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Rapid progress in tissue engineering research in past decades has opened up vast possibilities to tackle
the challenges of generating tissues or organs that mimic native structures. The success of tissue en-
gineered constructs largely depends on the incorporation of a stable vascular network that eventually
anastomoses with the host vasculature to support the various biological functions of embedded cells. In
recent years, significant progress has been achieved with respect to extrusion, laser, micro-molding, and
electrospinning-based techniques that allow the fabrication of any geometry in a layer-by-layer fashion.
Moreover, decellularized matrix, self-assembled structures, and cell sheets have been explored to replace
the biopolymers needed for scaffold fabrication. While the techniques have evolved to create specific
tissues or organs with outstanding geometric precision, formation of interconnected, functional, and
perfused vascular networks remains a challenge. This article briefly reviews recent progress in 3D fab-
rication approaches used to fabricate vascular networks with incorporated cells, angiogenic factors,
proteins, and/or peptides. The influence of the fabricated network on blood vessel formation, and the
various features, merits, and shortcomings of the various fabrication techniques are discussed and
summarized.

© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Tissue regeneration requires the simultaneous growth of vas-
culature to facilitate the diffusional mass transfer of nutrients,
oxygen, growth factors, biochemical signaling factors, carbon di-
oxide, and metabolic waste from the surroundings to cells and vice
versa [1,2]. In particular, the vascular network should reach within
100-200 um of the tissue to avoid ischemic conditions and cell
death [3]. Blood vessels with different diameters (~4-300 um)
spread in a complicated fashion (i.e., fractal shapes) into tissue to
exchange nutrients, gas, and metabolites to a huge cell population
[4]. Capillaries in the vascular network play a vital role in the mass
transfer mechanism. Therefore, tissue regeneration with scaffolds
requires the incorporation of an interconnected capillary network
with vessels located every 100-200 um in all directions.

Tissue vascularization is a complex process that develops through
vasculogenesis and angiogenesis in vivo [4-6]. In vasculogenesis,
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endothelial progenitor cells (EPCs) migrate to an ischemic site, pro-
liferate, and differentiate to form capillary vessels, while angiogenesis
occurs when new blood vessels sprout from existing ones according
to a gradient of angiogenic factors [5,7]. The blood vessels formed by
either vasculogenesis or angiogenesis are eventually remodeled and
mature as per the demands of specific tissues through the upregu-
lation of various growth factors.

Taking into account the in vivo vasculature formation mechanism,
a number of 3D fabrication approaches have evolved over past dec-
ades to mimic the native vascular network. Direct and indirect bio-
printing approaches have proven promising for the fabrication of
large 3D tissue constructs with intricate vascular networks. The use
of coaxial needles in extrusion-based (EB) systems revolutionized
these biofabrication techniques and resulted in the ability to print
lumen-incorporated strands. Indirect biofabrication is convenient
when scaffolding biopolymers demonstrate poor printability and
manipulation complexity. In this regard, sacrificial biopolymers are a
smart choice of scaffolding material in vascular network fabrication.
In addition to EB biofabrication, several potential approaches in-
cluding micro-pattern fabrication and assembly, laser-based fabrica-
tion, nano-scale fabrication, and natural matrix recellularization have
evolved to generate vascular networks. Stacking 2D micropatterned
substrates or micro tissue modules results in the formation of com-
plex interconnected vascular networks. Laser-based fabrication

2095-1779/© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2018.08.005
https://doi.org/10.1016/j.jpha.2018.08.005
https://doi.org/10.1016/j.jpha.2018.08.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2018.08.005&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2018.08.005&domain=pdf
mailto:mas921@mail.usask.ca
mailto:xbc719@mail.usask.ca
https://doi.org/10.1016/j.jpha.2018.08.005

278 M.D. Sarker et al. / Journal of Pharmaceutical Analysis 8 (2018) 277-296

allows both 2D and 3D fabrication in a layer-by-layer fashion in the
presence of a photo mask, donor substrate, photo sensitive polymer,
or photo initiator. Electrospinning, an advanced fabrication technique
reported in numerous studies [8-11], supports the fabrication of
extracellular matrix (ECM)-like nano-scale filaments that enhance
the interaction with endothelial cells (ECs). Seeding ECs into decel-
lularized tissue matrix promotes vascularization, with the prepara-
tion process affecting the quality of the native matrix.

A review of recent progress with respect to tissue vascularization
with available fabrication techniques is necessary to guide future
research. Several articles have focused on the synergistic effect of
cells, biopolymers, angiogenic factors, and fabrication approaches in
terms of tissue vascularization. However, review articles that focus on
recent progress in terms of 3D vasculature formation techniques are
lacking. This article provides a brief overview of the 3D biofabrication
of vascular networks with EB, laser, electrospinning, stacking of mi-
cropattern or modules, and cell sheet techniques; discusses the effect
of prevascularization on the vascular network formed by the various
fabrication techniques; summarizes the challenges, advantages, and
shortcomings of different fabrication approaches; and proposes po-
tential future research directions.

2. Rapid prototyping
2.1. Bio-printing vascular networks

Macro-scale tissue constructs require well connected vascular
networks to ensure the viability of the large cell population embedded
or seeded in the scaffold. Embedded tissue-/organ-specific cells re-
quire time to form functional tissues and, during this period, require
nutrients, gas, and biomolecules to maintain metabolism, proliferation,
and differentiation and enable remodeling. Therefore, researchers have
attempted to form perfusable capillary networks within macro-en-
gineered grafts seeded with different types of cells. Specifically, some
researchers have used rapid prototyping (RP) or additive manu-
facturing techniques to form complex capillary networks with hy-
drogel-based, fugitive, and sacrificial ink. Extrusion- (e.g. 3D bioplot-
ting, and inkjet printing) and laser-based (e.g. stereolithography)
techniques in particular have achieved outstanding results with re-
spect to printing vascular networks with intricate architecture.

2.1.1. Inkjet-based bioprinting

Bioprinting of cells ensures a higher cell density in the scaffold
compared to post fabrication cell seeding. A number of studies
conclude that higher cell densities in the scaffold promote tissue
generation by secreting numerous bio-molecules. Therefore, re-
searchers have emphasized 3D bioprinting to incorporate a huge cell
population in the scaffold in a controlled and well-distributed fash-
ion. For bioprinting mixtures of cells and hydrogels, extrusion-based
RP approaches have been explored in many studies. In particular,
inkjet printers and 3D bioplotters are commonly used for scaffold
and vascular network printing due to some attractive features. In
inkjet printing, bioink drops are dispensed layer-by-layer, while a
bioplotting system extrudes continuous filaments to fabricate a
predefined structure based on computer-generated (CAD) digital
data. Thermal- and piezoelectric-based inkjet bioprinters can print a
cell-crosslinking ion mixture at high resolution and speed on hy-
drogel precursors. In general, hydrogels with rapid gelation proper-
ties are used in inkjet systems to handle the high printing speed.
Moreover, inkjet printers allow the deposition of multiple cell types
in a controlled and organized fashion to mimic the distribution of
multiple cells in native tissues. Different inkjet printing studies used
alginate or its composites as a bioink and calcium chloride as a
crosslinker [12-16], with vascular networks shown to grow after in
vitro or in vivo culture. In one study, three bioinks containing canine

smooth muscle cells, human amniotic fluid-derived stem cells, and
bovine aortic endothelial cells, respectively, were used to print an
alginate-collagen scaffold layer-by-layer using a thermal inkjet prin-
ter; vascularized, mature, and functional tissues grew when the
scaffolds were implanted in vivo [17]. Likewise, bioink composed of
human microvascular endothelial cells (HMVECs) and thrombin so-
lution and dispensed on fibrinogen using an inkjet printer resulted in
the alignment and proliferation of the HMVECs and the formation of
a capillary-like tubular structure inside the channels [18]. Although
inkjet printers are economical and have several attractive features,
shortcomings including nozzle clogging, cavitation bubbles, selective
ink viscosity, and cell damage during dispensing limit their use for
the fabrication of vascular networks [19].

2.1.2. Extrusion-based bioprinting

Several studies have explored both indirect and direct EB
techniques in fabricating intricate vascular network to date. In
indirect printing, tissue-specific, cell-incorporated hydrogels are
used to encapsulate a prefabricated sacrificial vascular network,
followed by the removal of the sacrificial ink using an appropriate
solvent. ECs are then seeded around the capillary channels using
an injection/microfluidic approach. The perfusion of the capillary
network with media or blood forms a monolayer of ECs around the
capillaries within a couple of days that facilitates diffusional mass
transfer and eventual remodeling into blood vessels.

Cytocompatible sacrificial templates have been explored to avoid
the use of cytotoxic organic solvents or processing conditions to
eliminate the sacrificial filaments from engineered constructs [20]
(Fig. 1). In one study, carbohydrate glass filaments were dispensed at
110 °C using a 3D printer to form a patterned 3D network, and then
the network was encapsulated in an agarose polymer loaded with
primary rat hepatocytes and fibroblast cells. The soluble sacrificial
filaments were removed by the cell culture media, the vascular lu-
men then seeded with human umbilical vein endothelial cells (HU-
VECs), and the vascular network perfused with blood in vivo. This
vascularized construct supported the metabolic function of primary
rat hepatocytes, which maintained higher albumin secretion and
urea synthesis than in gels without channels [21]. However, com-
plexities related to high temperature dispensing, random distribution
of multiple cell types, and hygroscopic behavior of carbohydrate fi-
laments limit vascularization applications. A number of studies have
investigated the efficacy of sacrificial networks with respect to gen-
erating vasculature. Rather than random incorporation of multiple
types of tissue- or organ-specific cells in the matrix, capillary vessels
and various types of cells were printed separately side-by-side to
mimic the native tissue or organ. In one study, a 3D bioprinting
technique was used to co-print fibroblast-laden GelMA, fugitive ink,
and human neonatal dermal fibroblast-loaded GelMA strands layer-
by-layer. The vascular network fabricated in this way was en-
capsulated into GelMA, and then the fugitive ink (Pluronic” F127)
removed by liquifying at 4 °C. When the HUVECs were injected in the
fugitive ink-removed lumen followed by gentle rocking, greater than
95% viability was achieved with a confluent EC layer identified 48 h
after seeding [22].

Extrusion-based systems featuring coaxial or shell/core nozzles
have been used to directly print hollow fibers or filaments with a
microfluidic channel to form a vascular network [23,24]. In parti-
cular, Fig. 2 shows that the flow of ionic crosslinker (e.g. CaCl,) is
maintained in the core side of a coaxial nozzle while the flow of
hydrogel is maintained in the shell side [25]. The flow rheology of
the hydrogel precursor and crosslinker as well as the hydrogel
percentage significantly affects the geometry of the core diameter,
wall thickness, and microfluidic channels. Such 3D microfluidic
networks can be encapsulated into hydrogels containing multiple
cell types. In general, microfluidic channels fabricated with a
coaxial nozzle-extrusion system are seeded with ECs, and then
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Fig. 1. (A) Carbohydrate glass lattice as the sacrificial structure for the creation of vascular architecture, (B) a single carbohydrate glass fiber encapsulated in a fibrin gel,
(C) cross-section image of unlabeled HUVEC and 10T1/2 co-cultures (not expressing enhanced green fluorescent protein (EGFP)) encapsulated in the interstitial space of
fibrin gel with perfusable channels, and (D) cross-section of cell-incorporated biomaterials (scale bars = 200um) (reproduced with permission from [21]).

perfused with culture media or blood to promote capillary blood
vessel formation. Alteration of shell/core size significantly affects
the ultimate strength, compressive strength, and Young's modulus
of the hollow fibers [26]. In addition to seeding, ECs can also be
encapsulated in the shell of the hollow channel during fabrication
to generate high cell densities [27]. In some studies, tissue
spheroids composed of tissue-specific cells were dispensed si-
multaneously in the space between two successive hollow fila-
ments using multiple robotic arms [28]. Several studies report the
efficacy of microfluidic channels fabricated with a coaxial nozzle
for promoting vasculature. When human bone marrow stromal
cells (hBMSCs) were seeded on the inner walls of hollow alginate-
poly(vinyl alcohol) (PVA) fibers extruded from a coaxial nozzle,
they showed excellent attachment and spreading after 14 days of
culture [26]. Similarly, cartilage progenitor cell (CPC)-encapsulated
sodium alginate has been extruded from a coaxial nozzle to form
the shell of a microfluidic channel. Initially, CPC viability decreased
due to the dispensing pressure, coaxial nozzle geometry, and

alginate concentration, but improved significantly over 7 days of
incubation [27].

To date, a wide range of natural, synthetic, and hybrid bioma-
terials have been used in bioprinting; however, none are free from
shortcomings. Most biomaterials show uncontrolled degradation,
immunogenicity, inflammation, and cytotoxicity in in vivo or in
vitro applications. In some cases, biomaterials inhibit ECM secre-
tion, distribution, and organization as well as cell-cell commu-
nication. To address these issues, researchers have investigated
self-assemble approaches in which scaffold-free multicellular
spheroids or filaments are extruded using a bioprinter. In such
systems, sacrificial spheroids and multicellular tissue spheroids
are concurrently printed layer-by-layer as per the CAD design.
Upon incubation in a bioreactor, the multicellular spheroids fuse
together to form single- or double-layered microvascular tubes.
The fusion process is time-consuming and causes non-uniform
tubular surfaces, and the fabrication of long vascular tubes is a
slow process and demonstrates poor spatial resolution. To tackle
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Fig. 2. Coaxial printing of scaffolds fabricated by an extrusion-based technique: (A) crosslinker diffusion while the biomaterial is extruding through the outer tube, (B)
crosslinking of biomaterial, (C) deposition of numerous stands, (D-F) printing layers of scaffolds and immersing in crosslinker, and characterization of the fusion phe-
nomenon between adjacent alginate hollow filaments: (G) macroscopic image of a cuboid scaffold containing six layers of hollow strands, (H) inverted microscopic image of
longitudinal section of the scaffold, (I) macroscopic image of the scaffold cross-section, (J-L), confocal microscopic images at different magnifications showing the cross-
section of the scaffold, (M) SEM image of fused filaments, with fibroblasts encapsulated in hollow alginate filaments, (N and O) microscopic images showing the lumen and
wall of the hollow strands (white light), (P and Q) laser confocal images showing the lumen and wall of the hollow strands, and the live and dead cells as fluorescent green
and fluorescent red, respectively, and (R) laser confocal image revealing the fused structure with channels (reproduced with permission from [29]).
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these issues, RP technology has been used to bioprint cylindrical
multicellular building blocks using collagen gel as a biopaper.
However, vascular cells eventually integrate with the collagen rod
in the fusion process, which causes complexities in the removal of
the collagen gel from the vascular cell-fused hollow channels.
Extruded inert agarose rods as a molding template solved the is-
sues related to the collagen gel. When human umbilical vein
smooth muscle cells and dermal fibroblasts were dispensed as a
multicellular cylinder according to the CAD design, double-layered
vascular walls formed 3 days after fusion [30].

2.2. Laser-based 3D printing

Laser-based bioprinting, particularly laser-guided direct writing
(LGDW) and matrix-assisted pulsed laser evaporation direct
writing (MAPLE DW), have been explored in different studies for
2D and 3D cell patterning [31]. This printing technique has some
attractive features, including no nozzle clogging and the ability to
print cells at high resolution and accuracy with high-viscosity
bioink. Compared to laser-induced forward transfer (LIFT), the
MAPLE DW technique uses a lower powered pulsed laser to de-
posit multiple cell types. In this technique, laser pulse-induced
bubbles create shock waves that compel cells to move toward the
collector substrate. A number of studies have used laser-based
bioprinting to print patterned structures with vascular cells and
observed capillary vessel formation. For example, a study using the
LIFT-based cell printing technique to print HUVECs and human
mesenchymal stem cells (hMSCs) in a defined pattern on a cardiac
patch reported increased capillary vessel density and functional
improvement of infarcted hearts [32]. Researchers have also used
LGDW to print a 3D vascular network by stacking cell aggregates
layer-by-layer, with a hydrogel layer placed on top of each de-
posited cell aggregate. LGDW-printed 3D patterned HUVEC on
Matrigel™ formed elongated and tube-like structures in vitro [33].
However, shortcomings such as long fabrication time, laser-in-
duced cell damage, and low scalability limit the application of the
techniques in tissue vascularization.

Stereolithography, a maskless photolithography, has been
investigated to generate complex 3D vascular patterns with
photosensitive materials [34]. In particular, digital light projec-
tion (DLP) and laser-based stereolithography have been used to
print intricate architectures based on designs developed from
CAD software, computer tomographic, and magnetic resonance
imaging (MRI) scanned information [35]. In a DLP system, a
digital mirror device containing several million tiny mirrors
regulates the movement of the mirrors via a digital signal. This
rotation of mirrors causes a two-dimensional pixel-pattern that
is projected on the photo-curable biomaterial to obtain intricate
3D structures. In a study, a DLP chip was used to generate active
and reflective dynamic photomasks as per the CAD drawing.
Then the cross-sectional images of the 3D microstructure were
reproduced from photomasks and the images were projected
onto the methacrylate (GelMA) solution using an ultraviolet
(UV) light source. When the 3D intricate pattern was seeded
with HUVECs, the HUVECs formed a confluent monolayer and
maintained their phenotype for 4 days following dynamic
seeding [36]. Similarly, another study reported that HUVECs
formed cord-like structures after 4 days of culture in a scaffold
fabricated with a DLP system [37]. While this technique can
print 3D structures quickly with high resolution, shortcomings
such as high costs, less detailed printing for large constructs,
and cytotoxicity limit the application of the DLP technique.

Laser-based stereolithography (LS) was developed to eliminate
the requirement of a photomask and assembly of multiple 2D
planar surfaces to form 3D vascular networks. Although LS is
suitable for printing large and detailed vascular constructs, the

lower printing speed of LS compared to the DLP technique needs
to be improved [38]. In this technique, a computer-controlled ul-
traviolet laser beam generates a pattern on a photosensitive ma-
terial as per the CAD design [39], as shown in Fig. 3. A number of
researchers have printed complicated structures with LS and re-
ported outstanding results with respect to forming vasculature.
Post-fabrication seeding of ECs in the LS-printed scaffold showed
improved viability, whereas incorporated cells in the photo-
sensitive hydrogel demonstrated low viability due to laser (short
wavelength)-induced cell damage. To avoid short wavelengths,
researchers have employed two- or multi-photon laser systems to
print intricate 3D structures with micro- or nano-scale precision
[40]. Although the two- and multi-photon laser systems maintain
a less harsh environment than LS during printing, use of a photo-
initiator in the gelation process significantly decreases cell viability
[38]. To address this issue, a multi-photon printing technique was
used to fabricate 3D multi-scale patterns in soft silk protein hy-
drogels without using a photo-initiator; the 3D features supported
the growth and penetration of human mesenchymal stem cells
deep into the gel [41]. Several studies have investigated the effi-
cacy of vascular patterns/networks printed with the LS technique
with respect to promoting vascular tissue. In one study, poly-
tetrahydrofuran diacrylate resin-based macro-scale vascular tubes
and micro-scale bifurcating tubes were printed using LS and two-
photon polymerization (2PP) techniques, respectively. Acellular
vascular vessels printed using this method could be seeded with
ECs to form vasculature, because the grafts demonstrated good
cytocompatibility and mechanical properties similar to native ca-
pillaries [42]. Similarly, when granulosa cells were seeded on an
epoxy-based acellular microcapillary vascular tree printed with
the 2PP technique, improved cell growth and sustained cell-cell
junctions were identified in vitro [43]. These studies demonstrate
that EC monolayer formation is possible in an LS-printed vascular
pattern.

3. Assembled scaffolds
3.1. Micro-patterning/microfluidics

Native tissue contains macro- and micro-blood vessels that
supply nutrients, oxygen, and other bio-molecules to large cell
populations. A number of studies have investigated micro-
patterned substrates to create capillary bed-like structures that
mimic native tissue as shown in Fig. 4. Biophysical factors, such as
ECM stiffness, interstitial and shear flow have significant effects on
capillary vessel formation in micropatterned substrates. In parti-
cular, interstitial flow regulates capillary morphogenesis [45],
shear stress enhances angiogenesis [46], and material stiffness
regulates the architecture of the capillary network in the devel-
oping tissue. In one study, bovine pulmonary microvascular ECs
seeded in rigid collagen gels formed thick and deep vascular
networks with large capillary lumens, while those seeded in a
flexible hydrogel formed thin and intense networks with tiny lu-
men [47]. Researchers have used plasma etching [48], laser abla-
tion [49], soft lithography [50], and replica molding [51] to gen-
erate microfluidic patterns on biocompatible substrates. Re-
searchers have also used a direct write laser technique to prepare
microchannels with various widths and depths following Murray's
law to closely mimic the capillary architecture seen in vivo. Such
micropatterns facilitate the uniform flow of fluid and achieve low
resistance similar to that of physiological vascular systems [52].

To date, several methods have been developed to seed vascular
and tissue-specific cells on patterned substrates. In one study, ECs
and mural cells (i.e. smooth muscle cells (SMCs) and pericytes)
were seeded in a single-layered substrate following a microfluidic
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Fig. 3. Fabrication of scaffolds using a computer-controlled ultraviolet laser beam: (A) projection microstereolithography (SEM image at right is an octet-truss unit cell),
(B-E) octet-truss structures with different patterns and biomaterials, and (F-I) SEM images of the struts of structures in (B-E) (reproduced with permission from [44]).

approach, and then cultured for a certain period of time to pro-
mote stable capillary formation [54]. Several studies report that
microfluidics regulate the temporal and spatial distribution of
cells, media, enzymes, and biomolecules within the micropattern
[55]. Further, microfluidics facilitates the formation of patterned
cell distribution and shear-induced endothelialization in a co-
culture system [56]. Especially in a microfluidic system, circulating
biomolecules and the applied gradient of shear stress into the
microchannel regulate the morphology, reorganization, alignment,
differentiation, and remodeling of ECs that are significant for ca-
pillary formation [57]. To regulate shear stress, researchers have
applied computational microfluidics and different fluid flow pat-
terns (e.g. laminar, pulsatile, and turbulent) that result in the for-
mation of endothelial monolayers around the microchannels
[58,59]. Micropatterned single planar layer substrates prepared in
this way are compiled to form macro 3D tissue constructs. Because

the preparation and assembly of multiple layers is a time-con-
suming process, researchers have searched for alternative ways to
fabricate 3D macro-sized substrates with microfluidic channels.
Implementation of advanced technologies, such as direct write
assembly (robotic deposition, fused deposition, and two-photon
polymerization) [60], sacrificial material-based extrusion printing
[21], modular assembly [61], omnidirectional printing (Figs. 5A-F)
[62], and electrostatic discharge printing (Figs. 5G and H) [63] have
demonstrated unprecedented success in generating complex 3D
vascular patterns. Such complex patterns are often embedded in
hydrogel-containing tissue-specific cells.

The success of microfluidics networks in terms of vasculature
formation largely depends on the mechanical and biological
properties of the biomaterial. A wide range of synthetic polymers,
including poly(methylmethacrylate), poly(dimethyl siloxane), sili-
con, polycarbonate, polyvinyl chloride, polystyrene, poly(lactic-co-
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glycolic) acid (PLGA), and poly(glycerol sebacate) have been used
in microfluidics [64]. However, EC monolayers grown into micro-
patterned synthetic substrates show poor barrier function in terms
of transporting biomolecules, oxygen, and nutrients. Because
patterned synthetic materials show poor biodegradation, barrier
function, and biocompatibility and provoke cytotoxicity and in-
flammatory responses in vivo, researchers have explored a wide
range of hydrogels for printing micropatterns for vasculature for-
mation. A number of studies have used silk fibroin, Matrigel, type |
collagen, and fibrin to form endothelial tubes in 3D scaffolds [65].
By nature, these hydrogels are biodegradable and biocompatible
and can provide a 3D milieu for vascular network formation. In
addition to the biomaterials, several parameters have been iden-
tified as potential factors in generating microvessels with micro-
fluidics. For example, the combined effect of microfluidics and
vasculogenesis from cell seeding grew perfusable and functional
microvessels in a 3D fibrin gel system in vitro and showed strong
barrier function and long-term stability [66]. Similarly, the col-
lective effects of growth factors and fluid shear stress have also
been investigated, with gradients of vascular endothelial growth
factor (VEGF) and angiopoietin 1 (ANG-1) forming a stable and
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connected 3D capillary network within a type-I collagen matrix
embedded with microfluidic channels [67]. The success of such a
strategy led researchers to further explore the synergistic effect of
multiple parameters to promote and regulate capillary formation
in a 3D microfluidics-hydrogel system. Co-culture of HUVECs and
human lung fibroblasts (HLFs) in fibrin gels/microfluidics systems
containing VEGF and sphingosine-1-phosphate (S1P) promoted
the formation of a stable capillary network with smaller lumen
diameters [68]. In addition, stem cell-incorporated gels/micro-
fluidic systems have been investigated. For example, a co-culture
of HUVECs and MSCs in a collagen gel/microfluidic system
reduced capillary formation, but stabilized the newly formed
capillaries [69].

3.2. Micromodule assembly

The success of a macro-scale tissue engineered construct de-
pends on several factors, including the availability of a mass dif-
fusion network within 100-200 pm from the cell population,
uniform distribution of multiple cell types with reasonable den-
sity, and nonthrombogenic phenotype of ECs upon integration

Photolithography
k mask

Patterned structure
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Microvascular structure
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Fig. 4. Creation of a capillary bed-like structure mimicking native tissue: (A) fabrication of a micro-scale structure using a soft lithographic technique, (B) microprinting using
conformational contact to form a pattern of ink on the surface, (C) microfluidic channels fabricated using micromolds (channels are used to form microfibers of a sacrificial
substance that is then removed to form hollow fibers), and (D) complex vascularized structures fabricated using an assembly of microgels (reproduced with permission from

[53]-
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Fig. 5. Schematics of omnidirectional and electrostatic discharge fabrication of 3D microvascular networks: (A) extrusion of a fugitive ink into a gel in a hierarchical fashion,
(B) migration of fluid from capping layer to the voids generated by nozzle translational speed, (C) photopolymerization of hydrogel matrix, (D and E) microvascular channels
that are created by dissolving and removing the fugitive ink under a modest vacuum, (F) fluorescent image of a 3D microvascular network (scale bar = 10 mm), (G) blue food-
dye injected microvascular networks in an acrylic block with three fluidic access points (scale bar = 1 cm), and (H) branched microvascular networks embedded in a molded
PLA block incorporated with a hierarchy of microchannel diameters (scale bar = 2 cm) (reproduced with permission from [62,63]).

with the host vasculature [4,70]. To address this issue, researchers
have taken a bottom-up approach to fabricate macro-scale scaf-
folds, and found that self-assembled micro-tissues or -modules
were a possible solution for fabricating large engineered con-
structs, as shown in Fig. 6. When such micro-modules are loaded
into large tissue constructs, the micro-dimensions of these mod-
ules facilitate the diffusion of nutrients, oxygen, and essential
biomolecules to the cell population embedded in the gels [71]. To
date, several methods have been investigated to generate micro-
tissues or -modules. Micro-scale molding and UV crosslinking,
directed self-assembly, and gravity-enforced self-assembly ap-
proaches have frequently been used to build micro-scale modules
[72-74]. During preparation, tissue-specific cells are often en-
capsulated in the micro-modules, while a confluent layer of HU-
VECs is provided to coat their outer surface [75]. In some studies,
the outer surface was further coated with protein molecules before
EC seeding to improve the biofunctionality. Fibronectin-coated
micro-collagen modules implanted in mice formed more stable,
mature, and perfused capillaries 14 days postoperatively compared
to collagen modules without the fibronectin coating [76]. Further,
EC-coated microgels embedded with stem or progenitor cells
showed impressive results with respect to stabilizing the newly
formed capillary blood vessels relative to EC-coated modules; for
example, implanted EC-coated collagen micro-modules containing
BMSCs in the omental pouch in rats formed less leaky and more
dense and mature capillaries [77].

A number of studies have used random packing, directed, or se-
quential assembly to accumulate cell-loaded micro-modules with
different sizes and shapes to prepare macro-scale vascularized tissue
constructs [78,79]. In random packing, EC-coated modules are per-
fused with blood or culture medium that causes interconnected
channel formation in the interstitial spaces of the modules. In direc-
tional assembly, shape-controlled microgels spontaneously form

offset, linear, branched, or random aggregates depending on surfac-
tant concentration, aspect ratio, agitation rate, and time [79]. The
sequential assembly approach was investigated in an effort to control
the organization of the microgels having internal microchannels [80].
Such microgels were prepared with photolithography and then as-
sembled into a tubular construct where an interconnected and bi-
furcated structure resembling native vasculature was formed. In par-
ticular, SMCs and HUVECs were incorporated in the outer and inner
layer of the microgel to form a biomimetic 3D vasculature. Variables
including the thickness and diameter of the microgels, swiping speed
of the needle, concentration of surfactants, and space between two
successive microgels affected the length of the assembled 3D tubular
construct. Although sequential assembly is economical and applicable
with respect to the formation of a complex vascular network,
shortcomings associated with the fabrication of thick microgels
(> 600 pum) containing non-straight vertical cross-sections and with
thin microgels ( < 150 pm) showing poor mechanical strength limit
the application of this method [81]. Overall, vascularized tissue
formed with the modular approach shows poor tissue integration and
capillary network formation in vivo.

