Vitro Drug Release Studies. The in vitro release for all
the formulations viz, D1-NPs, D2-NPs, and D3-NPs was investigated
in phosphate buffered saline (PBS, 0.1 M) pH 7.4 under sink
conditions using dialysis membrane method. Briefly, pure drug
solution and all the formulations (equivalent to 1 mg of DNP, n = 3)
were sealed in a dialysis bag (MWCO 3.5 kDa) and dialyzed against
100 mL of PBS (pH 7.4). The samples were maintained at 37 °C in
orbital shaking incubator at 120 rpm. At selected time intervals (0.25,
0.5,1,2,4,6,9, 12, 18, 24, 36, 48, 72, and 96 h), 1 mL aliquots of the
medium were withdrawn followed by replacement of same volume
with the fresh release medium. All the samples were filtered and
analyzed by using in-house developed and validated high-pressure
liquid chromatographic method (HPLC).*® In brief, Shimadzu HPLC
system (Kyoto, Japan) operated by LC solution software (version
1.24 SP1) were utilized to analyze the samples. The analysis was
carried out in Waters, Nova-Pak C18 column (3.9 X 150 mm, 4 ym)
with a mobile phase consisting of acetonitrile and ammonium formate
(pH 5.4; 0.01M) (60:40% v/v) in isocratic mode at a flow rate of 1
mL/min at 268 nm. Under these conditions, DNP was eluted at a
retention time of 3.9 min and a calibration curve was plotted in the
range of 0.1—50 pg/mL. The modeling of release data was evaluated
with different kinetic models like zero order, first order, Higuchi, and
Korsmeyer—Peppas to determine the mechanism of drug release. Best
fit model and release mechanism were identified based on highest
regression values of correlation coefficients for release data.

4.8. Stability Studies. 4.8.1. Stability of Polysorbate-80 Coated
and ApoE3-Conjugated Polysorbate-80-Coated Nanoparticles in
Simulated Gastric Fluid (SGF) and Simulated Intestinal Fluid (SIF).
Stability in SGF and SIF is one of the major concerns which may alter
the in vivo parameters of the nanoformulations. The stability studies
of D2-NPs and D3-NPs in SGF and SIF were carried out as per a
previously reported method.”® In brief, 200 yL of D2-NPs and D3-
NPs were incubated with 1800 uL of respective fluids for 2 h in SGF
while 6 h in SIF and the effect on particle size, PDI, percent EE, and
the intactness of surface coating were determined.

4.8.2. Long-Term Stability of Lyophilized Formulation. The long-
term stability study for all the formulations were performed as per the
International Council for Harmonization (ICH, QILA, R2)3**
Lyophilized polymeric nanoparticles were placed in the stability
chamber at 25 + 2 °C, 60 £ 5% RH for 3 months. All formulations
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were monitored for its size, PDI and zeta potential after 1, 2, and 3
months.

4.9. Cell Culture Studies. 4.9.1. Cell Viability Assay. The human
liver hepatocellular carcinoma cells (HepG2) and human glioblasto-
ma cell line (U87) were procured from National Centre for Cell
Science (NCCS), Pune, India. Cells were cultured in T-25 cm” tissue
culture flasks with DMEM supplemented with 100 units/mL
penicillin, 100 pg/mL streptomycin, and with 10% FBS. Cells were
maintained at 37 °C in humidified 5% CO2 incubator. (Esco
Incubators, India).

The cell viability of pure drug, D1-NPS, D2-NPs, and D3-NPs were
measured by using MTT cytotoxicity assay on both cell lines. In brief,
the cells were subcultured into sterile 96-well plate at a density of § X
10 cells per well. After incubation of the cultures for 24 h to allow the
cells to reach 70—80% confluence, cells were treated with varying
concentration at a range of 50—500 ug/mL of DNP and incubated for
24 hours. Further, the media were removed and replaced with fresh
media (150 yL) containing 0.5 mg/mL MTT dye and incubated for 4
h at 37 °C. The media was removed and 150 uL of DMSO solution
was added to each well. The absorbance was measured at 570 nm with
reference wavelength at 630 nm using Tecan Infinite M200
microplate reader (Tecan, Switzerland). Percentage of cell viability
was calculated as follows

Cell Viability (%) = Absorbance of sample .
Absorbance of control

4.9.2. Cellular Uptake Studies. To understand the cellular uptake
of the developed formulations, human glioblastoma cell line (U87)
was selected. Cultured cells were incubated with the pure drug, D1-
NPs, D2-NPs, and D3-NPs at a concentration of 150 pug/mL (n = 4)
for selected time intervals (4, 6, 12, and 24 h) and the untreated cells
were kept as a control group. Further, media was withdrawn and
centrifuged at 1500 to remove any cell or debris. DNP was extracted
as per our previously developed HPLC method.*® Briefly, 50 uL of
loratadine (internal standard) and 150 L of 10 mM ammonium
formate buffer will be added to the media and followed by solid phase
extraction. Further, samples were analyzed by using HPLC.

4.10. Pharmacokinetic Studies. Animal studies were performed
on male wistar rats procured from central animal facility, department
of pharmacy, BITS-Pilani, Pilani campus, India. Animals were kept in
polyacrylic cages and maintained under controlled conditions (12 h
light/dark cycle, 22 + 1 °C with relative humidity of 60%). Animals
were fed with normal pellet diet and purified water ad libitum. All the
experiments were performed as per IAEC guidelines of BITS-Pilani,
Pilani campus, India (protocol number IAEC/RES/22/05/Rev-1/23/
25). Animals were randomly divided into four groups (each group
consists of 4 animals) viz. the pure drug was dissolved in 0.9% saline,
and D1-NPs, D2-NPs, and D3-NPs were administered orally at a dose
of 5 mg/kg. Blood samples were collected in heparinized
polypropylene disposable tubes from the retro-orbital plexus at
predetermined time intervals. Plasma was separated by centrifuging
the blood samples at 6000 rpm for 15 min and stored at —80 + 10 °C
until analysis.

The plasma samples were analyzed by in-house developed and
validated HPLC method by using loratadine as an internal standard
with solid phase extraction tn:chrquun:.b\6 As per our previous reports,
DNP follows two compartmental analysis, and different pharmaco-
kinetic parameters such as drug concentration, area under curve
(AUC,,,, AUC, ), halfife (t,/,), volume of distribution (V), mean
residence time (MRT), clearance (Cl), and elimination rate constant
were estimated accordingly by Phoenix WinNolin Certera (Pharsight,
U.S.A; version:8.0).>%*

4.11. In Vitro in Vivo Correlation (IVIVC). The IVIVC was
explored using Level-A correlation to establish correlation between in
vitro dissolution and in vivo concentration of D1-NPs, D2-NPs, and
D3-NPs. The model-independent approach viz. numerical deconvo-
lution was 1:narfc:rrm:d.32 The numerical deconvolution involved the
utility of a weighing fraction, unit impulse response (UIR) for which
pharmacokinetics of single iv. bolus dose of pure drug was
namplc:yed.a‘S Regression analysis data was used to validate the

correlation between the fraction of in vivo drug release and in vitro
drug release. Analysis was executed using Phoenix WinNonlin 8.0
with an add-on IVIVC toolkit (CertaraTM, U.S.A.) software. As per
FDA guidelines, the mean absolute percent prediction error (% PE)
for the predicted C_,,, and AUC should not exceed more than 10%.

4.12. Biodistribution Studies. To investigate, the biodistribution
of the pure drug, D1-NPs, D2-NPs, and D3-NPs was administered to
wistar rats orally at a dose of 5 mg/kg, respectively. Animals were
anaesthetized and sacrificed at 0.25, 0.5, 1, 4, 12, 24 h (three rats/time
point) by cervical dislocation. All the organs (brain, heart, lungs,
kidney, spleen, and liver) were collected promptly and thoroughly
rinsed in ice-cold saline to remove blood and other content and
blotted dry with filter paper. Further, the samples were prepared and
analyzed as per our previously reported method ®

4.13. Pharmacodynamic Studies. The level of AChE is the
major biological marker for AD.** AChE inhibitors have a tendency to
restore the level of acetylcholine, and DNP enhances the level of
acetyl choline in the brain by breakdown of AChE in synaptic cleft.
The AChE activity in brain homogenates were carried out as per our
reported method.’*** In brief, 50 L of brain homogenate sample,
500 pL of 10 mM sodium phosphate buffer (pH 8), 50 L of 100 M
acetylthiocholine iodide, and 50 uL of DTNB (Ellman reagent) were
mixed and incubated for 5 min. The absorbance was measured at 412
nm using UV—visible spectrophotometer. Protein content in brain
homogenates was measured Ez the method of Lowry et al,, using BSA
(1 mg/mL) as a standard.™ Results were calculated using molar
extinction coefficient of chromophore (1.36 X 104 M~ ¢cm™) and
expressed as nanomoles per milligram protein. Maximal AChE
inhibition time required for DNP and its formulations were estimated
in brain homogenates.36

4.14. Statistical Analysis. The data is expressed as mean +
standard deviation (SD) and all experiments were independently
repeated at least three times. Statistical analysis was assessed using
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc
multiple comparison tests calculated using GraphPad prism (v 6.0)
with p-values <0.05.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acschemneur-
0.9b00343.

