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a b s t r a c t

The various advantages of organic polymer monoliths, including relatively simple preparation processes,
abundant monomer availability, and a wide application range of pH, have attracted the attention of
chromatographers. Organic polymer monoliths prepared by traditional methods only have macropores
and mesopores, and micropores of less than 50 nm are not commonly available. These typical monoliths
are suitable for the separation of biological macromolecules such as proteins and nucleic acids, but their
ability to separate small molecular compounds is poor. In recent years, researchers have successfully
modified polymer monoliths to achieve uniform compact pore structures. In particular, microporous
materials with pores of 50 nm or less that can provide a large enough surface area are the key to the
separation of small molecules. In this review, preparation methods of polymer monoliths for high-per-
formance liquid chromatography, including ultra-high cross-linking technology, post-surface modifica-
tion, and the addition of nanomaterials, are discussed. Modified monolithic columns have been used
successfully to separate small molecules with obvious improvements in column efficiency.
& 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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Table 1
Properties of different monomer types.

Monomer type Monomer properties Advantages Disadvantages

Acrylamides Strong
hydrophilicity

For gel
electrophoresis

Poor stability

Styrenes High hydrophobicity High hardness,
stable properties

Difficult
modification

Acrylates With epoxy active
functional groups

Easy to modify Unstable
properties
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1. Introduction

As a new fourth generation of chromatographic separation
media, monolithic columns with good permeability and high mass
transfer speed play an increasingly important role in analytical
investigations in the fields of environmental science, pharmaceu-
tical analysis, food and chemistry [1,2]. Depending on the type of
substrate, monoliths can be divided into three categories: organic
polymer monoliths, inorganic monoliths (mainly silica monoliths)
and hybrid monoliths [3–5]. Inorganic silica monoliths use the
alkoxysilane as the main material, with columns prepared by di-
rect sintering or the use of a sol-gel. The preparation of organic
polymer monolithic columns usually involves light- or heat-in-
duced polymerization using crosslinking agents, porogens and
initiators [6,7] as raw materials. Compared with inorganic silica
monoliths, the preparation process for polymeric monoliths is
relatively simple, with an abundant choice of monomer species, a
wide pH range (2–12) and easy surface modification [8]. Therefore,
polymeric monoliths have wide range of applications, and are
extensively used for the separation and enrichment of complex
samples. The overall structure of micropores is an important factor
that determines the separation performance of organic polymer
monoliths. Therefore, a suitable pore structure is essential to ob-
tain good resolution. Although organic polymer monoliths pre-
pared by traditional methods have many advantages, there have
few mesopores and almost no micropores, and thus their ability to
separate small molecules is poor [9,10]. According to the Interna-
tional Union of Pure and Applied Chemistry (IUPAC), micropores
have pore sizes of r 2 nm, mesopores have pore sizes of 2–50 nm,
and macropores have pore sizes of 4 50 nm. Thus, in recent years,
studies on high-performance liquid chromatographic monoliths
have concentrated on polymeric materials, which are suitable for
separating small molecules. To improve the performance of or-
ganic polymer monoliths for separating small molecules, re-
searchers have mainly examined optimization of the preparation
conditions and surface modifications with metal-organic frame-
works or nanomaterials [11,12].
Fig. 1. Chromatogram showing the separation of small molecules on the poly(TMPTA-
co-EDMA) column. Conditions: mobile phase: methanol:water (75:25, v/v); flow rate:
1.0m L/min. Analytes: (1) 1H-benzotriazole, (2)p-xylene, (3) biphenyl [19].
2. Factors affecting the polymerization reaction of monolithic
column

The structure of a polymer monolithic column must provide a
large surface area, similar to those achieved using silica monoliths.
Although macropores are necessary to achieve monolithic columns
with good permeability, they have little effect on the overall surface
area of a polymer monolithic column [13]. Therefore, the current
literature has focused mostly on finding preparation processes that
both retain the advantages of high velocity and increase the overall
surface area of the column. From the viewpoint of chemical poly-
merization, several factors can influence the surface area and per-
meability of the column, including the selection of monomer and
crosslinker; the proportion of monomer, crosslinker, and porogen;
and the polymerization temperature and reaction time [14].

2.1. Selection of monomer and crosslinker

The selection of monomer and crosslinker not only affects the
formation of the pore structure in the polymer monolith, but also
determines the chemical composition of the polymer monolith,
which is the main factor affecting the performance of the mono-
lith. Note that the density and rigidity of the prepared column
depend, to a large extent, on the nature and the initial con-
centration of the monomer [15]. Therefore, to obtain high column
efficiency and strong mechanical stability, the selection of the
monomer is a very important step.
At present, because various monomers have been used to
prepare different monoliths for the separation of different small
molecules, investigations into the influence of monomer type on
the structure of the monolith are ongoing.

Based on the type of monomer, organic polymer-based mono-
lithic columns can be divided into three categories: styrenes [16],
acrylates [17], and acrylamides [18]. Different monomers have
different advantages and disadvantages, as summarized in Table 1.

In 2014, Bai [19] prepared a monolithic column with a uniform
framework, good permeability, and high column efficiency. The
monolith was applied as a high-performance liquid chromato-
graphy (HPLC) stationary phase to separate alkaline, acidic and
neutral small molecules. The results showed that alkaline,acidic
small molecular compounds were separated quickly and efficiently
on the monolithic column (Fig. 1). The good performance of the
columnwas related to the uniform pore structure, originating from
the use of trimethylolpropane triacrylate (TMPTA), which contains
three terminal double bonds (Fig. 2).

Liu et al. [20] used a 1-dodecene polymeric monolith to sepa-
rate benzotriazole, benzene, biphenyl, anthracene, and other small
molecules successfully. The combination of 1-dodecene, which is
highly hydrophobic, with an acrylate results in a monolith with
the desired pore structure. They also optimized the preparation
conditions and found that the amount of crosslinking agent di-
rectly affected the column pressure. Excessive amounts of cross-
linking agent caused a high column pressure, which decreased the
permeability of the column. On the contrary, when the amount of
crosslinking agent is too low, the monolith structure will be loose.
They also found that too much porogen led to low mechanical
strength, as well as a loose monolith structure.

It has been reported that higher crosslinker concentrations can
provide higher mechanical stability and a higher surface area [21].
Liu et al. [22] has suggested that significant advantages are rea-
lized when a single-monomer/crosslinker is used, including
straightforward optimization of the polymerization solution, im-
proved column-to-column reproducibility, better mechanical sta-
bility, and higher surface area owing to a highly crosslinked net-
work. The effect of monomer content on the overall column effi-
ciency, porosity, and surface area was investigated. It was found



Fig. 2. Synthetic route for the poly(TMPTA-co-EDMA) monolith [19].

Table 2
Common monomers in the preparation of monoliths.

Polymerization method Monomer Crosslinking
monomer

Porogen Initiator Analyte Ref.

In-situ free-radical
polymerization

TMPTA EDMA Polyethylene glycol
methanol

AIBN Alkaline, acidic, neutral
small molecules.

[17]

In-situ free-radical
polymerization

1-dodecene TMPTA EDMA AIBN Benzotriazole, benzene, bi-
phenyl, anthracene

[19]

In-situ free-radical
polymerization

TVBS Dodecanol toluene AIBN Aniline compounds [23]

In-situ free-radical
polymerization

Styrene
divinylbenzene

Dodecanol toluene AIBN Alkylbenzenes [25]

In-situ free-radical
polymerization

1,3-BDDMA, 1,4-BDDMA, NPGDMA, 1,5-
PDDMA, 1,6-HDDMA, 1,10-DDDMA,
1,12-DoDDMA

Dodecanol methanol AIBN Alkylbenzenes
alkylparabens

[22]

Note: trimethylolpropane triacrylate(TMPTA), ethylene glycol dimethacrylate (EDMA), 2,2-azobisisobutyronitrile(AIBN), tetrakis(4-vinylbenzyl)silane (TVBS), 1,3-butanediol
dimethacrylate (1,3-BDDMA), 1,4-butanediol dimethacrylate (1,4-BDDMA), neopentyl glycol dimethacrylate (NPGDMA), 1,5-pentanediol dimethacrylate(1,5-PDDMA),
1,6-hexanediol dimethacrylate (1,6-HDDMA), 1,10-decanediol dimethacrylate(1,10-DDDMA), 1,12-dodecanediol dimethacrylate (1,12-DoDDMA).

X. Ding et al. / Journal of Pharmaceutical Analysis 8 (2018) 75–85 77
that the surface area, porosity, and column efficiency increased
when the monomer content was reduced from 20% to 17.5% [23].
Highly crosslinked networks resulting from crosslinking a single
monomer were found to enhance the concentrations of mesopores
in and the surface areas of polymeric monoliths. Li et al. [24] syn-
thesized monolithic columns with four different monomers and
optimized the preparation processes. The optimized monoliths
synthesized from each of the crosslinked monomers showed high
permeability, with little swelling or shrinkage observed in solvents
with different polarities . Some common monomers used in the
preparation of monoliths [17,19,22,23,25] are shown in Table 2.

2.2. Proportion of monomer, crosslinker, and porogen

The proportion of monomer, crosslinker, and porogen is very
important for the preparation of polymer monoliths. In particular,
the proportion of monomer and crosslinking agent has a very
significant impact on the pore structure and chemical properties of
a monolith. If the ratio of monomer to crosslinking agent is too
large, the pore size will be too small and reduce the permeability;
in contrast, if the pore size is too large, efficient separation cannot
be achieved.
Poly (vinyl ester resin-co-ethylene glycol dimethacrylate) (poly
(VER-co-EDMA)) was prepared to investigate the influence on the
proportion of crosslinking agent and monomer [26]. The results
showed that the retention time of toluene increased as the
monomer concentration increased, with the best efficiency ob-
tained when the monomer concentration was 30%. When the
monomer concentration was increased further, the column ex-
hibited poor permeability (Fig. 3).

In 2014, Wei [27] employed pentaerythritol triacrylate (PETA)
and triallyl isocyanurate (TAIC) as monomers, azodiisobutyroni-
trile (AIBN) as an initiator, cetyl alcohol as a porogen, and me-
thanol as a solvent to prepare a monolith through a free radical
polymerization process. As the content of TAIC or PETA increased,
the pore structure of the monolith became too dense, causing an
increase of the column pressure. In contrast, when the content of
TAIC or PETA decreased, the pore structure was loose. Therefore,
the proportion of monomers and crosslinker was important for the
performance of this monolithic column.

Hao [28] used 1-dodecene as a monomer, VER as a crosslinking
agent, dodecanol as a porogen, and a redox initiator to prepare a
poly (C12-co-VER) monolithic column. Benzoic acid, p-xylene,
p-amino azobenzene, benzene, terephthalic acid, naphthol,



Fig. 3. (A) Effects of monomer content on the retention abilities of poly. (VER-co-
EDMA) monolithic columns. (B) Effects of monomer content on the efficiency of
poly (VER-co-EDMA) monolithic columns. Conditions: effective length: 100mm
� 150 mm i.d.; test compound: toluene; mobile phase: methanol:water (80:20,
v/v); flow rate: 3 μL/min; UV detection at 214 nm [26].
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anthrone, and other small molecules were separated successfully
using this column (Fig. 4).

Several monoliths with different proportions of 1-dodecene,
VER, and dodecanol were used to examine how the extent of
polymerization impacts performance. The results indicated that
increasing the amount of monomer or crosslinking agent increased
the column pressure. Meanwhile, the initiation method also influ-
ences the speed of the polymerization reaction and the pore size
obtained, thereby affecting the performance of monolith (Fig. 5). As
shown in Fig. 5, the redox method is better than the thermal
method for preparing poly (C12-co-VER) monolith columns.

Dou et al. [29] used [2-(methacryloyloxyethyl) ethyl] dimethyl
(3-sulfopropyl) ammonium hydroxide (SPE) as a monomer,
N-ethyl-N, N-dimethyl-1-dodecanaminium hydroxide (EDMA) as a
crosslinking agent, AIBN as an initiator and n-propanol, 1, 4-bu-
tanediol, and water as porogens to prepare a SPE-co-EDMA
monolithic column. The authors investigated the effect of the
amount of initiator on the speed of the polymer reaction and the
size of the pores. When the amount of initiator was too low,
polymerization speed was very slow, and the reaction did not
proceed to a significant extent. In contrast, when the amount of
initiator was too large, the rate of monomer polymerization was
fast, the polymer pore size was smaller, and the permeability
decreased.
Fig. 4. Elution profiles of small molecules on a poly(C12-co-VER) column. Conditions: e
flow rate: 1.0mL/min, UV detection at 254 nm. Samples A: (1) benzoic acid, (2) xylene, (3
(4) anthrone [28].
In summary, increasing the amount of crosslinking agent
produces monoliths with smaller pore sizes and dense
structures, whereas reducing the amount of crosslinking agent
produces monoliths with larger pores sizes, leading to loose
structures. The monomer polymerization speed is slow when less
initiator is used, whereas using excessive initiator decreases pore
size.

2.3. Porogen choice

An appropriate porogen is very important when preparing
polymer monoliths, because the porogen can control the pore
properties. The choice of porogen can affect the performance of
the monolith significantly. Monoliths prepared with a single
porogen have loose pore structures, poor stability, and low se-
paration performance. Thus, two kinds of porogens have been
commonly used. The first type of porogen, in which the monomer
is soluble, results in polymer monoliths with relatively large pore
sizes. The other type porogen, in which the monomer is insoluble,
results in a smaller pore structure. In recent years, binary and
ternary porogens have often been used in the preparation of
monolithic organic polymer columns [30–41] (Table 3).