4. Nano-fabrication

In the past decade, researchers have focused on fabricating
nanofiber-based vascular constructs because nanofibers possess
similar topographical cues to ECM [82]. Using different electro-
spinning techniques, random, aligned, and core/shell nanofibers
have been printed and nanofiber-based matrices studied for tissue
vascularization. A wide range of synthetic and natural materials,
including polycaprolactone (PCL), poly(L-lactic acid) (PLLA), PLGA,
poly(ethylene oxide) (PEO), PVA, chitosan, gelatin, and collagen,
have been explored for nano-fabrication applications [83].
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Synthetic nanofibers show more mechanical stability compared to
natural fibers, but hydrophobicity, the absence of cell binding
motifs, and poor biodegradability limit their applications. Con-
versely, natural polymeric materials are hydrophilic, and bio-
compatible, and possess cell binding motifs, yet poor degradation
and mechanical properties are major shortcomings that need to be
overcome for nano-fabrication. To address these issues, re-
searchers have explored composites, copolymers, and hybrid bio-
polymers to fabricate nano-fibers and achieved some remarkable
successes in tissue vascularization [84]. In some studies, random
or aligned fibers were effective in terms of vasculature formation.
For example, when electrospun random PCL/collagen (rPCL/Col)
and aligned PCL/collagen-PEO (aPCL/Col-PEO) nanofibers were
implanted in the arterio-venous loop in rats, a larger number of
blood vessels and better capillary density and branching hierarchy
were seen in the rPCL/Col fiber-implanted group 8 weeks post-
operatively compared to the aPCL/Col-PEO group. Moreover, rPCL/
Col fibers facilitated the formation of small pore sized capillaries,
whereas the aPCL/Col-PEO scaffold promoted early and evenly
distributed blood vessels throughout the scaffold, resulting in a
shorter prevascularization time [85]. Prevascularized and aligned
nanofibers can also promote vascularization. Random or aligned
poly (e-caprolactone)/cellulose electrospun nanofibers have been
used to fabricate a mesh structure in a layer-by-layer fashion.
HUVECs seeded onto the aligned nanofibers promoted pre-
vascularization in vitro compared to randomly oriented nanofibers
by forming capillary-like structures. When the prevacularized and
aligned nanofibers were implanted subcutaneously in rats, host
blood vessels penetrated deep into the nano-meshes and in-
tegrated with the vascular network [86]. In an attempt to prevent
thrombosis in a small-diameter blood vessel, graded chitosan/poly
e-caprolactone (CS/PCL) nanofibers fabricated with sequential co-
electrospinning were heparinized to immobilize VEGF. HUVECs
and SMCs were cultured on the top and bottom surfaces of the
graded CS/PCL nanofibers, mimicking the lumen and adventitia of
blood vessels, respectively. The graded and heparinized nanofibers
demonstrated outstanding anti-thrombogenic properties. Further,
better HUVEC attachment, proliferation, and monolayer formation
have been identified on graded CS/PCL scaffolds compared to
uniform CS/PCL scaffolds [87].

5. Creation of vascular networks with mechanical spacers

The shortcomings related to sacrificial filaments used to form
microfluidic networks have led researchers to investigate alter-
native approaches. Incorporation of mechanical spacers into the
3D scaffold (Fig. 7) generates linear microchannels without
causing any cytotoxicity. In particular, several studies have used
mechanically removable spacers to create microchannels in a
hydrogel matrix. In one study, linear wire arrays ranging from
152 to 787 um in diameter were used to form microfluidic
channels in a silk fibroin scaffold. Because the channels often lose
uniformity after removal of the mechanical spacers, attempts
have been made to introduce hollow tubes into the spacer-gen-
erated hollow channels. Hollow channels with open wall poros-
ity, as well as silk tubes and porous silk tubes with incorporated
channels were formed in the silk scaffolds, after which human
arterial endothelial cells (hAECs) were seeded into the hollow
channels in vitro with or without the presence of collagen-I or
laminin. After 7 days of seeding, hAECs formed a nearly con-
tinuous layer around the spacer-generated hollow channel and
ECM protein-loaded silk tubes [88]. Because the formation of
confluent monolayers of ECs in spacer-generated hollow channels
is difficult, researchers have attempted to transfer self-assembled

cell layers into the hollow channel to avoid the cell seeding ap-
proach. In one study, HUVECs were seeded on oligopeptide-ad-
sorbed micrometric gold rods to form self-assembled monolayers
(SAMs), and then the SAM-attached gold rods were encapsulated
in photocrosslinked GelMA. The SAMs of ECs were transferred
into the GelMA by applying an electrical potential, followed by
the perfusion of SAM with medium at 2 pL/min. This approach
was further explored to transfer double layers of assembled cells
from gold rods into GelMA to mimic native blood vessels. To form
double layers of vascular cells, HUVEC-coated gold rods were
dipped into GelMA solution containing NIH 3T3 fibroblast cells,
and then encapsulated in the GelMA hydrogel. By applying an
electrical potential, the double layers of assembled cells were
transferred into the bulk gel, and then the layers were perfused
with media for stabilization [31]. Although promising, mechan-
ical spacers have not to date been able to generate complicated
and branched structures that resemble native blood vessels.

6. Scaffolds with natural architecture

Tissue-specific acellular matrix contains biological, structural,
functional, and topographical cues that promote vascular tissue
growth through the upregulation of signaling pathways, pheno-
type, mechano-transduction, and differentiation and prolifera-
tion of the repopulated vascular cells [89,90]. Different studies
have prepared decellularized vascular tissue with chemical (acid,
base, detergent, hypotonic and hypertonic solutions), biological
(e.g. trypsin, dispase, etc.), or physical (e.g. temperature, pressure,
electroporation, agitation, pressure gradient, etc.) agents in con-
sideration of tissue properties (e.g. size, lipid content, density,
thickness, cellularity, etc.). However, such processes often disrupt
the ultrastructure of ECM, remove ECM and growth factors, and
provoke immune responses [91-93]. A number of studies have
successfully grown functional macro blood vessels with decel-
lularized matrix. For example, in one study a recellularized tis-
sue-engineered vessel with autologous EPCs prevented clotting
and intimal hyperplasia for 30 days in a porcine model [94].
When decellularized rat iliac arteries seeded with ECs were im-
planted in the abdominal aorta of rats, native vessel-like struc-
tures were observed at 3 months [95]. Similarly, the inner layer of
decellularized pig arteries were repopulated with human ECs and
implanted in the pigs as iliac artery substitutes; the inner layer of
the recellularized matrix was covered by ECs, and no thrombi
formation was reported 70 days postoperatively [96]. Apart from
EC seeding, the success of decellularized matrix vascularization
largely depends on the implementation of physical stimuli. For
example, decellularized rat hearts were repopulated with cardiac
cells or ECs, and then cultured in a bioreactor maintaining si-
mulated cardiac physiology over 28 days. In both larger and
smaller coronary vessels, EC layer formation was identified 7 days
after recellularization. Interestingly, cell-seeded heart tissue
showed contraction and expansion under electrical stimulation
8 days after cell seeding [97]. Decellularized cadaveric lungs
containing intact internal structures (e.g. perfusable vascular
network, airways, and alveolar geometry) were seeded with ECs
and then cultured in a bioreactor simulating developmental
physiological conditions. When such lungs were transplanted
and perfused by the recipient's blood circulation in vivo, gas
exchange was observed up to 6 h after extubation. However, the
success of this approach largely depends on the use of progenitor
cells, prolonged in vitro and in vivo culture, and an ideal post-
operative ventilation regimen for the regenerated lungs [98].
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7. Biopolymer-free fabrication
7.1. Cell aggregates as bioink

In vivo, tissues or organs develop due to the self-assembly and
self-organization of multiple cell types without the influence of
scaffolds. Although it was established decades ago that tissue re-
generation requires engineered constructs, several complexities
related to the scaffolding biomaterial have led researchers in re-
cent years to harness the in vivo mechanism of tissue regenera-
tion. A number of studies report that bioprinted cell aggregates
form pre-designed tissue constructs through self-organization and
tissue fusion [99]. Cell aggregates composed of single cell or
multiple cell types can be bio-printed as cell pellets, tissue
spheroids, or tissue filaments (Fig. 8). Tissue spheroids must be
prepared in a controlled fashion to avoid clogging and cell damage
in the bioprinting process [100]. In contrast, bioprinting of cell
pellets ensures high cell densities and does not cause nozzle
clogging or cell damage. However, bio-dispensing of cell pellets
requires a supportive hydrogel in which they can accumulate, or-
ganize, and fuse to form tissue [101]. Tissue strands can also be
formed by injecting cell pellets into tubular molds prepared with a
co-axial nozzle system. In one study, injected cell pellets in
permeable alginate capsules organized and fused to form tissue
strands in an in vitro culture. Tissue strands were loaded into a
custom-made bioplotter and then extruded layer-by-layer to form
a pre-defined 3D structure [102]. These cell aggregate approaches
can be applied to form tissue with vascular networks.

7.2. Rolled up cell sheet

In recent years, a number of studies have printed cell ag-
gregates instead of 3D tissue scaffolds to create vascularized
functional tissue, as scaffolding material inhibits cell-cell interac-
tions and causes various complexities including inflammation,
cytotoxicity, and tissue remodeling. In the cell sheet technique,

tissue-specific cells are cultured on a temperature-responsive
material to create a cell-ECM matrix. To form vascularized tissue, a
single monolayer sheet of ECs can be stacked with cell sheets of
interest in a sandwich fashion or vascular cells can be co-cultured
with tissue-specific cells to form vascularized multiple cell sheets.
As an illustration, Fig. 9 shows an overall experimental scheme for
fabricating an hMSC-based scaffold-free tissue engineered blood
vessels. In general, cell sheets can be attached and detached from a
temperature-responsive culture dish incubating at either a higher
(37 °C) or lower temperature ( < 25 °C). Nanometer-scale coating
of poly(N-isopropylacrylamide) on polystyrene tissue culture sur-
faces facilitates attachment and detachment of endothelial cells
and hepatocytes by shifting from hydrophobic to hydrophilic
conditions at temperatures below 25°C [103]. Vascularized cell
sheets prepared in this way can be compiled to form thick tissue.
For instance, triple-layered cell sheets were produced from co-
culture of endothelial and cardiac cells overlaid on a resected tis-
sue containing a vascular bed and perfused in a bioreactor. After
3 days of perfusion culture, ECs formed luminal capillaries
throughout the cardiac sheet upon connection with the vascular
bed. The triple-layered vascularized cardiac tissues prepared in
this way could beat and were transplantable. For increased tissue
thickness, a six-layered cell sheet was prepared by compiling ei-
ther two triple-layered or six single-layered cell sheets together
and then the stack overlaid on the vascular bed. The combined
two-triple layered sheets created thicker cardiac tissues with
greater cell density compared to the compiled six-layer sheets due
to improved cell viability and vascularization [104]. Further,
functional and vascularized tissue was obtained with 12 stacked
cell sheets, indicating the efficacy of this approach to create
vascularized thick tissue in vitro. Multiple transplantation of thin
(~ 80 um) cardiac cell sheets in vivo has also been found effective
with respect to developing thick (~ 1 mm) vascularized tissues. In
one study, cell sheets grown from neonatal rat cardiomyocytes
were repeatedly transplanted into rats at 1-, 2-, or 3-day intervals.
This poly-surgical approach created a thick (~ 1 mm), well-
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vascularized, and perfused myocardium tissue [105]. Although
vascularized tissue formation is possible with cell sheets, poor
mechanical strength and tissue integrity of stacked cell sheets are
major challenges that require further research.

8. Scaffold pre-vascularization

A macro-scale tissue engineered construct containing a large
cell population requires a sufficient supply of nutrients, oxygen
gas, and biomolecules to maintain the metabolic activity, viability,
and proliferation of embedded/seeded cells. In vitro, tissue scaf-
folds featuring a microfluidic network can be perfused with cul-
ture media to supply the necessary elements to the large cell po-
pulation. However, the situation becomes complicated when
scaffolds are implanted in vivo. Extrinsic vascular networks de-
velop in the tissue construct by angiogenesis and vasculogenesis
mechanisms that take time. This time delay can cause ischemia in
the large embedded cell population in a scaffold, and reduce cell
viability by triggering apoptosis or necrosis. To address this issue,
researchers have incorporated a microfluidic network into the
tissue graft and then formed a monolayer of ECs by seeding
(Fig. 10). Such microfluidic network-embedded grafts were then
sutured with host arteries/veins during in vivo implantation. Be-
cause thrombopoiesis-induced restenosis is often seen in tiny
blood vessels, nutrient supply throughout the scaffold might be
hindered due to the blockage of the microfluidic network in vivo.
Therefore, different studies have adapted several techniques to
prevascularize the engineered construct, and then seed the graft
with multiple cell types. In particular, scaffolds loaded with mi-
crovessel fragments, angiogenic factors, or vascular cells (ECs,
SMCs) have been cultured in vitro or in vivo (e.g. arterio-venus
loop) to form vascular networks prior to tissue-specific cell seed-
ing [107,108]. The prevascularized grafts take less time to in-
osculate with host vasculature, and thus support tissue growth,
modeling, and integration. For example, when prevascularized
collagen grafts seeded with fibroblasts, keratinocytes, and ECs
were transplantated into mice, it took only 4 days to anastomose
with host capillaries. In contrast, non-prevascularized scaffolds
took 14 days to perfuse with native blood vessels [109]. In a co-
culture system, prevascularization of tissue grafts largely depends
on media composition, cell seeding technique, and ratio of
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multiple cell types. In a multiculture system, tri-culture of myo-
blasts, fibroblasts, and endothelial cells at certain ratios enhances
capillaries compared to co-culture of myoblasts and endothelial
cells after 4 weeks of culture [110]. Furthermore, the tri-culture
graft incubated with VEGF grew more blood vessels compared to
those incubated with PDGF after 2 weeks of in vitro culture. While
these cell-incorporated scaffolds achieved significant success in
terms of prevascularization, formation of rapid, dense, mature, and
functional capillary beds remains challenging. Apart from in vitro
prevascularization, scaffolds incorporating microvessel fragments
have been used as prevascularized constructs. In fact, these ECM
matrices contain tissue-specific bio-chemical and topographic
cues that regulate numerous cell-functions to form functional ca-
pillary beds. Implanted collagen gel containing microvessel frag-
ments in immunocompromised mice formed neovessels with lu-
men by day 11 and a mature functional microvascular bed by day
28 [111]. Although promising, allogeneic or xenogeneic micro-
vessel fragments can cause immunological complexities in the
host body. The success of in vitro prevascularization largely de-
pends on the artificial physiological conditions applied during
tissue culture. A number of studies maintained dynamic culture
conditions including pulsation, variable flow rate, and dynamic
pressure to form vascular networks. For example, cyclic mechan-
ical strain and stress for 8 weeks promoted the proliferation,
alignment, and collagen production of rabbit aortic SMCs seeded
onto poly(L-lactide-co-caprolactone) (PLCL) scaffolds [112]; dy-
namic sequential seeding of aortic SMCs and ECs onto poly(glycolic
acid) (PGA) scaffolds and biomechanical stimulation for 25 days
enhanced capillary formation and ECM deposition [113]; and a
controlled hypoxic environment influenced cells to secrete VEGF,
which promoted vascularization in vitro [114]. However, modula-
tion of oxygen concentration in a co-culture system can alter the
differentiation of stem cells into different lineages [115]. Moreover,
bidirectional flow in the biaxial bioreactor of a co-culture system
(e.g. EPCs and MSCs) significantly reduces hypoxia-induced VEGF
expression by eliminating the oxygen gradient. Thus, blood vessel
formation is hindered in a bidirectional flow system compared to
static culture and unidirectional flow systems [116].

In vitro tissue prevascularization requires well-connected and
porous scaffolds, microfluidic networks, complex bioreactors, and
culture media; however, the long-term fate of the capillary bed
formed remains unknown. To address this issue, researchers have
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Fig. 9. Vasculature formation with cell sheets: scaffold-free fabrication approach of hMSC-based tissue engineered blood vessel (TEBV), incorporation of human EPC in the
vessel lumen, and culture and maturation of TEBV in a perfusion bioreactor (reproduced with permission from [106]).
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paid attention to in vivo prevascularization of engineered con-
structs. In this approach, cell/angiogenic factor-loaded tissue
constructs are implanted into a temporary site within the host
body, and then transplanted into a specific location. In the case of
angiogenic factor-embedded scaffolds, angiogenic sprouting takes
place due to the controlled release of VEGF. Because angiogenic

factors demonstrate short half-lives in vivo, autologous cells are
incorporated in the scaffold to express VEGF. In particular, scaf-
folds are initially implanted close to an arteriovenous loop in the
host body to promote vasculature [117]. When a well-perfused
capillary bed is formed within the matrix after a certain time,
scaffolds are explanted, seeded with multiple cell types, and then
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transplanted into the target location. In one study, an FGF-2-en-
riched Matrigel chamber was implanted around the epigastric
pedicle of a diabetic mouse. The Matrigel was replaced by highly
vascularized adipose tissue after 21 days of culture. Seeding of
pancreatic islets into the prevascularized chambers in diabetic
mice significantly reduced the blood glucose levels, indicating the
better survival and function of islets in the prevascularized
chamber compared to non-prevascularized chambers [118]. Like-
wise, neonatal cardiac cells seeded onto prevascularized cardiac
patches and transplanted onto infarcted rat hearts enhanced car-
diac function after 28 days [107].

9. Summary and future research directions

The success of tissue and organ regeneration largely depends
on the formation of a mature and well-perfused vascular network
within the developing tissue. To date, significant progress has been
achieved in the printing of vascular constructs (Table 1).

In recent decades, technological advancements in 3D bio-
printing systems have made it possible to print cell aggregates,
tissue strands, or cell/GF-loaded biomaterials layer-by-layer as per
a predefined geometry developed by CAD software. In particular,
inkjet- and 3D-bioplotting-based techniques have been recur-
rently used in different studies [119,120]. Each technique has ad-
vantages and drawbacks. For example, 3D inkjet printers are cheap
and fast but can result in cell damage and clogged nozzles while
3D bioplotting is suitable for printing intricate networks with sa-
crificial materials but at the expense of printing resolution. Re-
cently, bioplotting with a coaxial nozzle has attracted significant
attention due to the ability to print capillary strands with lumen.
Using microfluidics, EC monolayers can be developed inside the
hollow strands. Over the last decade, the rapid advancement of
laser technology has brought significant changes to 3D scaffold
printing in terms of accuracy and resolution. The LGDW and MA-
PLE DW methods, as nozzle-free techniques, can handle high-
viscosity bioink and pattern 3D vascular cells with high printing
resolution and accuracy. Unfortunately, research in this direction
has not advanced far because these techniques are time-consum-
ing and cause significant cell damage during fabrication. In con-
trast, DLP and LS methods are comparatively biocompatible and
capable of printing intricate architecture. The DLP technique can
print 3D capillary networks promptly with high resolution, but the
technique is costly, compromises details for a large construct, and
causes resin cytotoxicity. In contrast, the LS approach (particularly
two- or multi-photon laser systems) is capable of printing com-
plicated 3D vascular patterns with details, although at a lower
printing speed compared to the DLP technique. Nonetheless, the
effect of the laser on cell damage remains controversial, and both
LS and DLP techniques are only applicable to photo-crosslinkable
hydrogels.

Based on an understanding of physiology, researchers have
reached a common agreement that micro-scale capillary networks
are needed to maintain the viability of large cell populations in-
corporated in engineered constructs. Different fabrication techni-
ques have been applied to form capillaries and ECs have been
seeded in the micro-lumen using microfluidic approaches. Plasma
etching, laser ablation, soft lithography, and replica molding have
been frequently used to generate patterned vascular networks on a
single layer planar surface. Although capillary bed-embedded 3D
tissue constructs can be constructed by stacking multiple single
layers, assembling complexities and the requirements of long
processing time limit their application. However, significant suc-
cess in 2D capillary formation has been achieved when advanced
computational approaches have been applied to manipulate the
shear stress, medium circulation, and bio-molecule distribution in

micro-lumen seeded with ECs and mural cells. The success in 2D
has been further translated to 3D microfluidic systems to promote
EC monolayer formation on the lumen. To achieve a self-as-
sembled capillary network rather than a predesigned one,
EC-coated micromodules containing tissue-specific cells have been
loaded into engineered constructs and then perfused with med-
ium in a bioreactor. Unfortunately, this approach grows vascular
networks that are dissimilar to those of native tissue and de-
monstrate poor tissue integration. In recent years, the introduction
of omni-directional printing has enabled the fabrication of native
tissue-like capillary networks instead of 3D periodic lattice
structures. This approach needs further improvement as inefficient
removal of pluronic acid can significantly reduce EC viability. Si-
milarly, highly branched or fractal-like structures have been gen-
erated in plastic materials with high energy electron beam irra-
diation. This approach is suitable for post EC seeding, while tissue-
specific cell incorporation in the plastic material requires further
study. Linear channels with varying diameter and linear 3D pat-
terns have also been generated, with double layers of vascular cells
transferred in the hydrogel using mechanical spacers. However,
the capillary vessels formed by mechanical spacers are not con-
tinuous and cannot mimic the native vascular network.

To date, the formation of micro-capillary beds in developing
tissue remains challenging. ECM-cell interactions are essential in
vasculogenesis and angiogenesis processes, where ECM features a
specific geometry close to that of nano-filaments. Therefore, re-
searchers have recently conducted several experiments to form
micro- and macro-blood vessels using nanofiber-based engineered
constructs. Structures similar to native blood vessels containing
lumen and adventitia have been grown by seeding cells on na-
nofiber-made tubular structures. Likewise, micro-capillaries have
been successfully grown in implanted nano-filaments.

Efforts have also been made to vascularize tissue with decel-
lularized matrix, which contains all of the necessary biological and
biophysical cues for capillary formation. Because the approach is
related to the decellularization and recellularization methods,
destruction of proteins, difficulties in cell removal and seeding,
and aggravation of immunological complexities are quite common
outcomes. However, several studies have reported outstanding
results in terms of vascular network formation and research is
continuing to address the shortcomings of this approach.

While artificial structures have shown substantial progress with
respect to generating vasculature, the long-term fate of such vas-
cularized tissue remains controversial. The tissue forming mechan-
ism in the embryonic stage suggests that cells are capable of creating
their own matrix, and incorporation of foreign material in the tissue
significantly impedes cell-cell interactions. Inspired by the theory,
several studies have recently been conducted based on the scaffold-
free approach. In recent times, macro-scale blood vessels have been
grown successfully by dispensing cell aggregates and sacrificial
material, and micro-patterned structures have been printed using
tissue strands. Likewise, capillary vessel-embedded cell sheets are
prepared and outstanding blood perfusion has been reported in vivo.
Repeated implantation in multiple surgeries has been found to en-
hance the development of vascularized thick tissue with thin cell
sheets. The mechanical stability of such self-assembled structures is
a major issue that needs to be further addressed.

One of the major problems of culturing macro-scale tissue
constructs is the development of tissue ischemia, which triggers
necrosis and apoptosis in the large embedded cell population in
the scaffold. In this regard, the strategy of adding cells to the in
vitro or in vivo prevascularized construct has proven effective in
terms of obtaining better cell viability compared to non-pre-
vascularized constructs. The requirement of multiple surgeries for
prevascularization and for biodegradable filaments need to be
addressed to make the approach applicable to vasculature



Table 1

Fabrication of vascular networks using different techniques for tissue engineering applications.

Fabrication technique Biopolymer Scaffold geometry Embedded cells and In vitro/In vivo Study period Results of vascularization Ref.
other factors
Ink-jet printing (HP Desk-  Alginate-collagen 3D pie construct (~7 mm in Canine smooth muscle In vivo: pie shaped scaffolds Up to 18 weeks Vascularized, mature, and func- [17]
Jet 550C printer) diameter), and rectangular cells, human amniotic were implanted subcutaneously tional tissues
samples (2.5cm x 0.5cm x fluid-derived stem cells, into the backs of outbred athy-
0.3 cm) and bovine aortic en- mic nude mice
dothelial cells
Ink-jet printing (HP Desk-  Fibrinogen and thrombin Around 9mm x 1.8 mm rec- HMVECs In vitro: The patterns were then Up to 21 days Cells were seen to align, pro- [18]
jet 500 printer and HP tangular scaffolds cultured at 37 °C with 5% CO, liferate, and form a capillary-like
51626A cartridges) tubular structure inside the
channels
Extrusion-based printing Carbohydrate glass encapsulated in ~ Rectangular structure (20 Primary rat hepatocytes, HUVECs were seeded in the Varying by experi- Supported the metabolic function [21]
the agarose, alginate, fibrin, Matrigel, mm x 10 mm x 2.4 mm); fibroblast cells, and micro-lumen by injection ment (up to of primary rat hepatocytes by
and poly(ethylene glycol)-based varying filament diameters HUVECs method; channels were per- 9 days) maintaining higher albumin se-
hydrogel (150-750 pum) fused with blood in vivo cretion and urea synthesis than
gels without channels
Extrusion-based printing GelMA and fugitive ink (Pluronic 200-300 um thick Human neonatal dermal In vitro Up to 7 days HUVECs showed greater than 95% [22]
F127) fibroblasts, 10T1/2 fi- viability and formed a confluent
broblast, and HUVECs layer around the lumens after 48 h
Extrusion-based printing Alginate-PVA Inner diameter of channels: hBMSC In vitro 14 days Excellent attachment and spread- [26]
150450 pm; ing of hBMSCs on the outer and
Strand diameter: 400-1190 um inner walls of the hollow fibers
Laser-based printing Polyester urethane urea (PEUU) Two layers of HUVECs were HUVECs and hMSCs In vitro and in vivo, patches 8 weeks An increased capillary vessel den- [32]
printed following orthogonal were transplanted to the in- sity and functional improvement
grid pattern with 900 um grid- farcted zone of rat hearts after of infarcted hearts was reported
line distance; two layers of ligation of left anterior des-
hMSCs were printed at right cending coronary artery
angles with 600 pm side
length between the HUVEC
lines; 300 um thick cardiac
patch made of PEUU was sliced
to circles of 8 mm diameter
Laser-based printing: pro- GelMA 3D rectangular scaffolds (5 HUVECs In vitro 7 days Even distribution and proliferation [36]
jection stereolithography mm x 5mm x 1mm) of the HUVECs in the scaffolds
caused high cell density and con-
fluency as well as improved bio-
logical functionality
Laser-based printing: ste-  GelMA and poly(ethylene glycol) Different micro-structured HUVECs and NIH-3T3 In vitro 4 days of culture  Scaffolds enhanced cell-cell inter- [37]

reolithography, DLP
technique

diacrylate (PEDGA)

wells including stepwise, spir-
al, embryo-like and flower-like
wells

fibroblast

actions and multicellular organi-
zations; HUVECs aligned around
the boundary of the fabricated
geometry and formed cord-like
structures
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Laser-based printing: ste-
reolithography (LS and
2PP techniques)

Laser-based printing: ste-
reolithography (2PP
technique)

Micro-patterning/micro-
fluidics

Micromodule assembly

Nano-fabrication

Vascular network by me-
chanical spacer

Scaffolds with natural
architecture

Custom-made bioplotter
and co-axial printer

Molding

Polytetrahydrofuran ether-diacrylate

Photosensitive organically modified
ceramics

Collagen hydrogels of various
stiffness

Collagen modules and fibronectin-
coated collagen modules

Random PCL/collagen and aligned
PCL/collagen-PEO nanofibers

Silk fibroin, collagen-I, and laminin

Decellularized rat iliac arteries

Tubular alginate capsules and cell
aggregate as bioink

Alginate, Matrigel

Tubes and branched tubular
structure with a diameter
smaller than 2 mm

Epoxy-based acellular micro-
capillary vascular tree with pm
features

Hydrogel-based scaffold

Micromodule with 760 pm in-
ternal diameter

Average thickness, pore size,
and filament diameter of ran-
domly spun scaffolds are

300 pum, 1.2 um, and 250 nm

+ 73 nm, respectively

Linear wire array ranging from
152 to 787 um in diameter

Around 8-cm long tissue
strands, 3 mm x 3 mm tissue
patch

Diameter, thickness, and aver-
age pore size of cardiac patch
were 5mm, 2 mm, and

100 pm, respectively

Human dermal
fibroblasts

Granulosa cells

Bovine pulmonary mi-
crovascular ECs

HUVECs

hAECs

ECs

Primary chondrocytes

Neonatal rat cardiac
cells

In vitro

In vitro

In vitro

In vivo and in vitro; modules
were injected subcutaneously
on the back of mice using 18
gauge needles and implanted
through a micropipette in a
subcutaneous pocket

In vivo: implantation inside the
arterio-venous loop in rats
(male Lewis)

In vitro

In vivo: implantation in the ab-
dominal aorta of rats

In vitro: a bovine in vitro carti-
lage defect model (square
chondral defects)

In vitro culture, in vivo pre-
vascularization of cardiac patch
onto rat omentum, and trans-
plantation onto the infarcted rat
hearts

48 h after cell
seeding

Up to 4 days

In vivo: 7, 14, and
21 days; In vitro:
42 days

8 weeks

7 days

3 months

up to 4 weeks

28 days post-
transplantation

Grafts demonstrated good cyto-
compatibility, and mechanical
properties similar to native
capillaries

Improved cell growth and sus-
tained cell-cell junctions

ECs formed thicker and deeper
vascular networks in the rigid gel
than in the flexible gel; the lumen
size of the capillaries grew in the
rigid gel was larger than in the
flexible gel

Coated collagen modules had
more stable, mature, and perfused
capillaries than sole collagen
modules

A larger number of blood vessels,
capillary density, and branching
hierarchy were observed in ran-
dom vs. aligned nanofibers

Cells formed a nearly continuous
layer around the spacer-generated
hollow channel and ECM protein-
loaded silk tubes

Native vessel-like structure was
observed

A significant amount of cartilage
ECM was found around tissue
strands over time, and this ap-
proach can be used to form vas-
cularized tissue

Cardiac patch showed structural
and electrical integration with
native tissue as well as prevented
dilatation and ventricular dys-
function of rat heart

[42]

[43]

[47]

[76]

(85]

(88]

[95]

[102]

[107]
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formation. The future success of this approach requires improve-
ments in terms of bioreactor design, culture and conditioning, cell
seeding, microfluidics, and the need for multiple surgeries.