Characterization of polymer including 'HNMR and
GPC; QbD optimization of nanoformulation; residual
organic content estimation in the optimized nano-
formulation; MTT assay in HepG2 cell lines; IVIVC
model statistical validation; biodistribution data analysis
(PDF)

B AUTHOR INFORMATION

Corresponding Author

*Phone: +91 8239703734. E-mail: skdubey@pilani.bits-pilani.
ac.in.

ORCID

Amit Alexander: 0000-0003-0391-7650

Sunil Kumar Dubey: 0000-0002-7554-3232

Author Contributions

K.VK. designed, performed, and wrote the manuscript. G.W.
helped in pharmacokinetic data analysis. A.A. and G.S. helped
in the discussion of results and drafting the manuscript. N.K.
and RK. helped in performing cell culture studies. S.K.D. and
R.N.S. conceived and approved final version of the manuscript.
Notes

The authors declare no competing financial interest.

DOl: 10.1021/acschemneuro.9b00343
ACS Chem. Neurosdi, XXXX, XXX, X0XX—XXX



ACS Chemical Neuroscience

Research Article

B ACKNOWLEDGMENTS

K.VK. would like to acknowledge University Grant Commis-
sion (UGC), India for providing UGC-National fellowship.

B REFERENCES

(1) Citron, M. (2010) Alzheimer’s Disease: Strategies for Disease
Modification. Nat. Rev. Drug Discovery 9 (5), 387.

(2) Hajipour, M. J., Santoso, M. R, Rezaee, F., Aghaverdi, H,,
Mahmoudi, M, and Perry, G. (2017) Advances in Alzheimer’s
Diagnosis and Therapy: The Implications of Nanotechnology. Trends
Biotechnol. 35 (10), 937—953.

(3) Kumar, A, Singh, A, et al. (2015) A Review on Alzheimer’s
Disease Pathophysiology and Its Management: An Update.
Pharmacol. Rep. 67 (2), 195—203.

(4) Association, A. (2018) 2018 Alzheimer’s Disease Facts and
Figures. Alzheimer's Dementia 14 (3), 367—429.

(5) Scarpini, E., Schelterns, P., and Feldman, H. (2003) Treatment
of Alzheimer’s Disease; Current Status and New Perspectives. Lancet
Neurol. 2 (9), 539—547.

(6) Dubey, S. K, Ram, M. S., Krishna, K. V., Saha, R. N., Singhvi, G,,
Agrawal, M, Saraf, S., Saraf, S, Alexander, A., et al. (2019) Recent
Expansions on Cellular Models to Uncover the Scientific Barriers
Towards Drug Development for Alzheimer’'s Disease. Cell. Mol.
Neurobiol. 39 (2), 181—209.

(7) Seltzer, B. (2005) Donepezil: A Review. Expert Opin. Drug
Metab. Toxicol. 1 (3), 527—536.

(8) Seltzer, B. (2007) Donepezil: An Update. Expert Opin.
Pharmacother. 8 (7), 1011-1023.

(9) Birks, J. S., Melzer, D., and Beppu, H. (2000) Donepezil for Mild
and Moderate Alzheimer’s Disease. Cochrane database Syst. Rev. No. 4,
CD001190—-CD001190.

(10) Sabbagh, M., and Cummings, J. (2011) Progressive Cholinergic
Decline in Alzheimer’s Disease: Consideration for Treatment with
Donepezil 23 Mg in Patients with Moderate to Severe Symptomatol-
ogy. BMC Neurol. 11 (1), 21.

(11) Diercks, R. L. R, and Vandewoude, M. F. J. (2008) Donepezil-
Related Toxic Hepatitis. Acta Clin. Belg. 63 (5), 339—342.

(12) Du, H, Liuy, X, Xie, J, and Ma, F. (2019) Novel
Deoxyvasicinone-Donepezil Hybrids as Potential Multitarget Drug
Candidates for Alzheimer’s Disease. ACS Chem. Neurosci. 10, 2397.

(13) Relkin, N. R., Reichman, W. E., Orazem, J., and McRae, T.
(2003) A Large, Community-Based, Open-Label Trial of Donepezil in
the Treatment of Alzheimer’s Disease. Dementia Geriatr. Cognit.
Disord. 16 (1), 15—24.

(14) Agrawal, M., Saraf, S, Saraf, S., Antimisiaris, S. G,, Hamano, N,,
Li, S-D., Chougule, M., Shoyele, S. A., Gupta, U., Ajazuddin, et al.
(2018) Recent Advancements in the Field of Nanotechnology for the
Delivery of Anti-Alzheimer Drug in the Brain Region. Expert Opin.
Drug Delivery 15 (6), 589—617.

(15) Agrawal, M., Tripathi, D. K., Saraf, S, Saraf, S, Antimisiaris, S.
G., Mourtas, S., Hammarlund-Udenaes, M., Alexander, A, et al.
(2017) Recent Advancements in Liposomes Targeting Strategies to
Cross Blood-Brain Barrier (BBB) for the Treatment of Alzheimer’s
Disease. J. Controlled Release 260, 61—77.

(16) Gothwal, A., Nakhate, K. T., Alexander, A, Ajazuddin, and
Gupta, U. (2018) Boosted Memory and Improved Brain Bioavail-
ability of Rivastigmine: Targeting Effort to the Brain Using Covalently
Tethered Lower Generation PAMAM Dendrimers with Lactoferrin.
Mol. Pharmaceutics 15 (10), 4538—4549.

(17) Brambilla, D., Le Droumaguet, B., Nicolas, J., Hashemi, S. H,,
Wu, L.-P., Moghimi, S. M., Couvreur, P., and Andrieux, K. (2011)
Nanotechnologies for Alzheimer’s Disease: Diagnosis, Therapy, and
Safety Issues. Nanomedicine 7 (5), 521—540.

(18) Wen, M. M., El-Salamouni, N. S, El-Refaie, W. M., Hazzah, H.
A, Ali, M. M,, Tosi, G., Farid, R. M,, Blanco-Prieto, M. J., Billa, N,,
and Hanafy, A. S. (2017) Nanotechnology-Based Drug Delivery
Systems for Alzheimer’s Disease Management: Technical, Industrial,
and Clinical Challenges. J. Controlled Release 245, 95—107.

(19) Bhavna, Md, S., Ali, M., Ali, R., Bhatnagar, A., Baboota, S., and
Al, J. (2014) Donepezil Nanosuspension Intended for Nose to Brain
Targeting: In Vitro and in Vivo Safety Evaluation. Int. J. Biol.
Macromol. 67, 418—425.

(20) Wilson, B., Samanta, M. K, Santhi, K, Kumar, K P. S,
Paramakrishnan, N., and Suresh, B. (2008) Poly (n-Butylcyanoacry-
late) Nanoparticles Coated with Polysorbate 80 for the Targeted
Delivery of Rivastigmine into the Brain to Treat Alzheimer’s Disease.
Brain Res. 1200, 159—-168.

(21) Yang, Z.-Z., Zhang, Y.-Q., Wang, Z.-Z,, Wu, K, Loy, ].-N., and
Qi, X-R. (2013) Enhanced Brain Distribution and Pharmacody-
namics of Rivastigmine by Liposomes Following Intranasal Admin-
istration. Int. J. Pharm. 452 (1—2), 344—354.

(22) Das, D., and Lin, S. (2005) Double-Coated Poly
(Butylcynanoacrylate) Nanoparticulate Delivery Systems for Brain
Targeting of Dalargin via Oral Administration. J. Pharm. Sci. 94 (6),
1343-1353.

(23) Mittal, G., Carswell, H., Brett, R,, Currie, S., and Kumar, M. N.
V. R (2011) Development and Evaluation of Polymer Nanoparticles
for Oral Delivery of Estradiol to Rat Brain in a Model of Alzheimer’s
Pathology. J. Controlled Release 150 (2), 220—228.

(24) Nosrati, H., Tarantash, M., Bochani, S., Charmi, J., Bagheri, Z,,
Fridoni, M., Abdollahifar, M.-A., Davaran, S., Danafar, H, and Kheiri
Manijili, H. (2019) Glutathione (GSH) Peptide Conjugated Magnetic
Nanoparticles As Blood-Brain Barrier Shuttle for MRI-Monitored
Brain Delivery of Paclitaxel. ACS Biomater. Sci. Eng. 5 (4), 1677—
1685.