Liu et al. [22] investigated how the choice of porogen impacted
column performance, and the results showed that dodecanol and
methanol were good and poor solvents, respectively, when 1, 12-
dodecanediol dimethacrylate (1,12-DoDDMA) was used to prepare
the monolith. They also examined the impacts of others porogens,
including methanol, isobutanol, toluene, tetrahydrofuran (THF),
and acetonitrile (ACN), on the performance of the monolithic
column. Toluene, THF, and ACN were found to be "good" solvents,
whereas methanol and isobutanol were “poor” solvents for 1,12-
DoDDMA. Methanol, isobutanol, and decanol or dodecanol formed
a compact porous structure. However, a gel structure was formed
when toluene, THF, or ACN was combined with decanol or dode-
canol. Although decanol could also be used to prepare monolithic
column, the performance of the prepared monolithic column was
poor. When isobutanol and dodecanol were combined to prepare a
monolithic column, the column pressure was high (more than
3000 psi at a flow rate of 100 nL/min). Therefore, methanol and
dodecanol were the preferred porogen combination.

Gao et al. [37] used [3-(methacryloylamino) propyl]dimethyl(3-
sulfopropyl)ammonium hydroxide inner salt (SPP) as a zwitter-
ionic monomer, PETA as a crosslinking agent, and ethanol-ethy-
lene glycol as a porogen to synthesize a hydrophilic SPP-co-PETA
monolith, on which phenolic compounds were successfully
ffective length: 50mm � 4.6mm i.d.: mobile phase: methanol:water (75:25, v/v);
)p-aminoazobenzene; Samples B: (1) benzene, (2) terephthalic acid, (3) 1-naphthol,



Fig. 5. Comparison of monolithic columns obtained using different initiation
methods. Analytes: (1) benzoic acid, (2) xylene, (3) p-aminoazobenzene; mobile
phase: methanol:water (75:25, v/v) [28].

X. Ding et al. / Journal of Pharmaceutical Analysis 8 (2018) 75–85 79
separated. Then they compared the hydrophilic properties of
monolithic columns prepared using various porogens when nu-
clear glycosides and phenolic compounds were used as model
compounds. The results indicated that the monoliths obtained
when ethanol-ethylene glycol was used as a porogen had high
column efficiency and better separation performance, whereas the
monolith obtained when methanol-1,4-butanediol glycol was used
as a porogen had good permeability.

In 2014, Li et al. [38] used hexanediol dimethacrylate (HDDA)
and butylmethacrylate (BMA) as monomers, EDMA as a cross-
linking agent, and dodecyl alcohol as a porogen to prepare a
polymer monolith with good permeability, high mechanical sta-
bility and a large surface area. Benzene, amines, and phenols were
successfully separated on the prepared monolithic column. Sub-
sequently, the effects of different porogens, including dodecanol,
isopropyl alcohol, polyethylene glycol, cyclohexanol, and 1,4-bu-
tanediol, on the monolithic structure were examined. The results
showed that using isopropyl alcohol, polyethylene glycol, cyclo-
hexanol, or 1, 4-butanediol as a porogen to prepare the monolith
resulted in poor permeability. Dodecanol was the best choice of
porogen because the obtained structure had uniform pores and
Table 3
Common porogens used in the preparation of monoliths.

Type of monoliths Monolithic column

Poly(styrene-co-divinylbenzene)

Polymethacrylate-based monoliths Poly(BMA-EDMA)
Poly(SMA-co-2-Me-1,8-ODDMA)
Poly(BMA-co-EDMA)
Poly(BMA-co-META-co-EDMA)
Poly(1,12-DoDDMA)
Poly (VER-co-EDMA)
Poly (SPP- PETA)
Poly(HDDA-co-BMA-co-EDMA)
Poly(TAIC -TMPTA)

Polymers Glycerol dimethacrylate
Poly(ethylene glycol methyl ether acrylate-co-po
ethylene glycol diacrylate)

Note: butylmethacrylate (BMA), ethylenedimethacrylate (EDMA), stearyl methacrylate
loyloxy)ethyl]-trimethyl ammonium chloride (META), 1,12-dodecanediol dimethacrylat
propane triacrylate (TMPTA), {[3-(methacryloylamino) propyl] dimethyl(3-sulfopropyl)a
the column had appropriate hardness, good permeability, and low
back pressure. Zhong et al. [39] investigated the impact of different
porogens on monolithic column preparation. The monolith was
too soft to be used as a stationary phase when polyethylene glycol
(PEG) 200 was used. Further, connections between pores were
lacking when a single porogen (1, 2-propanediol or 1-hex-
adecanol) was used. The monoliths obtained using PEG-200 and 1,
2-propanediol as co-porogens had a robust granulous structure
and low back pressure. The binary porogen realized both full so-
lubility of the monomers and a robust stationary phase for HPLC
(Fig. 6).

2.4. Polymerization time and temperature

The polymerization temperature controls the pore distribution
in a monolith and is thus a very important factor, affecting the
formation of the pore structure and the surface area. High tem-
peratures reduce permeability and lead to high back pressures. In
contrast, when the polymerization temperature is too low, the
reaction speed is slow and the reaction may not proceed. The
polymerization time significantly affects the internal structure of a
polymer monolith. Longer polymerization times result in further
reactions of the monomer, which reduces the polymer pore size
and lowers the porosity.

Tong [42] compared the pore size distributions of polymer
monoliths prepared using the same polymerization mixture at
different temperatures. The results indicated that when the tem-
perature was 70 °C, the pore size was about 100 nm, whereas
when the temperature was 130 °C, the pore size was about
1000 nm. If temperature is too low, the polymerization reaction
cannot proceed. As the temperature increases, the molecular
weight of the polymer will increase and the number of macro-
pores will also increase, which reduces the surface area of the
column. However, when the temperature is too high, the reaction
speed is too fast.

Niu [26] prepared a poly (VER-co-EDMA) monolith with a
three-dimensional network structure when the polymerization
temperature was 70 °C or 80 °C. However, the reaction rate was too
fast, resulting in a microsphere-packed structure that caused poor
permeability. When the reaction temperature was 40 °C or 50 °C,
polymerization did not occur. AIBN was used as a radical initiator
in this reaction, and as its decomposition temperature was 60–
85 °C, it could not initiate the polymerization reaction when the
reaction temperature was below 60 °C. However, when the
Porogen Ref.

Water, methanol, ethanol [30]
1-propanol, formamide [31]
Toluene, isooctane [32]
Toluene, isooctane methacrylic acid(micro-porogen) [32]
1-propanol, 1,4-butanediol, water [33]
Tert.-butanol, 1,4-butanediol [34]
1-propanol, 1,4-butanediol, water [35]
Water, 1,4-butanediol, 1-propanol [36]
Methanol, dodecanol [22]
n-butanol, 1,4-butanediol, water [26]
Ethanol, ethylene glycol [37]
Dodecyl alcohol [38]
Polyethylene glycol 200, 1,2-propanediol [39]
Polystyrene, chlorobenzene [40]

ly- Ethyl ether, poly(ethyleneoxide)-poly(propylene oxide)-
poly(ethylene oxide)

[41]

(SMA), 2-methyl-1,8-octanediol dimethacrylate (2-Me-1,8-ODDMA), [2-(methacry-
e (1,12-DoDDMA), vinyl ester resin(VER), triallyl isocyanurate (TAIC) -trimethylol-
mmonium hydroxide inner salt}(SPP).



Fig. 6. SEM photographs of the porous structures obtained with different porogen compositions. (A) PEG-200, (B) 1, 2-propanediol, (C) 1-hexadecanol, and (D) PEG-200/1,2-
propanediol (4:9,v/v) [39].

X. Ding et al. / Journal of Pharmaceutical Analysis 8 (2018) 75–8580
temperature was too high, the reaction was not controlled, leading
to an uneven column structure.

In 2014, Liu et al. [43] used N-isopropylacrylamide (NIPAAm)
and TMPTA as monomers and EDMA as a crosslinking agent to
prepare polymer monoliths. The column temperature was ad-
justed to improve the column efficiency for separating small mo-
lecules. Increasing the column temperature from 25 °C to 70 °C
was found to reduce the retention time of small compounds. In-
creasing the temperature improves diffusion of the solutes, which
can help to achieve rapid separation. However, elution is only af-
fected by the hydrophobicity of the compounds and the character
of the stationary phase. As the hydrophobility of nisoldipine is
greater than that of nifedipine, nisoldipine has a faster elution rate.
Considering the effect of temperature on poly(HDDA-co-BMA-co-
EDMA)monolith, polymerization temperatures of 50 °C, 60 °C,
70 °C, and 80 °C were investigated. When the temperature was
50 °C, the pore structure was relatively loose and the stability was
poor. When the temperature was 70 °C or 80 °C, the pore structure
was too compact and the monolith had a high back pressure. Thus,
the ideal temperature for a good pore structure and permeability
was 60 °C [38].

Nischang and Brüggemann [44] examined the effect of poly-
merization time on the performance of monolithic poly (BMA-co-
EDMA) columns. The authors demonstrated that a monolithic
column prepared under incomplete conversion conditions ex-
hibited good performance for the separation of alkylbenzenes,
whereas a similar column polymerized for 48 h failed completely.
They also observed a significant decrease in permeability with
increasing polymerization time, as supported by SEM micrographs
(Fig. 7).
Fig. 7. Isocratic separation of alkylbenzenes using monolithic poly(BMA-co-EDMA)
capillary columns polymerized for (A) 48 h and (B) 0.5 h in a 100 mm i.d. capillary.
Conditions: column: 200mm� 100 mm i.d.; mobile phase: 50% aqueous acetoni-
trile; flow rate: 1.6 μL/min; linear flow velocity:4.6mm/s (A) and 3.6mm/s (B); back
pressure:3.92MPa (A) and 1.14MPa (B). Analytes:(1) uracil, (2) benzene, (3) to-
luene, (4) ethylbenzene, (5) propylbenzene, (6) butylbenzene, (7) pentylbenzene.
The inset SEM micrographs show the morphologies of the monoliths [44].
3. Modified polymer monoliths

Although organic polymer monoliths have many advantages,
their weak mechanical stabilities and low surface areas are not
suitable for the separation of small molecules, which limits their
application to pharmaceutical analysis. Hence, many studies have
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focused on overcoming these disadvantages in recent years.
Modification of polymer realizes significant improvements in
performance. For example, click chemistry reactions can be used in
increasing the surface areas. Monoliths modified using ultra-high
crosslinking technologies have large surface areas, good stabilities,
and high column efficiencies. Monoliths modified with metal-or-
ganic frameworks have a network structure skeletons, adjustable
pore sizes, and good thermal and chemical stabilities. Adding na-
nomaterials into monoliths provides relatively good mechanical
stability. There are two main ways to functionalize polymer
monoliths. The first method uses functional monomers to prepare
polymer monoliths. The second one is the modification after
polymerization. Current methods for modifying polymer mono-
liths include whole column functionalization, hypercrosslinking,
incorporation of metal-organic frameworks, and addition of
nanomaterials.

3.1. Functionalization of polymer monoliths

3.1.1. Click chemistry and grafting
Click chemistry was proposed by Kolb et al. in 2001 [45].

Subsequently, thiol-ene and thiol-alkyne click chemistry have also
been suggested. The thiol-ene click reaction is a rapid and simple
process that has a very important role in the preparation of
functional polymers and surface modification [46–48]. In parti-
cular, over the past two years, the thiol-ene click reaction has been
applied in the field of monolith preparation, allowing expansion of
the scope of available monomers. Therefore, monolith surface
functional groups have become more diverse [49,50]. Functional
groups can be grafted onto the surface of a monolith by click
chemistry, and reports on the use of this method to prepare
monolithic columns with high efficiency and good permeability
have increased recently. When functional monomers are used to
prepare a monolith, the monolith has active surface. Two-step
grafting methods have been explored to functionalize monoliths.
In the first step, an initiating group is formed under UV irradiation.
A hydrogen atom on the surface of the polymer is removed by
benzophenone as a grafted initiator, releasing a free radical. In the
second step, a reaction occurs with a single monomer. A mono-
lithic column prepared by the two-step grafting method has the
function of blocking protein adsorption [51–54].

Tijunelyte et al. [55] prepared a polymeric material using N-
acryloxysuccininimide and ethylene dimethacrylate, and then
grafted ethylene glycol and mercaptoethanol on the surface using
a two-step thiol-ene click reaction. The reaction was carried out at
a high temperature. The prepared monolithic column could be
used for hydrophilic interaction liquid chromatography (HILIC)
and reversed-phase chromatography. Replacement of the allyl
amine with propargylamine allowed preparation of a hydrophilic
monolith containing amine moieties that could be used for the
separation of phenols by HILIC.

Lv et al. [56] used thiol-ene click chemistry to modify the
surface of a poly (glycidyl methacrylate/ethylene dimethacrylate)
(GMA-EDMA) monolith. The monolith was an excellent substrate
for functionalization via the thiol-ene click reaction and suitable
for reversed-phase and HILIC separations.

Sun et al. [57] developed a simple one-step in situ “click”
modification strategy for the preparation of hydrophobic organic
monolithic columns. Compared with the blank column, the sta-
tionary phases with higher hydrophobicities obtained by "click"
modification had longer retention times with better resolution for
five proteins.

3.1.2. Zwitterionic monomers
To obtain high efficiencies for high throughput separation, it is

important to consider monomers of different natures. Many types
of monomers have been reported, including hydrophilic, ionic,
chiral, and zwitterionic monomers. Recently, an increasing num-
ber of zwitterionic monomers have been reported that can be used
to adjust the surface chemistry of a polymer monolith. Owing to
their good chemical and thermal stabilities and pH tolerance,
zwitterionic monomers have attracted increasing interest.