It is anticipated that a combined inkjet and 3D bioplotter bio-
printing system will eventually emerge as a smart approach for
printing cell aggregates, tissue strands, and capillary network si-
multaneously to form a complex vascularized tissue or organ.
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Accurate determination of biological activity is essential in quality control of recombinant human brain
natriuretic peptide (rhBNP). In previous study, we successfully developed a genetically modified cell line
293GCAC3-based ELISA assay for rhBNP. But ELISA procedure is still tedious, so this study was aimed to
develop a rapid and simple bioassay for rhBNP using GloSensor technology, which provides a platform of
flexible luciferase-based biosensors for real-time detection of signaling events in live cells, including
c¢GMP production. A reporter cell line 293GCAGlo-G1 was constructed by transfecting pGloSensor™ 40 F
plasmid into 293GCAC3. The reporter assay based on 293GCAGlo-G1 showed high precision with intra-
assay CV being 8.3% and inter-assay CV being 14.1%; high accuracy with 80%, 100% and 120% recovery rate
being 99.2%, 102.4% and 99.0% respectively; and great linearity with R? of linear fitting equation being
0.99. Besides, no significant difference was found in test results of reporter assay and 293GCAC3-based
ELISA assay (paired t test, p = 0.630). All these results suggested that the reporter assay was a viable
assay for biological determination of rhBNP.

© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

B-type natriuretic peptide (BNP), also called brain natriuretic
peptide, is produced primarily by the ventricular myocardium in
response to volume and pressure overload [1-3]. Recombinant
human B-type natriuretic peptide (rhBNP) was approved by FDA in
2001 to treat severe congestive heart failure and recommended in
the acute decompensated heart failure (ADHF) treatment guide-
lines by the European Society of Cardiology (ESC) in 2005 [4-6]. It
also obtained a China national new drug certificate and production
license in 2005. It can mediate natriuretic, diuretic and smooth
muscle relaxant effects, and thus decrease in preload and afterload
by venous and arterial vasodilation, which results in increased
cardiac output [7-9]. A recent clinical study found that continuous
administration of rhBNP can improve heart and renal function in
patients after cardiopulmonary bypass surgery as well as accel-
erate the recovery from myocardial injury [10].

Peer review under responsibility of Xi'an Jiaotong University.
* Corresponding author.
** Corresponding author at: National Institutes for Food and Drug Control, Beijing
100050, China.
E-mail addresses: raocm@nifdc.org.cn (C. Rao),
wangjz_nifdc2014@163.com (J. Wang).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.jpha.2018.04.003

As rhBNP is used more and more widely in clinic, it is imperative
to improve the quality standards of relevant pharmaceutical pro-
ducts. In previous study, we developed a 293GCAC3 cell-based
ELISA assay to replace rabbit aortic strips test (RAST), which sim-
plifies the experiment and improves accuracy and precision, and
this cell-based assay has been widely applied within the industry in
China [11]. But ELISA procedure is still very tedious, with repeated
washing of plate, which surely would bring variation in measure-
ments. Besides, since the concentration of different batches of
commercial anti-cGMP antibodies and HRP-cGMP is not uniform,
the dilution rates of working solutions need to be reconfirmed by
pre-experiments when new batches of reagents are used. Here we
introduce a rapid bioassay for rhBNP using GloSensor technology,
which provides a platform of flexible luciferase-based biosensors
for real-time detection of signaling events in live cells, including
cAMP, cGMP and protease activity. pGloSensor™ cGMP (Promega)
uses genetically encoded biosensor variant with ¢cGMP binding
domain fused to mutant form of Photinus pyralis luciferase [12,13].
Upon binding to cGMP, conformational changes occur, promoting
large increases in light output. The magnitude of the luminescence
increase is directly proportional to the amount of rhBNP. This Glo-
Sensor technology was developed ten years ago and primarily ap-
plied in research on cellular signaling mechanism in the past few
years. This is the first time for this technology to be used in
bioactivity determination of bio-drugs, and our study provides a
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new way to detect agonists of guanylate cyclase / adenylate cyclase
receptors and G protein-coupled receptors.

In this study we developed a reporter cell line 293GCAGlo-G1
by transfecting the plasmid pGloSensor™ cGMP into 293GCAC3
cells, which could produce increased light output to rhBNP sti-
mulation. A reporter assay based on 293GCAGlo-G1 was subse-
quently established and validated, as well as compared with
293GCAC3 cell-based ELISA assay.

2. Materials and methods

2.1. Materials

293GCAC3 cell line was constructed by National Institute for
the Control of Pharmaceutical and Biological Products, Beijing,
China. DMEM-high glucose, fetal calf serum, 0.25% trypsin-EDTA
and G418 were from Thermo Fisher Scientific (Waltham, MA, USA).
GloSensor™ cAMP reagent and pGloSensor™ 40F plasmid were
from Promega (Madison, Wisconsin, USA). X-transgene 9 trans-
fection reagent was from Roche (Basel, Switzerland). Hygromycin
B was from Amresco (Englewood, Colorado, USA). 3-Isobutyl-1-
Methylxanthine (IBMX) was from Sigma-Aldrich (Stockholm,
Sweden). rhBNP reference (500 units per vial) and rhBNP samples
were supplied by manufacturers (China).

2.2. Cell culture, transfection and clone selection

2.2.1. Cell culture

293GCAC3 cells were grown in DMEM-high glucose supple-
mented with 10% fetal calf serum and 200 pg/mL G418. Cell pas-
saging was achieved by detaching the cells in 0.25% trypsin-EDTA
and splitting the cells every 3 days.

2.2.2. Transfection

293GCAC3 cells (approximately 80% confluence) in 6-well plate
were transfected with the plasmid using X-transgene 9 transfec-
tion reagent according to the protocol. After cultured in growth
media for 48 h, cells were collected for next test.

2.2.3. Clone selection

293GCAC3 cells transfected with pGloSensor™ 40F were cul-
tured in growth media for 48 h. Then the growth media was re-
placed with selective media containing 200 pg/mL G418 and
100 pg/mL hygromycin B. After growth in selective media for
4 weeks, resistant clones were subcloned by limited dilution and
screened for the induction of light output by treatment of cells
with gradient concentrations of rhBNP. The clone exhibiting the
highest responsiveness to rhBNP was further characterized.

2.3. 293GCAC3-based ELISA assay

293GCAC3 cells in DMEM without antibiotics and serum were
seeded in 96-well costar plates (1.8x10%/well in a total volume of
180 pL) and incubated at 37°C in a CO, incubator for 16-18 h.
RhBNP reference or samples were gradiently diluted by 4 times in
PBS buffer containing 1 mM IBMX and 0.1% BSA, and 20 pL rhBNP
serial dilutions were added to the cell plate, which was then in-
cubated at 37°C in a CO, incubator for 1.5-2 h. Protein G pre-
coated microtiter plate was incubated with 100 pL cGMP anti-
bodies for 1h. 50 pL culture supernatant and 50 pL HRP-cGMP
conjugate were mixed, and put into cGMP antibody coated plate,
shaking at room temperature for 3 h. Then the mixtures were
discarded, and the plate was washed 4 times. 100 pL TMD sub-
strates were put into the plate, reacting at room temperature for
10 min, and terminated by 100 pL stop buffer. OD4s5¢ values were
then determined by reading on a SPECTRAmax plate reader.

2.4. Reporter assay

293GCAGlo-G1 cells in analysis medium (IMDM supplemented
with 10% fetal calf serum) were seeded in 96-well white plates
(4x10%/well in a total volume of 50 L), and incubated at 37 °C in a
CO, incubator for 16-18h. 30 pL equilibration medium (3 mL
analysis medium supplemented with 200 pL of GloSensor™ cAMP
reagent stock solution) was put into the cell plate and incubated at
room temperature for 2 h. rhBNP reference or samples was gra-
diently diluted 2 times in analysis medium, and 20 pL rhBNP serial
dilutions were added to the cell plate, which was then incubated
at room temperature for 30-60 min. Luminescence values were
determined by reading on a SPECTRAmax plate reader at set
intervals.

2.5. Statistical analysis

Analyses of the data consisted of statistical models used to
calculate ECsqo value as well as statistical techniques for method
validation. In order to calculate the ECsq values, dose response and
linear range, we used the 4-PL model. Analyses were carried out
using GraphPad Prism 5 and SigmaPlot 12 for ECsq calculations
and method validation.

3. Results

3.1. Responsiveness of 293GCAC3 transfected with pGloSensor™ 40F
to rhBNP stimulation

As the initial step, we transiently transfected 293GCAC3 cells
with the plasmid pGloSensor™ 40 F and tested whether it could
produce increased light output to rhBNP stimulation. 5h after
transfection, equilibration medium was added and incubated at
room temperature for 2 h, followed by rhBNP stimulation (serial
concentrations) for 90 min and the light output was detected at set
intervals. The results are shown in Fig. 1. The results indicated that
pGloSensor™ 40F transfected 293GCAC3 cells produced increased
levels of light output in response to the ascending concentrations
of rhBNP, and the increase of light output was the highest between
30 and 40 min. As the cells transiently transfected with pGlo-
Sensor 40 F demonstrated excellent responsiveness to rhBNP
treatment, we then set out to develop a stable reporter cell line.

157. 4 min

5 min
+ 10 min
109 . 15 min
20 min

o 30 min

RFU (x10%)

71 = 40 min
2 60 min
90 min &

0

o

1 L 1
-4 -3 -2 -1
log (concentration of rhBNP)

Fig. 1. Responsiveness of 293GCAC3 transfected with pGloSensor 40F to rhBNP
stimulation. 293GCAC3 cells transfected with pGloSensor 40F were stimulated by
rhBNP dilutions and the light output was determined at set intervals (5, 10, 15, 20,
25, 30, 40, 60 and 90 min). Each point and error bar represents the mean and
standard deviation of three replicates, respectively.
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Fig. 2. The effect of IBMX on the reporter assay. 293GCAGlo-G1 cells were stimu-
lated by rhBNP dilutions with or without the presence of IBMX(1 mM). Each point
and error bar represents the mean and standard deviation of two replicates,
respectively.

3.2. Development of a reporter assay for rhBNP

293GCAC3 cells were transfected with pGloSensor™ 40F, and
cultured in selective media containing 100 pg/mL hygromycin B
for 4 weeks. Positive clones were obtained by limited dilution.
As shown in Fig. S1, clone G1 was found to produce highest level
of light output in response to rhBNP treatment, which was next
employed to develop a reporter assay for rhBNP. Various para-
meters of the assay were optimized, including cell number (40,
000 per well), concentration range of rhBNP (.002-0.25 pg/mL),
and stimulation time (30-40 min). Given the presence of IBMX,
an inhibitor of phosphodiesterase (PDE), is essential in ELISA
assay, we tested the influence of IBMX (1 mM) in this reporter
assay. As shown in Fig. 2, with the presence of IBMX, the mag-
nitude and stability of light output improved slightly, but the
background light output was significantly increased (about
3 times), which was against the accuracy and precision of the
assay. So for the reporter assay, IBMX was unnecessary. The
parameters of dose-response curves of 293GCAGlo-G1cells sti-
mulated by rhBNP dilutions with or without the presence of
IBMX are also listed in Table 1, including slope, minimum and
maximum light outputs, ECsq and R2. Although the light outputs
changed over time, the ECsq values were relatively stable (CV
was 7.7% for IBMX™ and 5.8% for IBMX™).

3.3. Precision, linearity, and accuracy

To validate the reporter assay, all tests were conducted ac-
cording to ICH Guidelines, including precision, linearity, and

Table 1.

accuracy. Five repeated analyses of rhBNP sample in one test or
five different tests were conducted to evaluate intra- or inter-
assay precision. Intra-assay CV was 8.3% and inter-assay CV was
14.1%, demonstrating high precision. Accuracy was evaluated by
testing recovery rates, and the specific approach was that 80%,
100% and 120% rhBNP references were mixed with 100% rhBNP
sample and tested simultaneously. The recovery rate was re-
presented by the percentage rate of the difference between
measured value of mixture and measured value of 100% rhBNP
sample to expected value of rhBNP reference in mixture. The
80%, 100% and 120% recovery rates were 99.2%, 102.4% and
99.0% respectively, demonstrating great accuracy of the assay.
Linearity was evaluated by testing 25%, 50%, 75%, 100%
and 125% of rhBNP samples, and the linear fitting equation
(y =0.99x—0.01, R?=0.99) represents the correlation between
them, where x is expected value and y is measured value. The slope
of 0.99 suggested high correlations between expected values and
measured values, and R? of 0.99 showed great linearity.

3.4. Comparison of reporter assay with ELISA assay

The agreement between reporter assay and ELISA assay was
assessed by testing various samples using both methods. Three
rhBNP bulks and three rhBNP products were tested by both
methods, and the results are listed in Table 2. Paired T test showed
no significant difference between two methods (p = 0.630), sug-
gesting the consistency of two methods in test results. Then we
compared two methods in materials, operation steps, sensitivity,
signal to noise ratio (SNR) and precision (Table 3). The two
methods were similar in sensitivity and precision, but the reporter
assay was more rapid and simpler.

4. Discussion

Bioactivity determination is a critical quality attribute (CQA) for
quality control of biological drugs, including rhBNP. The biological
activity of this peptide drug was determined by RAST earlier,
which is known to be laborious and time-consuming, with poor
reproducibility and isolation of fresh aortic strip from sacrificed
rabbit [14,15]. Numerous attempts have been made over decades
to develop alternative assays aiming at reduced use of animals and
improved precision and robustness. The biological action of BNP is
mediated by its main receptor natriuretic peptide receptor-A
(NPR-A)/ guanyl cyclase site (GC-A), which has a guanyl cyclase
site. Activated GC-A receptor could catalyze the conversion of
guanosine triphos-phate (GTP) to cyclic guanosine monopho-
sphate (cGMP), a second messenger triggering potent physiologi-
cal actions [16-19]. Given the well-characterized pathways

The parameters of dose-response curves of 293GCAGlo-G1 cells stimulated by rhBNP dilutions with or without the presence of IBMX.

IBMX Parameter 35 min 40 min 45 min 50 min 60 min Average RSD (%)

IBMX" Hillslope 3.98 3.63 4.30 4.42 7.57 4.78 333
Min light output 43.41 3235 37.75 35.92 31.70 36.22 13.1
Max light output 663.52 634.83 557.64 558.72 42215 56737 16.5
ECs0(ng/mL) 538 5.09 4.76 5.02 4.37 4.92 7.7
R? 0.98 0.97 0.95 0.96 0.95 0.96 14

IBMX* Hillslope 244 3.09 227 2.75 2.62 2.63 11.8
Min light output 150.22 106.59 88.75 87.83 65.31 99.74 319
Max light output 724.20 716.13 709.02 666.20 575.60 678.23 9.1
ECso(ng/mL) 2.04 1.85 1.97 1.82 177 1.89 58
R? 0.93 0.95 0.95 0.95 0.96 0.95 0.9
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Table 2.
Test results of rhBNP samples by ELISA assay and reporter assay.

Sample ELISA assay (units/mL) Reporter assay (units/mL)
Bulk 01 2588 2714

Bulk 02 2835 2666

Bulk 03 2040 2102

Product 01 341 382

Product 02 616 668

Product 03 514 528

Paired T test, p = 0.630.

activated by BNP, quantification of cGMP in cells exposed to rhBNP
has been explored as attractive alternative assay. Indeed, several
types of cGMP-involved assays for thBNPs have been reported in
recent years, including the measurement of cGMP in human um-
bilical vein endothelial cells (HUVEC) or PC12 cells by radio-
immunoassay, as well as a modified cell line 293GCAC3 by ELISA
assay, which was developed by our previous work [11].

In this study, a new reporter assay was explored based on
GloSensor technology, a platform technology of biosensors for the
intracellular detection of signal transduction in living cells devel-
oped by Promega Corporation [13,14,20]. The plasmid pGlo-
Sensor™ 40F encodes a biosensor variant with cGMP binding
domain fused to a mutant form of Photinus pyralis luciferase.
Upon binding to cGMP, conformational changes occur, promoting
large increases in light output. A reporter cell line was constructed
by transfecting pGloSensor™ 40F into GCA-overexpressing cell
line 293GCAC3. Fig. 3 describes the principle of this new reporter
assay. Method validation was conducted according to ICH Guide-
lines, including precision, linearity, and accuracy. The reporter
assay showed high precision with intra-assay CV being 8.3% and
inter-assay CV being 14.1%; high accuracy with 80%, 100% and 120%
recovery rate being 99.2%, 102.4% and 99.0% respectively; and
great linearity with R? of linear fitting equation being 0.99. Given
the specificity of reporter assay was consistent with ELISA assay,
which has been validated in former study [11], it is unnecessary to
evaluate it again. Besides, no significant difference was found in
results of reporter assay and 293GCAC3-based ELISA assay (paired
T test, p = 0.630). The two methods were similar on sensitivity and
precision, but the reporter assay is more rapid and simpler for
avoidance of ELISA steps.

5. Conclusion

Collectively, all our results suggested that the reporter assay
was a viable assay for biological determination of rhBNP products,

Table 3.
Comparison between ELISA assay and reporter assay.

@
O
>
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substrate active Luc

Fig. 3. A sketch for the principle of new reporter assay.

and single-reagent and one-step determination made the assay
more controlled and suitable in routine inspection compared with
former ELISA assay. What is more, our study provides a new way
to detect agonists of guanylate cyclase/adenylate cyclase receptors
and G protein-coupled receptors, which would promote the re-
search and development (R&D) of these types of bio-drugs.
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Materials, method and result ELISA assay

Reporter assay

Cell line 293GCAC3
Extra materials
stop solution, Protein G-coated plate

Experiment steps 1. Preparation of cell plate (16-18 h)

2. Preparation of BNP samples and stimulation for 1.5-2 h

3. Immobilization of anti-cGMP antibody (1 h)

4. Competitive ELISA test (3—4 h)
5. Determination
Sensitivity(ECsg) ~5 ng/mL
SNR (signal to noise ratio) >2.5
Intra-assay CV < 10%
Inter-assay CV <20%

IBMX, HRP-cGMP, anti-cGMP antibody, dilution buffer, wash buffer, TMB substrate,

293GCAGlo-G1
GloSensor™ cAMP Reagent, White cell plate

1. Preparation of cell plate (16-18 h)

2. Equilibration for 2 h

3. Preparation of BNP samples and stimulation for
0.5-15h

4. Determination

~5ng/mL
>10

< 10%
<20%
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Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.jpha.2018.04.003.
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Freeze-thaw cycles impact the amount of aggregation observed in antibodies and Fc-fusion proteins.
Various formulation strategies are used to mitigate the amount of aggregation that occurs upon putting a
protein solution through a freeze-thaw cycle. Additionally, low pH solutions cause native antibodies to
unfold, which are prone to aggregate upon pH neutralization. There is great interest in the mechanism
that causes therapeutic proteins to aggregate since aggregate species can cause unwanted im-
munogenicity in patients. Herein, an increase in aggregation is reported when the pH is adjusted from pH
3 up to a pH ranging from pH 4 to pH 7 during the thaw process of a frozen antibody solution. Raising the
pH during the thaw process caused a significant increase in the percent aggregation observed. Two
antibodies and one Fc-fusion protein were evaluated during the pH jump thaw process and similar ef-
fects were observed. The results provide a new tool to study the kinetics of therapeutic protein ag-
gregation upon pH increase.

© 2017 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Aggregation is a critical quality attribute of therapeutic proteins
such as monoclonal antibodies (mAbs). It is important to under-
stand the mechanism of protein aggregation since aggregate spe-
cies often elicit an unwanted immunogenic response in patients.
Therefore, reproducibility of manufactured therapeutic proteins
with very low levels of aggregates is highly desired in the phar-
maceutical industry so that safe products can be delivered. Ag-
gregate formation during the therapeutic protein production
process can potentially be the result of any one of many different
steps in a typical commercial process [1]. The impact of freeze-
thaw on aggregate formation and stability of antibodies has been
studied extensively. The pH [2-4], excipients [5-7], ionic strength,
containers [2], and heating and cooling rates [8,9] have been
shown to impact the stability of antibodies during the freeze-thaw
process.

In this work, we describe how an increase in aggregation oc-
curs upon thawing an antibody solution, stored at pH 3 and
—80 °C, with a solution that is at a higher pH. The impacts of pH,
antibody concentration, buffer, rate of thaw and stabilizing mole-
cules were investigated. In order to ensure this phenomenon was
not specific to one particular antibody, key experiments were
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repeated with another antibody and an Fc-fusion protein. All three
of the proteins contained the Fc region of IgG1, which is implicated
in aggregate formation when the pH is increased during thaw. The
results are explained by a model for kinetically trapped aggrega-
tion that is promoted under these conditions.

2. Materials and methods
2.1. Samples

All protein samples were either produced at MilliporeSigma from
CHOZN" cell lines grown in chemically defined media (mAb 1 and
mAb 2) or purchased commercially (Fc-fusion protein). Unless
otherwise noted, all reagents were purchased from Sigma-Aldrich
(USA). Buffered solutions were prepared using deionized water
(18.2 M€ -cm) and were filtered (0.22 pm) prior to use. Frozen
protein samples were stored in 0.2 mL Greiner Sapphire PCR vials at
—80°C. For protein purifications, 200 pL per sample of Poros"
MADbCapture™ Protein A resin (Thermo) was used and rinsed with
pH 7 wash buffer (20 mM citrate, 150 mM NacCl) prior to use. Protein
samples produced at MilliporeSigma were purified by mixing the
centrifuged supernatant (900 pL) with protein A resin for 10 min.
The samples were washed twice with 900 pL of pH 7 wash buffer
and eluted with 150 pL of pH 3 elution buffer (25 mM citrate).

Following purification, mAb 1 was frozen at —80 °C in 40 uL
aliquots, unless otherwise noted in the text. The second protein,
mAb 2, was further processed following the standard purification

2095-1779/© 2017 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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procedure at MilliporeSigma. Namely, it was adjusted to pH
5.5 using 50 plL of additive buffer (2 M L-arginine, 400 mM acetate,
pH 8.12) and subsequently frozen at —80 °C. For the purpose of
this study, the mAb 2 solution was thawed and subsequently ex-
changed into pH 3 elution buffer using Amicon" 30 K molecular
weight cutoff filters for buffer exchange, and then frozen in either
20 pL or 40 pL aliquots at —80 °C. The Fc-fusion protein was re-
ceived as a solid lyophilized formulation. The lyophilized Fc-fusion
powder was hydrated with water, exchanged into 25 mM citrate
buffer at pH 3 and subsequently frozen in either 20 uL or 40 uL
aliquots at —80 °C. Both mAb 1 and mAb 2 are IgG1 antibodies and
the Fc-fusion protein contains the Fc region of human IgG1. The
samples were analyzed for identification and purity using SDS-
PAGE analysis (Fig. S1), and the major impurities observed were
typically fragments of fusion proteins and mAbs (missing heavy or
light chain, Table S1).

2.2. Thaw process

The samples were either allowed to thaw completely at room
temperature (RT) and then adjusted with buffers at the specified
conditions, or were mixed immediately with buffers at the speci-
fied conditions during thaw. Unless otherwise noted, all dilution
buffers contained 100 mM citrate. The dilution factor was kept at
7 to 1 for all samples. Unless otherwise noted, 40 uL samples were
used with 240 uL dilution buffer. For experiments where the
samples were mixed after the thaw process, the frozen aliquots
were allowed to completely thaw at RT (3 min) and then mixed
with buffer at RT using continuous aspiration (10 aspiration cycles
with micro-pipette set at 240 uL for 10s, 1 aspiration cycle
per second). For experiments where the samples were mixed
during the thaw process, the frozen aliquots were immediately
mixed with buffer at RT using continuous aspiration until the
sample completely dissolved (10 aspiration cycles with micro-
pipette set at 240 uL for 10s, 1 aspiration cycle per second). For
samples that were frozen in 20 pL aliquots, 120 pL dilution buffer
was used (10 aspiration cycles with micro-pipette set at 120 pL for
10 s, 1 aspiration cycle per second). Care was taken to avoid bubble
formation. All samples were filtered through 0.45 pym GHP filters
(Pall) and immediately analyzed by size exclusion chromatography
(SEC) for aggregation levels.

2.3. Aggregation assessment

Aggregation was assessed with a Waters Acquity H-Class UPLC
system. A Waters UPLC BEH200 SEC column (200A, 1.7 pm,
46 mm x 150 mm) was used for analysis. Peak resolution and
aggregate recoveries were increased by adding arginine to the
mobile phase in accordance with previous work by Ejima et al.
[10]. After further optimization, reproducible recoveries of the
aggregates were maximized when the arginine concentration was
increased to 500 mM in the mobile phase. The column tempera-
ture was also optimized for peak resolution and a temperature of
35 °C gave ideal peak separation while showing no effect on ag-
gregate recoveries. All of the samples were analyzed using an
isocratic mobile phase of pH 7.6, 500 mM arginine, 100 mM so-
dium phosphate, and 200 mM NaCl. The flow rate was 0.4 mL/min.
The column temperature was 35 °C, and the samples were stored
at 10 °C during analysis. The injection volume was 15 puL, and the
runtime of the method was 7.5 min. The chromatograms were
extracted at a wavelength of 280 nm.

3. Results
3.1. Initial observations of mAb 1 aggregation during thaw

When an mAb 1 sample, stored frozen at pH 3, was allowed to
completely thaw before being mixed with a higher pH buffer (pH
7), there was no increase in aggregation (Fig. 1). However, when
the same sample was immediately mixed with pH 7 buffer during
the thaw process, aggregation levels were significantly increased.
In order to test whether the induced aggregation was due to a
rapid increase in pH or temperature, a control experiment was
performed where the mAb 1 sample was mixed with the same
storage buffer (pH 3) during the thaw process. The results in Fig. 1
confirm that a rapid increase in temperature alone, was not re-
sponsible for causing aggregation since mixing the protein sample
with buffer at pH 3 while the sample was still thawing did not
result in aggregation. Note that when the frozen protein sample
was allowed to completely thaw prior to addition of pH 7 buffer
there was no increase in aggregation, which suggests that a rapid
increase in pH alone was not responsible for aggregation since the
pH change was also relatively fast in this case. There was clearly no
difference in aggregation levels when the sample was mixed with
either pH 3 buffer during thaw, or pH 7 buffer after the sample was
allowed to completely thaw, indicating there was no effect of pH
on aggregate formation when the samples were allowed to com-
pletely thaw prior to pH adjustment. Taken together, these results
show the impact on mAb aggregation was both pH- and thaw-
dependent, and not attributable to just a rapid pH increase or the
thaw process alone.

3.2. Effect of dilution process on aggregation

3.2.1. Rate of thaw

The temperature of the thawing buffer during the pH jump
with mAb 1 was evaluated to see how big of an effect the rate of
thaw would have on aggregation levels. The following tempera-
ture experiments were performed to investigate this effect on
aggregation levels. Frozen samples of mAb 1 were thawed with pH
7 buffer at different rates (with or without aspiration) or with
buffer kept at different temperatures (RT or 4°C). The mAb
1 samples were also allowed to completely thaw before being
mixed with pH 7 buffer at RT or 4 °C (Fig. 2).

Different aggregation levels were observed with mAb 1 de-
pending on both the temperature of the dilution buffer and the
thawing rate of the sample. In the sample aspirated immediately
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Fig. 1. Size exclusion chromatograms of three mAb 1 samples thawed in different
conditions (absorbance at 280 nm). For each sample, the peak observed at 2.8 min
was the monomer peak of mAb 1, and anything eluting earlier was considered
aggregates. Inset: Zoom-in on the chromatogram of the aggregate species.
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Fig. 2. The percent of aggregation observed when frozen mAb 1 samples were
thawed in six different conditions with pH 7, 100 mM citrate (dilution buffer). In
the first two conditions, samples were aspirated with dilution buffer stored at the
specified temperature. In the third and fourth conditions, the samples were al-
lowed to thaw passively with dilution buffer stored at RT or 4 °C and without as-
piration. In the last two conditions, the samples were allowed to completely thaw
and then mixed with the dilution buffer at RT or 4 °C.

with RT buffer, the aggregation level was significantly higher than
that of the sample aspirated with buffer at 4 °C. When the buffer
was added without aspiration (passive), aggregation still occurred,
but there was no difference in aggregation levels when the dilu-
tion buffer was at 4 °C or RT. The amount of time required for
complete thaw of the mAb 1 samples was in the following order:
RT Aspiration < 4 °C Aspiration < RT Passive < 4 °C Passive.
When the samples were allowed to completely thaw prior to
buffer addition, aggregation levels were even lower than that of
passive addition, but the temperature of the dilution buffer had no
impact on aggregation levels in this case. The results illustrate how
the kinetics of protein thawing has an impact on induced ag-
gregation levels when the protein is exposed to higher pH.

3.2.2. pH of dilution buffer

Knowing that the rate of thaw has an effect on aggregation
levels, attention was shifted to the role of pH on aggregate for-
mation. In order to further investigate the impact of pH on ag-
gregate formation during the thaw process, pH titration experi-
ments were performed on mAb 1. The pH titration was performed
by thawing mAb 1 samples (stored at pH 3) in dilution buffers
containing 100 mM citrate at a pH ranging from pH 3 to pH 7. The
frozen samples were immediately aspirated with the corre-
sponding dilution buffer at RT. A clear sigmoidal relationship exists
between the amount of aggregate formed and the solution pH
(Fig. 3). This sigmoidal fit suggests that a titratable group with a
pKa of 4.5 is involved in the aggregation process (Fig. 3 inset).
Aspiration of the frozen sample with an alternative dilution buffer
consisting of 100 mM acetate at pH 5 gave similar results to the
corresponding citrate buffer at pH 5.