(25) Ruan, H., Chen, X,, Xie, C, Li, B,, Ying, M., Liu, Y., Zhang, M,
Zhang, X, Zhan, C, Lu, W,, et al. (2017) Stapled RGD Peptide
Enables Glioma-Targeted Drug Delivery by Overcoming Multiple
Barriers. ACS Appl. Mater. Interfaces 9 (21), 17745—17756.

(26) Huang, M., Hu, M., Song, Q., Song, H., Huang, ], Gu, X,
Wang, X, Chen, J., Kang, T, Feng, X,, et al. (2015) GM1-Modified
Lipoprotein-like Nanoparticle: Multifunctional Nanoplatform for the
Combination Therapy of Alzheimer’s Disease. ACS Narno 9 (11),
10801-10816.

(27) Song, Q., Huang, M,, Yao, L., Wang, X, Gu, X, Chen, J., Chen,
J, Huang, J.,, Hu, Q, Kang, T, et al. (2014) Lipoprotein-Based
Nanoparticles Rescue the Memory Loss of Mice with Alzheimer’s
Disease by Accelerating the Clearance of Amyloid-Beta. ACS Nano 8
(3), 2345-2359.

(28) Wagner, S, Zensi, A., Wien, S. L., Tschickardt, S. E., Maier, W,
Vogel, T., Worek, F., Pietrzik, C. U., Kreuter, J., and Von Briesen, H.
(2012) Uptake Mechanism of ApoE-Modified Nanoparticles on Brain
Capillary Endothelial Cells as a Blood-Brain Barrier Model. PLoS One
7 (3), No. e32568.

(29) Chen, T, Li, C,, Li, Y., Yi, X, Wang, R, Lee, S. MY, and
Zheng, Y. (2017) Small-Sized MPEG-PLGA Nanoparticles of
Schisantherin A with Sustained Release for Enhanced Brain Uptake
and Anti-Parkinsonian Activity. ACS Appl. Mater. Interfaces 9 (11),
9516—9527.

(30) Baysal, I, Ucar, G.,, Gultekinoglu, M., Ulubayram, K., and
Yabanoglu-Ciftci, S. (2017) Donepezil Loaded PLGA-b-PEG Nano-
particles: Their Ability to Induce Destabilization of Amyloid Fibrils
and to Cross Blood Brain Barrier in Vitro. J. Neural Transm. 124 (1),
33—45.

(31) Brambilla, D., Verpillot, R,, Le Droumaguet, B., Nicolas, ],
Taverna, M, Kona, J., Lettiero, B.,, Hashemi, S. H, De Kimpe, L,
Canovi, M,, et al. (2012) PEGylated Nanoparticles Bind to and Alter
Amyloid-Beta Peptide Conformation: Toward Engineering of Func-
tional Nanomedicines for Alzheimer’s Disease. ACS Nano 6 (7),
5897—5908.

(32) Peng, W, Jiang, X, Zhu, Y., Omari-Siaw, E.,, Deng, W,, Yu, ],
Xu, X, and Zhang, W. (2015) Oral Delivery of Capsaicin Using
MPEG-PCL Nanoparticles. Acta Pharmacol. Sin. 36 (1), 139.

(33) Zamani, S., and Khoee, S. (2012) Preparation of Core-Shell
Chitosan/PCL-PEG Triblock Copolymer Nanoparticles with ABA
and BAB Morphologies: Effect of Intraparticle Interactions on
Physicochemical Properties. Polymer 53 (25), 5723—5736.

DOl: 10.1021/acschemneuro.9b00343
ACS Chem. Neurosdi, XXXX, XXX, X0XX—XXX



ACS Chemical Neuroscience

Research Article

(34) Nehate, C., Moothedathu Raynold, A. A., Haridas, V., and
Koul, V. (2018) Comparative Assessment of Active Targeted Redox
Sensitive Polymersomes Based on PPEGMA-SS-PLA Diblock
Copolymer with Marketed Nanoformulation. Biomacromolecules 19
(7), 2549—2566.

(35) Calvo, P., Gouritin, B., Chacun, H,, Desmaéle, D., D’Angelo, .,
Noel, J.-P., Georgin, D., Fattal, E.,, Andreux, J. P.,, and Couvreur, P.
(2001) Long-Circulating PEGylated Polycyanoacrylate Nanoparticles
as New Drug Carrier for Brain Delivery. Pharm. Res. 18 (8), 1157—
1166.

(36) Krishna, K. V., Saha, R. N,, Singhvi, G,, and Dubey, S. K.
(2018) Pre-Clinical Pharmacokinetic-Pharmacodynamic Modelling
and Biodistribution Studies of Donepezil Hydrochloride by a
Validated HPLC Method. RSC Adv. 8 (44), 24740—24749.

(37) Mulik, R. S.,, Ménkkénen, J., Juvonen, R. O., Mahadik, K R,,
and Paradkar, A. R. (2012) ApoE3Mediated Polymeric Nanoparticles
Containing Curcumin: Apoptosis Induced in Vitro Anticancer
Activity against Neuroblastoma Cells. Int. J. Pharm. 437 (1-2), 29—
41.

(38) Nehate, C., Moothedathu Raynold, A. A., and Koul, V. (2017)
ATRP Fabricated and Short Chain Polyethylenimine Grafted Redox
Sensitive Polymeric Nanoparticles for Codelivery of Anticancer Drug
and SiRNA in Cancer Therapy. ACS Appl. Mater. Interfaces 9 (45),
39672—39687.

(39) Joseph, E.,, Reddi, S., Rinwa, V., Balwani, G., and Saha, R.
(2018) DoE Based Olanzapine Loaded Poly-Caprolactone Nano-
particles Decreases Extrapyramidal Effects in Rodent Model. Int. J.
Pharm. 541 (1-2), 198—205.

(40) Bradford, M. M. (1976) A Rapid and Sensitive Method for the
Quantitation of Microgram Quantities of Protein Utilizing the
Principle of Protein-Dye Binding. Anal. Biochem. 72 (1—2), 248—254.

(41) Hlady, V., Buijs, J., and Jennissen, H. P. Methods for Studying
Protein Adsorption. In Methods in enzymology; Elsevier, 1999; Vol.
309, pp 402—429.

(42) ICH. Stability Testing of New Drug Substances and Products
QIA (R2). International Conference on Harmonization; IFPMA
Geneva, 2003.

(43) Krishna, K. V., Saha, R. N, Puri, A., Viard, M., Shapiro, B. A,,
and Dubey, S. K. (2019) Pre-Clinical Compartmental Pharmacoki-
netic Modeling of 2-[1-Hexyloxyethyl]-2-Devinyl Pyropheophorbide-
a (HPPH) as a Photosensitizer in Rat Plasma by Validated HPLC
Method. Photochem. Photobiol. Sci. 18, 1056.

(44) Parnetti, L., Amici, S., Lanari, A., Romani, C., Antognelli, C,,
Andreasen, N., Minthon, L., Davidsson, P., Pottel, H., Blennow, K,
et al. (2002) Cerebrospinal Fluid Levels of Biomarkers and Activity of
Acetylcholinesterase (AChE) and Butyrylcholinesterase in AD
Patients before and after Treatment with Different AChE Inhibitors.
Neurol. Sci. 23 (2), No. s95-s96.

(45) Ellman, G. L., Courtney, K. D., Andres, V., Jr, and Featherstone,
R. M. (1961) A New and Rapid Colorimetric Determination of
Acetylcholinesterase Activity. Biochem. Pharmacol. 7 (2), 88—95.

(46) Lowry, O. H., Rosebrough, N. J,, Farr, A. L., and Randall, R. J.
(1951) Protein Measurement with the Folin Phenol Reagent. J. Biol.
Chem. 193 (1), 265—-275.

B NOTE ADDED AFTER ASAP PUBLICATION

This paper published ASAP on August 29, 2019 with
misspellings in two authors names due to a production error.
The corrected paper reposted to the Web on August 30, 2019.

DOl: 10.1021/acschemneuro.9b00343
ACS Chem. Neurosdi, XXXX, XXX, X0XX—XXX



Journal of Environmental Pathology, Toxicology and Oncology, 37(3):199-208 (2018)

Herbal Medicines in Neurodegenerative Disorders:
An Evolutionary Approach through Novel Drug

Delivery System

Sunil Kumar Dubey,>* Gautam Singhvi,> Kowthavarapu Venkata Krishna,? Tejas Agnihotri,?