In 2012, Gao et al. [37] used SPP as a zwitterionic monomer,
PETA as a crosslinking agent, AMPS as an electroosmotic flow
donator, AIBN as an initiator, and ethanol-ethylene glycol as a
porogen to synthesize a hydrophilic (SPP-co-PETA) monolith, on
which phenolic compounds were successfully separated. The use
of ethanol-ethylene glycol as the porogen provided the prepared
monolithic column with high column efficiency and better se-
paration performance.

In 2014, sulfobetaine-based zwitterionic hydrophilic monoliths
were synthesized by using PEG/methanol as a novel binary poro-
gen. The obtained monolithic column exhibited good performance
for the separation of nucleosides, phenols, amines, and other polar
compounds [58].

In recent years, ionic liquids (ILs) have been used as co-
monomers to synthesize monolithic columns. IL-based monolithic
columns have structural homogeneity of the structure and good
column efficiency as a result of the properties of ILs, including high
thermal stability, low volatility, good adjustability, high electro-
lytic conductivity, and miscibility [59]. Compared with a column
prepared without an IL, the IL-based column has a uniform and
porous skeleton structure, with good permeability and perfor-
mance (Fig. 8) [60].

3.2. Hypercrosslinking polymerization technique

The hypercrosslinking polymerization technique was first re-
ported by Davankov et al. [61–63] in the late 1960s. The technique
can increase surface areas and has mostly been used to prepare
poly (styrene-divinylbenzene). Increasing the surface area of a
column will help to improve the performance for separating small
molecules [64].

Škeříková and Urban [65] functionalized the surface of mono-
liths with 4, 4´-azobis (4-cyanovaleric acid) (ACVA), followed by
surface grafting polymerization of [2-(methacryloyloxy) ethyl]di-
methyl(3-sulfopropyl)ammonium hydroxide (MEDSA) as a func-
tional monomer, to prepare hypercrosslinked stationary phases
applicable for HILIC. Interestingly, the prepared monolithic col-
umns provided a dual retention mechanism, combining reversed-
phase and hydrophilic interaction chromatography, controlled by
the composition of the mobile phase. The column has been used in
1D and 2D chromatography of polar phenolic compounds.

Maya and Svec [66] hypercrosslinked poly (styrene-divi-
nylbenzene) monoliths using a Fe3þcatalyzed Friedel–Crafts
reaction involving 4,4′-bis (chloromethyl)-1,1′-biphenyl as an ex-
ternal crosslinker, and the column exhibited good chromato-
graphic performance. The hypercrosslinked column was tested for
the isocratic reversed-phase liquid chromatography separation of
a mixture comprising acetone and six alkylbenzenes, and the
column efficiencies for the retained analytes exceeded 70,000
plates/m.

In 2015, Simona [67] used 1,8-diaminooctane to hypercrosslink
a poly (styrene-co-vinylbenzyl chloride-co-divinylbenzene)
monolithic column via a nucleophilic substitution reaction.
The concentration of 1,8-diaminoctane, together with the hyper-
crosslinking time and temperature, was optimized. To improve the
permeability of the prepared columns, the hypercrosslinking
modification process was combined with early termination of the
polymerization reaction and a decreased polymerization tem-
perature. Further, modification of the residual chloromethyl
groups with 2-aminoethanesulfonic acid (taurine) provided



Fig. 8. Separation of toluene and its homologues on different monoliths. Conditions: monolith size: 50mm � 4.6mm i.d.; mobile phase: ACN:water (42:58, v/v); flow
rate:1.0mL/min; concentration: 0.01mol/L; injection volume: 2.0 μL; detection wavelength: 254 nm. Analytes: (1) toluene, (2) ethylbenzene, (3) propylbenzeneand, (4)
butylbenzene. Column A: IL-based monolithic column; column I: without IL. The inset SEM micrographs show the morphologies of the monoliths [60].
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monolithic columns suitable for separating small polar molecules by
HILIC. The prepared column provided a dual-retention mechanism,
including hydrophilic interactions and reversed-phase liquid chro-
matography, that can be controlled by the composition of the mobile
phase. The prepared column was successfully used for the isocratic
separation of low-molecular-weight phenolic acids.

Until now, hypercrosslinking has only been demonstrated with
styrene-based monoliths and it has been proven useful for separ-
ating small molecules in the reversed-phase and HILIC modes. Al-
though several other polymers, such as polyaniline, polypyrrole,
polyarylate, polyxylylene, polyamide, and polypyridine, have already
been hypercrosslinked [68], they have not yet been prepared as
monolithic columns. In addition, the development of hyper-
crosslinking polymerization methods is required for the preparation
of polyacrylate- and polymethacrylate-based monolithic columns.

3.3. Metal-organic frameworks

Metal-organic frameworks (MOFs), also called porous co-
ordination polymers, are a new class of hybrid inorganic-organic
microporous crystalline materials self-assembled from metal ions
and organic linkers via coordination bonds [69]. Owing to their
fascinating structures and unusual properties, such as large surface
areas, structural diversity, good thermal and chemical stabilities,
uniform and regular pore sizes, and the availability of framework
functionality, MOFs have great potential for separation applica-
tions [70].

In 2013, Fu et al.[71] investigated the incorporation of MOF
UiO-66 into a porous poly (MAA-co-EDMA) monolith to enhance
the HPLC separation of small molecules with high column effi-
ciency and good reproducibility. The introduction of UiO-66 in-
creased the strength of hydrophobic interactions between the
analyte and the monolithic column, resulting in longer retention
times. Huang et al.[72] prepared the MOF MIL-101 (Cr), which has
a large surface area and good stability. Then they prepared a MOF
monolith by proportionate mixing of MIL-101 (Cr), BMA, EDMA,
AMPS, and AIBN. Compared with the column without MOF mod-
ification, the MOF monolith column had a larger surface area,
improved permeability, and a nanoporous structure, which al-
lowed the efficient separation of xylene isomers.
MOF HKUST-1 nanoparticles have been incorporated into poly
(glycidylmethacrylate-co-ethylene dimethacrylate) (HKUST-1-poly
(GMA-co-EDMA)) monoliths to afford stationary phases with en-
hanced chromatographic performance for small molecule separa-
tion in the reversed-phase capillary liquid chromatography. While
the bare poly(GMA-co-EDMA) monolith exhibited poor resolution
(Rs o 1.0) and low efficiency (800–16,300 plates/m), the addition
of a small amount of HKUST-1 nanoparticles to the polymerization
mixture provided increased resolution(Rs Z 1.3) and high effi-
ciency, ranging from 16,300 to 44,300 plates/m [73].

3.4. Nanomaterials

Nanotechnology had a major impact and promoted advances in
medicine, biology, environmental science, energy, electronics, and
other fields [74,75]. In recent years, gold nanoparticles, carbon
nanotubes, and other nanomaterials have been used in functio-
nalized organic polymer monoliths. The introduction of nanoma-
terials, such as carbon nanotubes and graphene, has revealed the
potential for such materials in the enrichment and separation of
complex samples [76,77]. Since the discovery of zero-dimensional
fullerenes, researchers have been particularly concerned with the
use of carbon nanomaterials to overcome the poor mechanical
stability of polymer monoliths [78–80].

3.4.1. Metal nanoparticles
Nanoparticles (NPs) are ultrafine particles with sizes

of 1–100 nm. The particle size decreases rapidly as the ratio of
surface atoms in a NP and the total number of atoms increases,
resulting in a strong volume effect (small size effect), the quantum
size effect, and surface and macroscopic quantum tunneling
effects.

In recent years, metal NPs have received attention in many
fields of science. Polymer monoliths modified by metal NPs retain
the original physical and chemical characteristics of the metal NPs
and the advantages of organic polymer monolith. Therefore, this
modification method might lead to high column efficiency, good
permeability, and selective separation performance. Gold nano-
particles (Au NPs) are the most common metal NPs used for the
modification of polymer monoliths.
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A novel approach has been developed for porous polymer
monoliths hypercrosslinked to obtain large surface areas and
modified with zwitterionic functionalities through the attachment
of Au NPs in a layered architecture. The combination of hyper-
crosslinking hydrophobic poly(4-methylstyrene-co-vinylbenzene
chloride-co-divinylbenzene) monoliths with a hydrophilic layered
structure including Au NPs embedded in a polyethyleneimine
layer and functionalized with cysteine enabled the preparation of
a very efficient monolithic stationary phase for the separation of
small molecules by HILIC. A column efficiency of 51,000 plates/m
was achieved for cytosine [81].

A porous polymethacrylate ester-based monolith was prepared
using BMA and EDMA in a binary porogenic solvent of 1, 4-buta-
nediol and 1-propanol [82]. Injecting a Au NP colloid into the
monolith resulted in a homogeneous coverage of Au NPs, which
were physically adsorbed on the monolith surface. The Au NP-
modified poly (BMA-EDMA) monolith was found to show obvious
SERS enhancement, with the SERS activity dependent on the size
of the Au NPs.

3.4.2. Carbon nanotubes
Carbon nanotubes can be used to prepare monoliths for the

efficient separation of various compounds. The surfaces of such
monoliths are strongly hydrophobic. Hence, monoliths containing
carbon nanotubes are very useful as stationary phases for the re-
versed-phase separation of small molecules. Owing to the unique
characteristics of nanoparticles, such as their large surface-to-vo-
lume ratios and their properties that differ from those of the
corresponding bulk materials, the application of nanomaterials in
separation science is growing [83–85].

Li et al. [86] prepared a poly (vinylbenzyl chloride-ethylene
dimethacrylate) (VBC-EDMA) column that incorporated single-
wall carbon nanotubes (SWNT). The retention behavior of neutral
compounds on the poly (VBC-EDMA-SWNT) monolith was ex-
amined by separating a mixture of small organic molecules using
micro-HPLC. The results indicated that the incorporation of SWNT
enhanced the chromatographic retention of small neutral mole-
cules in reversed-phase HPLC presumably because of their
strongly hydrophobic characteristics.

Multiwalled carbon nanotubes have been entrapped in mono-
lithic poly (glycidyl methacrylate-co-ethylene dimethacrylate)
columns to afford a stationary phase with enhanced performance
for the separation of small molecules by reversed-phase chroma-
tography [87]. While the column with no nanotubes exhibited an
efficiency of only 1800 plates/m, the addition of a small amount of
nanotubes to the polymerization mixture increased the efficiency
to over 35,000 plates/m. The addition of THF to the typical aqueous
ACN eluent improved the peak shape and increased the column
efficiency to 44,000 plates/m, as calculated for the benzene peak.

In 2015, Qi [88] prepared two polymer monolithic columns.
One was modified by In2O3 NPs and the other was modified by
3-trimethoxysilyl propyl methacrylate (γ-MAPS) and sodium ti-
tanate nanotubes (NaTiNTs). The prepared monolithic columns
were used to determine organic residues in food by HPLC or HPLC-
MS/MS.

In 2012, Li et al. [89] used GMA as a monomer and EDMA as a
crosslinking agent to prepare a polymer monolith containing car-
bon nanotubes. The column efficiency was considerably improved
compared with that of the polymer monolith without adding
carbon nanotubes. Benzenes, alkyl ketones, and other small mo-
lecules were successfully separated on the prepared monolithic
column.

3.4.3. Graphene
Graphene (GN) is a two-dimensional sp2-hybridized nano-

carbon material. Similar to metal NPs, carbon nanotubes, and
other nanocarbon materials, GN can be incorporated into polymer
monoliths to modify the surface of the polymer monolith and
improve the efficiency for the separation of small molecules.
However, polymer monoliths modified with GN and used for the
separation of small molecules have rarely been reported. There-
fore, further investigations of GN-modified monoliths are required
to determine the possible potential applications and advantages of
such materials.

In 2013, Li et al. [90] used graphene oxide as a crosslinking
agent to prepare a methyl acrylate polymer monolith from GMA
and EDMA. The prepared monolith was used as a HPLC stationary
phase for the isocratic separation of model compounds, such as
hydrophobic steroids and polar aniline. Compared with the poly-
mer monolith that prepared by a traditional method, the co-
functionalized graphene oxide polymer monolith showed greatly
improved ability for the separation of model small molecules. This
study reported a new preparation method for polymer monoliths
containing nanomaterials.

In 2015, Zheng [91] prepared a poly (BMA-co-EDMA-ALA-β-
CD-Cu2O) monolith by using graphene and beta-cyclodextrin(β-
CD). Owing to the addition of inorganic nanomaterials and GN, the
polymer monolith exhibited considerable improvement in se-
paration effects. The polymer monolith had a homogeneous
structure with good penetrability. Under certain conditions, the
prepared monolith showed enrichment efficiency for the trace
analysis of polychlorinated biphenyls (PCBs) in wine samples.
4. Conclusions and outlook

Over the past few years, the technology for preparing polymer
monoliths has been developed. Many achievements have been
made in methods for preparing polymer monoliths that are sui-
table for the separation of small molecules. Many polymer
monoliths have been successfully prepared with high column ef-
ficiency, good permeability and high efficiency for the separation
of small molecules. In this review, we have summarized the
methods reported in recent studies, such as carefully selecting the
monomer and crosslinker; adjusting the ratio of monomer,
crosslinking agent, and porogen; controlling polymerization tem-
perature and polymerization time; modifying the polymer
monolithic column using click chemistry and boron affinity tech-
nology; using zwitterionic monomers and super-high crosslinking
technology; and adding nanomaterials, which can be applied to
achieve uniform columns with compact pore structures and suf-
ficiently large surface areas.