3.3. Effect of storage buffer on aggregation

3.3.1. pH of storage buffer

In an effort to determine whether the temperature and pH
jump on the thaw-induced aggregation process was also depen-
dent on the pH of the frozen solution, samples of mAb 1 were
frozen in other solution at pH values of 4-7 (each with 25 mM
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Fig. 3. Size exclusion chromatograms (SEC) of mAb 1 thawed in dilution buffers
(100 mM citrate) of varying pH (pH 3 to pH 7). Inset: The percent aggregation
observed when SEC are plotted vs. solution pH. The colors of the data points co-
ordinate with the colors in the chromatograms. e represents the measurement
when pH 5, 100 mM acetate was used.
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Fig. 4. Difference in percent aggregation when samples were mixed with pH
7 buffer during and after the thaw process. The mAb 1 samples were stored frozen
at the pH indicated (with 25 mM citrate). In the experiments with sucrose, the
protein sample was frozen with 25 mM citrate and 500 mM sucrose. All of the
frozen samples (stored at 2 mg/mL) were adjusted to pH 7 with 7:1 dilution into pH
7,100 mM citrate solution.

citrate) and again adjusted with pH 7 dilution buffer. All of the
samples were mixed with dilution buffer at RT using continuous
aspiration either during or after the protein thawed. The results
(Fig. 4) are shown as a difference in percent aggregation (differ-
ence between when the sample was allowed to thaw completely
and when the sample was mixed during thaw). The largest in-
crease in aggregation was observed when the pH 3, protein sample
was thawed (aspirated) with pH 7, 100 mM citrate buffer, as pre-
viously shown. When the pH of the mAb storage solution was
adjusted to a higher pH (pH 4-7) prior to freezing, no increase in
aggregation was observed upon thawing with pH 7 buffer. This
shows that storing the samples at pH 3 is significant upon thawing
at higher pH.

3.3.2. Effect of sucrose

Sucrose is known to protect frozen proteins by serving as a
cryoprotectant [6,7] and plays a role in protecting mAb 1 from
induced aggregation upon thawing with a higher pH buffer. To test
this hypothesis, sucrose was added at a final concentration of
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Fig. 5. Absorbance chromatograms of mAb 1, an Fc-fusion protein and mAb 2 when
the pH was adjusted during thaw (green) and after thaw (purple). The pH was
adjusted from pH 3 in the frozen sample to pH 7 in the final solution. An increase in
aggregation is observed for all three proteins. The Fc-fusion and mAb 2 proteins
were both at 2 mg/mL in the frozen samples, and the mAb 1 protein was at
7 mg/mL in the frozen sample.

500 mM to the mAb 1 sample and frozen at pH 3 (25 mM citrate).
Upon aspirated thawing with pH 7 buffer, no increase in ag-
gregation was observed (Fig. 4), showing that sucrose protects
mAb 1 from induced aggregation when samples stored at pH
3 were thawed with a higher pH buffer.

3.4. Generality of protein aggregation during thaw

In order to ensure the aggregation induced phenomenon was
not isolated to a single mAb, two other therapeutic proteins were
evaluated. An Fc-fusion protein and mAb 2 were exchanged into
pH 3, 25 mM citrate buffer and then frozen at —80 °C in 20 pL
aliquots. The samples were either thawed with mixing in the
presence of pH 7 buffer, or allowed to completely thaw before
being mixed with the pH 7 buffer. The results (Fig. 5) show that
the phenomenon of induced aggregation upon thawing low pH
protein samples with higher pH buffers at RT is not isolated to
mAD 1 alone. Both the Fc-fusion protein and mAb 2 exhibited an
increase in aggregate levels when the samples were subjected to a
rapid elevation in pH and temperature. However, in order to fully
generalize the kinetic model observed for mAb 1 with other Fc-
containing proteins, additional experiments are needed with the
Fc-fusion protein and mAb 2, including the effect of thaw rates on
aggregation levels.

4. Discussion
4.1. Proposed model for pH jump induced aggregation during thaw

4.1.1. Cy2 unfolding at low pH

Numerous studies have reported in recent years the mechan-
ism of therapeutic antibody aggregation at low pH [3,4,11-15].
Previous work by Latypov et al. [4] showed that IgG1 and IgG2 Fc
fragments are largely unfolded at low pH (2.5) and become more
ordered in secondary and tertiary structure as the pH is increased
to pH 4.7. They discovered unfolding of the C;2 domain precluded
unfolding in the C43 domain as the pH is lowered. From pH 3.1 to
3.5, the Cy2 domain is completely unfolded, while the Cy3 domain
is partially unfolded. The driving force for unfolding at low pH is
largely influenced by protonation of side residues that are involved
in stabilizing secondary and tertiary structures in the native pro-
tein at neutral pH [16]. In the native conformation, these residues
are oppositely charged and held together through electrostatic
attractions, with the native protein having a net neutral charge. At
low pH, the non-native protein has an increased net charge due to
multiple, positively charged residues [12,17]. The electrostatic re-
pulsions between intramolecular charged residues cause the pro-
tein to unfold, exposing hydrophobic segments to the solvent that
is usually buried in the core of the folded, native protein. As a
result, hydrophobic attractions between adjacent monomers be-
come possible and are strong enough to compete with the en-
ergetically unfavorable intermolecular repulsions that exist be-
tween positively charged residues on the opposite binding partner
[16]. The association of unfolded monomers to form larger oligo-
mers in this manner represents the foundation for non-native
protein aggregation, which is a plausible mechanism for explain-
ing the aggregation results observed in this study.

The requirement that the solution pH must be as low as pH 3 to
achieve complete unfolding of the native Cy2 region can explain
the results in Fig. 4. The non-native conformation of the monomer
that is capable of self-association will only be present when en-
ough side residues have become protonated, which is only possi-
ble when the pH is at pH 3. When the pH is at pH 3.5 or above, the
Cy2 domain is partially folded and incapable of binding neigh-
boring monomers. This explains why the frozen proteins must be
at pH 3 in order to achieve aggregation upon a pH jump to neutral
pH. The pH limit for achieving adequate neutralization of net
charge in the non-native monomer appears to be pH 4.5 based on
the aggregation results shown in Fig. 3. This result fits the net
charge calculations of an IgG1-derived Fc fragment reported by
Wau et al. [12], in which the net charge was positive at pH 4 and
neutral at pH 5.

4.12. Kinetically trapped aggregates

In current models for non-native protein aggregation, re-
versible pathways are used to explain aggregate formation starting
from the native monomer [16,18]. Unfolding of the monomer at pH
3 is not considered rate-limiting. Once unfolded, the monomer can
associate with adjacent monomers, as mentioned earlier, to form
dimer and trimer clusters, which are reversible. However, as the
pH is increased towards the isoelectric point of the protein, the
dispersed charges that are repelled between monomers in close
proximity are neutralized and the hydrophobic attractions become
significant. At this point, the protein will either re-fold into the
native conformation (thermodynamically reversible formation)
or form strong hydrophobic interactions with another monomer in
the form of P-sheets, leading to aggregate species which are ir-
reversible [19,20]. The unfolded, neutralized proteins are tran-
siently formed upon exposure to increased pH. The population of
monomers that overcome the energy barrier for self-association
will reach a local energy minimum and will be kinetically trapped
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as an aggregate [13,21]. Although the corresponding aggregates
are considered energetically stable with high energy barriers to
dissociation, the trapped aggregates formed in this study were
found to be slowly reversible (Fig. S2).

4.1.3. Concentration influence on aggregation

As discussed in the previous section, an increase in pH from pH
3 to above pH 4.5 affected the amount of aggregates observed in
mAb 1 and was attributed to the stability of the C;2 domain in the
unfolded protein. However, aggregation levels were not influenced
by a pH jump alone. As shown in Fig. 2, the rate at which the
frozen sample thawed showed an influence on aggregation. When
the sample, frozen at pH 3, was thawed with neutral buffer at pH 7,
aggregation levels were appreciably higher when the samples
were thawed faster. Cryoconcentration, in which proteins are
concentrated into localized sections of a frozen sample, can occur
upon freezing [8]. Higher concentrated protein when exposed to a
rapid pH shift during the thaw process would lead to unfolded Cy2
domains being neutralized in closer proximity to other proteins,
thus leading to higher aggregation. This model can be used to
explain the results in Fig. 2, in which frozen samples that were
thawed with aspiration showed higher aggregation levels com-
pared to samples that were passively thawed. The samples that
were thawed prior to addition of neutral buffer would have been
diluted by the time the pH was increased and expected to show
less aggregation, as was the case in this study.

The hypothesis for cryoconcentration as the cause of increased
aggregation with increased thaw rate is supported by the ob-
servation that sucrose was able to decrease aggregation during
rapid thaw with neutral buffer, when it was present in the frozen
mAD 1 sample at pH 3 (Fig. 4). Sucrose has the ability to act as a
cryoprotectant when added to frozen protein samples [6,7] and as
a result, local protein concentrations would change less during the
freezing process. Additional experiments were performed to test
concentration dependence, in which samples of mAb 1 were fro-
zen in pH 3 buffer at different protein concentrations (Fig. S3).
Upon aspirated dilution with neutral buffer, increased aggregation
was observed that was proportional to the concentration of frozen
protein, further supporting this hypothesis.

5. Conclusions

Frozen samples of three different therapeutic proteins stored at
pH 3 showed appreciable amounts of aggregation upon a pH jump
and rapid thaw with neutral buffer. The Fc region, common to all
three proteins, was implicated in the aggregation process. The
stability of the Cy2 domain within the Fc region was used to ex-
plain the kinetic results obtained with mAb 1 and compliments
the findings of recent reports on the mechanism of aggregation by
non-native therapeutic proteins. In particular, aggregates formed
by the pH jump thaw process are attributed to a kinetically trap-
ped intermediate that is formed. Various factors promoted the
aggregation process such as the rate of thaw and the pH of the
frozen protein sample and dilution buffer. Cryoconcentration and
pH increase are the proposed root causes to explain the observed
phenomenon. Altogether, the findings can be used as a research
tool to further study the aggregation kinetics of therapeutic
proteins.
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Primula vulgaris belongs to the genus Primula, members of which are frequently used in folk medicine.
Various studies have investigated the cytotoxic effect of different Primula species, but there have been
limited studies on the cytotoxic effect of P. vulgaris. The aim of this study was to investigate the cytotoxic
effects, and possible mechanisms involved, of P. vulgaris flower extract on human cervical cancer (HeLa)
cells. The cytotoxic effect of the extract on Hela cells was revealed using the MTT assay. Mechanisms
involved in the extract's cytotoxic effect were then investigated in terms of apoptosis, mitochondrial
membrane potential, and the cell cycle, using fluorometric methods. P. vulgaris flower extract exhibited
selective cytotoxic effects against HeLa cells by arresting their cell cycle at the S phase, and inducing the
number of apoptotic cells compared to normal fibroblast cells by reducing mitochondrial membrane
potential in a concentration-dependent manner. This is the first study to reveal the antiproliferative
effect of P. vulgaris flower extract. Further studies are now needed to identify the cytotoxic molecules in
the extract and their mechanisms.

© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cancer is a global health problem, and 21% and 9% of deaths in
developed and developing countries, respectively, are reported to be
cancer-related. The World Health Organization (WHO) predicts ap-
proximately 27 million new cases of cancer and 17.5 million deaths
from cancer annually by 2050 [1]. Cervical cancer is the second most
common cancer type in women worldwide, and failure to detect the
condition at an early stage and/or the development of treatment
resistance can lead to fatal outcomes [2]. While the treatment of
many cancer patients often involves the use of chemotherapy and
radiotherapy, these treatments gradually cause damage to normal
cells, and resistance to targeted cancer cells reduces the success rate
of these therapies [3]. Current research therefore focuses on devel-
oping new generation drugs with fewer side-effects [4].

Plants have been used to treat and prevent many human and
animal diseases since ancient times. Today, approximately 50% of
the anticancer drugs used in chemotherapy are obtained from
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plants. According to the WHO data, more than 80% of people living
in developing countries use natural products for primary health
problems. Recent surveys show that more than 60% of cancer pa-
tients use natural products for therapeutic purposes. However, very
few of these medicinal plants have been scientifically evaluated in
terms of their anticancer properties. The idea of producing new
generation anticancer drugs from natural products has therefore
attracted great interest in both the scientific and commercial
spheres in recent years [4-6]. Primula belongs to the family Pri-
mulaceae, and more than 400 species are found in the Northern
hemisphere, growing in moist and temperate climatic regions [7].
Primula species are used in traditional medicine against bronchitis,
asthma, and insomnia [6]. Primula species are reported to be rich in
saponins, alkaloids, tannins, terpenes, and phenolic compounds
[7,8]. The antioxidant, antimicrobial, antigenotoxic, anti-in-
flammatory, hypoglycemic, cytotoxic, and wound healing properties
of Primula species have been extensively studied, and these useful
biological properties are attributed to the presence of the above-
mentioned compounds [6-10]. Commercial interest in Primula
species is growing all the time, especially in the food, cosmetic, and
drug industries, due to their beneficial biological properties [6].
Numerous studies have investigated the antiproliferative effect
of different Primula species. The cytotoxic effect of aqueous
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extracts of P. vulgaris flowers and leaves was examined using the
brine shrimp method, and LCsq values of 311 and 40 pg/mL were
determined respectively, in one study [11]. Behzad et al. [3]
showed that the methanol extract of Primula auriculata exhibits
apoptotic properties via caspase activation in the human colon
cancer (HT-29) cell line. However, no previous studies have in-
vestigated the cytotoxic effect of P. vulgaris flower extract on cer-
vical cancer cells. The aim of this study was to investigate the
cytotoxic effect of P. vulgaris flower extract on Hela cells, together
with the mechanism involved.

2. Experimental
2.1. Chemicals and reagents

Gentamicin and trypsin/EDTA solutions were obtained from
Biological Industries (Kibbutz Beit Haemek, Israel), Eagle's mini-
mum essential medium (EMEM) from Lonza (Verviers, Belgium),
and fetal bovine serum (FBS) from Biochrom (Berlin, Germany). All
flow cytometry kits were purchased from Becton Dickinson (San
Diego, CA, USA). The other principal chemicals used were obtained
from Sigma (St. Louis, MO, USA).

2.2. Sample collection and extract preparation

P. vulgaris plant samples used in the study were collected from
Trabzon, Turkiye in the Spring of 2015. The plant samples were
dried at room temperature for 20 days. The flower parts were then
carefully separated and converted into a fine powder using a
blender and milling procedures. Next, 0.5g of the powdered
samples was mixed with 10 mL of dimethyl sulfoxide (DMSO).
After thorough vortexing, the mixture was left to incubate for 24 h
with continuous shaking at 150 rpm at 45 °C. After incubation, the
mixture was centrifuged at 2000 g for 10 min. The supernatant
was filtered with Whatman No. 1 filter paper and then passed
through 0.2 pm filters. The resulting DMSO extract of P. vulgaris
flower was aliquoted for use in experiments and stored in the dark
at — 20°C.

2.3. Drug preparation and treatment

Cisplatin was dissolved in DMSO and used as a reference
compound in cytotoxicity experiments due to its use in cervical
cancer treatment [12]. Final solvent concentrations of compounds
were no higher than 0.5% in culture media in any experiment. That
concentration was not sufficient to affect cell morphology or
viability.

2.4. Cell culture

Human cervix adenocarcinoma (HeLa, ATCC-CCL-2) cancer and
human normal foreskin fibroblast (ATCC-CRL-2522) cells were
supplied by the American Type Culture Collection (Manassas, VA,
USA). Both cells were cultured in EMEM supplemented with 10%
heat inactivated FBS and 1% gentamicin solution with a 5% CO,
supply at 37 °C.

2.4.1. Cytotoxicity experiments

MTT assay with a 72 h treatment time was employed to mea-
sure the cytotoxic effects of P. vulgaris flower extract and cisplatin
on human cervical cancer and normal fibroblast cells [13,14].
Briefly, HeLa and fibroblast cells were seeded into flat-bottomed
96-well cell culture plates at 1 x 10% and 2 x 10 cells per well,
respectively. The cells were then treated with varying concentra-
tions of P. vulgaris flower extract (0-500 pg/mL) and cisplatin

(0-10 pg/mL) for 72 h in a triplicate manner. Subsequently, 10 pL of
MTT dye (0.25 mg/mL) was placed inside each well. The crystals
that emerged were then dissolved in DMSO. Finally, absorbance
was measured at 570 nm with a microplate reader (Molecular
Devices Versamax, California, USA). Optical densities were em-
ployed to calculate percentage viabilities in treated cells compared
to untreated control cells. Log-concentrations versus % cell vi-
abilities were plotted with a logarithmic graph, which was then
used to determine the ICsqy values. The ICso values of the extract
and cisplatin in the both cell lines were used to elicit a selectivity
index [5] with the following formula:

Selectivity Index = Fibroblast cells ICsy/HeLa cells ICs,

2.4.2. Cell cycle analysis

Cell cycle analysis was performed using a commercial kit (BD
Cycletest™ Plus, Cat No: 340242, San Diego, CA, USA) following
the manufacturer's recommendations. HelLa cells were treated
with 90, 180, and 270 pg/mL concentrations of P. vulgaris flower
extract for 72 h, then harvested, and washed twice with buffer
solution. The cells were incubated with trypsin solution for 10 min
followed by trypsin inhibitor and RNase solution for 10 min. Fi-
nally, the cells were further treated with propidium iodide (PI)
staining on ice for 10 min. Data from 30,000 cells per sample were
collected and analyzed on a flow cytometer (BD Accuri C6, MI,
USA). The percentage of the cells in cycle phases was determined
using MODFIT 3.0 verity software. The results were finally com-
pared with the untreated negative control cells.

2.4.3. Apoptosis analysis

Apoptosis analysis was performed using a commercial kit (BD
Pharmingen™, Cat No: 559763, San Diego, CA, USA) following the
manufacturer's recommendations. HeLa cells were treated with
90, 180, and 270 pg/mL concentrations of P. vuigaris flower extract
for 72 h, then harvested, and washed twice with ice-cold phos-
phate-buffered saline solution. The cells were then resuspended
with the binding buffer. Next, they were incubated with PE-An-
nexin V and 7-AAD for 10 min at room temperature in the dark.
Data from 10,000 cells per sample were collected and analyzed on
a flow cytometer (BD Accuri C6, MI, USA). The results were com-
pared with the untreated negative control cells.

2.4.4. Mitochondrial membrane potential (MMP) analysis

3,3'-dihexyloxacarbocyanine iodide DiOCg(3) was used to de-
termine the changes in MMP in this study. Normally, this tends to
remain in the mitochondria. The decrease in the intensity of this
dye is indicative of a decrease in MMP [15]. Cells were seeded into
a flat-bottomed 96-well black-walled plate at 1 x 10> cells per
well. The cells were then treated with different concentrations of
P. vulgaris flower extract (90-270 pg/mL) for 72 h. After treatment,
the cells were washed with phosphate-buffered saline
solution and loaded with 10 nM DiOCg(3) for 30 min at 37 °C in the
dark. Finally, fluorescence measurement was performed on a
plate-reading fluorometer (Molecular Devices SpectraMax Para-
digm Multi-Mode, Sunnyvale, CA, USA) with an excitation wave-
length of 484 nm and an emission wavelength of 525 nm. Results
are given as relative MMP compared to untreated negative control
cells.

2.5. Statistical analysis

All experiments were performed at least three times, the re-
sults being expressed as mean + standard deviation. Normal dis-
tribution was determined using the Kolmogorov-Smirnov test.
One-Way ANOVA was used to analyze intergroup differences and
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Tukey's test was performed for post-hoc comparisons. p < 0.05
was regarded as significant.

3. Results

P. vulgaris flower extract exhibited selective cytotoxic effects on
the Hela cells compared to normal fibroblast cells. The ICs5q value
of the extract in HeLa cells was 182.4 pg/mL, while the ICso value of
the extract in fibroblast cells was calculated as 493.9 ug/mL (Fig. 1
and Table 1).

The results of the cell cycle analysis are presented in Fig. 2. All
the concentrations of P. vulgaris flower extract significantly re-
duced the cell number at the G,/M phase (p = 0.0001). Ad-
ditionally, 180 and 270 pg/mL extract concentrations significantly
reduced the cell number at the G; phase and increased the
cell number at the S phase compared to the untreated cells
(p = 0.0001).

The results of the apoptosis analysis are presented in Fig. 3.
P. vulgaris flower extract significantly reduced the number of vi-
able cells and increased the numbers of apoptotic cells compared
to untreated cells in a dose-dependent manner (p < 0.05).

MMP analysis results are presented in Fig. 4. The 180 and 270 pg/mL
extract concentrations significantly reduced the MMP in Hela cells
(p = 0.001). The percentage reductions in MMP caused by P. vulgaris
flower extract at concentrations of 90, 180, and 270 pg/mL were 8%, 64%,
and 72%, respectively.

4. Discussion

Cancer is one of the most important causes of disease-related
mortality in the world. The WHO reports that between 2005 and
2015 approximately 84 million people lost their lives due to cancer
[3]. Chemotherapy is frequently used in cancer treatment, but the
toxic effects that occur over time limit the use of these drugs. Both
the high mortality rate in cancer cases and the serious side-effects
of chemotherapy and radiotherapy have encouraged the search for
alternative and/or complementary treatments [4,5]. Natural pro-
ducts are today regarded as potential raw materials for new drug
discoveries, and phenolic compounds found in natural products
are particularly significant in this context due to their structures
and activities. Investigation of the anticancer effects of both nat-
ural product extracts and compounds isolated from such products
has become one of the popular research fields in recent years.
Various criteria need to be met for an effective and acceptable
anticancer agent, including its effects on normal cells being
harmless [5,15]. We therefore planned cytotoxicity experiments in
Hela cells coupled with human normal foreskin fibroblast cells.
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Fig. 1. Effects of different concentrations of P. vulgaris flower extract on cell via-
bility during a 72 h incubation period (n=3). ‘There was a statistically significant
decrease compared to normal fibroblast cells.

Table 1
Cytotoxic effects (ICso, pg/mL) and selectivity index of the test compounds.

Test compound

ICso (pg/mL) Selectivity index

Hela cells Fibroblast cells
P. vulgaris flower extract 1824 + 5.5 4939 + 2.1 2.7
Cisplatin 0.73 +£ 0.05 4.87 + 0.24 6.7
70 1

g

»

s

=]

o

5

7]

2

[}

8

s

®

(&}

Untreated cells 90 pg/mL 180 pg/mL

uG1 uG2/M uS

270 pg/mL

Fig. 2. Cell cycle analysis of P. vulgaris flower extract-treated HeLa cells after 72 h
(n=6). Represents significant result (p < 0.05) compared with untreated cells.
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Fig. 3. Apoptosis analysis of P. vulgaris flower extract-treated HeLa cells after 72 h
(n=4). "Represents significant result (p < 0.05) compared with untreated cells.
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Fig. 4. Effects of P. vulgaris flower extract on the integrity of the mitochondrial
membrane of Hela cells after 72 h (n=3). Represents significant result (p < 0.05)
compared with untreated cells.

Numerous methods, such as trypan blue, MTT assay, neutral red,
and lactate dehydrogenase, are frequently used for the determi-
nation of cell viability, proliferation rates, and cytotoxicity. In order
to determine the cytotoxic effect of the extract, we employ the
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MTT, a reliable, sensitive, quantitative, and colorimetric method,
previously used in similar studies [5,14,15]. P. vulgaris flower ex-
tract exhibited selective toxicity (2.7-fold) against Hela cells
compared to normal fibroblast cells. Deterioration of cell cycle
control and decreased apoptosis are two of the characteristic
features of cancer cells. Anticancer activity studies investigating
novel agents therefore focus on the ability to halt the cell cycle and
increase apoptosis [5,15,16]. We therefore investigated the me-
chanism involved in the cytotoxic effect of the extract on HeLa
cells in terms of the cell cycle, MMP, and apoptosis using fluoro-
metric methods. Our results show that P. vulgaris flower extract
exhibited antiproliferative features in HeLa cells by stopping the
cell cycle in the S phase and inducing apoptosis by reducing mi-
tochondrial membrane potential in a concentration-dependent
manner. Other studies involving the cytotoxic effect of Primula
species have examined the cytotoxic effect of the ethanolic crude
extract of Primula macrophylla and its ethyl acetate, chloroform,
and benzene fractions using brine shrimp methods, with the most
effective cytotoxic activity being observed in the crude extract [17].
Behzad et al. reported that the methanol extract of Primula aur-
iculata exhibited a selective cytotoxic effect on human breast
(MCF-7), liver (HepG2), and HT-29 cancer cell lines compared to
normal bovine kidney cells. No cytotoxic effect was observed in
that study in the human lung (A549) cancer cell line up to an
extract concentration of 100 pg/mL [18]. Turan et al. [6] demon-
strated that P. vulgaris leaf extract exhibits selective cytotoxic ef-
fects against human A549, HepG2, MCF-7, prostate (PC-3), and
colon (WiDr) cancer cell lines compared to human normal fibro-
blast cells. Few studies have examined the cytotoxic activity of
Primula species. However, the methanolic extract of Dionysia ter-
meana, a member of the Primulaceae family, has been reported to
exhibit cytotoxic effects in human myelogenous leukemia (K562),
T-lymphocytic leukemia (Jurkat), bladder (Fen), and A549 cell lines
in a dose-dependent manner. That study also determined that the
cytotoxic effect of the extract in blood-derived cell lines (K562 and
Jurkat) was derived from induced apoptosis [19]. Another study
showed that the aqueous extract of Lysimachia vulgaris, a member
of the Primulaceae family, and its hexane, dichloromethane, and
methanol fractions had no cytotoxic effect on the MCF-7 and
HepG2 cell lines up to a concentration of 200 pg/mL [20]. Studies
have also investigated the antiproliferative activity of various
compounds isolated from Primula species. Tokalov et al. [21] re-
ported that isolated compounds isolated from Primula denticulata,
such as 5-hydroxyflavone, 2'-hydroxyflavone, 5,2'-dihydroxy-
flavone, and 5,8-dihydroxyflavone, exhibit antiproliferative effects
in the human acute myeloid leukemia (HL-60) cell line by acti-
vating cell cycle arrest and apoptosis.

Polyphenols are an important class of secondary herbal meta-
bolites reported to exhibit strong antioxidant properties [G]. Re-
cent studies in particular have reported that polyphenols can
prevent the proliferation of cancer cells by activating cell cycle
arrest, apoptosis, and cell signalization [22]. Primula species have
been shown to be rich in phenolic compounds, such as kaemp-
ferol, quercetin, rutin, 5-hydroxy pyrogallol, apigenin, catechin
derivatives, gallic acid, rosmarinic acid, p-coumaric acid, proto-
catechuic acid, p-OH benzoic acid, vanillic acid, caffeic acid, ferulic
acid, and ellagic acid [7,8]. In our previous study, we demonstrated
that the major components of P. vulgaris are as follows: p-coumaric
acid (848 pg), rutin (336.5 pg), p-OH benzoic acid (76.5 pg), va-
nillic acid (65 pg), catechin (53.9 pg), caffeic acid (53.1 pg), proto-
catechuic acid (30.7 pg), and gallic acid (3.2 pg) per g sample [7].
There are also considerable investigations of the anticancer
properties of these compounds in various types of cancer cells
[23,24]. Studies examining the cytotoxic properties of extracts
from various natural products show that the overall effect of the
extract has first been examined, and the results have been

attributed to synergistic effects. Effective compounds have been
isolated from crude extract, and its biological effects have also
been investigated [6]. It is believed that all these phenolic com-
pounds of the P. vulgaris flower extract contribute to its cytotoxic
effect.

5. Conclusion

This is the first study to examine the mechanisms involved in
the in vitro cytotoxic effect of P. vulgaris flower extract on HeLa
cells. Further studies are now needed for a more detailed under-
standing of the exact interaction of the signaling pathways
involved.
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ABSTRACT

Soxhlet extraction is a common method of sample preparation. However, there has been no discussion
about the efficiency of Soxhlet extraction from different batches and the factors that cause content
fluctuation. In this study, Panax ginseng was selected as a model sample. Soxhlet extraction by means of a
water bath, which has always been neglected, was identified as a novel key factor in the poor repeat-
ability in different batches of Soxhlet extraction, as it can affect the siphon times and reflux time, which
have been positively correlated with the ginsenoside contents. By substituting round bottom flasks in the
same column, the relative standard deviation of the most fluctuated compound, ginsenoside Rb;, was
decreased from 24.6% to 5.02%. Scanning electron microscopy analysis confirmed that the breakdown of
the surface of the ginseng powder in the Soxhlet extraction led to a better dissolution of ginsenosides,
indicating that chloroform may promote the extraction of ginsenosides by disrupting the cell structure.
Moreover, 70% methanol was regarded as the better solvent for extracting the ginsenosides. Overall, this
work offers a practical and effective protocol for improving the accuracy and repeatability of Soxhlet
extraction methodology for ginsenosides and other analytes.

© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Extraction is an important step in analytical methodologies, as
it constitutes the principal source of error and remains one of the
most time-consuming one [1-3]. In practice, it is necessary to se-
lect appropriate extractions and solvents based on physic-chemi-
cal principles such as polarity and thermal stability, for enriching
the desired compounds or removing the impurities [4-6]. Parti-
cularly, Soxhlet extraction, as a dynamic extraction and continuous
reflux method, is commonly used for biological, pharmaceutical,
food, and environmental analyses [7-9]. In order to significantly
improve the efficiency of sample preparation, batch Soxhlet ex-
traction with separate heat sources has been widely used. How-
ever, some unintended processes previously considered negligible,
including the heating positions and the devices, have caused

Peer review under responsibility of Xi'an Jiaotong University.
* Corresponding authors.
E-mail addresses: laichangjiang44@126.com (C-J-S. Lai),
huangluqi01@126.com (L.-Q. Huang).

https://doi.org/10.1016/j.jpha.2018.08.003

significant content fluctuations, yet are rarely reported in batch
Soxhlet extraction analysis using the same heat source [3].