Ranendra Narayan Saha,? & Gaurav Gupta,>*

aDepartment of Pharmacy, Birla Institute of Technology and Science (BITS), Pilani, India; *School of Pharmaceutical
Sciences, Jaipur National University, Jagatpura, Jaipur, India

*Address all correspondence to: Dr. Sunil Kumar Dubey, Department of Pharmacy, Birla Institute of Technology and Science (BITS), Pilani,
333031, India, E-mail: skdubey@pilami bits-pilani ac.in; and Dr. Gaurav Gupta, School of Pharmaceutical Sciences, Jaipur National University,

Jagatpura, 302017, Jaipur, India, E-mail: gauravpharma?25@gmail com

ABSTRACT: Neurodegenerative disorders are one of the most debilitating, chronic, and often irreversible disorders
of the brain and have gained a widespread attention of researchers. Since current therapeutics seem to be inadequate
treatment of these disorders. scientists are exploring their options with herbal drugs. This review discusses herbal con-
stituents with the potential to treat neurological disorders. These herbal drugs, when combined with a novel delivery
system, provide added advantages to nanocarrier systems. The review also presents research on different herbals through
liposomes, polymeric nanoparticles, and solid lipid nanoparticles. The data are collected from various online databases,
including PubMed, ScienceDirect, references from relevant review articles, and other official publications. Broad search
term criteria are followed for searches so that all pertinent information is included.

KEY WORDS: Alzheimer’s disease, herbal drugs, oxidative stress, mitochondrial dysfunction. novel delivery system

ABBREVIATIONS: AD, Alzheimer’s disease; BDNF, brain-derived neurotrophic factor; GSK. glycogen synthase kinase; HD,
Huntington’s disease: HSP, heat shock proteins; NP. nanoparticles; PD, Parkinson’s disease; PEG, polyethylene glycol; PLA,

polylactic acid; PLGA. poly(lactic-co-glycolic acid)

I. INTRODUCTION

Neurodegenerative disorders are a collective termi-
nology comprising disorders that significantly affect
the central nervous system.! Disorders that can be
included in the category of neurodegenerative dis-
orders are Alzheimer’s disease, Parkinson’s disease
(PD), Huntington’s disease, spinal muscular atro-
phy. and spinocerebellar ataxia.

All these diseases are well characterized by pro-
gressive neuronal damage leading to dementia, and they
are commonly found in people older than 65 years.>*

According to the latest Diagnostic and Statisti-
cal Manual of Mental Disorders (DSM), dementia is
characterized by such symptoms as defective mem-
ory, speech, judgment, learning, logical reasoning,
language, planning, and a difficulty in performing
day-to-day activities.

Based on reports from the US Food and Drug
Administration (FDA), there are more than 5 mil-

0731-8898/18/$35.00 © 2018 by Begell House, Inc. www.begellhouse.com

lion people suffering from Alzheimer’s disease in
the United States alone and estimated that there
are currently 46.8 million people suffering from
dementia, globally. Despite the painstaking efforts
of scientists all over the world to find treatments
for Alzheimer’s disease, the FDA has managed to
approve only five drugs: tacrine, donepezil, galan-
tamine, rivastigmine, and the latest approved drug,
memantine, in 2003 ¢

According to reports made by the Parkinson’s
Disease Foundation, more than 10 million people
are suffering from PD globally. In addition, the num-
ber of people diagnosed at an age less than 50 years
is less than 4%. In the United States, there are more
than 60,000 people diagnosed with Parkinson’s dis-
ease every year.”$

Drugs approved by the FDA for treating neu-
rodegenerative disorders often cause many un-
desirable side effects and poor pharmacokinetics
parameters.>!? For this reason, the focus has been
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shifted to find herbal medicines that can be used to
treat neurodegenerative disorders.

Some common pathological processes of neu-
rodegenerative disorders are oxidative stress, mito-
chondrial dysfunction, and protein aggregation.!!-12
These diseases also show evidence of oxidative
damage, ion and metal dyshomeostasis, aberrant
signal transduction, and mitochondrial dysfunction,
which leads to cell death. Oxidative stress is the
process of unregulated production of reactive oxy-
gen species, such as hydrogen peroxide, superoxide,
nitric oxide, and highly reactive hydroxyl radicals,
which finally increases the metal content in cells and
leads to neuronal cell death.

Il. METHODOLOGY

An extensive literature search was conducted on re-
cent developments of herbal therapies used to treat
neurodegenerative disorders. Various search en-
gines were explored, such as Google Scholar (http://
scholar.google.com), and database searches were
also carried out. Databases included PubMed (http://
www.ncbi.nlm.nih.gov/pubmed), Medline (https://
www.medline.com), Scopus (http://www.scopus.
com), and ScienceDirect (http://www.sciencedirect.
com). This review investigates the herbal constit-
uents that have the potential to treat neurological
disorders. These herbal drugs, when combined with
a novel delivery system, provide added advantages
of nanocarrier systems. The review also reveals re-
search done on different herbal compounds com-
bined with liposomes, polymeric nanoparticles, and
solid lipid nanoparticles.

Ill. HERBAL MEDICINES IN NEURO-
DEGENERATIVE DISORDERS

Medicinal plants have been known for their thera-
peutic properties since the Vedic Period. Because of
their low toxicity, herbal medicines are attracting the
attention of scientists. The previoiusly mentioned
problems associated with current therapeutics, sci-
entists are now emphasizing novel drug delivery
systems of herbal medicines for the treatment of
neurodegenerative disorders."*!* Use of herbal med-
icines are well explored in other conditions such as

Dubey et al.

those affecting the eye, some of which have used
targeted drug delivery systems.>"’

Important herbal medicines known for their
abilities to ameliorate the symptoms of neuro-
degenerative disorders are discussed in the next
sections.

A. Curcumin

Curcumin, a polyphenolic antioxidant found in
turmeric (Curcuma longa) has been widely stud-
ied for its multifarious properties in different dis-
orders including Alzheimer’s disease.”® Curcumin
is known to bind B-pleated sheets (on the positive
charge on amino acids) and modulates aggregation
of AP-pleated sheets because of diketone bridges in
its structure. Curcumin also acts via heat shock pro-
teins (HSPs) pathway. HSPs are molecular chaper-
ones that are involved in protecting cells from toxic
oligomers of huntingtin, a-synuclein, tau, and Ap
by degrading them. Curcumin activates HSP 70,
HSP 90, HSP 60, and HSP 40, and in turn, helps
to reduce aggregation of misfolded AP proteins.
Data also suggest that in an AD model, curcumin
nanoparticles promote neurogenesis by promoting
BDNF and by regulating GSK 3f through Wnt/p-
catenin pathways.” Figure 1 shows the molecular
targets of curcumin.

B. Centella

Centella asiatica: The extract of centella was shown
to prevent cognitive deficits in an intracerebroven-
tricular streptozotocin model of AD in rats. It is be-
lieved that an antioxidant mechanism is involved.
Asiatic acid, the main constituent of C. asiatfica
has been shown to reduce hydrogen peroxide—in-
duced cell death and lower levels of intracellular
free radicals. Asiatic acid has beneficial properties
for treating dementia. It also protects cultured cor-
tical neurons from excitotoxicity induced by gluta-
mate activation. The memory enhancing activity of
C. asiatica may be due to the acetylcholinesterase
inhibiting activity of asiatic acid and betulinic acid,
which may be a potential leads for the symptomatic
treatment of AD.?® Figure 1 shows the different mo-
lecular targets of centella.
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FIG. 1: The molecular targets of curcumin and centella (Nrf-2, nuclear factor-like 2; Ho-1, heme oxygenase: GST,

glutathione S-transferase; BIM., pro-apoptotic protein)

C. Ashwagandha

Withania somnifera: Scientists have been investi-
gating the properties of Withania plants as a treat-
ment for Alzheimer’s disease. The study has lead
to a clinical trial for withanamide. The hypothesis
put forward by scientists was that accumulation of
p-amyloid peptides is responsible for damaging cells
in the hippocampal region of the frontal lobe of the
brain. Withanamides are supposed to have the prop-
erty of neutralizing the effects of B-amyloid peptides.
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Withanamides are also known for scavenging free
radicals that are generated during the initial stages
of Alzheimer’s disease. They have been found to
be effective in the treatment of PD, AD, and HD. A
methanol/ethanol extract (3:1) of Withania was use-
ful against AP induced neurotoxicity.!

D. Chinese Herbs

Two Chinese medicines, yi-gan san (YGS) and
chaihu-jia-longgu-muli tan (CLMT), were reported
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to reduce symptoms of Huntington’s disease (HD)
in four patients.”? In earlier studies, YGS was also
tested in clinical trials and shown to be effective in
treating dementia.?

Shenwu capsule and GEPT (a combination of
five Chinese active herbal components) showed an-
ti-HD properties by decreasing amyloid cytotoxicity
and the level of AP, respectively, and are presently
at different phases of clinical trials.”