Although some defects that made monoliths unsuitable for the
separation of small molecules have been improved using these
methods, there are still some problems. We can know from the
reported literatures that it is easy for organic polymer monolithic
column to form accumulation structure in the process of reaction,
which lead to unexpected pores structure of monolithic columns.
This is still a problem to be solved in the preparation of a polymer
monolithic column. Therefore, research efforts are still being di-
rected toward obtaining uniform, compact network structures
when preparing polymer monoliths.

The preparation of polymer monoliths containing nanomater-
ials is a promising research area. Although some examples of such
polymer monolithic columns have been reported in recent years,
most of them are monolithics silica columns containing nanoma-
terials. Relatively few polymer monoliths containing nanomater-
ials have been reported. However, the addition of nanomaterials
improves the separation performance of polymer monoliths, rea-
lizing columns with good reproducibility and selectivity. Although
many optimized methods for preparing polymer monoliths have
been reported, they are not always simple and efficient. Thus,
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there is considerably scope for improving the preparation methods
for polymer monoliths. With rapid developments in science and
technology, we will gain a deeper understanding of important
problems in monolith polymerization processes, such as the pro-
cess of forming the pore structure and the factors that affect pore
formation and swelling. In this way, we will not only be able to
improve reported methods, but also discover new, more con-
venient, and efficient ways to prepare polymer monoliths that can
be used to separate small molecules.

The requirements for separating complex matrices are be-
coming more stringent, for example, environmental issues re-
ceived considerable worldwide attention owing to their direct
influence on human health. Therefore, it is very important to find
methods for the effective and selective enrichment of pollutants.
Modified polymer monoliths may be applicable to this important
task. For example, polymer monoliths modified with large ring
polyamine compounds have enhanced abilities for ion exchange
and hydrophobic interactions, which can largely improve the se-
lective enrichment performance and the enrichment efficiency. As
polymer monoliths have increasingly played an important role in
the fields of medicine and environmental science, the preparation
of these materials has become an important research subject.
Further theoretical and practical insight for the development of
new application areas and the separation of actual samples will
allow new methods to be established for the preparation of
polymer HPLC monolithic column for the separation of small
molecules drugs.
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a b s t r a c t

Forced degradation study of argatroban under conditions of hydrolysis (neutral, acidic and alkaline), oxidation,
photolysis and thermal stress, as suggested in the ICH Q1A (R2), was accomplished. The drug showed sig-
nificant degradation under hydrolysis (acidic, alkaline) and oxidation (peroxide stress) conditions. The drug
remained stable under thermal and photolytic stress conditions. In total, seven novel degradation products (DP-
1 to DP-7) were found under diverse conditions, which were not reported earlier. The chemical structures of
these degradation products were characterized by 1H NMR, 13C NMR, 2D NMR, Q-TOF-MSn and IR spectral
analysis and the proposed degradation products structures were further confirmed by the individual synthesis.
& 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

Argatroban, a derivative of L-arginine (Fig. 1), is a competitive
inhibitor [1] of thrombin and only interacts with active site of
thrombin. It directly prevents the activity of thrombin (factor IIa) and
has no direct effect on the generation of thrombin. The function of
argatroban is independent of the antithrombin in the body. Arga-
troban inactivates not only thrombin in free state in blood, but also
inactivates the thrombin combined with fibrin thrombus. Argatroban
has a small molecular weight and thus it enters into thrombus and
directly inactivates the thrombin already combined with fibrin
thrombus, and even exhibits an antithrombotic effect against an early
formed thrombosis. Argatroban is given intravenously and the drug
plasma concentration reaches steady state in 1–3 h [2].

ICH Q3A(R2) and Q3B(R2) recommend the characterization of
impurities/degradation products that are present at a level greater
than the identification threshold in a drug substance or drug product
[3–9]. The study of formation of impurities/degradants in the drug
substance, their isolation and characterization is very important since
it can help to understand the degradation pattern of the drug sub-
stance. This gives precious information about the drug stability under
various conditions, so such information is significant for determining
storage and other conditions of the bulk and formulated drug

substance. In addition, improvements in the manufacturing process
of bulk drug substance are difficult to achieve without understanding
the possible degradation pathways.

The present investigation deals with all degradation studies in-
cluding acid, base, thermal and photo stability on the drug substance
as per the above prescribed guidelines. The formed degradation
products were identified through LC–MS-Ion trap and Q-TOF NMR
spectral analysis and the proposed structures were confirmed by
comparing with individually synthesized compounds. Even though
there is no report on the degradants identified in the present study,
recently Secretan et al. [10] reported photo degradation study of ar-
gatroban in aqueous solution based on the LC–MS. Nevertheless, the
present study deals with the behaviour of argatroban drug substance
in acid, base, peroxide and thermal stress. The formed degradation
products were characterized completely by using advanced analytical
techniques such as LC–MS/MS, IR and NMR.

2. Experimental

2.1. Chemicals and reagents

Argatroban drug substance was prepared by Gland Pharma Ltd.
(Hyderabad, India). Analytical reagent grade sodium hydroxide (NaOH)
was purchased from S.D. Fine-Chem Ltd. (Mumbai, India), hydrochloric
acid (HCl), HPLC grade methanol (MeOH) and acetonitrile (ACN) from
Merck Specialities Pvt. Ltd. (Mumbai, India) and hydrogen peroxide
(H2O2) from Qualigens Fine Chemicals Pvt. Ltd. (Mumbai, India). Am-
monium formate (HCOONH4) and formic acid were purchased from
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Merck. Ultra pure water obtained from Millipore water purification
system (Bangalore, India) was used throughout the studies.

2.2. Instrumentation

The forced degradation samples were analyzed on an Agilent
HPLC (series 1200) equipped with a vacuum degasser, binary
pump, auto injector, diode array detector (DAD), and coupled to an
Agilent Ion-trap (6310)/Q-TOF 6530 (Agilent technologies, USA,
location Gland Pharma R&D, Hyderabad, India) operating in þESI-
MS and –ESI-MS modes. Chromatographic separation was
achieved on Inertsil ODS 3 V (250 mm � 4.6 mm, 3μm) column.
Mobile phase was degassed using transonic sonicator bath (570/
HELMA, Germany). The LC–MS system operation was controlled
using Chemstation and Mass hunter software.

The IR spectra of the compounds were taken from Shimadzu FTIR
Spectrophotometer (Model No: IR PRESTIGE-21, location Gland
Pharma R&D, Hyderabad, India) by using KBr disc technique. The 1H,
13C NMR, and 2D NMR spectral analysis were carried out on Bruker
(400 MHz, Location ALR fine chemical Pvt. limited, Hyderabad, India).
The samples were dissolved in DMSO-d6 and CD3OD by using tet-
ramethylsilane (TMS) as an internal standard. Melting points in °C
were recorded on DSC-60 Shimadzu instrument.

Hydrolytic and thermal forced degradations were carried out
using autoclave and hot air oven equipped with digital temperature
control capable of controlling temperature within the range of71
and72 °C, respectively (Cintex precision hot air oven, Mumbai, lo-
cation Gland Pharma R&D, Hyderabad, India). Photo degradation was
carried out in photo stability chamber (Thermo lab Scientific equip-
ments, Vasai, location Gland Pharma R&D, Hyderabad, India) equip-
ped with fluorescent lamp for 1.2 million lux hours and UV light for
200 W h/m2 and capable of controlling temperature and humidity in
the range of72 °C and73% RH, respectively. The chamber was set at
a temperature of 25 °C and at relative humidity (RH) of 60%. The light

system complies with option 2 of the ICH guideline Q1B. The auto-
clave studies were carried out in Fedegari instrument (USA).

2.3. Forced degradation study

Argatroban drug substance sample was subjected to stress under
different conditions individually as well as in combination as per ICH
guidelines. All stress samples were diluted with water prior to the
injection to obtain a final concentration of 1 mg/mL. Acidic and alka-
line hydrolysis of argatroban was conducted in 0.1 M HCl and 0.1 M
NaOH, respectively. The drug substance was diluted with acidic and
alkaline solutions to obtain a concentration of 1 mg/mL and hydrolytic
studies were carried out at 80 °C for 2 h. For oxidative stress study, the
sample was diluted with 0.3% peroxide solution to obtain a con-
centration of 1 mg/mL subsequently and the drug was exposed to
autoclave at 120 °C for 30 min. Photo degradation studies were carried
out by exposing the drug substance to a light energy of 1.2 million lux
hours and an integrated UV energy of 200W h/m2. A parallel set of the
drug solutions were stored in dark at the same temperature to serve as
a control. Thermal studies were conducted on the solid drug substance
by heating at 80 °C for 7 days in a hot air oven. All the reaction so-
lutions were diluted with the mobile phase before HPLC analysis.

2.4. HPLC method and sample preparation

The forced degradation samples were analyzed on Agilent HPLC
(series 1200) equipped with a vacuum degasser, binary pump, auto
injector, DAD. The drug and its degradation products were opti-
mally resolved on Inertsil ODS 3 V, C18 (250 mm � 4.6 mm, 3 mm)
column and eluted with mobile phases A (20 mM of ammonium
formate at pH 3.5 adjusted with formic acid) and B (acetonitrile).
The gradient profile is as follows: linear gradient 10%–35% of B in
25 min, 65% B in 40 min, 70% B in 55 min and re-equilibration of
the column from 58 to 65 min with 10% of B. The flow rate was
0.8 mL/min; UV detection at λmax 259 nm was used for monitor-
ing. All the stress study samples (acid and base hydrolytic, oxi-
dative, thermal and photolytic stress) were neutralized and diluted
with the mobile phase and filtered through a 0.22 mm membrane
filter before injection.

2.5. LC-MS-Ion trap and Q-TOF-MSn parameters

The chromatographic conditions for LC–MS-Ion trap and Q-TOF
-MSn studies were the same as those for the HPLC method. The LC–
MS-Ion trap and Q-TOF-MSn studies were carried out using positive

Fig. 1. Argatroban and its structural elements (A–C) susceptible to chemical changes.

Fig. 2. Argatroban degradation products (DP-1 to DP-7).
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as well as negative electro spray ionization. The operating conditions
for LC–MS-Ion trap 6310 scan of argatroban and degradation pro-
ducts in þ ESI mode were optimized as follows: Octopole RF am-
plitude, 187.1 Vpp; capillary exit, 128.5 V; capillary, 3500 V; skimmer,
40.0 V; Octopole, 1 DC 12.0 V; Octopole, 1 DC 1.7 V; nebulizer,
65.0 psi; dry gas, 9.0 L/min, and dry temperature, 350 °C; vaporizer
temperature, 250 °C; and the mass scan range, 120–1000 m/z.

The operating conditions for QTOF 6530 model Agilent scan of
argatroban and degradation products in þESI mode were opti-
mized and the source parameters are as follows: gas temp, 290 °C;
gas flow, 8 L/min; nebulizer, 40 psig; sheath gas temp, 290 °C;
sheath gas flow,11 L/min; and scan segment, positive polarity. The
scan source parameters were as follows: VCap, 3500; nozzle vol-
tage, 1000 V; fragmentor, 150; skimmer1, 65 and Octopole RF peak,
750. The operating conditions for MSn scan of all the degradation
products of the drug were in þESI mode and the mass spectra
were recorded across the range of 100 - 1000m/z.

2.6. Isolation of degradation products (DP-2&DP-7) by preparative HPLC

A Shimadzu preparative HPLC equipped with UV–visible de-
tector was employed for the isolation of DP-2 using Sunfire C18

(250 mm � 19 mm, 10 mm) column. The flow rate was 15 mL/min
and the detection was carried out at 259 nm. The mobile phase
consisted part A (0.1% formic acid) and part B (acetonitrile). A
gradient elution of T (min)/% of B: 0.01/10, 15/30, 21/60, 22/10, and
26/10 was followed for linear gradient.

3. Results and discussion

3.1. Stress decomposition behavior

The UV absorption spectrum of argatroban showed an ab-
sorption maximum λmax at 259 nm and hence, it was chosen as
detection wavelength in HPLC. Numerous variations in mobile
phase compositions and columns led to the optimized chromato-
graphic conditions that resolved argatroban and all degradation
products formed under different conditions in a single run. These
chromatographic conditions were used to study degradation be-
havior of argatroban as well as for LC–MS-Ion trap/Q-TOF-MSn

studies. There was no degradation observed in LC–PDA chroma-
togram of the standard solution of argatroban.

In total, argatroban drug substance was degraded into seven
major degradants which were denoted as DP-1 to DP-7 (Fig. 2) in

Fig. 3. HPLC chromatogram of force degradation products (DP-1 to DP-7) and standard solution of argatroban. (A) acid hydrolysis, (B) alkaline hydrolysis, (C) peroxide
hydrolysis, and (D) argatroban API.
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accordance with the sequence in which the peak appeared from left
to right in the chromatogram under various stress conditions.
However, DP-4 (6.5%) was observed in both acid and peroxide stress.
Besides, DP-4 further converted into corresponding N-oxide product
(DP-7) in peroxide stress. Subsequently, DP-4 further degraded into
DP-1 (0.5%) by hydrolysis of the amide functionality under acid
stress. Similarly, DP-2 (8.8%) was also one of the major degradants in
acid stress and formed through internal cyclization of DP-3 (4.4%),
which in turn degraded from argatroban under acid stress. The
chemical structure of DP-2 was confirmed by high resolution mass
spectrometry(HRMS), NMR and heteronuclear multiple bond corre-
lation (HMBC) studies. Apart from these, two major degradants were
also observed in base stress, DP-5 (15.0%) and DP-6 (3.0%). There was
no degradation observed under thermal and photolytic conditions
and hence argatroban drug substance was found to be stable in
thermal and photolytic conditions.