Soxhlet extraction is the standard extraction protocol for the
quality control of some herbal medicines in China [10] and other
countries [11,12]. In the Chinese Pharmacopoeia 2015 edition for
traditional Chinese medicines, the Soxhlet extraction method was
used in 33 kinds of medicinal materials for quantitative analysis of
plants such as ginseng and red ginseng [10]. Usually, the Soxhlet
extraction was adjusted to allow a more complete movement of
the grease components [13] and more effective protection of the
chromatographic columns than the enzyme hydrolysis [14], ul-
trahigh pressure extraction [15], microwave-assisted extraction
[16], solid extraction [17], and supercritical fluid extraction [18]
approaches. However, in this study, we discovered serious ginse-
noside content fluctuations in the batch Soxhlet extraction of
ginseng and red ginseng using different extraction positions
within the same device, which significantly influenced the quan-
tification accuracy.

Considering that batch Soxhlet extraction is a universal issue,
Panax ginseng was selected as a model sample to develop a

2095-1779/© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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systematic protocol for screening the key factor causing the ex-
traction content fluctuations. Under our developed protocol, the
siphon times, reflux time, and corresponding contents in different
Soxhlet extraction positions were comprehensively monitored.
Association analysis was applied to discover the complex re-
lationship between the negligible factors and the content fluc-
tuations. Scanning electron microscopy (SEM), as a good platform,
was also used to discover the mechanism behind the microscopic
changes and the ginsenosides release, using different extraction
methods [19-21]. In the United States Pharmacopoeia, methanol
solvent is used for the extraction of ginseng, while n-butanol and
chloroform are used in the Chinese Pharmacopoeia. Therefore, the
microscopic changes in ginseng using different extraction solvents
are also discussed in this paper. Association analysis and SEM
analysis were used to identify the mechanism behind the content
fluctuations in batch Soxhlet extraction for the first time. After
removing the interfering factors, we were able to decrease the
relative standard deviation of the most fluctuated compound,
ginsenoside Rbi, from 24.6% to 5.02%, meeting the provisions of
the Chinese Pharmacopoeia [10]. The SEM analysis confirmed that
the breakdown of the surface of the ginseng powder in the Soxhlet
extraction led to a better dissolution of ginsenoside. This work
offers a practical and effective protocol for improving the accuracy
and repeatability of the Soxhlet extraction methodology for gin-
senosides and other analytes, and proposes for the first time the
unique role of chloroform in the extraction of ginsenosides.

2. Materials and methods
2.1. Chemicals and reagents

Reference standards of ginsenosides Rg; (GRg;, > 91.7%), Re
(GRe, > 92.3%), and Rb; (GRby, > 93.7%) were purchased from
the Chinese National Institutes for Food and Drug Control (Beijing,
China). Analytical grade methanol, n-butanol, and chloroform
were purchased from Beijing Chemical Works (Beijing, China);
HPLC grade methanol and acetonitrile were purchased from Fisher
Scientific (Geel, Belgium) and Merck (Darmstadt, Germany), re-
spectively. Deionized water (18.2 MQ/cm) was prepared by Barn-
stead GenPure UV/UF water purifier from Thermo Scientific (Lan-
genselbold, Germany).

2.2. Sample preparation

Ginseng and red ginseng samples were purchased from Beijing
Tongrentang (Dongzhimen Pharmacy, Beijing, China) in July 2016,
and then were dried, crushed over 65 mesh screen
(250 4+ 9.9 um), and stored in the dryer. According to the standard
extraction of ginseng in the Chinese Pharmacopoeia (2015

Edition), the powders (~ 1 g) loaded into cellulose thimbles were
Soxhlet extracted with chloroform (3 h each) using a standard six-
hole water bath with 1.5 kW power (Fig. 1). After overnight soak-
ing, the dried ginseng residues along with the filter paper were
ultrasonic-extracted (250 W, 50 kHz) with 50 mL water saturated
n-butanol for 30 min at room temperature. Then 25mL sub-
sequent filtrates were evaporated to dryness, dissolved in 5 mL
HPLC grade methanol, and mixed well. The solution was filtered
through a 0.22-pm PTFE filter from Pall Corporation (Ann Arbor,
MI, USA) and stored at 4 °C prior to HPLC analysis.

2.3. HPLC analysis

All samples were analyzed on an Agilent 1260 HPLC-DAD sys-
tem (Agilent Technologies, Palo Alto, CA, USA) for qualitative and
quantitative analyses of ginsenosides in the ginseng and red gin-
seng at 30 °C using an Agilent Eclipse XDB-C18 column (4.6 mm x
250 mm, 5.0 um) with the flow rate of 1 mL/min and the wave-
length of 203 nm. The mobile phase consisted of water (A) and
acetonitrile (B). The standard gradient elution program was ac-
cording to the Chinese Pharmacopoeia [10]. This was 19% B at 0-
35 min; 19%-29% B at 35-55 min; 29%-29% B at 55-70 min; 29%-
40% B at 70-100 min; 40%-100% B at 100-106 min, then 100% B
was maintained for 5 min to clean the column. The equilibration
time was 5 min.

2.4. Systematic investigations of interference factors

In order to correct for systematic errors in the instruments and
natural samples, the methodological parameters of the chemical
markers (i.e. GRg;, GRby, and GRe) including precision, linearity,
and stability, were evaluated. Furthermore, the repeatability in the
batch Soxhlet extraction was determined by two operators and the
stability along with the recovery was also assessed. The intra-day
precision was evaluated using the extract of 1g ginseng powder
(n = 6) in one day. The inter-day precision was determined over
six successive days by quantification of the same extract. The stock
extract was analyzed every 4 h to test the stability of the above
three chemical markers at 25 °C. The linearity was assessed at the
concentration of 0.0512-0.5120 mg/mL for GRg;, 0.0503-0.5030
mg/mL for GRe, and 0.0537-0.5365 mg/mL for GRb,, respectively.
The interference factors in the Soxhlet extraction, including ex-
traction position, siphon time [3], and reflux time [22], were si-
multaneously determined under the developed sampling method
[10] using the same solvent. Finally, association analysis of the
ginsenoside contents and these interference factors was compre-
hensively conducted.

A B
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)

Ginseng powder

@ Chloroform

o k

\
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Fig. 1. The conventional Soxhlet extractor (A) and standard six-hole water bath (B) for the Soxhlet extraction of ginseng and red ginseng.
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Fig. 2. The HPLC spectra of ginseng, red ginseng, and mixed reference standards.

2.5. Scanning electron microscopy (SEM) analysis

Ginseng powders were observed under the SU1510 SEM (Hi-
tachi High-Technologies Corporation, Tokyo Japan) for morpholo-
gical characterization before and after extraction. Five samples of
the untreated residue, the ultrasound extracted residue using 50
mL of 70% methanol (USP Reference Standards) [23], the chloro-
form refluxed residue, the standard residue using the Chinese
Pharmacopoeia [10], and the ultrasound extracted residue using n-
butanol were used for the SEM analysis. The study on the role of
the solvent in the extraction of ginsenosides from ginseng mate-
rials was processed by comparing the effects of different solvents
on the morphological changes, which could indicate the ability of
the release of intracellular ginsenosides into the extract indirectly.
All ultrasound extractions were performed for 30 min at the fre-
quency of 50 kHz and the ultrasonic power of 250 W. After drying
the extracted residues at 60 °C in an air oven, all samples were
fixed on a specimen holder with a carbon double-sided tape
(NISSHIN EM Co., Ltd., Tokyo) and then sputtered with gold in a
KYKY SBC-12 sputter-coater (KYKY Technology Co., Ltd., Beijing,
China) to be examined with SEM.

3. Results and discussion
3.1. Issues with repeatability in batch Soxhlet extraction

HPLC-UV was used to analyze the ginsenosides in ginseng, in
which GRg; (28.9 min), GRe (30.8 min), and GRb; (46.2 min) dis-
played good peak shapes and separations (Fig. 2). Under the set
concentration ranges, the squared multiple correlation coefficients
(R?) of all determined ginsenosides were above 0.9991, and the
intra-day and inter-day precisions were all below 4.43% (Table 1),
indicating the accuracy of the instrument and the adopted separa-
tion method was sufficient. In addition, all extracted samples were
stable for 36 consecutive hours and monitored every 4 h at 25 °C.

However, poor repeatability always appeared in the batch
Soxhlet extraction with different positions. Initially, these

Table 1
The linearity, precision, and stability of the official HPLC-UV for ginseng.
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Fig. 3. The determined contents (A) and their corresponding repeatability (B) of
ginsenosides. Especially, the No. 1 — 10 and No. 17 - 28 results were examined by
the same operator on different days, and the No. 11 — 16 results were examined by
another operator.

significant quantification fluctuations were speculated to be
caused by artificial errors, so two operators, the No. 1-10 samples
for the one and the No.11-16 samples for the other, conducted
repeatability studies on different days (Fig. 3A). However, the re-
peatability was still unsatisfactory. Traditionally, the use of more
samples (9 batches, No. 17-28) could effectively eliminate the er-
rors. Surprisingly, the relative standard deviation of the most
variable, ginsenoside Rb,, even reached 24.6% (Fig. 3B), indicating
that more samples led to poorer quantification. Notably, the si-
milar content change trends for GRb; and GRg; indicated that the
instability of the ginsenosides was not the responsible factor. Thus,
considering the good credibility of ultrasonic extraction followed
by HPLC for ginsenosides [24], we began to speculate that some
other factors in the Soxhlet extraction might be responsible for the
poor repeatability.

3.2. Systematic association analyses of the Soxhlet extraction factors
with the content fluctuations

While processing the repeatability test, we found the reflux
time and droplet speed were different for the extraction holes in
the far (Positions 1 and 2), middle (Positions 3 and 4), and near
(Positions 5 and 6) positions in the U-type temperature regulator
(Fig. 1B, and Table 2). Moreover, the fastest droplet speed extracted
more ginsenosides. In order to elucidate the complex relationship

Component Curvilinear equation R? Linearity range (mg/mL) Precision (%, RSD) Stability (%,
RSD)
Inter-day Intra-day
GRg; Y = 3115.4X — 10.8830 0.9998 0.0512-0.5120 2.20 1.66 3.03
GRe Y = 2750.6X — 14.5050 0.9997 0.0503-0.5030 0.28 2.06 1.26
GRb; Y = 2287.6X + 3.8394 0.9991 0.0537-0.5365 0.60 443 2.26
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Table 2
Extraction efficiency of ginsenosides at different positions of the standard six-hole water bath.

Position Reflux time Siphon times Red ginseng Ginseng

(s/100 drops) (in 3h)
GRg1 (%) GRe (%) GRby (%) GRg; (%) GRe (%) GRby (%)

1 44 6.5 0.29 0.08 0.33 0.12 0.23 0.34

2 44 6.5 0.29 0.08 0.34 0.12 0.23 0.35

3 28 8.0 0.31 0.09 0.40 0.13 0.24 0.39

4 29 8.0 0.29 0.08 038 0.12 0.24 0.38

5 54 3.0 0.26 0.08 0.28 0.12 0.21 0.37

6 54 3.0 0.26 0.07 0.29 0.11 0.19 0.32

of the contents and the reflux time, the efficiency of all selected
round flasks was first evaluated using the same volume of
chloroform (~ 200 mL) under the conventional Soxhlet extractor
(Fig. 1A) and consecutively tested 3 h in the same hole. When
there were no significant differences for the mean reflux time per
100 drops of chloroform [24] and siphon times [3], the round flask
would be selected to conduct further studies.

Unfortunately, using the same parameters, significant differ-
ences still appeared when the selected round flasks were used in
different positions (Table 2). The samples from the two middle
holes had the smallest mean reflux time to reach 100 drops, re-
sulting in the largest siphon times, with 8.0 in 3 h. Moreover, the
reflux time of the far holes were larger than those of the near ones.
Meaningfully, the middle holes of the Soxhlet extractor showed
the highest efficiency for sampling. The samples from the same
column of holes had similar extraction efficiency (RSD < 5%).

A
0.40 1 - 0.10
0.35 1
9 L 0.09
-2 y = 0.0081x + 0.2361
= R? = 0.9971
o 0.30 1
S GRg
3 . [ 0.08
0.25 4 y=0.0019x + 0.0689
R? = 0.9494
0.20 T r 0.07
25 4.5 6.5 8.5
Siphon time
C
0.40 - - 0.10
0354
S L 0.09
€ y = 0.0015x + 0.3461
g 030} ~ Re=08448
g >\\\LGBQ1
o y=-0.0004x + 0.0963 - L 0.08
0.25 4 R?=0.9847
GRe
0.20 0.07
25 35 45 55

Reflux time (s/100 drops)

Interestingly, for the first time, using association analysis, we
discovered a strong relationship between the siphon times and
ginsenosides contents in ginseng and red ginseng (Figs. 4A and B).
Their R? values of the contents with the siphon times were all
above 0.5348 in red ginseng and 0.8448 in ginseng, and even
reached 0.9847 for GRe or GRg; in different types of samples.
Moreover, the results between the reflux time per 100 drops with
the contents confirmed the above good relationships (their R? all
above 0.8448) (Figs. 4C and D), indicating the different positions of
the Soxhlet extractor containing the U-type temperature regulator
were the major factor causing poor repeatability. Meaningfully, the
different extraction efficiencies of the different water-bath posi-
tions would significantly influence the accuracy of the quantifi-
cation for ginsenosides, which was considered a negligible factor
in previous studies. At the same time, it also suggested that the
different positions of one water bath could have an effect on the

B
0.4 -
0.3 1
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Fig. 4. The positive relationship between the siphon times (A and B) and reflux time (C and D) for ginseng (left) and red ginseng (right) samples.



316 Y. Yue et al. / Journal of Pharmaceutical Analysis 8 (2018) 312-317

Table 3
The recovery and repeatability of parallel soxhlet extraction for ginsenosides.

Component Recovery (%, n = 9) Repeatability
(%, RSD, n = 6)
Low Med. High
(80%) (100%) (120%)
GRg; 104.44 97.25 103.51 2.47
97.43 102.05 98.83
106.88 101.95 99.39
GRe 99.06 98.01 95.71 4.90
104.15 101.27 98.24
98.88 102.55 95.29
GRb, 96.67 106.21 104.09 5.02
100.83 99.77 100.77
95.84 97.50 103.31

extraction efficiency of ginsenosides. Therefore, more attention
should be paid to the design of the temperature regulator for the
water bath [3] in future batch Soxhlet extractions.

3.3. Accurate quantification of ginsenosides using the same column
positions for the Soxhlet extraction

According to the above results, we used parallelized round
bottom flasks to extract samples in the same column positions, the
middle two holes (Positions 3 and 4), to re-determine the recovery
and repeatability (Table 3). Fortunately, the recovery ranged from
95.29% to 106.88% and the repeatability was below 5.02%, in-
dicating that this new method could meet the requirements of the
Chinese Pharmacopoeia [10]. Moreover, this unintended extraction
process solidly for the first time confirmed that the water-bath
position for the Soxhlet extraction was critical to accurately
quantify the ginseng ginsenosides. In tests of real samples, their
concentrations of GRg;, GRe, and GRb; in ginseng were 0.12%,
0.22%, and 0.36%, and in red ginseng were 0.30%, 0.09%, and 0.39%,
respectively. Notably, in the comparison of the above complex
optimized official sample preparation, simple ultrasonic extraction
[24,25], with a short extraction time, low solvent consumption,

and good repeatability, is another choice for the accurate quanti-
fication of ginsenosides in future study.

3.4. Scanning electron microscopy for discovering the Soxhlet ex-
traction mechanism for improving ginsenosides release from
materials

In order to elucidate how the conventional Soxhlet extractor
assists the extraction of ginsenosides from raw ginseng, SEM was
used to examine the surface changes that could account for the
sampling-triggered content release [21,26]. Compared with the
untreated sample, there were serious structure changes on the
surfaces of the samples treated using 70% methanol, chloroform,
chloroform along with n-butanol, and n-butanol only (Figs. 5A-E),
which were selected according to the ginseng extraction method
in the U.S. Standard and Chinese Pharmacopoeia [10]. After Soxhlet
extraction using chloroform only, slight cellular damage with
some small particles was observed (Figs. 5A and D). In addition,
the Soxhlet extraction effectively assisted sonication by disrupting
the surface structure of the ginseng powder and rapidly releasing
intracellular ginsenosides (Figs. 5B and D-F), which is the main by
which Soxhlet extraction improves the extraction of ginsenosides.
Therefore, the degree of damage to the surface wall of the ginseng
powder was increased after being Soxhlet extracted by chloroform.
In other words, it allowed more ginsenosides from the raw ma-
terials to be extracted by the following n-butanol. Notably, the
significant differences in the penetrability and enrichment ability
of the solvents in regards to the cell walls caused serious damage
to the treated samples and varied concentrations, respectively. The
chloroform reflux process will inevitably lead to the loss of effec-
tive components [27]. However, in our study, the ginsenoside
contents at larger siphon times were higher than those at smaller
siphon times, indicating that the loss of ginsenosides was less than
that using ultrasonic-extraction with water saturated n-butanol.
Therefore, for ginseng, chloroform promoted the extraction of
ginsenosides by destroying the cell structure and not only the
usual degreasing. Notably, the yields of ginsenosides ultrasoundly
extracted with 70% methanol were higher than those of the

F 3
- *®GRg; ®GRe *GRD,
=] 2390485 &
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Fig. 5. Scanning electron microscopic (SEM) analyses and ginsenoside content comparisons using different sampling methods. The SEM images of the residues for untreated
sample (A) and treated samples using ultrasound extraction with 70% methanol for 30 min (B), chloroform reflux for 3 h (C), chloroform reflux for 3 h along with n-butanol
ultrasound extraction for 30 min (D), and n-butanol ultrasound extraction for 30 min (E) were recorded. The mean peak areas of ginsenosides (n = 3) of the three ways of
extraction were compared (F). In particular, the peak area of sample B was zoomed in five times due to the fact that the solvent volume was 50 mL for 1 g ginseng powder.
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chloroform reflux with n-butanol ultrasound (Fig. 5F), indicating
the 70% methanol was the better solvent for extracting the
ginsenosides.

4. Conclusion

This study demonstrates a standard protocol that system-
atically investigates some important factors of batch Soxhlet ex-
traction resulting in content fluctuations. Interestingly, we were
the first who discovered the different water-bath positions of the
conventional Soxhlet extractor, considering a negligible factor in
previous studies, could significantly cause the poor repeatability of
ginsenosides. In particular, the unstable ginsenoside Rb; was
above 24.6% using batch Soxhlet extraction. After processing the
developed protocol, different Soxhlet extraction positions of the
same device showed significant differences in efficiency. In addi-
tion, using correlation analysis for the first time, the reflux time
and siphon times were found to be in good linear agreement with
their corresponding ginsenoside contents. Therefore, the water-
bath position of the Soxhlet extraction was a key factor assisting
the extraction of ginsenosides from raw ginseng material. In ad-
dition, SEM confirmed that Soxhlet extraction improves ultra-
sound extraction by disrupting the surface of the ginseng powder
to effectively release the cellular ginsenosides, not just the pre-
viously considered defatting. In real sample analyses, the recovery
and repeatability in the same column positions at the middle holes
could meet the requirements of the Chinese Pharmacopoeia, in-
dicating that the efficiency of different Soxhlet extraction positions
should be systematically investigated in further studies. Further-
more, the content results of the official sample preparations
showed that ultrasonic extraction with 70% methanol was feasible
and credible for the accurate quantification of the ginsenosides in
ginseng.
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ABSTRACT

Monocarboxylate transporter-8 (MCT8) is a specific thyroid hormone transporter, essential for the uptake
of thyroid hormone into target tissues. Mutations in the MCT8 gene have been identified as the cause of
Allan-Herndon-Dudley syndrome (AHDS). It has been reported that soy isoflavones influence thyroid
hormone system and can interact with thyroid hormone transporter proteins. Therefore, the present
study aimed to find out whether soy isoflavones (genistein, daidzein and glycitein) can be used as a
natural inhibitor to target MCT8 in AHDS. Docking studies were performed for soy isoflavones in order to
evaluate their binding affinity to MCT8 protein using AutoDock4 (version 4.2.6) and AutoDock Vina. After
docking, the ligands were ranked according to their binding energy and the best lead compound was
selected based on the least binding energy. The docking results indicated that daidzein possesses the
lowest binding energy against MCT8. Moreover, it was found that the residues PRO-338, HIS-341, and
GLU-348 were involved in hydrogen bond interactions with genistein and daidzein. This study suggests
that daidzein is a promising natural inhibitor to target MCT8 in AHDS.

© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Thyroid hormone plays an important role in our body with
widespread biological actions. Adequate levels of thyroid hor-
mone are crucial for the development and proper function of
multiple organs [1,2]. Thyroid hormone exists in two forms: T4
(3,3',5,5'-tetraiodothyronine) and T3 (3,3’,5-triodothyronine).
The biological activity of thyroid hormone is related to the level
of T3 within the cell. MCT8 (monocarboxylate transporter 8)
protein is a transporter specific for T3 [1]. The MCT8 gene is
located in Xq13 and mutations in MCT8 are responsible for an
X-linked condition, known as the Allan-Herndon-Dudley syn-
drome (AHDS) showing high serum T3 levels in affected male
patients [1,2].

Currently, there is no effective treatment available for AHDS.
Hence, there is an urgent need for the identification and vali-
dation of novel drug lead compounds for treating AHDS.
Therefore, this study aimed to identify the natural potent in-
hibitors of MCT8 from soy isoflavones. While isoflavones occur
in many types of legumes, soybean contains the highest con-
centration of isoflavones. Genistein, daidzein and glycitein are
the soy isoflavones typically accounting for 50%, 40% and 10%,
respectively [3]. Due to their chemical structure, the isoflavones
can bind to estrogen receptors. As a result of this binding,

Peer review under responsibility of Xi'an Jiaotong University.
E-mail address: divyas.bioinfo@gmail.com

https://doi.org/10.1016/j.jpha.2018.07.001

isoflavones inhibit and promote the expression of estrogen-
sensitive genes [4]. Previous researches have shown that the
occurrence of breast cancer is lower in Asian individuals than in
other populations because of the high soy consumption as part
of their regular diet [3,4].

Soy isoflavones influence thyroid hormone system and can
interact with thyroid hormone transporter proteins [5,6]. In vitro
and in vivo studies have indicated that genistein and daidzein are
the potent inhibitors of thyroid peroxidase [5]. Moreover, soy
isoflavones are the potent ligands for transthyretin in serum and
cerebrospinal fluid [5]. However, soy isoflavones have not been
studied against MCT8. So this study made an attempt to find out
whether soy isoflavones (genistein, daidzein and glycitein) can be
used as a natural inhibitor to target MCT8 in AHDS.

2. Materials and methods
2.1. Drug-likeness of the ligands

Genistein, daidzein and glycitein were considered as ligands.
SwissADME tool [7] was used to calculate the molecular properties
of the ligands. The molecular properties were screened based on
the “Lipinski's rule of five” [8,9]. The total polar surface area (TPSA)
and the number of rotatable bonds were also calculated using
SwissADME [7].

2095-1779/© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Chemical structures of (A) genistein, (B) daidzein and (C) glycitein.

Table 1

Molecular properties of the ligands.
Ligand Num. H-bond acceptors Num. H-bond donors MLOGP Number of rotatable bonds Molecular weight (g/mol) TPSA (A?)
Genistein 5 3 0.52 1 270.24 90.90
Daidzein 4 2 1.08 1 254.24 70.67
Glycitein 5 2 0.77 284.26 79.90

Fig. 2. 3D structure of MCT8 protein by multi-template homology modeling [11].
This 3D model of MCT8 was predicted based on multiple templates (PDB IDs:
1pw4A, 4u4tA, 4ikxA, 4j05A, and 4gbyA) using the advanced modeling feature of
MODELLERv9.17 [12,13].

2.2. Protein preparation for docking

The human MCTS8 protein is not available in protein data bank
(PDB) [10]. The protein used in the docking study was obtained
through multi-template based homology modeling [11]. In the
previous study [11], a good-quality 3D model of MCT8 was pre-
dicted based on multiple templates (PDB IDs: 1pw4A, 4u4tA,
4ikxA, 4j05A, and 4gbyA) using the advanced modeling feature of
MODELLERv9.17 [12,13]. The structure refinement of modeled
protein was done by ModRefiner [14]. For docking, all water mo-
lecules were removed and polar hydrogen atoms were added to
the refined model using AutoDock Tools (ADT) [15]. The prepared
protein was saved in PDBQT format.

2.3. Ligand preparation for docking

The ligands were downloaded from Pubchem Database [16,17]
and converted to PDB [10] file format by using Openbabel software

[18]. The ligands were prepared using ADT [15]. Gasteiger charge
was assigned to the ligands. The prepared ligands were saved in
PDBQT format.

2.4. Molecular docking

AutoDock4 (version 4.2.6) [15] and AutoDock Vina [19] were
used for molecular docking studies. AutoGrid program supplied
with AutoDock4 [15] was used for the preparation of grid maps.
The grid box size was set at 76, 70, and 76 A for x, y, and z, re-
spectively. The spacing between the grid points was 1.0 A. The grid
centre was set at 30.375, 17.112, and —37.003 A for x, y, and z,
respectively. The Lamarckian Genetic Algorithm (LGA) was chosen
to search for the best conformers. During the docking process, a
maximum of 10 conformers was considered for each ligand. All the
docking processes were performed with the default parameters of
AutoDock 4 [15]. Population size was set to 150, maximum num-
ber of evaluations 2,500,000, maximum number of generations
27,000, maximum number of top individual that automatically
survived 1, gene mutation rate 0.02 and crossover rate 0.8. Auto-
Dock4 [15] and AutoDock Vina [19] were compiled and run under
Windows 10 Operating System. All figures with structure re-
presentations were produced using Discovery Studio Visualizer
[20].

3. Results and discussion
3.1. Drug-likeness of the ligands

“Lipinski’s rule of five” [8,9] is used to evaluate the drug-like-
ness of a chemical compound. The molecular properties of a che-
mical compound consist of molecular weight, hydrogen bond do-
nor, hydrogen bond acceptor, and log P. “Lipinski’'s rule of five”
states that an orally active drug has no more than one violation of
the following criteria: (1) less than 5 hydrogen-bond donors, (2)
less than 10 hydrogen-bond acceptors, (3) a molecular mass less
than 500 Da, and (4) log P not greater than 5. All ligands of the
present study met the requirements of “Lipinski’s rule of five”. The
other significant properties such as total polar surface area (TPSA)
and the number of rotatable bonds were also calculated. TPSA of a
compound should be less than 140 A% and the number of rotatable
bonds should be less than 10 [21]. All the ligands had the above
properties. The chemical structures of the ligands are shown in
Fig. 1 and their molecular properties are shown in Table 1.

3.2. Molecular docking

Molecular docking is an important tool in pharmaceutical re-
search [22]. The molecular docking approach can be used to model
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the interaction between a ligand and a protein at the atomic level
[22,23]. The docking process involves two basic steps: prediction
of the ligand conformation and assessment of the binding affinity
[22]. These two steps are related to sampling methods and scoring
schemes, respectively [22].

Docking studies were performed for 3 compounds in order to
evaluate their binding affinity to MCT8 protein using AutoDock4
(version 4.2.6) [15] and AutoDock Vina [19]. The 3D structure of
the MCT8 protein is shown in Fig. 2. The results were analyzed
based on the binding energies of the docked complexes. Auto-
Dock4 [15] and AutoDock Vina [19] generated 10 poses for each
ligand. The selection of the best pose was done on the least
binding energy between the ligand and the protein. After docking,
the ligands were ranked according to their binding energy.

3.2.1. Docked results with AutoDock4
All the ligand molecules were docked against MCT8 using Au-
toDock4 [15]. The best selected pose of MCT8-genistein docked

complex (binding energy —5.76 kcal/mol) with binding site re-
sidues is shown in Fig. 3A. The hydrogen bonds and the types of
contacts involved in MCT8-genistein complex are shown in Fig. 3B.
It was observed that PRO-338, HIS-341, LEU-342, MET-343 and
GLU-348 were involved in hydrogen bond interactions.

The best selected pose of MCT8-daidzein docked complex
(binding energy —6.22 kcal/mol) with binding site residues is
shown in Fig. 4A. The hydrogen bonds and the types of contacts
involved in MCT8-daidzein complex are shown in Fig. 4B. It was
observed that PRO-338, HIS-341, and GLU-348 were involved in
hydrogen bond interactions.

The best selected pose of MCT8-glycitein docked complex
(binding energy —5.54kcal/mol) with binding site residues is
shown in Fig. 5A. The types of contacts involved in MCT8-glycitein
complex are shown in Fig. 5B. The results showed that there were
no hydrogen bonds formed between MCT8 and glycitein.

The docking with AutoDock4 showed that daidzein was the best
scored compound against MCT8 with the lowest binding energy.
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Table 2
Binding energies of the ligands.

Ligand Binding energy calculated by Binding energy calculated by
AutoDock4 (kcal/mol) AutoDock Vina (kcal/mol)

Genistein — 5.76 - 86

Daidzein — 6.22 — 8.6

Glycitein — 5.54 -85

3.2.2. Docked results with AutoDock Vina

The ligands were docked against MCT8 using AutoDock Vina
[19]. The best scored conformation was selected by considering the
lowest binding energy between the protein and the ligand. The
best selected pose of MCT8-genistein docked complex (binding
energy —8.6kcal/mol) predicted by AutoDock Vina is shown in
Fig. 6A. The 2D diagram showing the hydrogen bonds and the
types of contacts involved in MCT8-genistein complex is shown in
Fig. 6B. The results showed that genistein interacted with MCT8 by
forming hydrogen bonds with LYS-133.