E. Brahmi

Bacopa monnieri: It contains bacoside A, bacoside
B, betulinic acid, stigmasterol, stigmastanol, p-man-
nitol, B-sitosterol. Bacoposides have been shown to
be effective against AD by inhibiting acetylcholin-
esterase activity.2

F. Shankhpushpi

Convolvulus pluricaulis: Tt contains convoline, con-
volidine, convolvine, confoline, convosine, kaemp-
ferol, and the steroid phytosterol. Generally, learning
and memory functions are associated with the hip-
pocampal region of the brain, which is affected in
Alzheimer’s disease. This plant extract acts through
acetylcholinesterase reduction in a dose-dependent
manner, alleviating the symptoms of Alzheimer’s
disease.”

G. Huperzia

Huperzia serrata: It consists of lycoposerramine
H, serratidine, obscurumine A, 1la-O-acetyl-ly-
copodine, huperzine A, huperzine B, huperzinine,
Iycodine. It is especially used to treat Alzheimer’s
disease.?* The extract is known to be the powerful
inhibitor of acetylcholinesterase.

H. Ginseng

Panax ginseng: It consists of ginsenosides, or sapo-
nins, 20(S)-protopanaxadiol (PPD) and 20(S)-pro-
topanaxatriol. It helps to reduce the aggregation
of amyloid plaques and interferes with hyperphos-
phorylation of tau protein. Thus, it can be used in
the symptomatic treatment of Alzheimer’s disease,

Dubey et al.

Parkinson’s disease, and Huntington’s disease.”* In
light of Alzheimer’s disease, an open-label study
was conducted to find out whether ginseng is clin-
ically beneficial to Alzheimer’s patients. Based on
results of cognitive performance tests (Mini-Mental
State Examination and Alzheimer’s Disease Assess-
ment Scale) after administering ginseng at 4.5 g/day
for 12 weeks, scores were found to increase, indi-
cating progressive improvement in cognitive ability.
On another hand, after discontinuation of ginseng
treatment for 12 weeks, scores became normal and
corresponded to the control group.”

I. Euphorbia

Euphorbia denticulata: This plant contains one of
the important classes of triterpenoids. It contains
polyphenolic compounds, such as catechin, epicat-
echin, gallic acid, p-hydroxybenzoic acid, and ros-
marinic acid. A methanolic extract of flowers and
leaves of E. denticulata was found to be a potent
inhibitor of the enzymes acetylcholinesterase and
butyrylcholinesterase, and it can be used in treating
neurodegenerative disorders. It is also an antioxi-
dant and a free radical scavenger.’

IV. POLYMERS USED IN NOVEL DELIVERY
SYSTEMS FOR NEURODEGENERATIVE
DISORDERS

A. Chitosan

Chitosan is a biodegradable and biocompatible
polymer obtained from the polysaccharide chitin.
Chitin is often found in the exoskeleton of fungi,
crustaceans, and yeasts. Chemically, chitosan is
composed of a linear chain of N-acetyl-p-glucos-
amine and D-glucosamine attached by p-1.,4-glyco-
sidic bond. It has the ability to form water-soluble
salts. The molecular weight of chitosan is the decid-
ing factor for encapsulation efficiency, with low mo-
lecular weight chitosan giving higher encapsulation
efficiency. Low molecular weight chitosan is ob-
tained from high molecular weight chitosan through
depolymerization by adding sodium nitrate, strong
acids such as hydrochloric acid, sulfuric acid, and
phosphoric acid. To cross the blood-brain barrier
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(BBB), chitosan requires surface modifications. The
surface changes also help to stabilize nanocarriers in
the altered blood composition found in Alzheimer’s
patients. Alkylated chitosan, sugar modified chi-
tosan, quaternized chitosan, and PEGylated chitosan
are some of the examples of modified chitosan. For
Alzheimer’s disease, N-trimethyl chitosan (TMC)
bound to chitosan has been extensively studied for
its stability in blood because of electrostatic interac-
tions between negatively charged sialic acid residues
on glycoprotein part on BBB and cationic TMC.”’

B. Poly(Lactic-Co-Glycolic Acid)

Poly(lactic-co-glycolic acid) (PLGA) is approved by
the FDA as a synthetic copolymer of lactic acid and
glycolic acid residues that yield a biocompatible and
biodegradable polymer. Aluminum isopropoxide,
and tin-2-ethyl hexanoate are examples of catalysts
used in the synthesis of PLGA. Depending on the
molar ratio of lactide and glycolide, different grades
of PLGA are produced. PLGA polymer is especially
useful in nanoparticulate drug delivery systems.
Quercetin loaded PLGA nanoparticles were formu-
lated and evaluated for the treatment of Alzheimer’s
disease. PLGA nanoparticles of rivastigmine were
also successfully formulated and evaluated.”’

C. Polylactic Acid

Polylactic acid is yet another FDA approved polymer
used for sustained release delivery of drugs. It is a
hydrophobic polymer consisting of lactic acid mono-
mers. It is available in two optical isomer forms:
D-lactide and r-lactide. The racemic mixture is amor-
phous in nature with lower tensile strength than poly
L-lactic acid. Apart from its property of biocompat-
ibility, it also shows one striking feature. It can be
molded for use in scaffolds, sutures, films, micelles,
and nanoparticles. To impart a hydrophilic part to the
polymer, PLA can be surface modified with PEG.%

D. Poly(Alkyl Cyanoacrylate)

Different derivatives of cyanoacrylates are being
used as nanocarriers, including methyl, ethyl, isobu-
tyl, and 2-octyl derivatives. Polyisobutylcyanoacryl-
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ate derivatives are specifically used for targeted
delivery within the brain. Scientists studied sele-
giline-functionalized PEGylated fluorescent poly(al-
kyl cyanoacrylate) nanoparticles and their interaction
with amyloid AP peptide (1-42). Amyloid AP peptide
inhibited fibrillogenesis and proved to be beneficial in
tackling Alzheimer’s disease. Different cyanoacetate
derivatives were used: fluorescent thodamine B cya-
noacetate; methoxypolyethylene glycol cyanoacetate
for stealthing; hexadecyl cyanoacetate as a hydropho-
bic core for nanoparticles; and selegiline-PEG-CA.*

V. NOVEL DRUG DELIVERY AND
PHYTOCONSTITUENTS

A. Resveratrol

Conventional drug delivery systems such as dry
powders are problematic because of their poor phar-
macokinetic properties. Low aqueous solubility,
first pass metabolism to a greater extent, and low
stability towards light result in low bioavailability.
Because of these problems, a need for nanoformula-
tions of resveratrol is underscored.*

1. Polymeric Micelles

Resveratrol loaded polymeric micelles were formu-
lated to assess the drug’s ability to counteract p-amy-
loid toxicity in PC12 cells. Micelles were prepared
from block copolymers, which tend to self-assemble
above with critical micellar concentration (CMC).
The particle size was not larger than 100 nm, with
drug loading 20% w/w and encapsulation efficiency
of 89%, an in vitro study was carried out with 35%
initial burst for 8 h and then sustained release for
5 days. Cells were shown to be protective against
p-amyloid toxicity when preincubated with resver-
atrol for 12 h. This was due to the drug’s ability to
reduce oxidative stress and caspase-3 activity.*!

2. Polymeric Nanoparticles

Various biodegradable polymers are used to formu-
late nanoparticles. Poly(lactic acid), polycaprolac-
tone, poly(ethylene glycol), and PLGA are some
examples. Scientists formulated resveratrol loaded
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methoxy-PEG-PCL nanoparticles (mPEG-PCL-NP).
They found that loaded mPEG-PCL NP showed free
radical scavenging activity compared to free resver-
atrol in aqueous solution. By formulating polymeric
nanoparticles of resveratrol, it becomes possible to
overcome some of the pharmacokinetic problems.
Furthermore, scientists also formulated resveratrol
loaded PEG-PLA NP and transferrin modified PEG-
PLA NP. Transferrin receptors are abundantl on
brain capillaries and useful for targeting delivery to
the brain. Nanoparticles were found to be approxi-
mately 150 nm in diameter with drug loading 4.4%
w/w and an encapsulation efficiency of 80%. An in
vitro study showed sustained release for the first 24
h with not more than 10% of resveratrol released.*
Figure 2 illustrates the general scheme of the method
used to prepare polymeric nanoparticles.