3.2. LC-PDA study

LC-PDA chromatogram showing separation of all the degrada-
tion products of argatroban using a PDA detector is shown in Fig. 3.
The UV absorption behavior of degradation products (DP-1, DP-2,

DP-3, DP-4, DP-5 and DP-6) was similar to that of argatroban (λmax

259 nm) and the UV absorption spectra is shown in Fig. 4. How-
ever, DP-1, DP-4 and DP-7 showed maximum absorbance at
280 nm, which indicates that these degradant products have dif-
ferent chromophoric nature with respect to argatroban, which
indirectly gave evidence that these three degradants have an ex-
tended conjugation in their structural motif.

3.3. Fragmentation pathway of argatroban

Seven stages mass spectra (MS7) of argatroban were performed
to outline its mass fragmentation pattern for supplementary
characterization of the degradation products (Fig. 5). The drug was
detected as parent ion (M1) at m/z 509.2478 corresponding to its
molecular mass of 508.2467 Da. Fragmentation of M1 in MS2

spectrum produced product ion of m/z 384.1700 possibly due to
the loss of 4-methylpiperidine-2-carboxylic acid (143.0946 Da).
The MS2 fragmented ions, further fragmented in MS3 at m/z
237.0652 and m/z 146.0970, were proposed to be formed by the
loss of N-sulfo-5-guanidinopentanoic acid (237.0652 Da) and loss
of 3-methyl-1, 2, 3,4-tetrahydroquinoline (146.0970 Da), from MS2

moiety, respectively. The MS3 which was employed as precursor

Fig. 4. UV spectra of argatroban and its degradation products (DP-1 to DP-6).

Fig. 5. Proposed mass fragmentation pattern of argatroban in þESI mode.
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ion to record MS4 spectrum showed a daughter ion of m/z
193.0759. This is due to elimination of CO2 (44 Da) from COOH
group and N-sulfo-5-guanidinopentanoic acid moiety, respec-
tively. The MS5, MS6, and MS7 were further fragmented to three
fragmented ions of m/z 162.0939, m/z 129.1135 and m/z 112.0869,
respectively. In order to facilitate characterization of the de-
gradation products, the chemical structure of argatroban has been
viewed as two components i.e., 4-methylpiperidine-2-carboxylic

acid and 3-methyl-1,2,3,4-tetrahydroquinoline-8-sulfinic acid
connected through a C-N bond linkage.

3.4. Characterization of degradation products

3.4.1. Characterization of DP-1
The LC–MS result shows that the mass for DP-1 was at m/z

380.1387 as a parent ion (M1). Fragmentation of M1 in MS2

Fig. 6. Fragmentation patterns of (A) DP-2, DP-3 and DP-4; (B) DP-1 and DP-7; and (C) DP-5 and DP-6.
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spectrum produced a product ion of m/z 321.0903 (MS2) due to the
elimination of guanidyl moiety (58.0405 Da). The further MS3

fragmentation of MS2 ion produced an ion at m/z 223.0535. The

MS4 fragmentation of MS3 formed a daughter ion at m/z 206.0270
due to the elimination of ammonium ion. In addition, MS5 frag-
mentation of MS4 generated a daughter ion at m/z 142.0651 due to

Fig. 6. (continued)
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elimination of sulfonyl group. Based on the fragmentation, it is
suggested that the compound has a quinoline ring in the structural
motif. Based on LC–MS results and MS/MS fragmentation pattern it
is concluded that DP-1 is formed by the acid hydrolysis of DP-4.
The compound was further confirmed by 1H (Fig. S1), 13C NMR and
IR spectral analysis.

3.4.2. Characterization of DP-2
Four stage MS/MS fragmentation studies were performed to

characterize DP-2. The LC-MS result shows that the mass was
found at m/z 366.1594 for the parent ion (M1) in positive mode.
The probability of the formation of the degradant by internal cy-
clization of DP-3 is due to loss of water molecule. The further MS2

fragmentation of M1 produced a daughter ion at m/z 307.1110 by
the elimination of guanidyl group, which confirmed that the de-
gradant has an eight membered cyclic ring. Besides, MS3 frag-
mentation of MS2 ion generated a daughter ion at m/z 210.0583 by

the cleavage of sulfonamide bond, confirming that the compound
has a tetrahydro quinoline ring attached through sulfonamide
group. Further, MS4 fragmentation of MS3 generated a daughter
ion at m/z 146.0964 by the elimination of sulfonyl group, which
confirms that the compound has a sulfonyl moiety. Based on the
above MS/MS fragmentation pattern, DP-2 was confirmed as
containing an eight membered cyclic ring attached with quinoline
sulfonyl group. The structure of the compound was further con-
firmed by 1H (Fig. S2), 13C NMR and HMBC studies.

3.4.3. Characterization of DP-3
Similarly, LC-MS/Q-TOF results of DP-3 show that the mass at

m/z 384.1700 for the parent ion (M1) confirms that the compound
is generated by the direct hydrolysis of argatroban. For further
confirmation of the structure, MS/MS fragmentation study was
chosen. The MS2 fragmentation of M1 at m/z 384.1700 shows a
daughter ion at m/z 175.189 which matches with the arginine

Fig. 6. (continued)
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moiety due to the cleavage of sulfonamide, confirming that the
compound has L-arginine connected with quinoline ring through
sulfonamide linkage. Further, MS3 fragmentation of MS2 ion de-
livered a daughter ion at m/z 131.1291 by the elimination CO2

moiety from CO2H group. Furthermore, the MS4 fragmentation of
MS3 ion generated a daughter ion at m/z 112.0869 by the elim-
ination of ammonia. Based on the MS/MS fragmentation results
the structure of the compound was assigned and is shown in Fig. 6.
The structure of the product was further confirmed by 1H (Fig. S3),
13C NMR and IR spectral analysis.

3.4.4. Characterization of DP-4
The LC–MS/MS QTOF results revealed that the parent ion mass

was found at m/z 505.2168 (M1) for DP-4. Based on the difference
in UV absorbance and four mass units less than that of the parent
drug, oxidation might happen in the degradant. In order to identify
the structure, further MS/MS fragmentation study was conducted.
The MS2 fragmentation of M1 generated a daughter ion at m/z
380.1387, confirming the cleavage of amide bond, and is similar to
the fragmentation observed in the parent drug but only differs in
mass by 4 units, indirectly revealing that DP-4 has fully aromatized
ring. Moreover, the MS3 fragmentation of MS2 by the loss of 17 units
due to the elimination of OH group from carboxylic acid indicates
that the compound has a carboxylic acid group in the structure.
Further, MS4 fragmentation of MS3 produced a daughter ion at m/z
223.0535 due to the heterolytic cleavage of C-N bond in the pre-
cursor ion and further MS5 and MS6 fragmentations finally delivered

a daughter ion at m/z 142.0651, confirming the 4-methyl quinoline
ring. Based on the MS6 fragmentation, DP-4 has a 4-methyl quinoline
ring in the structure. Based on the LC-MS/QTOF and MS/MS frag-
mentation the structure of the compound is deduced as fully ar-
omatized compound and the structure is shown in Fig. 6. The de-
gradation product structure was further evidenced by 1H (Fig. S4), 13C
NMR and IR spectral analysis.

3.4.5. Characterization of DP-5
The mass was found for DP-5 at m/z 467.2323 for the parent ion

(M1), which was formed by the cleavage of formamidine group
from the guanidyl moiety of argatroban under base hydrolysis. The
MS2 fragmentation of the parent ion at m/z 467.2323 produced
two daughter ions at m/z 324.1378 and at m/z 144.1019, respec-
tively by the cleavage of the amide bond. The fragmentation pat-
tern suggested that DP-5 has a tetrahydro quinoline as well as a
4-methyl-piperdine-2-carboxylic acid moiety. Similarly, the MS3

(at m/z 210.0583) and MS4 (m/z 146.0964) fragmentations confirm
that the compound has a terahydro quinoline ring. Based on the
LC-MS/QTOF and MS/MS fragmentation, the structure of the
compound is deduced and is shown in Fig. 6. The proposed
structure was further confirmed by 1H NMR (Fig. S5) and 13C NMR
spectral data.

3.4.6. Characterization of DP-6
The LC–MS/MS QTOF results of DP-6 show a mass at m/z

510.2381 for the parent ion (M1) in positive mode and it is found

Table 1
LC–MS/Q-TOF data of (DP-1 to DP-7) along with their possible molecular formulae and major fragments.

Degradation impurities Experimental mass Best possible molecular formula Theoretical mass Error in mmu Major fragments (error in mmu, chemical formula)

Argatroban 509.2478 C23H37N6O5Sþ 509.2540 � 6.2 384.1700 (� 5.3, C16H26N5O4Sþ)
384.1647 237.0652 (� 3.0, C6H13N4O4Sþ)
237.0622 162.0839 ( 5.5, C5H15N4Sþ)
162.0894 146.0964 (� 1.8, C10H12Nþ )

146.0946 129.1135 (� 1.8, C5H13N4
þ)

129.1117 112.0869 (� 1.6, C5H10N3
þ)

112.0853
DP-1 380.1347 C16H22N5O4Sþ 380.1387 � 4.0 363.1365 (� 8.1, C16H21N5O3S)

363.1284 223.0535 (� 2.6, C10H11N2O2Sþ )

223.0509 206.0270(� 2.3, C10H8NO2Sþ)
206.0247 142.0651 (� 1.8, C10H8Nþ)
42.0633

DP-2 366.1564 C16H23N5O3Sþ 366.1594 � 3.0 307.1010 (� 2.9, C15H19N2O3Sþ)
307.1081 210.0583(0.4, C10H12NO2Sþ)
210.0579 146.0964 (� 1.6, C10H12Nþ)
146.0948

DP-3 384.1656 C16H25N5O4Sþ 384.1700 � 4.4 175.1189 (� 2.4, C6H15N4O2
þ)

175.1165 210.0583 (0.6, C10H12NO2Sþ)
210.0577 112.0869 (� 1.2, C5H10N3

þ)
112.0857

DP-4 505.2168 C23H33N6O5Sþ 505.2227 � 5.9 380.1387 (� 5.0, C16H22N5O4Sþ)
380.1337 223.0536 (� 2.8, C10H11N2O2Sþ)
223.0508 206.0270 (� 2.0, C10H8NO2Sþ)
206.0268 142.0651 (� 1.4, C10H10Nþ)
142.0637

DP-5 467.2266 C22H35N4O5Sþ 467.2322 � 5.6 324.1376 (� 6.2, C15H22N3O3Sþ)
324.1341 210.0583 (� 2.5, C10H12NO2Sþ)
210.0558 144.1019 (� 1.5, C7H14NO2

þ)
144.1004 146.0964 (� 1.6, C10H12Nþ)
146.0948

DP-6 510.2312 C23H36N5O6Sþ 510.2380 � 6.8 493.2347 (0.9, C23H35N5O5S)
493.2356 385.1440 ( 3.6,C16H25N4O5Sþ)
385.1476 210.0583 (� 3.0, C10H12NO2Sþ)
210.0553 146.0964 ( � 1.8, C10H12Nþ)
146.0946

DP-7 521.2176 C23H33N6O6Sþ 521.2177 � 0.1 396.1342 (1.2, C16H22N5O5Sþ)
396.1354 239.0499 (0.4, C10H11N2O3Sþ)
239.0503 224.0609 (� 0.3, C10H12N2O2S2þ)
224.0612 206.0270 (1.8, C10H8NO2Sþ)
206.0288
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that it has only one mass unit more than that of the parent drug
argatroban. This suggests that some hydrolysis happened under
base stress and the guanidine was hydrolyzed to uridyl moiety,
which confirms the mass difference. Further, MS2 fragmentation of
M1 produced a daughter ion at m/z 493.2347 due to elimination of
hydroxyl radical from carboxylic acid. The MS3 fragmentation of
MS2 ion produced a fragmented ion at m/z 385.1540 by the elim-
ination of 4-methyl piperdine-2-aldehyde fragment, which sug-
gests that the degradant has a structure similar to that of

argatroban except the uridine moiety. Further, MS4 and MS5

fragmentations showed daughter ions at m/z 385.1540 and m/z
146.0964, confirming that the compound has a tetrahydro quino-
line ring. The proposed structure of the compound was further
confirmed by 1H NMR (Fig. S6) and 13C NMR analysis.

3.4.7. Characterization of DP-7
Under peroxide stress conditions, two degradation products

(DP-4 and DP-7) were observed. Among these two impurities, DP-

Fig. 7. Argatroban and degradation products (DP-1 to DP-7) degradation pathway.

Fig. 8. Proposed mechanism for the formation of DP-4.
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4 is major and DP-7 is minor. The DP-4 was confirmed by the in-
dividual synthesis and the synthetic sample retention time was
perfectly in agreement with the retention time of the degradant
formed in the stress study. Besides, DP-7 (N-oxide) formed from
DP-4, which was confirmed by mass. In order to confirm the same,
peroxide stress study was also performed with the synthetic DP-4
and the generated N-oxide HPLC retention time matched with that
of the DP-7 formed from argatroban peroxide stress.