The best docking pose of MCT8-daidzein docked complex
(binding energy — 8.6 kcal/mol) is shown in Fig. 7A. The types of
contacts involved in MCT8-daidzein complex is shown in Fig. 7B.
There were no hydrogen bonds formed between MCT8 and
daidzein.

The best docking pose of MCT8-glycitein complex (binding en-
ergy — 8.5 kcal/mol) is shown in Fig. 8A. The 2D diagram showing
the hydrogen bonds and the types of contacts involved in MCT8-
glycitein complex is shown in Fig. 8B. It was observed that CYS-110
and ASN-111 were involved in hydrogen bond interactions.

3.2.3. Analysis of the docked results

The docking results predicted by AutoDock4 [15] were com-
pared to those of AutoDock Vina [19]. Docking analysis showed
that there were hydrogen bonds formed between MCT8 and the
inhibitors used. Opposite to the results of AutoDock4 [15], Auto-
Dock Vina [19] generated hydrogen bonds in MCT8-glycitein
interaction. Opposite to the results of AutoDock Vina, AutoDock
generated hydrogen bonds in MCT8-daidzein interaction. More-
over, van der Waals interactions were also involved in addition to
hydrogen bonds. It is important to point out that both compounds,
genistein and daidzein, have hydrogen bonds with residues PRO-
338, HIS-341 and GLU-348.

The best lead compound was selected in terms of binding en-
ergy. The binding energies of the ligands calculated by AutoDock4
[15] and AutoDock Vina [19] are shown in Table 2. Based on the
analysis with AutoDock Vina [19], it was observed that binding
energies of the three compounds were almost the same. Docking
studies with AutoDock4 [15] and AutoDock Vina [19] showed that
the natural compound Daidzein showed the lowest binding energy
value of —6.22 and — 8.6 kcal/mol, respectively (Table 2). Based on
these findings, gaidzein can be used as a natural inhibitor to target
MCTS8 in AHDS. However, daidzein should be subjected to further
investigation using in vitro studies.

4. Conclusion

Recently, many researches have focused on the identification of
inhibitors from natural sources. This study concludes that daidzein
is an effective lead compound which will be useful for the design
of novel less toxic and highly efficient drugs for the treatment of
AHDS. Daidzein should be subjected to further experimental study
in order to confirm this finding. This study also identified that
PRO-338, HIS-341 and GLU-348 of MCT8 play an important role in
hydrogen bonding with genistein and daidzein.
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Current trends in chiral analysis of pharmaceutical drugs are focused on faster separations and higher
separation efficiencies. Core-shell or superficially porous particles (SPP) based chiral stationary phases
(CSPs) provide reduced analysis times while maintaining high column efficiencies and sensitivity. In this
study, mobile phase conditions suitable for chiral analyses with electrospray ionization LC-MS were
systematically investigated using vancomycin as a representative CSP. The performance of a 2.7 um SPP
based vancomycin CSP (SPP-V) 10cm x 0.21 cm column was compared to that of a corresponding 5 um
fully porous particles based analogue column. The results demonstrated that the SPP-V column provides
higher efficiencies, 2-5 time greater sensitivity and shorter analysis time for a set of 22 basic pharma-
ceutical drugs. The SPP-V was successfully applied for the analysis of the degradation products of racemic
citalopram whose enantiomers could be selectively identified by MS.
© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the past decades, after the issuance of U.S. Food and Drug
Administration (FDA) guidelines relating to the study and phar-
maceutical development of individual enantiomers [1], the ana-
lysis and quantification of chiral drugs has become a necessity.
This is due to the different pharmacological or toxicological effects
that the two enantiomers of a chiral active pharmaceutical in-
gredient may have. Whereas one enantiomer can have the desired
beneficial properties, the other can have none or the same or even
adverse effects.

High-performance liquid chromatography (HPLC) coupled to
mass spectrometry (MS) has become one of the most dominant
techniques for analysis in the pharmaceutical field [2]. Hyphenation
of the high-resolving power of HPLC to MS provides straightforward
method development capabilities with excellent analytical linearity,
sensitivity and selectivity in the enantioselective analysis of drugs
throughout the drug discovery and development process [2,3]. Ap-
plying tandem mass spectrometry in HPLC-MS adds further se-
lectivity to MS detection of drug molecules and their metabolites in
complex biological matrices, which can help avoid the need for more
complicated separation or extensive sample clean-up procedures [4].
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In the pharmaceutical industry, current trends of en-
antioselective analysis of drugs are focused on separation effi-
ciency and faster analysis time [2,5-9]. This is mainly driven by the
challenges of either more complex samples or increasing numbers
of samples [10]. The analytical throughput of chiral analysis is
primarily dependent on the selectivity and efficiency of chiral
columns. Fast chromatography approaches such as micro-column
technologies with smaller particle size and monolithic silica col-
umn methods have been developed to make high-speed chiral
separations possible. However, these micro-columns are often
accompanied with much higher system backpressure and/or de-
creased chromatographic resolution and efficiency [11]. Although
monolith based stationary phases can provide fast separations,
there are often drawbacks such as instability and irreproducibility
of the columns, and high cost of making these columns [12-15].
There has yet to be any competitive monolithic chiral stationary
phases (CSPs).

The recent development of superficially porous particles (SPPs,
fused-core or core-shell) based columns is generally considered a
breakthrough in column technology that provides reduced analy-
sis time while maintaining high column efficiencies with relatively
low operational back pressure [16-18]. The increased efficiencies
result from lower eddy dispersion, as well as other minimized
band broadening effects compared to their fully porous particle
(FPP) analogues [19-22]. In addition to the above mentioned ad-
vantages, SPP materials provide flatter dependence of column
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performance on the mobile phase flow-rate, primarily due to de-
creased resistance to mass-transfer compared to FPP (a smaller
C-term in the van Deemter equation), hence are better suited for
high-speed separations [23].

Although SPP based achiral stationary phases have been de-
veloped and have become widely used for drug analysis in recent
years, chiral SPP based materials have lagged behind. Recently,
several polysaccharide and glycopeptide based chiral selectors
have been coated or covalently bonded to SPP silica gel for chiral
separations [9,23,24]. Higher enantiomeric separation efficiency
and resolution were often observed with the use of SPP based CSPs
when compared to their corresponding FPP analogues [23-25].
Chiral separations done in seconds were achieved with these
newly developed materials [9]. However, all the enantiomeric se-
paration methods based on these novel SPP columns were devel-
oped with UV detection and most of them cannot be directly
utilized with HPLC-MS due to various mobile phases and additive
incompatibilities. Diminished or lost enantiomeric selectivity/re-
solution is often observed when simply changing mobile phase
solvents and additives of previously developed HPLC-UV methods
to achieve MS compatible conditions [25,26]. Hence, the LC-MS
conditions need to be carefully optimized prior to chiral analysis.

The purposes of this study are: (1) to systematically evaluate
mobile phase conditions suitable for chiral LC-MS analysis, and
provide a guideline for users in the selection of mobile phase
additives in chiral LC-MS, (2) to evaluate the feasibility of using
SPP based CSPs for fast and efficient enantioseparation of phar-
maceutical basic drugs with MS detection, and (3) to compare the
enantioseparation performance between SPP and FPP based CSPs.
The macrocyclic glycopeptide vancomycin chiral selector has been
used in the enantiomeric separation of a variety of chiral basic
drugs. The usefulness of this macrocyclic selectors results from its
broad selectivity, making it an ideal candidate for chiral LC-MS
analyses [26-29].

2. Experimental
2.1. Chiral drugs and chemicals

22 basic drugs including 11 B-blockers, 4 antidepressants,
4 sedative-analgesics and 3 other drugs were selected as test
standards (Table 1) and provided by Millipore Sigma-Aldrich
(St. Louis, MO, USA). The mobile phases were prepared from the
following compounds (purities > 95%) and solvents: formic acid
(FA), trifluoroacetic acid (TFA), triethylamine (TEA), ammonium
formate (NH4FA), ammonium acetate (NH4Ac), ammonium tri-
fluoroacetate (NH4TFA), and triethylammonium acetate (TEAAc)
were all from Sigma-Aldrich; acetic acid (AA) was from ].T. Baker
(Center Valley, PA, USA); HPLC-MS grade methanol and water
were from Honeywell Burdick and Jackson (Morristown, NJ, USA).
Citalopram was obtained from Sigma-Aldrich and standards of its
two degradation products were a gift from Lundbeck (Valby,
Denmark).

2.2. Chromatography

Table 2 lists the characteristics of the chiral vancomycin sta-
tionary phases used in this work in two 10 cm x 0.21 cm columns.
The Astec-Chirobiotic V" column was obtained from Supelco
(product 11018A-ST, Millipore-Sigma, a division of Merck KGaA,
Darmstadt, Germany). The VancoShell" column was obtained from
AZYP (product LS2002, Azyp, Arlington, Texas, USA). The columns

were mounted in a Prominence LC-20AT HPLC system (Shimadzu,
Columbia, Maryland, USA) coupled to an MS-8040 triple quad
mass spectrometer (Shimadzu) with an orthogonal electrospray
ionization (ESI) source. Signal acquisition and data handling were
performed with the LabSolutions v5 software (Shimadzu). Due to
the lack of ionization with apolar normal-phase solvents, the two
columns were evaluated with pure methanol mobile phases in
polar ionic mode (PIM) and hydro-organic mobile phases in re-
versed-phase (RP) mode.

Unless otherwise indicated, the flow rate was 0.3 mL/min
producing a dead time of about 40 s with the 10 cm columns with
0.21 cm internal diameter (mobile phase velocity: 0.25cm/s). The
basic drugs were dissolved in methanol in stock solutions at
1 mg/mL, and stored at 5 °C. The injection loop had a 2 pL volume.
All experiments were done at room temperature.

2.3. Forced decomposition study of citalopram

The antidepressant citalopram was subjected to a 2-day hydro-
lytic degradation. A 10 mg solution of citalopram in 100 mL 0.2 M
NaOH (pH 13.3) was heated at 80 °C for 48h, and 10 mL solution
portions were taken at time 12 h and 48 h and neutralized with a
drop of acetic acid. The hydrolytic degradation products were ex-
tracted by adding 10 mL dichloromethane and vigorously shaking the
biphasic mixture. The separated lower organic layer was dried with
argon and reconstituted in methanol prior to LC-MS analysis.

3. Results and discussion
3.1. Mobile phase and mass spectrometry detection

3.1.1. Flow rate effect

A UV detector is a non-destructive concentration sensitive
detector, while the MS detector is a mass sensitive destructive
detector. The difference between the two types of detector can be
put simply: if the mobile phase flow rate is stopped when a so-
lute is in the detector, the concentration sensitive UV signal will
stay constant; the mass sensitive MS signal will drop to zero as
soon as the ion input ceases. The critical consequence is a strong
difference in signal intensity that depends on the mobile phase
flow rate with the MS detector and not with the UV detector. This
signal intensity difference makes the integrated surface area
obtained with the UV concentration sensitive detector inversely
proportional to the mobile phase flow rate. This surface would
not be sensitive to flow rate with the MS mass sensitive detector
if the ESI efficiency was not flow rate dependent. Unfortunately,
ESI becomes less efficient when there are more or bigger droplets
to ionize and this effect also makes the experimental MS surface
area decrease when the flow rate increases [30]. With the MS
instrument in this study, a flow rate of 0.3 mL/min provided the
optimal compromise between chromatographic separation
duration and ESI signal intensity and it was used for all mobile
phase composition testings.

3.1.2. Mobile phase composition effect

Ions must be produced by the ESI source. The mobile phase
chemical composition greatly affects ionization. A systematic in-
vestigation is difficult since changing the mobile phase composi-
tion also affects the chromatographic separation modifying re-
tention time, peak efficiencies and chromatographic resolution.
Table 3 gathers the observed effects of mobile phase composition
on ESI-MS detection.
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Names, structures, properties and best separation conditions of the studied basic drugs®.

Name/therap. class Structure MMW.  Log Pyt [Log Pcation pKy K a Rs N Plates  Optimal LC-MS
mobile phase!
Acebutolol H O 336.2 153 9.57 3.0 1.2 13 1900 PIM
pB-blocker \/\[f N -17 6.4 1.2 1.2 1200
O J\
N
OH H
Alprenolol = 2492 2.69 9.67 29 1.1 1.1 3900 PIM
p-blocker ©\/\/ J\ —055 7.0 11 1.0 2800
O/ﬁ/\H
OH
Atenolol HoN 266.2 043 9.67 22 1.2 13 3600 PIM
p-blocker Y\Q J\ 28 40 11 12 2900
(0]
O/\/\”
OH
Carvedilol 406.2 3.42 8.74 41 11 11 3000 PIM
p-blocker O NH 0.18 8.8 11 1.0 2300
O~ O
N (0]
o
Esmolol O 2952 182 9.67 24 1.05 09 5000 PIM
p-blocker ~o % 142 61 105 08 3400
o NJ\
/\/\H
OH
Labetalol? Os__NH, 3284 231 93 61/ 11/ 09/ 3600/ PIM
p-blocker -0.27 9.6 14 31 1900
CH OH 107/ 11/ 0.8/ 2800/
3 16.7 14 2.5 1100
N
OH
Metoprolol /O 2672 176 9.67 24 1.1 1.1 6000 PIM
p-blocker \/\©\ J\ —148 36 11 10 3600
(0] N
/\/\H
OH
Pindolol HN 2331 1.69 966 13 1.1 14 5500 PIM
pB-blocker \ —155 25 1.1 14 3400
O/\/\ ”J\
OH
Propranolol 259.2 258 9.67 79 1.2 2.4 3500 PIM
p-blocker ‘ —0.66 16.1 12 14 1200
O O/\/\HJ\
OH
Salbutamol OH 2392 034 9.60 1.85 1.1 13 5000 PIM
pB-blocker —-2.36 315 11 12 3200

§
HO/D)\/ 7<
HO
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Name/therap. class Structure MW.  Log Poct /LOg Pcation pKy K o Rs N Plates  Optimal LC-MS
mobile phase’
Sotalol e} H 2721 —-040 9.65 17 1.2 1.6 4100 PIM
p-blocker \ _N -32 2.9 12 15 2500
~ S\\
o
N
OH
Terbutaline OH 2251 046 8.86 3.9 11 14 5000 PIM
p-adrenergic H -1.90 111 11 1.2 3000
agonist HO N j<
OH
Bupivacaine 2882 4.52 8.0 0.9 12 14 3800 RP
Anesthetic 10 2.0 13 15 1300
(@) NH
FO
N
Citalopram F 3242 3.76 9.78 171 1.1 13 3400 RP
Antidepressant 0.26 283 11 11 2400
' /
N
\
CLp
N//
Fluoxetine F 3091 417 9.80 10.7 13 5.0 5800 RP
Antidepressant F 0.93 219 12 31 3900
F>|\©\
~
@) N
H
Idazoxan N 2041 0.77 8.62 29 11 1.6 5900 RP
a-blocker | —1.65 6.4 11 14 3500
o
N
H
@)
Mianserin / 2642 3383 692 09 25 70 3000 RP
Antidepressant (—N 0.33 19 2.2 59 1900
N
12 1.5 2000 RP
Nefopam 1.1 1.1 2700
Analgesic

2532 340 792 29
O 1.80 7.9
O Oj
N
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Table 1 (continued )

Name/therap. class Structure MW.  Log Poct /LOg Pcation pKy K o Rs N Plates  Optimal LC-MS
mobile phase!
Promethazine \N/ 2841 429 9.05 34 1.8 6.6 3100 RP
Sedative H\ 0.79 6.7 1.6 53 2500
S
Thalidomide O 2581 0.01 1.6 13 22 44 1200 RP
Sedative non ionizable 33 2.0 32 1000
N (@)
NH
O O
Tolperisone (o) 2452 357 878 3.0 12 1.7 2500 RP
Muscle relaxant 0.07 8.6 1.2 15 1300
I\O
Trimipramine 2942 476 940 33 13 31 3600 RP
Antidepressant 3.40 6.6 12 14 1300

1-PIM: polar ionic mode (2.0 mM TEAAc in methanol); RP: reversed phase with 90% methanol/10% 5 mM NH4Ac buffer pH 4.1; flow rate 0.3 mL/min.

2-The compound Labetalol has two chiral centers, hence four enantiomers.

@ The first line of values: SPP column VancoShell, 10 cm x 0.21 cm, 2.7 pm particles. The second line of values: FPP column Chirobiotic V, 10 cm x 0.21 cm, 5 um particles;
Log P, is the octanol/water partition coefficient of the drug in molecular form; Log Pcation is for the cationic form calculated values (ChemAxon and Molinspiration
softwares); K, a, and Rs are respectively the experimental retention, enantioselectivity, and resolution factors with 5%-10% RSD; N is the efficiency taken on the first eluting

enantiomer in theoretical plates (50% RSD).

The apolar mobile phases used in the normal phase mode do
not solubilize ions. Also they preclude efficient molecule ioniza-
tion; hence this mode is inappropriate with MS detection. The PIM
uses non-aqueous polar mobile phases in which small amounts
(0.05%-0.5%) of amine and organic acid are added to modify the
ionization state of both the solutes and the stationary phase. Pure
methanol was used as the PIM solvent with different added acids,
bases or salts. Table 3 shows that good ionization was obtained
with ammonium salts, either formate, acetate or trifluoroacetate.
The best signal was obtained with 0.5-1 mM TEA acetate. How-
ever, this salt has a trade-off since higher than 1 mM concentration
produced faster separation (lower retention times), but it also
degraded MS sensitivity due to ionization suppression. The in-situ
formation of TEA acetate by adding proportion of TEA and AA to
methanol gave similar results with ionization suppression ob-
served when more than 0.02% (v/v) was added. 0.02% TEA
corresponds to 1.44 mM and 0.02% AA is 3.5 mM, the combination
of which makes 1.44 mM TEAAc with an excess of about 2 mM AA.
Pure acids induce solute MS ionization, but they are not re-
commended for chromatographic reasons: the protonated basic
drugs of our set were eluted at the dead volume not giving any
separation, since they were electrostatically repelled from the
positively charged stationary phase.

The polar aqueous reversed phase mobile phases were appro-
priate for MS detection. The best salt additive was ammonium

acetate in our working conditions with methanol:water (90:10, v/v).
TEAAc, NH4FA and NH4TFA also could be used giving poorer peak
shapes but with an acceptable signal. Concentrations of TEAAc
higher than 0.5mM and addition of TEA and AA higher than
0.05% (v/v) produced significant ionization suppression. Since
higher salt concentrations provided faster separations, the optimum
reversed phase composition was methanol/water (90:10, v/v) with
5 mM NH4Ac (Table 3).

3.2. Enantiomer separation with fully porous and superficially por-
ous particles

Table 1 lists the retention, selectivity and resolution factors
obtained with the basic drugs and the two chiral columns con-
taining the same macrocyclic glycopeptide vancomycin selector.
For each compound, the first line corresponds to the data obtained
with the VancoShell” SPP column and the second line gives the
Chirobiotic” V FPP column data, all obtained with the same col-
umn geometry, mobile phase composition and flow rate. The de-
tection was done by MS for both columns. The PIM mobile phase
composition: pure methanol with 2 mM TEAAc, provided optimal
separations in term of solute retention, resolution and signal for all
[-blocker solutes. The other basic drugs were best separated by
the reversed mobile phase made of methanol:water (90:10, v/v)
with 5 mM NH4Ac, both flown at 0.3 mL/min.
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Table 2
Characteristics of the chiral vancomycin columns.
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Column trade  Manufacturer Length Internal Silica particles Selector loading
name (cm) diameter (nmol/column)
(mm) Diameter Porosity Pore Surface Carbon Bonding
(um) (nm)  (m?/g) loading (%) (umol/m?)
Chirobiotic V Supelco 10 21 5 FPP 10 300 13.5 0.75 72
Millipore-Sigma 100%
VancoShell AZYP 10 21 2.7 SPP 12 120 7.2 0.87 33

75%

The core-shell particles have a solid spherical core of 1.7 um diameter and 2.57 pm? volume and a 0.5 pm thick porous layer making a volume of 7.74 um? or 75% of the whole

2.7 um particle volume of 10.3 um®.

The first general observation is that the Chirobiotic® V FPP
column systematically produced longer retention times, seen in
almost always 50% higher retention factors, k', than the
VancoShell” SPP column for the same solute, mobile phase and
flow rate. The second observation is that the enantioselectivity
factors obtained with the two columns are very similar. The last
general observation is that the peak efficiency obtained with the
SPP column is always higher than that observed with the FPP
column of equal length.

Pointing that the chiral selector is the same for the two col-
umns, the results can be explained as follows: (i) the difference in
retention is due to the fact that the FPP column contains twice
more vancomycin selector than the SPP column (72 pmoles versus
33 umoles, Table 2); (ii) this larger amount of selector increases
equally the retention of both enantiomers, so the ratio of the two
increased retention factors, which is the enantioselectivity factor,
stays constant; and (iii) the peak efficiency in column of equal
length is linked to the silica particle diameter which is almost
twice smaller (2.7 pm) in the SPP column compared to the FPP one
(5 um, Table 2). It must be noted that the listed peak efficiencies

Table 3
Mobile phase compositions and MS detection with electrospray ionization.

are not obtained at the same retention time so the difference
between columns may be even higher. Further, the greater extra-
column volume, associated with MS detection, limits the efficiency
gains of the SPP column somewhat [9,19,24,25].

The resolution factor combines retention, selectivity and effi-
ciency in a single quality parameter. The Rs factors obtained with the
VancoShell” SPP column are clearly significantly better than their
corresponding values obtained with the Chirobiotic® FPP column
(Table 1). The advantage of the SPP particles is obvious that faster
separations are obtained with better resolution factors. Not surpris-
ingly, these results are fully coherent with previously published
works done with the vancomycin chiral selector [6,9,31].

3.3. Sensitivity comparison

The most used chromatographic detector is the UV-vis detector
for its versatility, ease of use and cost. It is sensitive down to the
nanogram on five orders of magnitude linear range, up to almost a
milligram injected. With optimized ionization, the MS detector is
known to be almost three orders of magnitude more sensitive than

Solvents Buffer/salts Status

Comments

Normal phase mode

Heptane/ propanol Not soluble Not MS compatible
Polar ionic mode
100% methanol Formic acid Good ionization

Acetic acid
Trifluoroacetic acid

Apolar mobile phases cannot handle ions

Useless with basic drugs whose protonated forms
are not retained

100% methanol TEAAc Excellent ionization at 0.5-1 mM - suppression is observed Higher salt concentrations reduce solute reten-
at higher concentrations tion times

100% methanol TEA/AA Excellent ionization with 0.02% (v/v) or less — suppression is At equal TEA and AA %v/v there are 2.4 AA mol
observed with higher % v/v per TEA mol.

100% methanol NH4TFA Good ionization Higher salt concentrations reduce retention times

100% methanol NH4FA Good ionization Higher salt concentrations reduce retention times

100% methanol NH4Ac Acceptable ionization Higher salt concentrations reduce retention times

Reversed phase
90% methanol / 10% aqueous Formic acid Good ionization Useless with basic drugs whose protonated forms

buffer Acetic acid

Trifluoroacetic acid

90% methanol/ 10% aqueous TEAAc
buffer

90% methanol/ 10% aqueous TEA/AA
buffer

90% methanol/ 10% aqueous NH4TFA Acceptable ionization
buffer

90% methanol/ 10% aqueous NH4FA Good ionization
buffer

90% methanol/ 10% aqueous NH4Ac Best RP additive
buffer

Significant ionization suppression above 0.5 mM

Significant ionization suppression above 0.05% (v/v)

are not retained

Long retention of the analytes at low salt
concentration

Long retention of the analytes

Mediocre additive for chiral recognition

Good peak shapes

Good peak shape and solute retention

Orthogonal ESI source of a Shimadzu LC-MS 8040 triple quad MS; positive ion monitoring, ionization voltage: 4.5 kV; desolvation line at 250 °C; heating block at 500 °C; 2
mL/min N, nebulizing gas; 15 L/min N, drying gas. TEA: triethylamine; AA: acetic acid; Ac: acetate; FA: formic acid; TFA: trifluoroacetic acid.
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Table 4

Comparison of detection limits (LOD) between the VancoShell SPP and Chirobiotic V FPP columns for the selected basic drugs®.

Compound” Monitored m/z LOD (inj. pg)* Improvement factor?
Chirobiotic V FPP VancoShell SPP
Acebutolol 3372 18 0.4 4.5
Alprenolol 250.2 0.9 0.2 4.5
Atenolol 267.2 2.0 0.8 25
Esmolol 296.2 14 04 3.6
Metoprolol 268.2 0.7 0.2 3.7
Oxprenolol 266.3 0.9 0.2 4.3
Pindolol 2341 2.0 0.8 25
Propranolol 260.2 13 0.4 33
Salbutamol 240.2 1.0 0.4 24
Sotalol 2731 6.0 3.0 2.0
Terbutaline 226.1 13 0.4 33
Bupivacaine 289.2 0.2 0.1 17
Citalopram 325.2 5.0 14 3.6
Fluoxetine 310.1 33 12 2.8
Idazoxan 205.1 6.0 14 43
Mianserin 265.2 0.1 0.04 2.5
Nefopam 254.2 0.5 0.2 2.7
Promethazine 285.1 7.5 3.0 2.5
Thalidomide 259.1 5.0 12 4.2
Tolperisone 246.2 6.0 20 3.0
Trimipramine 294.2 13 0.6 2.2

¢ Chromatographic condition: RP with methanol:5 mM NH4Ac buffer solution (90:10, v/v); flow rate: 0.3 mL/min.
b All these basic drugs studied were first separated with the chromatographic conditions mentioned in Table 1, and were then detected in positive SIM mode at the m/z

indicated.

€ The reported LODs are absolute values in picograms injected for the first eluted enantiomer.
d calculated comparing the LOD values of Chirobiotic V FPP to those obtained with VancoShell SPP.

the UV detector [32]. So the MS detector is not compared to the UV
detector in term of sensitivity. The limit of detection (LOD) that
can be reached with both SPP and FPP columns in similar condi-
tions were compared.

The LODs in LC-MS were obtained by serial dilution of the
standard solution of each compound until a signal-to-noise ratio
(S/N) of three was noted in five replicate injections of the diluted
sample. The LOD determinations were performed with the column
in the positive SIM mode monitoring the m/z of the protonated
analyte. Table 4 summarizes the detection limits for all these
tested drugs after column separation using both the VancoShell
SPP and the Chirobiotic V FPP columns under identical mobile
phase and m/z SIM MS conditions. As can be seen in Table 4, a LOD
as low as 40 fg (0.04 pg in absolute values i.e. 2 uL of a 20 ng/L
dilution injected) was obtained for the mianserin drug with the
VancoShell SPP column. This lowest LOD was 2.5 lower than that
obtained with the Chirobiotic V FPP column for the same com-
pound. The LODs with the VancoShell SPP column were all down
to the picogram injected and 2-5times lower than the corre-
sponding LODs obtained with the Chirobiotic V FPP column in the
same MS conditions.

3.4. Fast SPP separations

The SPP core-shell particles were developed for reducing se-
paration duration and especially solvent consumption [6,9]. As seen
in Table 1, in optimal enantioselective conditions at 0.3 mL/min, the
VancoShell SPP column separates the listed enantiomers two to four
times faster than the Chirobiotic V FPP column with a better re-
solution. Since fast chiral separations are needed in two-dimen-
sional chromatography, the MS response was tested in separations
done in seconds. Fig. 1 shows the separation of three drugs achieved
in less than a minute. To obtain such fast separations some

compromises had to be made. The faster flow rate produced a lower
ESI response compensated by injecting 20 pg of solute. Also the PIM
mobile phase was selected because it gave lower drug retentions;
however, the resolution factors also were significantly lower. The
promethazine resolution factor dropped from 6.6 with optimized
RP mobile phase (Table 1) to 1.4 with the fast PIM mobile phase
(Fig. 1) mainly due to the great drop in efficiency (from 3100 plates
to 400 plates) with broadening peaks at this fast flow rate. How-
ever, even in these conditions, the ESI signal is perfectly usable and
ESI-MS detection could be used in a fast second dimension in 2D-LC
with baseline separation of the enantiomers [33].

3.5. Application: following citalopram basic degradation

The characterization of all possible impurities and degradation
products in a drug substance and product is required by regulatory
agencies [30]. Since many drugs are chiral, the advantage of using
CSPs for the degradation studies is that not only degradation
products but also each enantiomer of the degraded drug products
can be identified and quantified. The MS detection adds the in-
formation on the nature of the degradation products providing
their mass to charge ratio.