B. Breviscapine

Breviscapine is a flavonoid from the Chinese me-
dicinal herb Erigeron breviscapus (Compositae)

Polymer + Drug
Organic Phase

Evaporation of

or%anic ghasg
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and known to have a neuroprotective role against
ischemia. Multivesicular liposomes (MVL) were
prepared for breviscapine (Bre) to prolong its action
through a sustained release formulation. Liposomes
were prepared by double emulsification process with
phosphatidylcholine, phosphatidylglycerol, choles-
terol, and triolein or tricaprylin. The mean residence
time of MVL-Bre was found to be 16 times longer
than Bre solution.*

C. Curcumin

Polymeric nanoparticles of curcumin were formu-
lated using a PEG-PLA diblock copolymer and PVP
as a stabilizer. With a multiinlet vortex mixer and
flash nanoprecipitation, curcumin was successfully
loaded into particles. Particles were found to be
well below 100 nm in diameter. An in vitro study
was performed on a Madin-Darby canine kidney
cell monolayer for assessing permeability through
the BBB. An in vivo test was done on Tg2576 mice
(transgenic mice). Sixty mice were divided into

SEERE
® Drug
Polymeric
O Nanoparticle

FIG. 2: Preparation method of polymeric nanoparticles using solvent evaporation or nanoprecipitation technique

Journal of Environmental Pathology, Toxicology and Oncology



Herbal Medicines in Neurodegenerative Disorders

three groups, each containing 20 mice, for treat-
ment with nanocurcumin or curcumin, or control.
The results showed that there was an appreciable
increase in the concentration of curcumin in plasma
when curcumin nanoparticles were administered
compared to ordinary curcumin. Also, there was a
sixfold increase in area under the curve and mean
residence time of curcumin in the brain compared to
ordinary curcumin.**

Curcumin magnetic nanoparticles were formu-
lated with a magnetic resonance imaging (MRI)
technique. It was revealed through study that there
was no instance of any cytotoxicity in human neu-
roblastoma cells or Madin-Darby canine kidney
cells.®

The tolerability and efficacy of curcumin ad-
ministered through oral route was studied in a ran-
domized, double-blind, placebo-controlled clinical
trial. It lasted 24 weeks and 36 people with some
symptoms of Alzheimer’s disease were enrolled.
Measurement of plasma levels of curcumin and
its metabolites, as well as the performance of pa-
tients based on the Alzheimer’s Disease Assessment
Scale, was checked after 24 weeks. No clinically
significant differences were found between treat-
ment groups as far as efficacy and bioavailability
were concerned.*

D. Rivastigmine

Rivastigmine is one of the drugs approved by the
FDA for the treatment of Alzheimer’s disease. It is
a semisynthetic derivative of physostigmine, which
is obtained from calabar beans. To date, different
nanoformulations of rivastigmine have been exam-
ined, including solid lipid nanoparticles, polymeric
nanoparticles, and liposomes.

1. Rivastigmine Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLNs) contain lipids such
as ftriglycerides, fatty acids, steroids, and waxes for
the core part, and emulsifiers for stabilizing the for-
mulation. The particles were in the range from 10
to 1000 nm in diameter. It is possible to incorpo-
rate both hydrophilic and hydrophobic drugs into
SLNs. SLN uptake by the brain is supposed to take
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place through the interaction of endothelial cells
at the BBB, and plasma proteins getting adsorbed
on SLNs. In one study, scientists used GMS, com-
pritol, and PA (Precirol) as lipids. Poloxamer-188
and tween 80 were used as surfactants. SLN of 1i-
vastigmine was formulated by high-speed homog-
enization. Different batches were prepared, and
depending on the ratio of drug to lipid, and the quan-
tity of surfactant used, particle size varied from 130
to 300 nm and encapsulation efficiency ranged from
40% to 80%.%

2. Rivastigmine Nanoparticles

Rivastigmine PLGA nanoparticles were formulated
by the nanoprecipitation method. Particle size was
around 135 nm in diameter, and entrapment effi-
ciency was 75%. Another formulation of poly(butyl
cyanoacrylate) (PBCA) NP loaded with rivastig-
mine was studied and evaluated with a particle size
of around 145 nm and entrapment efficiency of
57%. Although an in vitro study showed that 30%
and 45% of the drug was released for 72 hours from
PLGA and PBCA NP, respectively.*’

Herbal medicines and their respective novel for-
mulations for neurodegenerative disorders are sum-
marized in Table 1.

VI. CONCLUSION

Although a lot of research has focused on neurode-
generative disorders, cures are still elusive because
of our limited understanding of the pathogenesis of
neurological disorders. There are drugs available
that can only be used for palliative care. Addition-
ally, these drugs are often subjected to a number
of side effects; therefore, there is growing interest
in phytoconstituents. Chinese, Indian, and Arabic
medicinal plants are screened for their phytocon-
stituents and reported to be an excellent alternative
for drugs. Since the last decade, collaborative re-
search on novel delivery systems for herbal drugs
has focused on treatment of neurodegenerative dis-
orders. This review summarizes the research work
on herbal drugs through the formulation of poly-
meric nanoparticles, polymeric micelles, solid lipid
nanoparticles, and liposomes.
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TABLE 1: General overview of herbal medicines and their novel formulations

Dubey et al.

Sr.
No.

Plant source

Novel System

Particle
Size

Entrapment
Efficiency

Reference

1

Resveratrol

Formmulated polymeric micelles to assess drug’s
potential to protect against beta amyloid toxicity
in PC12 cells. Formulation showed initial burst
release of 35% within first 8 hours and sustained
release over 5 days.

Not more

than
100 nm

89%

38

Resveratrol

Formulation of mPEG-PCL nanoparticles to as-
sess antioxidant properties of drug. Compared to
free Res aqueous solution, Res NP showed more
anti lipid peroxidation and radical scavenging
property. Moreover, PCL degrades more slowly
than other polymers like PEG, PLA .PLGA, etc.,
so find use in sustained release formulations

150 nm

80%

39

Rivastigmine

Formulation of solid-lipid nano-particles by
homogenization and ultrasonication method.
Optimization by 3 factorial design with factors
as Drug: Lipid, surfactant conc, homogenization
tume

130-00 nm

40-80%

40

Rivastigmine

Formmulation of PLGA nanoparticles by modified
nanoprecipitation method. Optimization by 33
factorial design with factors like polymer conc,
surfactant conc and volume of internal phase. In
vifro release rate was found to be decreased when
lactide content and mol wt of polymer increased

135 nm

75%

41

Rivastigmine

Formmulation of PBCA nanoparticles by in situ
anionic emulsion polymerization method. Op-
timization by 3? factorial design with surfactant
conc. and monomer conc. as two factors. In vifro
release rate was decreased as hydrolysis rate was
decreased due to shielding of longer chains of
hydrophobic alkyl groups against hydroxyl ions
on ester group of polymers

145 nm

57%

42

Curcumin

Formmulation of magnetic nanoparticles made of
superparamagnetic iron oxide and coating with
PEG-PLA block co-polymers. Microscopy study
by TEM and AFM and structural study by XRD,
TGA. No cytotoxicity was seen in MDCK cell
lines

70-90 nm

60-90%

43

Curcumin

Formmulation of PEG-PLA nanoparticles by flash
nanoprecipitation method. Evaluation of formula-
tion in Tg2576 mice model and in vifro as well

60—70 nm

96-97%

mPEG-PCL: methoxy-Poly(ethylene glycol)-Poly(caprolactone);NP: Nanoparticles; PCL: Poly(caprolactone); PEG: Poly(eth-
ylene glycol); PLA: Poly(D.L-lactide); PLGA: Poly(lactic-co-glycolic acid); PBCA: Poly(butylcyanoacrylate); PEG-PLA:
Poly(ethylene glycol)-Poly(D.L-lactide); TEM: Transmission electron microscope; AFM: Atomic force microscopy; XRD: X-ray
powder diffraction; TGA: Thermogravimefric analysis.
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VII. FUTURE DIRECTIONS

The burden of neurological disorders on people, es-
pecially among the aged population, is increasing at
an alarming rate. To confront these disorders, sci-
entists all over the world are trying their best to get
the situation under control, be it through hormonal
therapy, antioxidants and vitamin therapy, stem cell
treatment, gene therapy, siRNA therapy, or herbal
drugs. As far as Alzheimer’s disease is concerned,
only aducanumab, a human recombinant monoclo-
nal antibody, is in phase I1I trial, whereas other NCEs
failed during earlier trials. Herbal drugs delivered
through novel nanocarriers prove to be a better op-
tion. As the potential of nanodrug delivery for neu-
rological disorders has already been strengthened
through extensive research, herbal drugs delivered
through these novel systems may yield methods to
combat neurodegenerative disorders in the future.
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Abstract

Globally, the central nervous system (CNS) disorders appear as the most critical pathological threat with no proper cure.
Alzheimer’s disease (AD) is one such condition frequently observed with the aged population and sometimes in youth too.
Most of the research utilizes different animal models for in vivo study of AD pathophysiology and to investigate the potency
of the newly developed therapy. These in vivo models undoubtably provide a powerful investigation tool to study human
brain. Although, it sometime fails to mimic the exact environment and responses as the human brain owing to the distinctive
genetic and anatomical features of human and rodent brain. In such condition, the in vitro cell model derived from patient
specific cell or human cell lines can recapitulate the human brain environment. In addition, the frequent use of animals in
research increases the cost of study and creates various ethical issues. Instead, the use of in vitro cellular models along with
animal models can enhance the translational values of in vivo models and represent a better and effective mean to investigate
the potency of therapeutics. This strategy also limits the excessive use of laboratory animal during the drug development
process. Generally, the in vitro cell lines are cultured from AD rat brain endothelial cells, the rodent models, human astro-
cytes, human brain capillary endothelial cells, patient derived iPSCs (induced pluripotent stem cells) and also from the non-
neuronal cells. During the literature review process, we observed that there are very few reviews available which describe
the significance and characteristics of in vitro cell lines, for AD investigation. Thus, in the present review article, we have
compiled the various in vitro cell lines used in AD investigation including HBMEC, BCECs, SHSY-5Y, hCMEC/D3, PC-2
cell line, bEND?3 cells, HEK293, hNPCs, RBE4 cells, SK-N-MC, BMVECs, CALU-3, 7W CHO, iPSCs and cerebral orga-
noids cell lines and different types of culture media such as SCM, EMEM, DMEM/F12, RPMI, EBM and 3D-cell culture.
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Introduction