Hence, the structure of the N-oxide was further confirmed by 1H
(Fig. S7), 13C NMR, HRMS and MS/MS fragmentation studies. The 1H
NMR spectrum of the isolated compound displayed a singlet at lower
chemical shift value δH 8.24 ppm due to imine proton of quinoline
ring, whereas the DP-4 shows chemical shift for imine proton around
δH 8.91 ppm, providing strong evidence that the compound has
N-oxide on the quinoline ring. Other proton chemical shift values
observed for DP-7 were almost similar to that of DP-4. Besides, NH,
NH2 and OH protons were confirmed by disappearance with D2O
exchange. The MS2 fragmentation of DP-7 produced a daughter ion at
m/z 396.1342 due to heterolytic cleavage of amide, which confirms
that DP-7 has an amide linkage in the back bone of the structure.
Further, MS3 fragmentation of ion at m/z 396.1342 produced a
daughter ion at m/z 239.0485 by the heterolytic cleavage of sulfo-
namide, which indicates that the N-oxide formation took place on
the quinoline ring. Similarly, MS4 fragmentation of ion at m/z
239.0485 produced a fragmented ion at m/z 224.0609 by loss of 16
mass units due to loss of oxide, which confirms that the N-oxide
formation happened on the quinoline ring. Besides, MS5 fragmenta-
tion of ion at m/z 224.0609 gave a daughter ion at m/z 206.0270 by
the elimination of ammonia. Based on the MS/MS fragmentation
pattern, the structure of DP-7 was established and is shown in Fig. 6.
The chemical composition of DP-7 was further confirmed by HRMS
analysis and the observed mass 521.21762 was correlated for the
chemical composition of C23H33O6N6S [MþH]þ and the calculated
mass is 521.21776 for C23H33O6N6S [MþH]þ . The chemical compo-
sitions and the HRMS data of all degradation products (DP-1 to DP-7)
obtained and the MS/MS fragmentation results are shown in Table 1.

3.5. Postulated degradation pathway mechanism

The most probable mechanistic explanation for the formation of
degradation products DP-1 to DP-7 from argatroban is depicted in
scheme (Fig. 6). The degradation product DP-4 was formed by acid
hydrolysis, followed by ring aromatization in 3-methyl-1,2,3,4-tetra-
hydroquinoline of argatroban. Similarly, the degradation product DP-
1 was expected to be formed by acid hydrolysis of amide bond in DP-
4. However, DP-3 was generated by the acid hydrolysis of amide of
4-methylpiperidine-2-carboxylic acid in argatroban. Apart from
these, DP-2 was formed in acid hydrolysis by the internal cyclization
of DP-3 with the elimination of a water molecule. In addition, pro-
duct DP-5 was formed by the elimination of formamidine from
guanidyl moiety of argatroban under alkaline medium. Besides, DP-6
was formed due to base hydrolysis of imine group in the guanidyl
resulting in the formation urea derivative of argatroban. Further-
more, peroxide stress conditions produced two degradation products
(DP-4 and DP-7), among which DP-4 is major and DP-7 is minor.
Subsequently, DP-7 (N-oxide) was formed due to the oxidation of DP-
4 under peroxide stress. The N-oxide formation was evidenced by
HRMS and MS/MS fragmentation pattern. The degradation product
(DP-4) was confirmed by the individual synthesis. The degradation
pathway is depicted in Fig. 7. A probable mechanism was proposed
for the formation of DP-4 and is shown in Fig. 8. Initial protonation of
sulfone followed by imine formation and subsequent protonation
and aromatization gave the corresponding quinoline ring under
acidic and peroxide stress conditions.

4. Conclusion

Degradation behavior of argatroban was explored by exposing
it to ICH defined stress conditions. The drug showed significant
degradation under hydrolysis (acidic, alkaline) and oxidation
(peroxide stress) conditions. The drug remained stable under
thermal and photolytic stress conditions. In total, seven degrada-
tion products (DP-1 to DP-7) were formed under varied conditions
which were found to be previously unknown. DP-1 to DP-4 were
formed as common hydrolytic degradation products under acid
stress conditions and DP-5 and DP-6 were formed as common
hydrolytic degradation impurities under alkaline stress conditions.
The two major degradation products (DP-4 and DP-7) were gen-
erated under peroxide stress conditions. The degradation products
were completely characterized with the help of advanced analy-
tical techniques LC–MS-Ion trap/QTOF and NMR, and confirmed by
individual chemical synthesis.
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a b s t r a c t

Sulconazole has been reported to degrade into sulconazole sulfoxide via sulfur oxidation; however,
structural characterization data was lacking and the potential formation of an N-oxide or sulfone could
not be excluded. To clarify the degradation pathways and incorporate the impurity profile of sulconazole
into the United States Pharmacopeia–National Formulary (USP–NF) monographs, a multifaceted approach
was utilized to confirm the identity of the degradant. The approach combines stress testing of sulco-
nazole nitrate, chemical synthesis of the degradant via a hydrogen peroxide-mediated oxidation reaction,
semi-preparative HPLC purification, and structural elucidation by LC–MS/MS and NMR spectroscopy.
Structural determination was primarily based on the comparison of spectroscopic data of sulconazole
and the oxidative degradant. The mass spectrometric data have revealed a McLafferty-type rearrange-
ment as the characteristic fragmentation pathway for alkyl sulfoxides with a β-hydrogen atom, and was
used to distinguish the sulfoxide from N-oxide or sulfone derivatives. Moreover, the generated sulco-
nazole sulfoxide was utilized as reference material for compendial procedure development and valida-
tion, which provides support for USP monograph modernization.
& 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

Sulconazole, 1-[2,4-dichloro-β-[(4-chlorobenzyl)thio]phenethyl]-
imidazole, is an azole antifungal drug belonging to the family of the
imidazole class, and is typically used as a topical antifungal cream or
solution for the treatment of dermatomycoses, pityriasis versicolor,
and cutaneous candidiasis [1]. Sulconazole nitrate was among the
drug substances that were undergoing United States Pharmacopeia
(USP) monograph modernization [2]. The USP sulconazole nitrate
monograph describes an HPLC procedure for assay, but lacks any
organic impurity procedures [3]. Sulconazole nitrate is currently not
included in other major pharmacopeias.

A literature search indicated that limited information is avail-
able regarding the stability and chromatographic analysis of this
drug substance. HPLC methods have been reported for the analysis
of sulconazole in biological samples or drug products [4–7], but

sulconazole related compounds were not included for method
development or evaluation. In terms of stability studies, compre-
hensive degradation studies under various stress conditions have
not been reported. Chen et al. [8] investigated the kinetics of
oxidation of sulconazole with peracetic acid and hydrogen per-
oxide; sulconazole sulfoxide and sulfone were assumed to be the
oxidation products. Iwasawa et al. [9] reported the pharmacolo-
gical studies of the metabolites of sulconazole and highlighted the
liability of the molecule towards oxidative conditions. However, no
structural information was disclosed in either of those papers.

Oxidation of organic sulfides (thioethers) to sulfoxides is an im-
portant degradation and metabolic pathway for a variety of sulfur-
containing pharmaceutical agents, such as montelukast [10], raniti-
dine [11], penicillin [12], pergolide [13], and methionine- or cy-
steine-containing peptides [14]. The oxidation process could be
complicated as N- or S-oxidation might occur [11], and over-oxida-
tion of a sulfoxide to the corresponding sulfone is frequently a
competing reaction [15]. To gain a better understanding of the sta-
bility of sulconazole nitrate and incorporate the impurity profile into
USP monographs, it is critical to differentiate the oxidation pathways
and confirm the structures of the degradation products [16].

Here we report the structural determination of a major de-
gradation product of sulconazole nitrate, sulconazole sulfoxide,
which was generated under oxidative conditions. In addition, this
material was subsequently employed as an impurity reference for
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compendial procedure development and validation. The mono-
graph modernization efforts have eventually culminated in an
official compendial procedure and a newly introduced impurity,
sulconazole related compound A [17,18].

2. Material and methods

2.1. Chemicals and reagents

The drug substance sulconazole nitrate was obtained from the
USP Reference Standard. Commercial samples of sulconazole ni-
trate were purchased from Sigma-Aldrich (St. Louis, MI, USA),
Spectrum Chemical (New Brunswick, NJ, USA), Glentham Life
Sciences (Corsham, UK), and Erregierre (Sovere, Italy). Hydro-
chloric acid (37%), glacial acetic acid (Z 99.7%), sodium hydroxide
solution (10 N, J.T.Baker), trifluoroacetic acid (TFA, 99.5%, Acros
Organics), ammonium acetate (LC/MS), methanol (LC/MS), and
acetonitrile (HPLC and LC/MS) were purchased from Fisher Sci-
entific (Waltham, MA, USA). Hydrogen peroxide (�30%) was ob-
tained from Sigma-Aldrich. Water was purified with a Milli-Q plus
system from Millipore (Bedford, MA, USA).

2.2. Instrument and analytical parameters

2.2.1. UHPLC/HPLC
UHPLC–UV analyses were performed on an Agilent Infinity

1290 UHPLC system (Santa Clara, CA, USA). Separation was carried
out on an Acquity BEH C18 column (2.1mm � 100mm, 1.7 mm)
from Waters (Milford, MA, USA) using a mobile phase system
consisting of mobile phase A: methanol and ammonium acetate
buffer (pH 5.0; 0.1mM) (20:80, v/v); and mobile phase B: me-
thanol and acetonitrile (40:60, v/v). Analyses were performed at
ambient temperature with a flow rate of 0.5mL/min and a gra-
dient elution varied according to the following program: 0min,
40% B; 8min, 90% B; 8.1min, 40% B; and 10min, 40% B. UV de-
tection wavelength was set at 230 nm. The injection volume was
5 μL.

HPLC–UV analyses were performed on a Waters Alliance 2695
HPLC system using a Waters Atlantis C18 column (4.6mm �
150mm, 5 mm) and a mobile phase system consisting of 0.05% TFA
in water and acetonitrile. Separations were achieved at ambient
temperature with a flow rate of 1.0mL/min and an isocratic pro-
gram of 0.05% TFA in water and acetonitrile (50:50, v/v). UV de-
tection wavelength was set at 210 nm. The injection volume was
10μL.

Preparative chromatography was performed on a Waters semi-
preparative HPLC system consisting of a 2335 quaternary gradient
module, a 2998 photodiode array detector, a 2707 autosampler,
and a Waters fraction collector III. Separations were carried out on
an Agilent Prep-C18 column (20.1mm � 150mm, 5 mm) using a
mobile phase system consisting of 0.05% TFA in water and acet-
onitrile (65:35, v/v). The flow rate was 10.0mL/min and the run
time was 13min. UV detection was performed at 210 nm. The in-
jection volume was 0.4mL. Fractions were collected based on time
mode.

Waters Empower 2 for chromatography software was used for
instrument operation control and data acquisition and processing.

2.2.2. NMR analysis
NMR experiments were recorded using a Bruker Avance III

NMR Spectrometer (Billerica, MA, USA) with operating frequencies
of 600.13MHz (1H) and 150.90MHz (13C). Samples were dissolved
in DMSO-d6 and all NMR spectra were recorded at 25 °C. Chemical
shifts were reported in ppm downfield from tetramethylsilane
(TMS, δ ¼ 0) as the internal reference.

2.2.3. LC–MS/MS analysis
The LC–MS/MS was performed on an Agilent 6540 UHD Accu-

rate-Mass QTOF LC–MS using an Agilent 1290 UHPLC as an inlet
with UV detection at 210 nm prior to the mass spectrometer. Data
acquisition and analysis were performed using Agilent Mas-
sHunter software. ESI was used in positive ion mode. Except for
the injection volume (2 μL), LC conditions were the same as those
used for UHPLC–UV analysis in Section 2.2.1. The mass spectro-
meter was tuned in 2 GHz extended dynamic range mode (24,350
FWHM resolution at m/z 1521.9715) for accurate mass analyses.
Mass accuracy was less than 0.2 ppm for reference masses across
the mass range of m/z 100–1700. The mass range analyzed was m/z
100 –1200.

2.3. Solution and sample preparation for UHPLC method

A solution of water and methanol (60:40, v/v) was used as the
diluent. A resolution solution was prepared by dissolving sulco-
nazole nitrate and sulconazole sulfoxide in the diluent to give a
solution having a concentration of 0.15mg/mL for sulconazole and
1.5 μg/mL for sulconazole sulfoxide. The standard solution was
prepared at a concentration of 1.5 mg/mL for sulconazole and sul-
conazole sulfoxide. The sample solution at a concentration of
1.5mg/mL was prepared by dissolving a sulconazole nitrate bulk
material in the diluent.

3. Results and discussion

3.1. HPLC method development

In light of the structural similarities between sulconazole and
econazole (another azole antifungal drug), the mobile phases used
in the European Pharmacopeia econazole monographs (econazole
and econazole nitrate) were directly adopted as a starting point for
UHPLC method development [19]. Column optimization led to the
identification of ethylene bridged hybrid (BEH) C18 silica as the
choice of stationary phase. The effective chromatographic se-
paration between sulconazole and the major degradant was
achieved using a Waters Acquity BEH column (2.1mm � 100mm,
1.7 mm) and a mobile phase of methanol-ammonium acetate buffer
and methanol-acetonitrile in a gradient elution. In addition to the
separation of the major degradant and sulconazole, the method
was also capable of separating the major degradant from a minor
secondary degradant with a resolution of 1.4.

An HPLC method was also developed as a guiding method for
subsequent preparative HPLC operation (Section 2.2.1). Complete
separation was achieved for sulconazole and the major degradant
using a Waters Atlantis column and a mobile phase of acetonitrile
and 0.05% TFA. Although the method did not provide sufficient
resolution for the major degradant and the secondary degradant,
our initial scale-up experiments on preparative HPLC revealed that
the lack of resolution did not pose a problem for the overall
purification.

3.2. Forced degradation of sulconazole nitrate

Forced degradation studies of sulconazole nitrate were per-
formed under thermal, thermal and humidity, photolytic, hydro-
lytic (acid and base), and oxidative conditions (Fig. 1). The de-
gradation was monitored and analyzed using the UHPLC method
with UV and MS detection and both detection techniques revealed
that degradation of sulconazole only occurred under oxidative
conditions (Table S1 and Fig. S1). In addition to the major de-
gradant, a trace amount of secondary degradant was also detected
when the stress time was prolonged or the concentration of the
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oxidant was increased (Fig. 2). PDA peak purity testing and LC–MS
were performed for the sulconazole peak and no co-elution of
impurities was detected.