A forced degradation study was done using the racemic form of
the antidepressant drug citalopram as a representative. Two major
peaks (m/z 343 and 344) were found in the positive triple-quadri-
pole-scan mode with direct injection of 2 uL of the processed sample.
The degraded sample was further separated on the SPP-V column
and was detected in positive Q3-SIM mode. The peaks were com-
pared to the citalopram standard. As shown in Fig. 2, the citalopram
standard peaks that appear in the retention window of 12-15 min
progressively decrease and eventually disappear, indicating the
complete degradation of citalopram in less than two days at 80 °C,
pH 13. The extracted ion chromatograms (EIC) in SIM mode at
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Fig. 1. Fast separations of basic drugs using the VancoShell SPP column. Chroma-
tographic conditions: PIM mobile phase: methanol with 2 mM TEAAc; flow rate:
(A) 1.0 mL/min for tolperisone, (B) 0.8 mL/min for mianserin, (C) 1.2 mL/min for
promethazine; injection volume: 2 pL of 10 ng/mL. MS detection in positive SIM
mode; monitored m/z: tolperisone 246.2, mianserin 265.2 and promethazine 285.1.
The vertical arrows point at the dead time.

myz 343 and 344 showed two chiral degradation products. One en-
antiomeric pair appears at the retention window: 3.0-4.5 min and
the other pair eluting between 18 and 21 min. After checking for
possible structures corresponding to the m/z ratios and determining
the retention times of the provided degradation product standards
(Fig. 2), the structure of Product 1 was confirmed to be the amide
obtained by hydrolysis of the citalopram nitrile group:

R-C=N + H,0 — R-CONH,-
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Fig. 2. Following the achiral basic degradation of citalopram in aqueous pH 13 solution
at 80°C. Chromatographic conditions: column VancoShell 10cm x 021 cm, 2.7 um
core shell particles; RP mobile phase, methanol/buffer 5 mM NH4Ac (10:90, v/v); flow
rate, 0.3 mL/min; injection volume, 2 uL. MS conditions: (A) TIC in positive Q3-scan
mode, (B) and (C) positive Q3 SIM mode at m/z 343.2 from O to 5 min (amide), 325.2
from 5 to 15 min (nitrile), and 344.2 from 15 to 25 min (acid derivative).

This amide was itself hydrolyzed in the corresponding acid
Product II following R-CONH, — R-COOH. The confirmed struc-
tures of degradation Products I and Il were consistent with pre-
viously reported results in the literature [34,35].

4. Conclusions

An MS detector is suitable to detect separated enantiomers in
the polar ionic mode with methanol and appropriate salt mobile
phases, and in the reversed phase mode with an aqueous buffer
mobile phase rich in organic modifier. Volatile salts must be used
to buffer the mobile phase or to adjust the stationary phase ioni-
zation for best enantiorecognition. Amounts of triethylamine and
acetic acid smaller than 0.05% (v/v) were optimal, allowing to
adjust the acidity/basicity by adapting the TEA and AA propor-
tions. Larger amounts of salts produced ESI ionization suppression.
Ammonium acetate was the best salt additive in the RP mode
when higher than 1 mM concentration was needed for peak shape
or lower retention of the basic drugs tested.

The advantages of using a column containing superficially
porous particles are faster separations using significantly less
mobile phase associated with better efficiencies giving similar or
better resolution. These advantages were confirmed by comparing
an SPP column to a fully porous column of identical geometry and
both containing the same vancomycin chiral selector. In optimized
conditions the LODs obtained with the SPP column were between
two and five times lower than those obtained with the FPP col-
umn. However, higher mobile phase flow rates are associated with
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a lower ionization yield due to an increased number of larger
droplets in the ESI source, suggesting that separations of en-
antiomers done in seconds will be detected by the MS with lower
performance (LOD) than those obtained in optimal (slower)
conditions.
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Simple and sensitive methods were developed for the determination of indapamide, perindopril and its
active metabolite perindoprilat in human plasma or whole blood by hyphenated ultra-performance li-
quid chromatography-mass spectrometry (UPLC-MS/MS). Indapamide-d3, perindopril-d4 and perindo-
prilat-d4 were used as the internal standards. The separation was performed on a Thermo BDS Hypersil
Cys column (4.6 mm x 100 mm, 2.4 pm) for indapamide and perindopril simultaneously following a
protein precipitation pretreatment of the biosamples. The separation of perindoprilat was achieved in-
dependently on a phenomenex PFP column (4.6 mm x 150 mm, 5 um). All the analytes were quantitated
with positive electrospray ionization and multiple reactions monitoring mode. The assay exhibited a
linear range of 1-250 ng/mL for indapamide, 0.4-100 ng/mL for perindopril and 0.2-20 ng/mL for peri-
ndoprilat. The methods were fully validated to meet the requirements for bioassay in accuracy, precision,
recovery, reproducibility, stabilities and matrix effects, and successfully applied to the pharmacokinetic
study of perindopril tert-butylamine/indapamide compound tablets in Chinese healthy volunteers and
the comparative pharmacokinetic study between plasma and whole blood.

© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Perindopril (Fig. 1), a non-sulfhydryl angiotensin-converting en-
zyme inhibitor (ACEI), is prescribed for the treatment of hypertension
and heart failure. It is hydrolysed to the active metabolite perindoprilat
(Fig. 1) in vivo, which can selectively inhibit the activity of angiotensin-
converting enzyme (ACE) and reduce the level of angiotensin Il [1,2].
Indapamide (Fig. 1) is a thiazide-type diuretic commonly used to treat
mild to moderate hypertension by diuretic effect and calcium an-
tagonist activity. As an antihypertensive drug proved to produce a
significant and sustained reduction in blood pressure, indapamide
works on sodium and chloride excretion and it has been reported to
reduce the vascular reactivity to pressor amines [3-5].

The combination of perindopril and indapamide is suggested as
one of the antihypertensive combinations of priority use by the
last update of European Hypertension Guidelines [5,6]. Due to
their synergistic mechanisms of actions, this combination has
shown a higher antihypertensive effect with fewer side effects
[7,8].  Usually perindopril tert-butylamine/indapamide is

Peer review under responsibility of Xi'an Jiaotong University.
* Corresponding author.
E-mail address: hangtj@cpu.edu.cn (T. Hang).

https://doi.org/10.1016/j.jpha.2018.05.004

administered in the form of tablets containing 2/0.625, 4/1.25 or 8/
2.5 mg of the active pharmaceutical ingredients.

Several LC-MS/MS methods have been reported for the pharma-
cokinetic studies on perindopril and perindoprilat or indapamide
individually in biological samples [9-14]. However, only a few phar-
macokinetic studies on perindopril tert-butylamine/indapamide
compound tablets have been reported [15,16]. And until now, there
have not been any reports for comparative pharmacokinetic studies
between plasma and whole blood. This paper describes a sensitive
and reproducible LC-MS/MS method for the simultaneous determi-
nation of indapamide and perindopril in both human plasma and
whole blood and an independent method for perindoprilat. The
methods have been fully validated and applied to the pharmacoki-
netic study of perindopril tert-butylamine/indapamide compound
tablets in Chinese healthy volunteers and the comparative pharma-
cokinetic study between plasma and whole blood.

2. Experimental
2.1. Chemicals and reagents

The reference standards of indapamide (99.5%), perindopril
tert-butylamine (99.2%) and perindoprilat (99.2%) were obtained

2095-1779/© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Chemical structures of indapamide, perindopril, perindoprilat, indapamide-
d3 (IS), perindopril-d4 (IS) and perindoprilat-d4 (IS).

from National Institutes for Food and Drug Control (Beijing, China).
Indapamide-d3 (97%), perindopril-d4 (98%) and perindoprilat-d4
(98%) reference standards employed as the internal standards (ISs)
for the bioassays were obtained from Toronto Research Chemicals
(North York, Canada). Chemical structures of these compounds are
presented in Fig. 1. Perindopril tert-butylamine/indapamide com-
pound tablets (Batch No: 607903) were purchased from Servier
Pharmaceutical Co., Ltd. (Tianjin, China). HPLC grade methanol,
acetonitrile and formic acid were purchased from Tedia (Ohio,
USA). Guaranteed grade perchloric acid was purchased from Si-
nopharm Chemical Reagent Co., Ltd (Shanghai, China). Analytical
grade ammonium acetate was purchased from Nanjing Chemical
Reagent Co., Ltd. (Nanjing, China). Water was purified with a
Millipore Milli Q-Plus system (Millipore, MA, USA).

2.2. Instruments

Quantitative analysis was performed with a Dionex Ultimate
3000 chromatographic system (Thermo Scientific, MA, USA) cou-
pled to a TSQ Quantum Ultra AM triple quadrupole mass spec-
trometer (Thermo Scientific, MA, USA) operated in positive elec-
trospray ionization (ESI) through multiple reaction monitoring

(MRM) mode. System control and data acquisitions were con-
ducted by LCQUAN™ 2.9QF1 (Thermo Scientific, MA, USA).

2.3. Liquid chromatographic and mass spectrometric conditions

2.3.1. Indapamide and perindopril

Simultaneously chromatographic separations of perindopril
and indapamide were achieved on a Thermo BDS Hypersil Cig
column (4.6 mm x 100 mm, 2.4 um) maintained at 40 °C through
linear gradient elution at 0.65 mL/min of the mobile phases con-
sisting of A (a mixture of water and methanol (90:10, v/v) con-
taining 0.05% ammonium acetate and 0.2% formic acid) and B
(methanol containing 0.05% ammonium acetate and 0.2% formic
acid) according to the following programs (A:B): 0.0 min (60:40) —
3.5 min (60:40) — 3.6 min (5:95) — 4.6 min (5:95) — 4.7 min (60:40)
— 6.0 min (60:40).

Mass spectrometer was operated in a positive ionization mode
and the analytes were detected by MRM with the transitions of m/
z 366.4-132.1 for indapamide, m/z 369.1-135.0 for indapamide-d3,
m/z 369.3-172.1 for perindopril, and m/z 373.3-176.1 for perindo-
pril-d4, respectively. The parameters were optimized as follows:
spray voltage 4.5 kV, capillary temperature 350 °C, the sheath gas
275 kPa, auxiliary gas 35 kPa, ion sweep gas 3.5 kPa and collision
argon gas 1.6 x 10~° bar. The collision energy was set 12 eV for
indapamide and indapamide-d3, 16 eV for perindopril and peri-
ndopril-d4.

2.3.2. Perindoprilat

Chromatographic separation of perindoprilat was achieved on a
Phenomenex PFP column (4.6 mm x 150 mm, 5 pm) maintained
at 40 °C through linear gradient elution at 1 mL/min of the same
mobile phases consisting of A and B according to the following
programs (A:B): 0.0 min (70:30) — 1.0 min (70:30) — 1.5 min (20:80)
— 5.0 min (20:80) — 5.1 min (70:30) — 7.0 min (70:30).

Mass spectrometer was operated in a positive ionization mode
and the analytes were detected by MRM with the transitions of m/
z 341.2-170.1 for perindoprilat, and m/z 345.2-170.1 for perindo-
prilat-d4. The parameters were optimized as follows: spray vol-
tage 4.5 kV, capillary temperature 350 °C, the sheath gas 275 kPa,
auxiliary gas 35 kPa, ion sweep gas 3.5 kPa and collision argon gas
1.6 x 10~° bar. The collision energy was set 15eV for perindo-
prilat and perindoprilat-d4.

2.4. Preparation of calibration curve and quality control (QC)
samples

Primary stock solutions of indapamide (100 pg/mL) and peri-
ndopril (100 pg/mL) were prepared in acetonitrile and diluted
with the same solution to make a series of standard working so-
lutions of 5, 12.5, 25, 50, 125, 250, 500, 1000 and 1250 ng/mL for
indapamide and 2, 5, 10, 20, 50, 100, 200, 400 and 500 ng/mL for
perindopril. Primary stock solution of perindoprilat (100 pg/mL)
was prepared in a mixture of methanol and water (80:20, v/v) and
diluted with the same solution to make a series of standard
working solutions of 1, 2.5, 5, 10, 25, 50, 80 and 100 ng/mL.

The stock solutions of indapamide-d3 (100 pg/mL), perindo-
pril-d4 (100 pg/mL) and perindoprilat-d4 (100 pg/mL) were pre-
pared in acetonitrile and diluted with the same solution at con-
centrations of 80 ng/mL, 60 ng/mL and 100 ng/mL, respectively.

Calibration standard samples were then prepared by 5-fold
spiking the working solutions with blank plasma or whole blood
to give respective final concentrations of 1, 2.5, 5, 10, 25, 50, 100,
200 and 250 ng/mL for indapamide, 0.4, 1, 2, 4, 10, 20, 40, 80 and
100 ng/mL for perindopril and 0.2, 0.5, 1, 2, 5, 10, 16 and 20 ng/mL
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for perindoprilat. The low QC (LQC), medium QC (MQC) and high
QC (HQC) were prepared with the same spiking procedure at
concentrations of 2.5, 25 and 200 ng/mL for indapamide, 1, 10 and
80 ng/mL for perindopril and 0.5, 5, 16 ng/mL for perindoprilat. All
standard solutions were stored at — 20°C and plasma samples
were stored at — 80 °C until analysis.

2.5. Sample preparation

2.5.1. Indapamide and perindopril

An aliquot of 100 pL plasma or whole blood sample was spiked
with 20 pL of IS working solution. Then, 200 pL of acetonitrile was
added to precipitate the protein by vortex mixing for 1 min. Fol-
lowing centrifugation (12,000 rpm, 10 min at 4 °C), 20 pL of the
supernatant was injected into the LC-MS/MS system for the
analysis.

2.5.2. Perindoprilat

An aliquot of 200 pL plasma or whole blood sample was spiked
with 40 pL of IS working solution. Then, 40 pL of 14% perchloric
acid was added to precipitate the protein by vortex mixing for 1
min. Following centrifugation (12,000 rpm, 10 min at 4 °C), 20 pL
of the supernatant was injected into the LC-MS/MS system for the
analysis.

2.6. Method validation

The proposed methods were validated according to the
Guidelines for Bioanalytical Method Validation published by the
European Medicines Agency (EMA) [17].

Specificity of the methods was investigated by comparing blank
human plasma or whole blood samples obtained from six sources
with those spiked with analytes and IS. The responses of en-
dogenous interfering substances at retention time of the analytes
are acceptable if there is less than 20% of the response of lower
limit of quantitation (LLOQ). The responses of endogenous inter-
fering substances at retention time of the internal standard are
acceptable if there is less than 5% of the response of working in-
ternal standard. Carryover was assessed by immediately injecting
blank plasma or whole blood samples after the injection of HQC
samples.

Calibration curves for the methods were constructed by least-
squares linear regression analysis by plotting analyte-to-IS peak
area ratio versus its nominal concentration, with 1/x> as the
weighting factor. Sensitivity was determined by analyzing six re-
plicates of plasma or whole blood spiked LLOQ samples. The back-
calculated concentrations of each calibration standard have to be
within + 15% deviation ( + 20% for LLOQ) of the nominal values.

Intra-batch and inter-batch precision and accuracy were mea-
sured by analyzing QC samples at three concentration levels (LQC,
MQC and HQC) with six determinations in three consecutive va-
lidation runs. The mean value should be within 15% of the actual
value except at LLOQ, where it should not deviate by more than
20%. Inter-batch precision was assessed by One-way analysis of
variance (ANOVA). Both intra-batch and inter-batch precision were
expressed as relative standard deviation (RSD) and did not exceed
15% (20% for LLOQ).

Recovery of each analyte was determined by analyzing six re-
plicates of QC samples at three concentration levels (LQC, MQC
and HQC) and was calculated as the ratio of peak areas obtained
from extracted spiked samples to that of non-extracted standard at
corresponding concentrations.

Blank plasma or whole blood samples from six different single
lots spiked with standard solutions at three concentration levels
(LQC, MQC and HQC) were analyzed to assess the matrix effect.
The matrix effect was expressed as the ratio of peak areas of

extracted blank plasma or whole blood samples spiked with the
pure authentic standard solutions to the peak areas of the pure
authentic standard solutions at corresponding concentrations. The
IS normalized matrix factors expressed as the ratio of the matrix
factor of each analyte to the matrix factor of the IS were used to
assess the effects of matrix on ionization.

The stability of each analyte in human plasma or whole blood
was investigated at LQC and HQC (n = 3) under the conditions of
room temperature, three freeze-thaw (— 80 °C) cycles, long-term
(— 80°C) storage, and autosampler (8 °C).

2.7. Pharmacokinetic study

The pharmacokinetics of perindopril tert-butylamine/in-
dapamide compound tablets was conducted in Chinese healthy
volunteers after oral administration. A total of 10 Chinese healthy
volunteers were recruited after strict medical, biochemical and
physical examinations and were given an informed consent ap-
proved by the Ethics Committee of National Medicine Clinical Trial
Organization of Nanjing General Hospital (Nanjing, China) ac-
cording to the principles of the Declaration of Helsinki.

After supervised overnight fasting of at least 10 h, all volunteers
received study drug with 240 mL of warm water according to the
randomization schedule. Blood samples were collected following
oral administration of perindopril tert-butylamine/indapamide
compound tablets (4 mg/1.25 mg) at pre-dose and 0.25, 0.5, 0.75, 1,
1.25, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, 24 and 48 h. The blood samples
were separated in two separate K,EDTA vacutainer collection
tubes. One of the tubes was centrifuged at 3000 rpm for 10 min
and the plasma was collected. The collected plasma and whole
blood samples were stored at — 80 °C till use. Pharmacokinetic
analysis was performed by Phoenix WinNonlin 6.0.

3. Results and discussion
3.1. Method development

3.1.1. Chromatography

Indapamide, perindopril and perindoprilat have different phy-
sicochemical properties, which leads to the difficulty in setting
chromatographic conditions that produce symmetrical peak shape
and adequate response for all three compounds simultaneously.
Hence, two different chromatographic conditions were established
according to their physicochemical properties. The composition of
mobile phase and column types were mainly optimized to obtain
good peak shape and chromatograph separation. The mobile
phases consisting of methanol-water-formic acid were chosen to
enhance the response and 0.05% ammonium acetate was added to
resolve the peaks free from tailing. The use of Thermo BDS Hy-
persil Cig (4.6 mm x 100 mm, 2.4 um) column provided good re-
solution and peak shapes for simultaneously indapamide and
perindopril determination. In order to avoid carryover peaks after
injections of high concentration samples, the proportion of organic
phase was increased to 95% when indapamide and perindopril
were eluted. Different types of columns like Cg, C1g and PFP were
studied for the analysis of perindoprilat and the best conditions
were achieved with gradient elution using a Phenomenex PFP
column (4.6 mm x 150 mm, 5 pm).

3.1.2. Mass spectrometry

Mass parameters were optimized in both positive and negative
ionization modes by infusion of the standard solutions into the
mass spectrometer using electrospray ionization source and the
optimal parameters were obtained by automatic tuning. All three
compounds showed better and more stable response when
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detected with positive ionization. The most sensitive mass tran-
sition was monitored from m/z 366.4-132.1 for indapamide, from
m/z 369.1-135.0 for indapamide-d3, from m/z 369.3-172.1 for
perindopril, from m/z 373.3-176.1 for perindopril-d4, from m/z
341.2-170.1 for perindoprilat, and from m/z 345.2-170.1 for peri-
ndoprilat-d4.

3.1.3. Sample preparation

Sample preparation is a crucial factor for method development
in bio-analysis to reach the maximum extraction recovery, mini-
mum matrix effects and also minimize the sample preparation
procedure. Simple protein precipitation (PP) procedure was re-
commended for this work since complicated liquid-liquid extrac-
tion (LLE) may compromise the stability of perindopril and influ-
ence the quantitation of perindoprilat. Protein precipitants such as
acetonitrile, methanol and ethyl alcohol were investigated for the
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extraction of indapamide and perindopril. 14% perchloric acid, 7%
perchloric acid and 10% trifluoroacetic acid solution were tested
for the extraction of highly polar perindoprilat. As a result, acet-
onitrile and 14% perchloric acid solution were respectively found
to reach the best recovery, lowest diluting ratio and highest
method sensitivity. The use of stable isotope labeled IS helped the
improving of the determination accuracy of the analytes. The ex-
traction methods were appropriate for both plasma and whole
blood.

3.14. Comparison between the developed methods and the existing
methods

As it was mentioned in Introduction, several methods have
been reported for the determination of perindopril and perindo-
prilat or indapamide in biological samples [9-16]. However, most
of the reported methods involved only one or two analytes in one
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Fig. 2. Typical MRM chromatograms of indapamide and perindopril in (A) blank plasma (left panel) and whole blood (right panel); (B) LLOQ sample plasma (1.00 ng/mL for
indapamide and 0.400 ng/mL for perindopril) and whole blood (1.00 ng/mL for indapamide and 0.400 ng/mL for perindopril); (C) subject sample plasma (5.32 ng/mL for
indapamide and 11.1 ng/mL for perindopril) and whole blood (14.9 ng/mL for indapamide and 7.35 ng/mL for perindopril) at 2 h.
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Fig. 3. Typical MRM chromatograms of perindoprilat in (A) blank plasma (left panel) and whole blood (right panel); (B) LLOQ sample plasma (0.200 ng/mL) and whole blood
(0.200 ng/mL); (C) subject sample plasma (2.49 ng/mL) and whole blood (1.31 ng/mL) at 2 h.

biofluid. In this study, simple and sensitive PP methods were es-
tablished for all three analytes both in plasma and whole blood.
And compared to the LLE and solid phase extraction (SPE) meth-
ods in literature, the developed methods were simpler and faster
when applied to high-throughput analysis.

3.2. Method validation

Fig. 2 shows the typical chromatograms of indapamide and
perindopril in both the blank plasma and whole blood and the
samples after oral administration of perindopril tert-butylamine/
indapamide compound tablets. Fig. 3 shows the typical chroma-
tograms of perindoprilat in both the blank plasma and whole

blood and the samples accordingly. No significant interfering
peaks were observed at the retention time of analytes and ISs. No
significant carry-over peaks were observed for both analytes and
ISs (Tables S1 and S2).

The calibration curves (n = 3) were linear covering the ranges
of 1-250, 0.4-100 and 0.2-20 ng/mL for indapamide, perindopril
and perindoprilat, respectively, with correlation coefficient () >
0.99 (Tables S3-S8).

The validation results for both plasma and whole blood quality
control samples are summarized in Table 1 and Table 2.

The established methods showed very good intra-batch and
inter-batch precision and accuracy. The extraction was proved
successful and no significant matrix effects were observed both in
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Table 1
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Validation results for the determination of indapamide, perindopril and perindoprilat in human plasma.

Analyte Spiked con. Intra-batch RSD  Inter-batch RSD  Relative recovery (%) Extraction recovery (%) Matrix effect (%) IS normalized matrix factors
(ng/mL) (%) (n=6) (%) (n=18) (n=6) (n=6) (n=6) (%) (n=6)
Indapamide  2.50 5.8 15.0 98.5 + 4.8 126 + 14.0 105 + 7.2 89.6 + 2.1
25.0 4.5 11.5 94.5 + 3.0 122 + 6.8 109 + 84 939 + 6.9
200 49 8.6 982 + 54 103 + 44 104 + 43 102 + 2.7
Perindopril ~ 1.00 53 3.0 922 + 70 102 + 10.0 949 + 49 102 + 10.1
10.0 3.8 14 94.8 + 34 100 + 5.8 874 + 5.0 97.0 + 3.1
80.0 45 3.6 96.1 + 4.3 112 + 6.9 949 + 2.8 100 + 1.8
Perindoprilat 0.500 7.8 45 98.7 + 74 78.7 + 10.7 172 + 147 102 + 83
5.00 33 4.4 953 + 4.0 80.1 +£ 9.8 180 + 4.3 96.2 + 4.4
16.0 49 5.6 96.7 + 4.2 80.2 + 79 186 + 9.5 101 + 2.8

Table 2

Validation results for the determination of indapamide, perindopril and perindoprilat in human whole blood.

Analyte Spiked con. Intra-batch RSD  Inter-batch RSD  Relative recovery (%) Extraction recovery (%) Matrix effect (%) IS normalized matrix factors
(ng/mL) (%) (n = 6) (%) (n = 18) (n=6) (n=6) (n=6) (%) (n = 6)
Indapamide  2.50 11.9 1.6 92.2 + 13.6 102 + 17.2 91.8 + 17 92,6 + 14.0
25.0 6.2 31 99.8 + 4.9 104 + 8.2 85.0 + 6.4 821 + 87
200 2.8 7.9 98.6 + 2.1 100 + 6.2 98.8 + 5.2 112 £ 5.9
Perindopril 1.00 94 133 103 + 114 95.1 + 9.5 98.1 + 3.5 915 + 3.1
10.0 2.8 1.6 993 + 2.8 931 + 4.0 929 + 6.2 96.3 + 109
80.0 6.5 2.7 101 + 6.7 893 + 84 929 + 81 894 + 12.8
Perindoprilat  0.500 7.6 5.6 100 + 8.6 69.5 + 7.1 193 + 144 102 £ 54
5.00 2.2 52 94.0 + 1.9 69.6 + 5.8 168 + 6.5 999 + 4.9
16.0 3.7 5.6 98.1 + 4.7 68.2 + 3.1 168 + 8.1 976 + 4.0

plasma and whole blood samples for indapamide and perindopril.
Though some matrix effects about 180% were observed both in
plasma and whole blood samples for perindoprilat, they were
stable (RSD% less than 15%). And the ion enhancement was cor-
rected with stable isotope labeled IS.

Three freeze-thaw cycles, long-term storage at — 80 °C for one
month and short-term stability of the biological samples did not
result in obvious changes in the drug concentration, as earlier
publications have reported [9-14,18]. And the stability results of
analytes after 30 h in autosampler at 8 °C were within 85%-115% of
the actual concentration (Tables S9 and S10).

3.3. Pharmacokinetic study

The validated LC-MS/MS bioanalytical method was successfully
applied to determine indapamide, perindopril and its active me-
tabolite perindoprilat in human plasma or whole blood for phar-
macokinetic study in ten Chinese healthy volunteers, after oral
administration of a tablet containing 4/1.25 mg perindopril tert-
butylamine/indapamide in a fasting condition.

Table 3

Table 3 shows the main pharmacokinetic parameters of in-
dapamide, perindopril and perindoprilat in plasma and whole
blood, respectively. The comparison between mean plasma and
whole blood concentrations versus time curves of indapamide,
perindopril and perindoprilat is shown in Fig. 4. C;;,.x and AUCq_;
showed significant differences between plasma and whole blood
for all three analytes. For indapamide, due to the high binding to
the red blood cell [18,19] the C;;,ux and AUCq_; in whole blood were
higher than those in plasma while it presented an opposite result
for perindopril and perindoprilat. As per the literature [20], peri-
ndopril and perindoprilat bind mainly to plasma protein in blood,
which resulted in the lower concentration levels in whole blood.

Table 4 shows comparison of main pharmacokinetic para-
meters of indapamide in whole blood, perindopril and perindo-
prilat in plasma between this study and reported methods. The
results were in close agreement with the earlier reported values
for pharmacokinetic study of two fixed dose combination for-
mulations [16]. The T;qx and AUCq_, of indapamide in whole blood
showed disparity after oral administration of indapamide tablets
(1.5mg) individually [11,21], which may be attributed to the

The pharmacokinetic parameters of indapamide, perindopril and perindoprilat (mean + SD) in Chinese healthy volunteers after oral administration of perindopril tert-

butylamine/indapamide compound tablets.

Pharmacokinetic parameters Indapamide Perindopril Perindoprilat

Plasma Whole blood Plasma Whole blood Plasma Whole blood
Cinax (ng/mL) 19.05 + 5.0 62.03 + 10.8 4795 + 16.2 30.95 + 103 5.959 + 3.0 3257 + 11
Timax (h) 1.8 + 0.8 1.6 + 0.6 0.65 + 0.1 0.70 + 0.2 6.4 + 13 58 + 11
ti/2 (h) 134 + 24 135 + 1.6 096 + 0.3 111 £ 04 170 + 6.5 182 + 73
AUCo.¢ (ng-h/mL) 253.6 + 83.8 881.6 + 126.5 5139 + 12.8 33.98 + 8.6 107.8 + 34.7 60.82 + 15.7
AUCy.., (ng-h/mL) 289.2 + 84.7 962.8 + 146.2 52.00 + 12.9 3453 + 86 124.7 + 348 73.75 + 18.6

Cmax: Peak concentration in plasma or whole blood.
Tmax: time to peak concentration.
t12: half-life of drug elimination during the terminal phase.

AUCy.: area under the plasma mean concentrations-time curve from zero to t. For perindopril t = 6 h and for indapamide and perindoprilat t = 48 h.

AUCy_..: The AUCy., extrapolated to infinity.
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Comparison of main pharmacokinetic parameters of indapamide in whole blood,
perindopril and perindoprilat in plasma between this study and reported methods.
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Fig. 4. The mean plasma and whole blood concentrations versus time curves of
(A) indapamide, (B) perindopril and (C) perindoprilat, respectively.

different dosage forms as it has been reported that the co-ad-
ministration of perindopril and indapamide does not change their
pharmacokinetic properties [5]. In regard to pharmacokinetic re-
sults of perindopril and perindoprilat in plasma, they were in close
proximity when compared to the others found in the literature
[22,23]. However, the AUCy_ values in literature [24] showed some
differences, which may relate to the insensitive method of de-
termination as the literature was published more than 20 years
ago.

4. Conclusions

Simple and sensitive UPLC-MS/MS methods for the determi-
nation of indapamide, perindopril and perindoprilat in human

Drug Dose  Cpnax (Ng/ML) Tpax (h) AUCq_¢ Refs.
(mg) (ng-h/mL)
Indapamide 125 62.0 + 10.8 1.6 + 0.6 882 + 126 This study
125 562 + 140 24+ 11 1152 + 429  [16]
1.5 436 + 161 103 £ 53 1318 £ 303  [11]*
15 411 + 76 8.0 + 3.0 1268 + 279  [21]°
Perindopril 4 480 + 162 0.65 + 0.1 514 + 12.8 This study
4 36,5 + 114 066 + 0.2 417 + 10.0 [16]
4 639 + 180 066 +£02 703+ 144 [22]
4 72 + 20 0.75 106 + 32 [24]
Perindoprilat 4 5.96 + 3.0 64 + 13 108 + 34.7 This study
4 542 43 +29 92 +30 [23]°
4 591 + 29 63 + 1.2 111 + 184 [22]
4 49 + 2.7 6 191 + 76 [24]

AUCo.¢: in this study t = 48 h for indapamide and perindoprilat, t = 6 h for peri-
ndopril; Ref. [16] t = 96 h for indapamide and perindopril; Refs. [11,21] t = 96 h for
indapamide; Ref. [22] t = 5h for perindopril and t = 72 h for perindoprilat; Ref.
[23] t = 72 h for perindoprilat; Ref. [24] t = 120 h for perindopril and perindoprilat.