AD is a progressive neurodegenerative disorder, considered
as a prime cause of dementia which affects the routine activ-
ity and daily life of the patient. The statistics show more than
5.4 million cases of dementia only in the USA in the year
2016 (Alzheimer’s Disease Facts and Figures 2017; Agrawal
et al. 2018a) from which AD accounts for about 50-75%
of all. In 2016, globally 47 million people have dementia
which was supposed to rise by three folds till 2050 (Martin
Prince et al. 2016; Alladi et al. 2010; Anand et al. 2017).
AD affects various functions of the brain like memory, cog-
nition, behavior, and learning abilities, regulated through
the entorhinal cortex, hippocampus, frontal, parietal, and
temporal lobe of the brain (Kumar et al. 2015; Giacobini
1994; Wood et al. 2005). The formation of f-amyloid (A)
plaques and hyperphosphorylated t-protein tangles are the
pathological hallmarks of AD resulting in degeneration of
neurons or affecting the neurotransmission (Agrawal et al.
2018a). Depending on the age of onset, AD is of two types:
early-onset AD (EOAD) and late-onset AD (LOAD). EOAD
is generally associated with mutations in presenilin and APP
genes, while LOAD, mainly associated with the constant
weakening and damage of nerve cells and brain function
with aging (Szigeti and Doody 2011; Davis and Laroche
2003). LOAD is primarily characterized by amnesia, while
EOAD, associated with visuospatial and motor dysfunction
(Tellechea et al. 2018; Kupershmidt et al. 2012).
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The brain remains the most vital organ of our body pro-
cessing all the information, memory, coordination, volun-
tary and involuntary actions—the human brain composed
of three prime regions including cerebrum, cerebellum,
and medulla oblongata. AD primarily affects the cerebrum,
further divided into occipital, temporal, parietal and frontal
lobes (Arshavsky 2014). The loss of memory and cognitive
functions are the primary features of AD which are due to
neuronal degeneration in the temporal lobe (hippocampus)
and frontal lobe, respectively (Agrawal et al. 2018b). In later
stages, it affects another region of cerebrum responsible for
vision (occipital lobe) and motor function (parietal lobe)
(Arshavsky 2014; Hyman 1997).

Blood-Brain—Barrier (BBB) along with the vascu-
lar system acts as a shield to the central nervous system
(CNS) preventing the entry of various harmful substances
(Boursereau et al. 2015; Agrawal et al. 2017). Being highly
lipophilic, it restricts the entry of hydrophilic molecules
and allows the passage of specific lipophilic substances via
passive diffusion. Although, it permits the transfer of some
tiny hydrophilic particles through the small gaps of tight
junctions (TJs) (Agrawal et al. 2017, 2018b). Small hydro-
phobic gases like O, and CO, can diffuse freely across the
barrier. In addition, the paracellular pathway relies on the
concentration gradient and permeability of the compounds,
thus restricting macromolecules. The TJs are the essential
characteristic feature of BBB which holds the brain capil-
lary endothelial cells tightly to maintain the strength of the
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BBB (Jiang et al. 2007). There are mainly three TJs proteins,
claudins, occludins and junctional adhesion proteins which
can use as biomarkers to examine the BBB integrity (Wolff
et al. 2015). BBB primarily consists of five types of cells;
astrocytes, endothelial cells, pericytes, neurons, and micro-
glia collectively called the neurovascular unit. Endothelial
cells act as the central basal membrane part of the BBB
lining. Astrocytes release several chemicals that retain and
increase the strength of the barrier. Usually, in the in vitro
cell culture, astrocytes are co-cultured along with endothe-
lial cells to increase the TJs complexity and transendothelial
electrical resistance (TEER) value (Zhang et al. 2010). Peri-
cytes are also crucial in maintaining the integrity of BBB.
Their absence results to increase the permeability of BBB by
inhibiting the expression of TJ proteins (Keaney and Camp-
bell 2015). In all, the BBB creates a significant hurdle for a
drug to reach the brain and this becomes a massive challenge
for the researchers. Hence, a proper understanding of the
BBB is essential to develop a potential AD therapy.

For the establishment of any new therapy, scientists need
some in vivo tools like animal models or postmortem brain
(preclinical study), to evaluate the efficacy of the therapy.
These tools are presently very popular in scientific interven-
tions. However, the success rate is abysmal as it is challeng-
ing to replicate the exact state of AD as in the human body
because of physiological, pathological and genetic difference
between human and the animal (Cundiff and Anderson 2011;
Dohgu et al. 2004). In addition, it is difficult to arrange or to
work on the human brain. Moreover, the in vivo animal stud-
ies are very expensive, complicated and have some ethical
issues (if excessively done). Thus, to overcome these hurdles

nowadays in vitro studies are being carried out which mimic
the condition of AD to a greater extent. The combination of
both the in vivo and in vitro models offers a more promising
way to investigate the disease pathophysiology, associated
factors, disease progression and potency of the therapy. The
advantages and limitations of the in vitro cell models used
to study the human brain, neurodegenerative disorders, and
screening of therapeutics are discussed in Table 1. In this
review article, we have discussed the histopathological fac-
tors of AD and the in vitro cellular models used for under-
standing the disease initiation, progression and mechanism
and in drug discovery and development process for AD.

Pathophysiology of AD

Amyloid Cascade Hypothesis and APP (Amyloid
Precursor Protein) Processing

APP gene situated on chromosome 21 gets decoded to
form APP. It is a transmembrane protein with a glyco-
sylated N-terminal and a C-terminal projecting out and
into the cell, respectively (Fig. 1). APP gets cleaved by
three secretase enzymes, namelya, p and y. N-terminal
of the protein gets cleaved by a-secretase to form sAPPa
(secreted APPa), leaving behind the C-terminal with
83-amino acids (Musardo and Marcello 2017). Similarly,
p-secretase also act on the N-terminal forming sAPPp and
99-AA C-terminal. The formed 99-AA C-terminal gets
cleaved by y-secretase at the transmembrane regions pro-
ducing AP 40 (soluble) or 42 (insoluble) and C-terminal.

Table 1 Advantages and limitations of in vitro cell models used to investigate AD pathophysiology, disease progression, and drug screening

Advantages
It provides a relatively simple, less invasive and economical method to

recapitulate different parts of the human brain, nerve cells and BBB
(Gumbleton and Audus 2001)

It offers a potential means to investigate various drug diffusion process
across the BBB including the paracellular and transcellular drug diffu-
sion, active transport and metabolism (Zhang et al. 2014a)

It demonstrates the undefined interaction of cellular material and drug
which cannot be studied by in silico techniques (Gumbleton and
Audus 2001)

The primary culture of BCEC more prominently resembles the in vivo
cells (Gumbleton and Audus 2001)

The amyloidogenic response of rodent model differs from the human
brain in such condition the iPSC and hESC (human embryonic stem
cell) derived BCEC and nerve cells more prominently recapitulate the
AD brain condition (Carolindah et al. 2013; Sullivan and Young-
Pearse 2017)

The patient-derived iPSCs and 3D cerebral organoids offer a more pre-
cise way to recapitulate the human brain and disease progression, as it
is originated from the human cell (Poon et al. 2017)

Limitations

It just provides a primary tool to investigate the disease pathology and
drug screening and give a supportive direction for further in vivo
and clinical investigations (Arber et al. 2017)

The immortalized in vitro cell line mostly fails to recreate the perfect
paracellular barrier for investigation of drug permeability (Gumble-
ton and Audus 2001)

It cannot fully recapitulate the microarchitecture and all the cellular
functions of the organ (Wang 2018)

Among all the available in vitro models, no one can correctly reiterate
all the cellular mechanisms including cell interactions, toxicity,
response to drug, metabolism, etc. (Ghallab 2013)
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Fig.1 a-secretase and p-secretase acts on APP to form sAPPa and
sAPPp leaving aside the C-83 and C-99 amino acid terminal aside,
respectively. C-99 is acted upon by y-secretase forming AP-40/42

The remaining internal domain migrating to the nucleus
regulates the expression of genes. Sometimes the 99-AA
C-terminal gets cleaved by caspases resulting in the pro-
duction of the neurotoxic peptide (31AA C-terminal)
(Mattson 2004; Maloney and Bamburg 2007b). Ap 40 is
a soluble form of amyloid p peptide, cleared through the
BBB. The insoluble AB42 forms small aggregates which

and an internal domain which migrates to the nucleus causing gene
expression. In some instances, C-99 is cleaved by caspases to form
C-31, which is a neurotoxin

further converted into the harmful plaques (Table 2). The
AP aggregate causes an imbalance in calcium homeosta-
sis and reactive oxygen species (ROS) (Bachmeier et al.
2011; Martins et al. 1991; Maloney and Bamburg 2007a).
It is also found to alter the physiology of mitochondria
by enlarging the size of mitochondrial transition pores
and sometimes even causes the apoptosis of mitochondria
(Kumar and Singh 2015).