The LC–MS analysis showed that the masses of sulconazole and a
major oxidation product were m/z 397.0094 and 413.0045, respec-
tively (Fig. S1). The major oxidative degradant showed a protonated
molecule that had a delta of 16 amu difference from sulconazole,
suggesting a single N or S oxidation. A minor ion at m/z 428.9997
with a mass change from sulconazole of 32 amu indicated that a
secondary degradation, the possible oxidation of sulfoxide to sulfone,
or S-oxidation followed by N-oxidation, might occur.

N-oxidation of the imidazole of miconazole nitrate, a similar
imidazole antifungal drug, has been reported under hydrogen
peroxide-mediated oxidation conditions [20]. It is well-docu-
mented that both N- and S-oxidation could be competing path-
ways for drug substances containing both N and S sites susceptible
to oxidation, such as ranitidine [21]. More importantly, S-oxidation
is not always inherently favored over N-oxidation [22]. For in-
stance, zofenopril was recently demonstrated to undergo N-oxi-
dation selectively using hydrogen peroxide as an oxidant [23]. On
the basis of these precedents, the possibility of N-oxide products of
sulconazole cannot be excluded at this stage.

3.3. Synthesis and preparative isolation of the degradation product

The scale-up oxidation experiment was performed in a con-
centrated sample solution using 30% hydrogen peroxide. Complete
conversion of sulconazole nitrate to the major degradant was
achieved within 20 h (Fig. S2). The experiment was halted when
an over-oxidation started to occur. As the reaction proceeded to
100% conversion, the challenge of the purification step was the

removal of the minor degradant, which had a retention time close
to that of the major peak.

The injection and loading amount were carefully evaluated on
an analytical column (Waters Atlantis C18, 4.6mm � 150mm,
5 mm) to ensure the sufficient separation of the two peaks on the
similar preparative column (Prep-C18, 20.1mm � 150mm, 5 mm)
while maintaining separation efficiency. To this end, the heart-
cutting technique was applied and multiple injections of the crude
reaction mixture at an appropriate concentration were performed
(Fig. S3). The isolated compound was re-analyzed on both analy-
tical HPLC and UHPLC to confirm the identity and purity (Fig. S4).
The degradant was isolated as a colorless oil in 93% yield and 98%
purity based on HPLC.

3.4. Structural characterization of the major degradation product

3.4.1. NMR studies of sulconazole and sulconazole sulfoxide
Samples of sulconazole nitrate and the isolated major de-

gradation product were subjected to NMR spectroscopic analyses
including one- and two-dimensional NMR such as gradient-se-
lected correlation spectroscopy (gCOSY), heteronuclear single-
quantum coherence (HSQC) and heteronuclear multiple bond
correlation (HMBC) experiments. The NMR spectroscopic data
were consistent with the proposed structures of sulconazole and
sulconazole sulfoxide (Supplementary material). The 1H and 13C
assignments were made based on characteristic chemical shifts
(1D NMR) and were supported by 2D NMR data. The 1H and 13C
NMR data and proposed assignments for the two compounds are
presented in Table 1 for comparison.

Direct assignments for protons of the two substituted aro-
matic rings were difficult due to the high degree of similarity in

Fig. 1. Oxidative stress of sulconazole nitrate.

Fig. 2. Overlaid chromatograms of oxidative stress of sulconazole nitrate (from bottom to top: chromatogram of sulconazole, chromatograms of sulconazole under oxidative
stress for 3 days and 12 days).
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the 1H and 13C chemical shifts. In the 1H NMR spectrum, a sig-
nificant chemical shift was observed for methine 5 and methy-
lene 12 protons (Table 1). The change of the splitting pattern
indicated the corresponding conformational change after the
oxidation of the sulfur [24]. More drastic downfield shifts of
methine 5 and methylene 12 were detected in the 13C NMR. In
contrast, negligible changes of chemical shifts (1H and 13C) on the
imidazole ring were observed, indicating that the N-oxidation of
imidazole did not occur. Notably, a slight downfield shift was
detected for methylene 4 in the 1H NMR, and a slight upfield shift
was observed for the same methylene in the 13C NMR. These
results were in good agreement with NMR data for alkyl groups
in a beta orientation to sulfur. The HMBC data showed connec-
tions between H1 and C2 and C3, H4 and C5, and H5 and C12
(Fig. 3). The 1H and 13C NMR data, in combination with the LC–MS
results, provided reasonable evidence in support of the S-oxida-
tion. However, the NMR data alone were not conclusive to dif-
ferentiate sulfoxide from sulfone, the potential over-oxidation
byproduct, as the influence of aliphatic sulfoxide and sulfone
groups on the chemical shifts of the α, β, and γ substitutes is very
similar [25,26].

3.4.2. LC–MS/MS studies
The LC–MS/MS analysis was performed using the same UHPLC

method (Section 2.2.1). The presence of multiple chlorine atoms
in the molecules allows for more precise determination of the
fragment ions based not only on the exact mass but also the
isotope abundance ratio. The LC–MS spectrum of the oxidative
degradant of sulconazole showed a protonated molecule

[MþH]þ at m/z 413.0048 (Fig S5), suggesting an elemental
composition of C18H16Cl3N2OS, which is consistent with the
structure resulting from S- or N-oxidation. The MS/MS spectrum
and possible fragmentation pathways are shown in Fig. 4. The
MS/MS fragmentation of the [MþH]þ ion exhibited a diagnostic
fragment ion at m/z 239.0136 (elemental composition of
C11H9N2Cl2), which can be derived from the syn-elimination of
alkyl sulfenic acid via a 5-membered cyclic transition state. This
McLafferty-type fragmentation has been revealed as a dominant
fragmentation pathway for peptides containing oxidized me-
thionine or cysteine residues [27,28]. In addition, it was verified
as the most facile fragmentation for the styryl- and alkyl-pro-
penyl sulfoxides by deuterium labeling studies [29]. Mechan-
istically, for sulfur-containing molecules this fragmentation only
occurs for sulfoxides with a β-hydrogen atom, and it was indeed
observed in numerous reported cases [30–33]. The McLafferty-
type fragmentation might be a characteristic fragmentation
pathway for sulfoxides with a β-hydrogen atom and could also
be used here to distinguish the sulfoxide from the sulfone. Initial
examination of the isotopic pattern of this fragment ion in-
dicated that there may be overlapping ion distributions, and a
possible fragment b at m/z 240.0212 resulting from a proposed
sulfinyl radical cleavage may be contributing to the overall iso-
topic pattern (Fig. 4). Another major fragment at m/z 171.9841
(d) may be derived from fragment b via loss of the imidazole
ring. The fragment c at m/z 205.0527 was also generated via a
McLafferty-type fragmentation after dechlorination of the
[MþH]þ ion [34–36]. In addition to major fragments, the ions at
m/z 125.0147 (C7H6Cl, e) and 287.9879 (C11H10Cl2N2OS, f), gen-
erated from cleavage of S-CH2 bond were also observed, but were
much less abundant (0.05% and 0.02%, respectively), suggesting
that this disassociation pathway is not favored.

The MS/MS results of sulconazole nitrate were significantly
different from those of sulconazole sulfoxide (Fig. S6). As expected,
McLafferty-type fragmentation corresponding to the cleavage of S–
CH bond was not observed. The ion g at m/z 125.0158 is pre-
dominant under similar activation conditions, suggesting that the
cleavage of S–CH2 bond is the favored dissociation process re-
sulting in the stable carbocation (Fig. S7). Another main fragment
ion j at m/z 183.0030 was generated as a result of the consecutive
loss of imidazole and chlorobenzene, which also led to the

Table 1
Comparative 1H NMR and 13C NMR data of sulconazole nitrate and sulconazole sulfoxide (DMSO-d6, 25 °C).

Position Sulconazole nitrate chemical shifts (ppm) Sulconazole sulfoxide chemical shifts (ppm)

13C 1H No. of H multiplicity 13C 1H No. of H multiplicity

1 136.5 9.03 1H s 136.2 9.06 1H s
2 120.1 7.61 1H d, J ¼ 1.5 120.3 7.61 1H m
3 122.3 7.61 1H d, J ¼ 1.5 122.4 7.65 1H m
4 50.9 4.82, 4.75 2H dd, J ¼ 18.0 46.7 5.02–5.14 2H m

J ¼ 6.0
5 44.6 4.65 1H t, J ¼ 6.0 58.8a 5.06 1H m
6 133.3 133.1
7 134.3 134.5
8 129.1 7.58 129.4 7.67 1H
9 133.7 131.1
10 128.0 7.47 d, J ¼ 6.0 128.3 7.67 1H m

J ¼ 2.0
11 130.5 7.57 d, J ¼ 6.0 129.7a 7.64 1H m
12 34.2 3.89, 3.72 2H d, J ¼ 12.0 55.3 4.20, 4.26 2H d, J ¼ 12.0
13 135.9 134.7
16 131.1 129.8
14, 18 130.6 7.27 2H d, J ¼ 6.0 132.1 7.35 2H d, J ¼ 6.0
15, 17 128.4 7.34 2H d, J ¼ 6.0 128.7 7.43 2H d, J ¼ 6.0

a 13C signals were not readily apparent in the 13C NMR spectrum, and C5 and C11 were identified using HMBC experimental data.

Fig. 3. Key 1H–13C HMBC correlations of sulconazole sulfoxide. Correlations are
shown with arrows. The numbering system is based on the NMR assignments
presented in Table 1.
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formation of a stable benzyl thiirane methyl carbocation j. In ad-
dition, the intermediate ion h at m/z 328.9717 resulting from the
loss of imidazole was also detected.

As shown in Table 2, all fragmentation assignments were
supported by accurate mass data. The accuracy for the masses of
these ions, determined relative to the values calculated from their
assigned structures, was within 5 ppm error.

The comparative MS/MS studies provided compelling evidence
that the oxidation occurred on the sulfur atom only, and that the
sulfoxide was the primary degradant. Sulconazole sulfone is most

likely the product of over-oxidation. Moreover, previous in-
vestigations on N-oxides indicated that the mass spectrum of an
N-oxide is in general similar to that of parent compound [20],
which is also in agreement with our conclusion in support of
S-oxidation.

3.5. UHPLC method validation

With the sulconazole sulfoxide in hand, the UHPLC method was
validated for specificity, linearity, accuracy, precision and

Fig. 4. (A) MS/MS spectrum of protonated molecular ion [MþH]þ at m/z 413.0048 of sulconazole sulfoxide. (B) proposed fragmentation pathway. The isotope pattern of ion
cluster at m/z 239.0136 matches the results of superimposition of two species of a and b as shown in the inserted frame.
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robustness. System suitability was verified by determining the %
RSD of six injections of the standard solution. Retention time,
tailing factor and resolution between the sulconazole and sulco-
nazole sulfoxide were also determined (Table S2). The specificity of
the method was established by determining peak purity of sul-
conazole nitrate subjected to a series of stressed conditions using
photodiode array detection. Linearity of the detector responses
was determined at five concentration levels of sulconazole nitrate
and sulconazole sulfoxide covering 0.75, 1.125, 1.50, 1.875 and
2.25 mg/mL for each compound. To study method accuracy, re-
covery experiments were carried out by applying the standard
addition method. Known quantities of sulconazole sulfoxide of
0.75, 1.50 and 2.25 mg/mL—corresponding to 50%, 100% and 150%
impurity levels—were spiked into a 1.5mg/mL sulconazole nitrate
solution. Accuracy was expressed as the percentage of sulfoxide
recovered by the HPLC analysis. Repeatability was studied by
carrying out method precision, and determined from results of six
independent injections of the 100% spiked solutions. Method ro-
bustness was evaluated by analyzing five replicate injections of the
robustness solution, sulconazole nitrate (150 mg/mL) and sulcona-
zole sulfoxide (1.5 mg/mL), under each of the varied conditions
including temperatures, flow rates, buffer pH, mobile phase B in-
itial compositions, mobile phase B final compositions, and differ-
ent columns on different instruments.

The validation results are summarized in Table S3. The results
demonstrated that the method is specific as sulconazole sulfoxide
was separated from sulconazole and no interfering peak appeared
at the retention time of the two peaks. Linear responses over the
range of concentrations of 0.75–2.25 mg/mL were observed for both
sulconazole and sulconazole sulfoxide (Fig. S8). Spike recoveries
close to 100% at different levels indicated an acceptable accuracy
of the method (Table S4). The low values of % RSD for method
precision indicate that the method is reproducible. Finally, ro-
bustness studies showed that variations of the operating para-
meters did not significantly change the chromatographic profiles
or the result, indicating that the method was robust under the
experimental conditions (Table S5).