¢ Indapamide sustained-release tablets.
b One significant digit for Cpayx.

plasma or whole blood were developed and validated. The
methods were successfully applied to pharmacokinetic studies in
humans. This is the first report on the pharmacokinetics of peri-
ndopril tert-butylamine/indapamide compound tablets in Chinese
healthy volunteers and the pharmacokinetic results of in-
dapamide, perindopril and perindoprilat in different biological
matrices would be helpful in providing some reference for clinical
application and clinical medication safety.
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A highly selective and sensitive liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay
has been described for the determination of asenapine (ASE) in presence of its inactive metabolites
N-desmethyl asenapine (DMA) and asenapine-N-glucuronide (ASG). ASE, and ASE 13C-d3, used as in-
ternal standard (IS), were extracted from 300 pL human plasma by a simple and precise liquid-liquid
extraction procedure using methyl tert-butyl ether. Baseline separation of ASE from its inactive meta-
bolites was achieved on Chromolith Performance RPg. (100 mm x 4.6 mm) column using acetonitrile-
5.0 mM ammonium acetate-10% formic acid (90:10:0.1, v/v/v) within 4.5 min. Quantitation of ASE was
done on a triple quadrupole mass spectrometer equipped with electrospray ionization in the positive
mode. The protonated precursor to product ion transitions monitored for ASE and ASE 13C-d3 were
m/z 286.1 — 166.0 and m/z 290.0 — 166.1, respectively. The limit of detection (LOD) and limit of
quantitation (LOQ) of the method were 0.0025 ng/mL and 0.050 ng/mL respectively in a linear con-
centration range of 0.050-20.0 ng/mL for ASE. The intra-batch and inter-batch precision (% CV) and mean
relative recovery across quality control levels were < 5.8% and 87.3%, respectively. Matrix effect, eval-
uated as IS-normalized matrix factor, ranged from 1.03 to 1.05. The stability of ASE under different
storage conditions was ascertained in presence of the metabolites. The developed method is much
simpler, matrix free, rapid and economical compared to the existing methods. The method was suc-
cessfully used for a bioequivalence study of asenapine in healthy Indian subjects for the first time.
© 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

appreciable affinity towards muscarinic receptors [1,4]. ASE is
unique among other atypical antipsychotics like risperidone,

Asenapine (ASE) is a second generation antipsychotic drug used
for the acute treatment of manic or mixed episodes, associated
with bipolar I disorder and schizophrenia [1-3]. Pharmacologi-
cally, ASE is a dibenzo-oxepino pyrrole drug with a tetracyclic
structure. It is the ninth atypical antipsychotic agent that received
regulatory approval in August 2009 from the US Food and Drug
Administration (FDA) to schizophrenia and bipolar I disorder in
adults [4]. It shows high affinity to serotonin receptors (5-HT1a,
5-HT1b, 5-HT2a, 5-HT2b, 5-HT2c, 5-HT5, 5-HT6, and 5-HT7), do-
pamine receptors (D1, D2, D3, and D4), alpha 1 and 2 receptors,
histamine (H1) receptors and moderate affinity to histamine (H2)
receptors. Unlike other antipsychotic agents, ASE has no
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olanzapine and aripiprazole, in its mode of administration. It is
available only as a sublingual, rapidly dissolving formulation that
exposes the drug only to salivary enzymes and bypasses first pass
metabolism. When administered sublingually, it has a bioavail-
ability of about 35%, while the oral bioavailability is only 2%, when
swallowed [5]. The time taken to achieve the maximum drug
plasma concentration (T.x) after a single 5 mg dose is about 1 h.
ASE is highly protein bound (95%), primarily to albumin and alpha-
lacid glycoprotein and shows excellent penetration across the
blood-brain barrier. Asenapine is metabolized to several metabo-
lites; however, none of them have any significant pharmacological
activity. The primary mechanism of metabolism involves glucur-
onidation through UDP glucuronosyl transferase 1A4 (UGT1A4),
producing asenapine-N-glucuronide (ASG). The other major me-
tabolite of ASE is N-desmethyl asenapine (DMA), which is formed
via demethylation, mainly through CYP1A2, with only minor
contributions from CYP3A4 and CYP2D6 [2,6].
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Literature presents few methods to determine ASE in biological
samples [7-11]. Van de Wetering-Krebbers et al. [7] studied the
excretion balance and metabolism routes of ASE in humans and
determined its plasma, urine and fecal concentration using high-
performance liquid chromatography (HPLC). A gas chromato-
graphy-mass spectrometry (GC-MS) method is also described to
analyze ASE in postmortem samples [8]. Reddy et al. [9] have
presented a liquid chromatography-tandem mass spectrometry
(LC-MS/MS) method for the simultaneous determination of ASE
and valproic acid in human plasma. Two other methods describe
quantification of ASE and its inactive metabolites in human plasma
[10] and urine [11] using LC-MS/MS. In these methods [10,11], two
separate assays were developed, one for ASE, DMA and 11-O-sul-
fate asenapine (OSA) and the other for ASG, respectively under
gradient elution. In the present work a highly selective and sen-
sitive LC-MS/MS assay is developed to determine ASE in human
plasma in presence of its inactive metabolites, ASG and DMA. The
assay presents a straightforward liquid-liquid extraction (LLE)
extraction procedure to obtain a precise and quantitative recovery
of ASE. The proposed method was successfully applied to a bioe-
quivalence study of 10 mg asenapine sublingual tablet formulation
in 14 healthy subjects under fasting.

2. Experimental
2.1. Chemicals and materials

Reference standards of asenapine (ASE, 99.6%), asenapine 13C-
d3 (IS, 99.5%), N-desmethyl asenapine (DMA, 99.1%) and asena-
pine-N-glucuronide (ASG, 98.7%) were procured from Clearsynth
Labs (P) Ltd. (Mumbai, India). HPLC grade methanol and acetoni-
trile, analytical grade formic acid, ammonia and ammonium
acetate were obtained from S.D. Fine Chemicals Ltd. (Mumbai,
India). Deionized water used for LC-MS/MS was prepared using
Milli Q water purification system from Millipore (Bangalore, India).
Methyl tert-butyl ether (MTBE) was procured from J.T Baker Che-
micals Ltd. (Haryana, India). Control buffered (K,-EDTA) human
plasma was procured from Clinical Department, Cliantha Research
India Limited (Ahmedabad, India) and was stored at —20 °C until
use.

2.2. LC-MS/MS instrumentation and conditions

The liquid chromatography system from Shimadzu (Kyoto, Japan)
consisted of an LC-10ADvp pump, an autosampler (SIL-HTc) and an
on-line degasser (DGU-14A). Chromatographic column used was
Chromolith Performance RPg. (100 mm x 4.6 mm) from Merck
(Mumbai, India). The mobile phase consisted of acetonitrile-5.0 mM
ammonium acetate-10% formic acid in 90:10:0.1 (v/v/v) ratio,
delivered at a flow rate of 0.9 mL/min. The auto sampler tempera-
ture was maintained at 4 °C and the injection volume was kept at
5.0 pL. Ionization and detection of ASE and IS was performed on a
triple quadrupole mass spectrometer, API-4000 equipped with turbo
ion spray from MDS SCIEX (Toronto, Canada) and was operated in
the positive ionization mode. Quantitation was performed using
multiple reaction monitoring (MRM) mode to monitor protonated
precursor — product ion transition of m/z 286.1 — 166.0 for ASE
and m/z 290.0 — 166.1 for IS. All the parameters of LC and MS were
controlled by Analyst software version 1.6.2. The optimized mass
parameters are summarized in Supplementary material.

2.3. Preparation of calibration and quality control samples

The calibration standards (CSs) were made at 0.05, 0.10, 0.20, 0.50,
1.00, 2.00, 4.00, 8.00, 16.0 and 20.0 ng/mL for ASE. Six quality control

(QC) samples were prepared at the following concentrations,
0.05 ng/mL (LLOQ QC, lower limit of quantitation quality control),
0.15 ng/mL (LQC, low quality control), 1.50/5.00 ng/mL (MQC-1/MQC-2,
medium quality control), 15.0 ng/mL (HQC, high quality control) and
20.0 ng/mL (ULOQ QC, upper limit of quantitation quality control).

2.4. Protocol for sample preparation

Prior to analysis, spiked plasma/subject samples were thawed
and allowed to equilibrate at room temperature. The samples were
adequately vortexed before pipetting. Aliquots of 300 uL plasma
solutions containing 15 pL of working solution of ASE and 285 pL
blank plasma were transferred into screw cap tubes. To which, 25 uL
of methanol: deionized water (60:40, v/v), 50 uL working solution
of IS (25.0 ng/mL) was added and vortexed to mix. Further, 500 pL of
5.0 mM ammonium acetate solution (pH 9, adjusted with ammo-
nia) was added and vortexed again. LLE was carried out using
3.0mL of MTBE by centrifuging the samples for 5.0 min at 1811g.
After freezing the aqueous layer in dry ice bath, the organic layer
was transferred in clean pre-labeled glass tubes. The samples were
then evaporated to dryness at 40 °C under gentle stream of nitro-
gen. The dried samples were reconstituted with 500 uL of mobile
phase solution and 5.0 uL was used for injection in LC-MS/MS, in
partial loop mode.

2.5. Methodology for validation

Method validation for ASE in human plasma was done fol-
lowing the USFDA guidelines [12] and the procedures followed
were similar to our previous work [13]. The details are described in
Supplementary material.

2.6. Bioequivalence study design and incurred sample reanalysis
(ISR)

The design of study comprised an open label, randomized, two-
period, two-treatment, two-sequence, crossover, balanced, single
dose, evaluation of relative oral bioavailability of test (10 mg ase-
napine sublingual orally disintegrating tablet from an Indian
company) and reference formulations (SAPHRIS", 10 mg asenapine
sublingual orally disintegrating tablet from Merck Sharp & Dohme
Company, Whitehouse Station, NJ08889, USA) in 14 healthy adult
Indian subjects under fasting. The procedures followed while
dealing with human subjects were based on International Con-
ference on Harmonization, E6 Good Clinical Practice guidelines
[14]. An incurred sample reanalysis (ISR) was also conducted by
computerized selection of 70 subject samples near Cy.x and the
elimination phase for the study as reported previously [15]. The
experimental details for the study along with statistical analysis
are described in Supplementary material.

3. Results and discussion
3.1. Method development

The objective of the present work was to develop and validate a
selective and sensitive method for ASE in presence of its inactive
metabolites by LC-MS/MS and to apply the method for a bioe-
quivalence study of ASE sublingual tablet formulation in healthy
subjects. Furthermore, the sensitivity of the method should be
such that it can monitor at least five half lives of ASE concentration
with good accuracy and precision for the analysis of subject
samples. Though there are reports on the simultaneous determi-
nation of ASE and its metabolites in human plasma and urine
[10,11], two different methods were adopted to determine ASG



Table 1

Salient features of LC-MS/MS methods developed for asenapine in human plasma and urine.

Ref.

Application

Retention time; run time

Chromatography column; elution mode and mobile

phase; flow rate

Extraction procedure

Sample volume

Sr. No. Linear range (ng/mL)

(9]

Pharmacokinetic study with 5.0 mg ase-

napine in 8 healthy subjects

1.32 min; 2.50 min

Liquid-liquid extraction with Phenomenex C;g (50 x 4.6 mm, 5 pm); isocratic elution

300 pL plasma
methyl tert-butyl ether

0.1-10.02 for ASE

12

using 10 mM ammonium formate-acetonitrile (5:95,v/v);

0.8 mL/min

(10]

Analysis of plasma asenapine (1.0, 3.0 or

Method 1. Discovery Cg (150 x 2.1 mm, 5 pm) column for Method 1. 3.63 min (ASE),

Automated solid phase ex-
ASE, DMA and OSA

500 pL plasma

0.025-20.0 for ASE,
0.050-20.0 for DMA

zh

5.0 mg) in phase I clinical trial samples

from 24 healthy subjects

3.66 min (DMA), 3.59 min

(OSA); 8.0 min

traction using 96-well Oasis

HLB extraction plate

and OSA, 0.25-50.0 for

ASG

Method 2. 2.10 min

Method 2. Luna Cyg (30 x 2.0 mm, 5 pm) column for ASG;
Gradient elution using 10 mM ammonium acetate and

Online solid phase extraction acetonitrile (10-80 %) for both the methods; 0.5 mL/min

(ASG); 5.0 min

(11]

Analysis of urine asenapine (1.0, 3.0 or

Method 1. 3.17 min (ASE),
3.17 min (DMA); 8.0 min
Method 2. 2.26 min

(ASG); 5.0 min

Liquid-liquid extraction with Chromolith RPg. (100 x 4.6 mm); isocratic elution using 3.63 min;

150 uL urine for

0.50-100.0 for ASE and

5.0 mg) in phase I clinical trial samples

from 8 healthy subjects

DMA and 10.0-3000 for ASE and DMA and
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50 L for ASG

ASG

PM

Bioequivalence study with 10.0 mg sub-
lingual tablet in 14 healthy subjects

300 pL human
plasma

0.050-20.0 for ASE

4

methyl tert-butyl ether in an acetonitrile-5 mM ammonium acetate-10% formic acid in 4.50 min

alkaline medium

90:10:0.1 (v/v/v); 0.9 mL/min

¢ Together with valproic acid;

> Along with N-desmethyl asenapine (DMA), 11-O-sulfate asenapine (OSA) and asenapine N-glucuronide (ASG);

€ Along with DMA and ASG.

PM: Present method

separately from ASE, DMA and OSA. Moreover, the analytes ASE,
DMA and OSA were not chromatographically resolved on re-
versed-phase Cg column under gradient elution conditions. Initial
attempts to separate ASE from DMA (20.0ng/mL) and ASG
(20.0 ng/mL) on conventional reversed phase Cg and C;g columns
like Hypurity Cig (100mm x 4.6 mm, 5pm), Hypurity Cg
(100mm x 4.6 mm, 5 um), ACE Cg (100 mm x 4.6 mm, 5 um) and
Eclipse XDB-Cg (150 mm x 4.6 mm, 3.5um) were unsuccessful
using acetonitrile/methanol and 2-10 mM ammonium acetate/
formate buffer as the mobile phase. Additionally, the flow rate was
also varied from 0.6 to 1.2 mL/min. Under these conditions it was
difficult to resolve the peaks of ASE and its metabolites even up to
10 min. Attempts to increase the proportion of organic content
(> 70%) or the flow rate resulted in poor resolution and peak
shapes of ASG and to a lesser extent for DMA. Thus, the method
was transferred to a monolithic silica column, Chromolith Perfor-
mance RPg. (100 mm x 4.6 mm) and developed using the same
mobile phases. However, some peak tailing was observed for ASG
and also the response was not adequate for ASE under isocratic
elution conditions. Thus, the mobile phase was suitably optimized
along with the buffer pH. Increase in pH of buffer resulted in slight
increase in retention time of ASE with limited separation from
ASG. However, the best chromatographic conditions in terms of
resolution, analyte response, peak shape and adequate retention
were obtained using acetonitrile-5.0 mM ammonium acetate-10%
formic acid (pH, 5.5) in 90:10:0.1 (v/v/v) ratio as the mobile phase
at a flow rate of 0.9 mL/min. All three compounds were baseline
resolved within 4.5 min. The retention time of ASE, DMA and ASG
was 3.63, 2.82 and 4.05 min, respectively. Use of labeled IS helped
in offsetting any possible ion suppression caused by the plasma
matrix and also by compensating any inconsistency during
extraction.

The mass spectra of ASE and ASE 13C-d3 (IS) were recorded in
the positive ionization mode as both the compounds are basic in
nature due to the presence of pyrrole ring. Using 10.0 ng/mL
tuning solution, ASE and IS gave predominant singly charged
protonated precursor [M+H] ™" ions at m/z of 286.1 and 290.0 for
ASE and IS, respectively in Q1 full scan spectra. Further, frag-
mentation of the precursor ion was initiated by providing suffi-
cient nitrogen for collisional activation dissociation and by
applying 20.0 psi curtain gas to obtain highly consistent and
abundant product ions of ASE and IS at m/z 166.0 as shown in
Fig. S1. Other stable product ions were also found at m/z 194, 215
and 229. However, due to superior signal to noise (S/N) ratio the
product ion at m/z 166.0 was selected for quantitation. Ad-
ditionally, to verify the identity of the analyte and IS qualifier
transitions were also monitored at m/z 286.1/194.0 for ASE and
my/z 290.0/194.1 for IS. Furthermore, to reach an ideal Taylor cone
for better spectral response, nebulizer gas pressure was set at 50 psi
to get a consistent and stable response. A dwell time of 300 ms was
sufficient to generate at least 24 data points for quantitative analysis
of ASE and IS. Also, there was no cross talk between the MRMs of
ASE and IS which had identical product ions.

In a previous report, Reddy et al. [9] used LLE for the extraction of
ASE from human plasma with a recovery of 81.3%. Moreover, ASE has
a log P value of 4.9 [16]; thus LLE was tested with different solvents
like n-hexane, MTBE, dichloromethane and diethyl ether and their
binary mixtures. In these solvent systems the recovery of ASE ranged
from 59% to 77% under neutral conditions. In addition, the recovery
was highly consistent, especially in MTBE. In order to further improve
the recovery, mild alkaline conditions (pH 9.0) were set to keep the
drug in its unionized state using MTBE. The recovery of ASE (85.2%—
89.4%) and IS (86.3%-88.0%) thus obtained from spiked plasma
samples was highly consistent and reproducible.

The significant features of the present work include baseline
separation of ASE from its inactive metabolites under isocratic
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Fig. 1. Representative MRM chromatograms of (A) double blank plasma (without asenapine and asenapine13C-d3), (B) blank plasma spiked with asenapine13C-d3 (25.0
ng/mL), (C) asenapine (0.050 ng/mL), N-desmethyl asenapine (20.0 ng/mL) and asenapine-N-glucuronide (20.0 ng/mL) and asenapine13C-d3 (25 ng/mL), (D) asenapine (20.0
ng/mL), N-desmethyl asenapine (20.0 ng/mL) and asenapine-N-glucuronide (20.0 ng/mL) and asenapine13C-d3 (25 ng/mL) and (E) real subject sample at Cp,ax after oral

administration of 10 mg dose of asenapine.

elution, which is not possible with the existing LC-MS/MS meth-
ods employing gradient elution program [10,11]. Further, it was
not feasible to analyze ASG along with ASE and other metabolites
due to difference in polarity and therefore a separate method was
established for ASG [10]. Besides, the newly developed method
presents an efficient, relatively inexpensive and straightforward
extraction procedure for precise and quantitative recovery of ASE
in presence of its inactive metabolites. Though the sensitivity of
ASE achieved (0.05 ng/mL) was less than the work of de Boer et al.
[10] (0.025 ng/mL), it was higher than that of another report
(0.10 ng/mL) [9]. On the other hand, the analysis time of 4.5 min
was shorter than in methods reported for the determination of

ASE together with its metabolites [10,11]. The plasma volume used
for processing is less (300 uL) compared to the work of de Boer
et al. [10], which employed 500 pL sample volume. Moreover, their
method involved an automated SPE using 96-well plate which is
not used routinely. A comparative evaluation of methods devel-
oped for ASE is illustrated in Table 1.

3.2. Assay performance and validation
The selectivity of the method from endogenous plasma compo-

nents was determined by analyzing eight different human plasma
sources. This was done to evaluate the extent to which matrix
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Table 2
Intra-batch and inter-batch accuracy and precision for asenapine.
QC level (nominal concentration, ng/mL) Intra-day (n = 6; single batch) Inter-day (n = 18; 6 from each batch)
Mean conc. found (ng/mL) Accuracy (%) CV (%) Mean conc. found (ng/mL) Accuracy (%) CV (%)
LLOQ (0.050) 0.048 96.1 2.8 0.046 914 5.8
LQC (0.150) 0.146 974 18 0.140 93.0 4.0
MQC-1 (1.500) 1.492 99.5 1.9 1.455 97.0 24
MQC-2 (5.000) 4.798 96.0 17 4.653 93.1 2.8
HQC (15.00) 14.12 94.1 13 13.68 91.2 3.0
ULOQ (20.00) 18.98 94.9 18 18.37 91.9 34

LLOQ QC: lower limit of quantitation quality control; LQC: low quality control.

MQC: medium quality control; HQC: high quality control; CV: coefficient of variation.

Table 3

Extraction recovery and matrix factor for asenapine in presence of its metabolites (n = 6).

Quality control level Mean area response (n = 6)

Recovery (B/A %) Matrix factor

(ng/mL)
A (post-extraction B (pre-extraction C (neat samples Analyte IS Analyte (A/C) IS IS-normalized
spiking) spiking) in mobile phase) (analyte/IS)
0.150 17,557 14,961 17,734 85.2 86.3 0.99 0.94 1.05
1.500 173,238 154,888 176,773 89.4 87.3 0.98 0.95 1.03
5.000 551,223 480,015 568,271 87.1 86.8 0.97 0.93 1.04
15.00 1,598,648 1,398,270 1,614,796 87.5 88.0 0.99 0.96 1.03

IS: internal standard, asenapine 13C-d3.

Table 4
Stability results for asenapine under different conditions (n = 6).

Storage condition Quality control

level (ng/mL)

In absence of metabolites

In presence of metabolites (20.0 ng/mL of DMA and
ASG)

Mean stability CV (%) Change (%) Mean stability CV (%) Change (%)
sample (ng/mL) sample (ng/mL)
Bench top stability (24 h, 25 °C) 0.150 0.138 2.4 - 80 0.155 2.3 33
15.00 13.62 11 -92 14.44 14 -37
Freeze-thaw stability (6 cycles, —20°C)  0.150 0.140 2.8 - 69 0.154 3.0 3.1
15.00 13.93 2.3 -71 14.49 1.2 - 34
Auto sampler stability (94 h, 5 °C) 0.150 0.141 4.6 - 6.1 0.143 43 -23
15.00 13.89 2.2 - 74 14.01 2.7 - 36
Processed sample stability (75 h, 25 °C) 0.150 0.138 2.6 - 8.0 0.139 3.2 —41
15.00 13.38 12 - 10.8 13.94 4.7 -53
Long-term stability (126 days, —20°C) 0.150 0.139 2.9 - 77 - - -
15.00 14.05 0.8 - 63 - - -
Long-term stability (126 days, —70°C) 0.150 0.137 4.7 -84 - - -
15.00 14.25 39 - 50 - - -

CV: coefficient of variation; DMA: N-desmethyl asenapine; ASG: asenapine N-glucuronide.

Mean stability samples—Mean comparison samples
Mean comparison samples

Change (%) = x 100.

-.m Test
—o—Reference

Plasma concentration (ng/mL)
o == N W d 00 O N

Time (h)

Fig. 2. Mean plasma concentration-time profile of asenapine after sublingual ad-
ministration of 10 mg tablet (test and reference) formulation to 14 healthy Indian
subjects under fasting.

components may interfere at the retention time of ASE and the IS.
Fig. 1 demonstrates the selectivity of the method with the chroma-
tograms of double blank plasma, blank plasma spiked with IS, ASE at
LLOQ and ULOQ concentration and in subject samples. Carry-over
evaluation was performed in each analytical run to ensure that it does
not impact the accuracy and precision of the method. The results
showed a carryover of < 2.23% for ASE concentration (0.05 ng/mL) in
the blank plasma sample after injection of highest calibration standard
(ULOQ) at the retention time of ASE. Further, there was no interference
of commonly used medications by healthy volunteers like acet-
aminophen, aspirin, caffeine, chlorpheniramine, cetirizine, ibuprofen
and pseudoephedrine at the retention time of ASE and IS. Similarly,
none of the metabolites (DMA and ASG) interfered in the determi-
nation of ASE as they were chromatographically separated.

The calibration curve was linear over the concentration range
of 0.05-20.0 ng/mL with correlation coefficient ? > 0.9996. A
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Table 5

Mean pharmacokinetic parameters ( + SD), comparison of treatment ratios and 90% Cls of natural log (Ln)-transformed following administration of 10 mg asenapine maleate

sublingual tablet to 14 healthy Indian subjects under fasting.

Parameter Test Reference Ratio (test/reference, %) 90% CI (Lower — Upper) Power Intra subject variation (% CV)
Ciax (ng/mL) 5.85 + 143 6.24 + 1.39 93.6 89.2-97.3 0.9996 9.61

AUCg 451, (hng/mL) 36.22 + 7.51 4148 + 9.36 87.5 83.4-91.5 0.9991 7.34

AUCq_ins (h ng/mL) 39.25 + 6.46 4421 + 8.09 88.7 85.2-93.4 0.9992 8.49

Tmax (h) 0.51 + 0.05 0.52 + 0.03 - - - -

ty2 (h) 20.62 + 3.60 2134 + 3.21 - - - -

Ko (1/h) 0.033 + 0.006 0.032 + 0.005 - - - -

Cmax: maximum plasma concentration; AUCy_.: area under the plasma concentration-time curve from zero hour to 48 h; AUCy. i area under the plasma concentration-time
curve from zero hour to infinity; Tmax: time point of maximum plasma concentration; ty,: half-life of drug elimination during the terminal phase; K.: elimination rate

constant; SD: standard deviation.

straight-line fit was made through the data points by least square
regression analysis to give a mean linear equation, y = (1.2033 +
0.0035)x—(0.0091 + 0.0007), where y is the peak area ratio (ASE/
IS) and x is the concentration of ASE. The accuracy and precision
(% CV) observed for the CSs ranged from 97.3% to 102.3% and
0.6%-2.3%, respectively. The lowest concentration (LLOQ) that was
measured with acceptable accuracy and precision was 0.05 ng/mL
at S/N > 15, and the limit of detection (LOD) of the method was
0.0025 ng/mL.

The intra-batch and inter-batch precision and accuracy results
are summarized in Table 2. The intra-batch precision (% CV) ran-
ged from 1.3% to 2.8% and the accuracy was within 94.1%-99.5%.
For the inter-batch experiments, the precision varied from 2.4% to
5.8% and the accuracy was within 91.2%-97.0%. The extraction
recovery and matrix effect data for ASE and IS are shown in
Table 3. Highly consistent recovery was obtained across QC levels
for ASE. The IS-normalized matrix factors ranged from 1.03 to 1.05,
which shows minimal interference of endogenous matrix com-
ponents. Matrix effect was also checked in different plasma sour-
ces (6-K;EDTA, 1-lipemic and 1-heamolyzed) and was also eval-
uated at LQC and HQC levels. The precision (% CV) in different
plasma sources varied from 0.6% to 2.8% for ASE (Table S1). This
was much less than that of a previous report [10], wherein it was
> 15% for ASE and its IS. Post-column infusion further sub-
stantiated the absence of matrix effects with no signal enhance-
ment or suppression at the retention time of ASE or ASE 13C-d3
(Fig. S2). There was a minor ion suppression (~ 3.0%) observed
before the analyte peak at 3.3-3.4 min, but it did not interfere in
the quantitation of ASE or IS.

Stability experiments were performed to evaluate the stability
of ASE in stocks solutions and in plasma samples under different
conditions in presence of its metabolites. ASE was found stable in
controlled blank plasma at room temperature up to 24 h and for
six freeze and thaw cycles. The stability of ASE in extracted plasma
samples was stable for 94 h under refrigerated conditions (5 °C)
and for 75 h at room temperature. The spiked plasma samples of
ASE stored at —20°C and at — 70 °C for long-term stability showed
no evidence of degradation even up to 126 days. The detailed
stability results are shown in Table 4.

Dilution integrity of the method was checked to ascertain di-
lution reliability of samples having concentration of ASE above
ULOQ. The precision (% CV) values for 10-fold dilution of 100
ng/mL (5 x ULOQ concentration) were in range of 0.9%-1.5% and
accuracy results was within 97.3%-100.5%. Similarly, the precision
and accuracy for method ruggedness on two different Chromolith
Performance RPg. columns and with different analysts varied from
1.0% to 7.4% and 92.5%-96.9%, respectively for ASE.

3.3. Application of the method in healthy subjects and ISR results

The validated method was applied to a bioequivalence study of
ASE in 14 healthy Indian subjects who received 10 mg test and
reference formulations of ASE under fasting condition. The method
was sensitive enough to monitor their plasma concentration up to
48 h. Fig. 2 shows the plasma concentration-time profile of ASE in
healthy subjects. Table 5 gives the values of pharmacokinetic
parameters of test and reference formulations and equivalence
statistics of bioavailability for the pharmacokinetic parameters.
The results obtained for Cmax, Tmax ti2 and AUC were in good
agreement with reported studies [3,5,9]. Further, the 90% con-
fidence intervals of the test/reference formulations for Cpax,
AUCq_4gn and AUCq_i,r varied from 83.4% to 97.3%, which is within
the bioequivalence acceptance criterion of 80%-125%. No statisti-
cally significant differences were found between the two
formulations in any parameter. Further, there was no adverse
event during the course of the study. The % change in the mea-
surement of selected subject samples for ISR was within + 14.5%,
which confirms method reproducibility.

4. Conclusion

In summary, we have described a selective and sensitive LC-
MS/MS method for the estimation of ASE in human plasma,
especially to meet the requirement for subject sample analysis.
The inactive metabolites, DMA and ASG, were successfully re-
solved on a monolithic silica column. The LLE procedure employed
in the present work gave consistent and reproducible recovery for
ASE. The optimized linear concentration range was adequate to
monitor at least five half-lives of ASE with good accuracy and
precision. Furthermore, the results of the reanalysis of study data
have shown sufficient reproducibility of the method.
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