Table 2 Etiological factors and enzyme activity responsible for AD progression

S. no. Etiological factor Protein Enzyme Proteolytic products Behavior

1 Amyloid cascade hypothesis APP a-secretase sAPPa Promote neurite outgrowth and improves
memory (Chow et al. 2010)

2 p-secretase sAPPp Activate death receptor 6 (DR6), induce
axonal disintegration (Kwak et al. 2006)

3 a and y-secretase AP17-40/42 Amyloid plaque formation (Wei et al. 2002)

P and y-secretase AP1-40/42, Ap11-40/42 Amyloidogenic (Barritt and Viles 2015;

Schmidt et al. 2009)

5 Caspase-3 C31 Neurotoxic (Zhang et al. 2011)

6 Tau Hyperphosphorylation ~ Tau protein Caspase-3 and 7 N-terminal fragment Inhibit ROS production, participate in intrinsic
apoptosis (Brentnall et al. 2013)

7 Calpain Multiple curtailed species Production of neurotoxic tau fragment (Fer-

reira and Bigio 2011)
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T -Protein

T-protein is a microtubule-associated protein which stabi-
lizes the structure of nerve cell (Mandelkow and Mandelkow
2012). In AD there is an imbalance between kinases and
phosphatases enzyme leading to the detachment of t-protein
with microtubule, thereby disturbing the structure of the cell
which further promotes the aggregation of 1-protein (Kalra
and Khan 2015; Blennow et al. 2001). This results in the for-
mation of neurofibrillary tangles (a dead/collapsed neuron).
Neurofibrillary tangles (NFT), the hallmarks of t-protein
pathogenesis in AD occupy the space present in the peri-
nuclear cytoplasm of cortical pyramidal cells. NFTs, are
formed by aggregation of paired helical filaments (PHFs)
(Fig. 2; Table 2) (Wischik et al. 2014; Jouanne et al. 2017;
Igbal et al. 1994). The aggregates of T-protein are notori-
ous for declining the activity of proteasome leading to cell
death by the atypical accumulation of proteins and also initi-
ates subsequent cascade reactions. It also activates immune
responses by activating microglial, and astrocytes thus favor
the development of neuroinflammation (Laurent et al. 2018).

Cholinergic Hypothesis

The depletion of acetylcholine (ACh) is one of the primary
cause of AD which results in loss of cognitive functions
and memory impairment. The reduction in ACh level is the
consequence of the gradual death of cholinergic neurons

in basal forebrain and collapse of neurotransmission in the
cerebral cortex and hippocampus (Martorana et al. 2010).
The downfall of neurotransmission is due to the damage of
cholinergic nerve synapse by Ap oligomers, formed in the
early stages of AD (Ferreira-Vieira et al. 2016).

Mitochondrial Cascade Hypothesis

This hypothesis mainly has three postulates first, the toler-
ability of individual mitochondrial DNA (mtDNA) over the
produced ROS; second, the decrease in the mitochondrial
functions is interrelated with aging and environmental fac-
tors and third, the changes in mitochondrial function with
progressing AD (Swerdlow et al. 2014). These three factors
affect the functioning of mitochondria by damaging mtDNA
resulting in apoptosis or destructive mitochondrial electron
transport chain (ETC). It increases the ROS levels, causing
oxidative stress in plasma membrane inducing the soluble
AP to adopt insoluble conformation (Swerdlow and Khan
2004).

Excitotoxicity

Glutamate, the primary excitatory neurotransmitter involved
in the memory and learning functions that are affected in
AD. Glutamate receptors are of two types: ionotropic
(NMDA) and metabotropic receptors (G-coupled). Neuro-
degeneration generally saw in later stage due to the toxic
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Other post-translational modifications

Tau protein

L
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’)O})r \9’/&.‘9/ v
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Fig.2 Formation of neurofibrillary tangles of T—protein (1) hyper-phosphorylation/ misfolding/conformational changes in T protein leading to

club formation forming paired helical filaments (PHFs). (2) PHFs aggregate to form neurofibrillary tangles (NFTs)
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effects of glutamate mediated by AB. AP interferes with
excitatory amino acid transport (EAAT) and NMDA recep-
tor (NMDA NR2a) thereby, blocking the uptake of glu-
tamine (Mehta et al. 2013). Thus, the excess glutamine pre-
sent in the synaptic cleft activates the extra-synaptic NMDA
receptors (NMDA, NR2p) thereby, reducing the intracellular
release of calcium ion and leading to activation of patho-
genic pathways like hyper-phosphorylation of t-protein
(Esposito et al. 2013).

Genetic Factors
Presenilin

Presenilin-1 (PS-1) and Presenilin-2 (PS-2) are the homolo-
gous proteins obtained from PSEN-1 gene present on chro-
mosome-14 and PSEN-2 gene on chromosome-1, respec-
tively. It plays a vital role in the formation and activity of the
y-secretase enzyme (Cacquevel et al. 2012). The mutations
in PSEN-1 & 2 affects the functioning of PS-1 & 2 causing
overexpression of y-secretase resulting in producing abnor-
mal quantities of Ap. The mutations in PS-1 and PS-2 are
mainly involved in LOAD and EOAD, respectively. Muta-
tions in PS-1 alters the calcium channel in glutamatergic
neurons (Salek et al. 2010).

ApoE

ApoE is an essential lipid carrier responsible for the trans-
fer of lipid in the brain and also involves repairing inju-
ries. ApoE exists in allelic forms such as E,, E; and E,
among these the E4 alleles, are more prone to develop AD.
The ApoE, facilitates the formation of Ap42 or assists the
Ap aggregation and also decreases the AP clearance rate
(Liu et al. 2013). It affects the extracellular Ap degradation
by reducing the expression of insulin-degrading enzyme
(IDE) in the brain (Kanekiyo et al. 2014) which may lead to
neurodegeneration.

Other Associated Factors
Oxidative Responses

The production of ROS is common in cells, responsible for
aging and related disorders. Our body has a proper defensive
mechanism which minimizes the oxidative stress-induced
diseases. In AD-like condition, the natural defense mecha-
nism becomes poor and results in uncontrolled ROS genera-
tion (Butterfield et al. 2006; Zhu et al. 2005). The increased
amounts of ROS induced overproduction of A, increas-
ing the expression of f and y-secretases, destroying the
mtDNA, and altering the metabolism of metals and lipids.
The relation between the Ap and ROS is vivid because the
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overproduction of either of the one initiates the production
of the other. These factors lead to the formation of A aggre-
gation, hyperphosphorylation of T-protein, finally leading to
apoptosis (Tonnies and Trushina 2017; Mark et al. 1996).

Immune and Inflammatory Mediators

In the brain, the immune and inflammatory mediators, pro-
duced in response to the neural infection or trauma. Astro-
cytes and microglial cells play a significant role in releas-
ing the mediators. The activation of astrocytes releases the
cytokines, proinflammatory mediators and cyclooxygenase
which activates microglial cells (COX-1). The activated
microglial cells may become phagocytic which removes
infectious organisms or dead cell debris or may produce
subsequent inflammatory mediators (Zhao et al. 2018).
Some studies revealed that these cells abundant around the
Ap-aggregates/plaque. The released mediators may cause
synaptic dysfunction, apoptosis or necrosis of neurons,
astrocytes, and microglia (Morales et al. 2014).

Environmental Factors

Environmental factors contribute to about 30% risk of
acquiring AD. It includes the exposure of various metals
(copper, aluminium), pesticides (organophosphates), chemi-
cals from industries (bisphenol A), air pollutants and antimi-
crobial agents (polychlorinated organic compounds). Each
factor act in a different way for example copper stimulates
the AP plaque formation, aluminum increases the oxidative
stress, air pollutants like CO, NO, and SO, increases the pro-
duction of ROS, antimicrobials alter the immune response,
and pesticides cause neurotoxicity or change the cell signal-
ing (Yegambaram et al. 2015).

Aging
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