4. Conclusions

In summary, a systematic UHPLC study was conducted on sulco-
nazole nitrate. The study included stress testing of sulconazole nitrate,
preparative HPLC isolation of the major degradation product, struc-
tural confirmation of the degradant, and UHPLC method validation.
Based on NMR and LC–MS/MS analysis, the S-oxidation of sulconazole
to sulconazole sulfoxide was confirmed as the predominant

degradation pathway. In addition, the generated degradation product
was utilized as a reference standard for organic impurity HPLC
method development and validation. This work displays a typical
approach used to support USP monograph modernization.
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a b s t r a c t

Meloxicam (MLX) is an anti-inflammatory drug susceptible to variations and crystalline transitions. In
compounding pharmacies, the complete crystallographic evaluation of the raw material is not a routine
procedure. We performed a complete crystallographic characterization of aleatory raw MLX samples
from compounding pharmacies. X-ray diffraction indicated the presence of two crystalline forms in one
sample. DSC experiments suggested that crystallization, or a crystal transition, occurred differently be-
tween samples. The FTIR and 1H NMR spectra showed characteristic assignments. 13C solid-state NMR
spectroscopy indicated the presence of more than one phase in a sample from pharmacy B. The Hirshfeld
surface analysis, with electrostatic potential projection, allowed complete assignment of the UV spectra
in ethanol solution. The polymorph I of meloxicam was more active than polymorph III in an experi-
mental model of acute inflammation in mice. Our results highlighted the need for complete crystal-
lographic characterization and the separation of freely used raw materials in compounding pharmacies,
as a routine procedure, to ensure the desired dose/effect.
& 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

Meloxicam (MLX, Fig. 1), a non-steroidal anti-inflammatory
drug (NSAID) and a partially selective cyclooxygenase (COX-2)
inhibitor, belongs to the class of enolic acids and is derived from
oxicam. Owing to its anti-inflammatory and analgesic effects as
well as good safety profile, characterized by a low incidence of
gastrointestinal side effects [1], it is widely prescribed. MLX, [4-
hydroxy-2-methyl-N-(5-methyl-2-thiaolyl)�2H-1, 2- benzothia-
zine-3-carboxamide 1,1-dioxide] (C14H13N3O4S2; 351.40 g mol�1),
is a yellow powder, practically insoluble in water, and slightly
soluble in organic solvents, and well soluble in strong acids and
bases [2,3].

In 2003, Coppi, Sanmarti, and Clavo [4] described five crystal-
line forms of MLX associated with the corresponding processes for
preparation and interconversion. The forms have distinct network
structures that may differ in biopharmaceutical aspects and

compromise their own functions. Luger and colleagues [5] de-
scribed the crystalline form I as the most suitable for the pre-
paration of pharmaceutical products. The interconversion between
different polymorphs may occur during the storage, as a con-
sequence of the synthetic route, or in improper storage conditions
with variations in humidity and temperature. As raw pharma-
ceutical materials are susceptible to variations and transitions,
their full crystallographic analysis is important and should be
adopted as a routine practice for adequate quality control. Only
proper control will ensure the efficacy and safety of public health
[6–10].

In the present study, we characterized and evaluated the bio-
logical activity of meloxicam raw material that is freely used in
compounding pharmacies.

2. Experimental

MLX samples were obtained from three compounding phar-
macies, and anonymized as A, B, and C, which corresponded to
different routine batches of Indian origin: TDM/ML/002/11/12–13,
ALC/MLX/120102, and MLAH16081112#5, respectively.
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2.1. Powder X-ray diffraction (PXRD)

PXRD data were collected by a XRD-7000 diffractometer (Shi-
madzu) at 22 °C at 40 kV and 30 mA, using CuKα(λ ¼ 1.54056 Å)
equipped with a polycapillary focusing optics under parallel geo-
metry coupled with a graphite monochromator. The sample was
subjected to spinning at 60 rpm, scanned over an angular range of
4 60° (2θ) with a step size of 0.01° (2θ) and a time constant of 2 s/
step. The software CrystalExplorer v 3.1 was used for the Hirshfeld
surface analysis.

2.2. Differential scanning calorimetry (DSC)

DSC experiments were performed on a Shimadzu DSC60. The
equipment cell was calibrated with indium (mp 156.6 °C; ΔHfus ¼
28.54 J/g) and lead (mp 327.5 °C). Aluminum pans, containing
approximately 1 mg of sample, were used under a dynamic N2

atmosphere (50 mL/min) and a heating rate of 10 °C/min in the
temperature range between 25 and 300 °C. As form III showed
different thermal behavior, an isothermal experiment was con-
ducted at 175 °C for periods of 15, 30, and 45 min.

2.3. Fourier transformed infrared spectroscopy (FTIR)

All experiments were conducted on a Perking Elmer IR spec-
trometer, with samples measured in KBr pressed pellets in the
wavenumber range between 400 and 3400 cm�1 at room tem-
perature, with a resolution of 4 cm�1.

2.4. 1H and 13C-NMR analysis

Solution 1D and 2D NMR experiments (1H, 13C, DEPT-135,
HSQC, and HMBC) spectra were performed by using a Bruker
Avance DRX 400 spectrometer in DMSO-d6 (deutered dimethyl
sulfoxide, up to 99.9%) solution at 300 K, which was used as an
internal standard (1H: δ ¼ 2.50 ppm; 13C: δ ¼ 39.50 ppm).

Solid-state 13C-NMR (ssNMR) spectra were collected by using a
Bruker Avance DRX 400 (9.4T) running at rotation of 10 kHz with
cross polarization and using glycine (C¼O: δ ¼ 176.03 ppm) as an
internal standard.

2.5. UV spectrophotometry

Spectral scans were performed between the wavelengths of
200 and 400 nm on MLX samples dissolved at 10 μg/mL in ethanol
by using a Shimadzu 1800 spectrophotometer. Ethanol was used
as the blank sample to correct for the instrumental background.
Origin software (version 9.1) was used to analyze the data.

All described analyses were conducted within the validity
period of all samples.

2.6. Evaluation of the biological activity

2.6.1. Animals
The anti-inflammatory activity was evaluated through the use

of the carrageenan-induced paw edema test. Female Swiss mice
(25–30 g) with free access to food and water were used. The ani-
mals were kept in a room with a 12 h light/dark cycle for a
minimum of 3 days prior to the experiment, to allow acclimati-
zation. The room temperature was maintained at 27 °C, which
corresponds to the thermoneutral zone for mice [11]. This study
was approved by the Ethics Committee on Animal Experimenta-
tion of the Federal University of Minas Gerais (Protocol 233/2016)
and conducted in accordance with the S7A guide of the Interna-
tional Conference on Harmonization [12].

2.6.2. Paw edema induced by carrageenan
To measure paw volume, a plethysmometer (Model 7140, Ugo

Basile, Italy) was used. The basal volume of the right hind paw was
measured before the administration of any drug. Next, the animals
were divided into the experimental groups in such a way that the
mean volumes of each groups was similar. Carrageenan (400 μg/
20 μL) was injected via the intraplantar (i.pl.) route. The vehicle
(carboxymethylcellulose; CMC 1%), meloxicam A 15 mg/kg, me-
loxicam B 15 mg/kg, meloxicam A 30 mg/kg, meloxicam B 30 mg/
kg, or dexamethasone (10 mg/kg; positive control) were ad-
ministered per os (p.o.) 30 min prior to the carrageenan injection.
The volume of p.o. administration was 10 mL/kg. The paw
volume of each animal was again measured at 2, 4, and 6 h
after injection of the inflammatory stimulus. The results are ex-
pressed as the change in paw volume (μL) relative to the basal
values [13].

2.6.3. Statistical analysis
The results are presented as the mean 7 standard error mean

(S.E.M.). Two-way ANOVA followed by Bonferroni's post hoc test
was used to analyze paw volumes differences, with P values of o
0.05 considered significant. Statistical analyses were performed by
using GraphPrism 5.0 (San Diego, USA) for Windows.

3. Results and discussion

As the samples from A and C showed identical X-ray diffraction
patterns (form I; Fig. 2), we considered them to be the same ma-
terial. Therefore, all other chemical and biological analyses were
performed with samples from A (form I) and B (indicated by XRD
as a mixture of some of form I and predominantly form III). The
significant differences in peak positions and observed reflection
planes, shown in Fig. 2, confirmed that there were two different
polymorphs of the same material.

Thermal analysis was performed on separate aliquots. The DSC
curves of samples from A and B are shown in Fig. 3. In the curve of
the sample from pharmacy B, there is an incipient exothermal
peak (4.47 J/g), at 206.6 °C. This peak was suggestive of crystal-
lization or crystal transition, and was not present in the sample
from pharmacy A (form I). After the melting point at approxi-
mately 260.0 °C, in both samples, similar behavior was observed.

Based on the observed thermal behavior, an isotherm at
175.0 °C, just below the beginning of the broad large transition
peak, was analyzed to check the crystal transition observed at
206.6 °C. The XRD patterns shown in Fig. 4 were obtained after the
isotherm, under tightly temperature control, after 15, 30, and
45 min. In all three distinct aliquots, we confirmed the occurrence
of one phase transition. After 15 min, we observed the beginning
of the conversion; after 45 min, the phenomenon was completed
(Fig. 4).

Fig. 1. The chemical structure of meloxicam.
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Through the comparison of the FTIR spectra from the samples
from pharmacies A and B (Fig. 5), the absorptions were assigned to
distinct peaks for each chemical functional group within the
structure. The observed and assigned changes in the functional
groups occurred at 1184–1176 cm�1, 1526–1520 cm�1, and 1550–

1552 cm�1 related to the stretching vibration of the thiazole ring,
the asymmetric stretching vibration at 1264–1286 cm�1 of the
sulfone, and amide III bands for the -CO-NH-C- group.

As observed in ssNMR (Fig. 6), C14 showed a double signal
centered at 13.9 and 9.7 ppm for sample B; however, only one
signal at 12.8 ppm was observed for sample A (form I; Fig. 6,
Table 1).

The 1H and 13C-NMR spectra of meloxicam were collected in
DMSO-d6 (Supplementary material). After the material was solu-
bilized in DMSO-d6, all polymorphic characteristics were lost
through the dissolution process. In solution, the NMR spectra were
identical for both samples. Thus, the discussion of these results is
valid for both samples.

The 1D and 2D NMR spectra (1H, 13C, DEPT-135, HSQC, and
HMBC) were obtained under standard conditions (shown in Sup-
plementary material). In the 13C spectrum, the aromatic carbons
C2, C3, C4, C5, C6, C7, and C16 resonated between 123.2 and
134.4 ppm, as expected. The methyl carbons C10 and C18 re-
sonated at 37.9 and 11.7 ppm, respectively. The quaternary carbon
C9 resonated at 114.2 ppm, whereas C8, which was connected to
the OH group, resonated at 115.7 ppm. Finally, the carbonyl re-
sonated at 168.4 ppm. These results were obtained through direct
comparison with published data [4].

The solid-state 13C-NMR spectra of the samples from com-
pounding pharmacies A and B are shown in Fig. 6. All 13C peaks
were properly indexed and a higher number of carbon atoms for

Fig. 2. X-ray diffraction patterns of samples from compounding pharmacies A, B,
and C.

Fig. 3. DSC curves of samples from compounding pharmacies A and B super-
imposed, showing the presence of a small exothermic peak in the B sample. The y
axis is broken for better visualization.

Fig. 4. Powder X-ray diffraction of compounding pharmacy B isotherm at 175 °C.
The structures were fitted by using the Rietveld algorithm. The quotes indicate the
sample from compounding pharmacy B, heated at 175 °C for 15, 30, and 45 min and
the final product of the isotherm experiment (form I).

Fig. 5. Comparison of Fourier transform infrared spectra between form I and form
III.

Fig. 6. ssNMR spectra for samples from compounding pharmacies A (form I) and B
(form I plus form III).
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sample from B was found compared with the expected spectrum.
Through comparison with the spectrum of form I, this provided
evidence of the existence of a mixture that contained some of form
I and mainly form III (Table 1). This result was corroborated by the
XRD measurements, which showed that form III was the major
component of the mixture.

The UV analysis indicated common absorption maxima for
forms I and III in ethanol solution at 205, 269 and 363 nm (Fig. 7).
Special structural features may promote different solvation inter-
actions that favor the appearance of tautomeric structures. This
would be the case for forms I and III in water owing to the ob-
served turn in the thiazole ring. However, the UV measurement
conditions eliminate this possibility, as in standard literature
procedures, the UV spectral measurement is obtained in ethanol,
for solubility reasons. The contribution of each functional group to
the absorption spectra of forms I and III is shown in Fig. 7.

In the UV spectra, a bathochromic shift from 215 nm to 219 nm
and a hypsochromic displacement from 297 nm to 278 nm were
observed. The Hirshfeld surface was calculated with the projection
of the electrostatic potential highlighted by Spackman and Jaya-
tilaka [14], Bojarska and Maniukiewicz [15], which allowed the
complete assignment of UV spectra for both forms, I and III, re-
spectively, in ethanol solution. There is a higher probability of
interactions between the aromatic rings in form III, which favors
the π - π* transitions. The hydrogen on the OH group at C3 re-
mains at a distance of approximately 1.69 Å in form I. In form III,
the interaction is partial, mainly owing to the difficulties imposed
by the increased distance to the same groups and atoms, now

approximately 1.88 Å. This longer distance interaction justifies the
hypsochromic displacement, as it requires higher energy to occur.

The carrageenan injection induced a marked and long-lasting
paw edema that was already evident at 2 h after injection. Dex-
amethasone 10 mg/kg resulted in the strongest anti-edematogenic
effect (Po 0.001), as expected, because it is a steroidal anti-in-
flammatory agent that acts in the early stages of the inflammatory
process; this drug is often used as a positive control in compara-
tive studies [16–19]. Nevertheless, owing to the side effects ob-
served in the medicinal uses of this class of materials, it is ne-
cessary to obtain effective drugs that result in fewer adverse
events. At present, the oxicams play an important role as anti-
inflammatory agents [19,20].

Another hypothesis from the results of the biological evaluation
for a sample B refers to its identity. As the analyses by XRD and
ssNMR indicated the presence of a certain amount of polymorph I
in a mixture with polymorph III in the sample from the com-
pounding pharmacy B, the anti-edematogenic effect may be as-
sociated with the amount. This result shows the importance of the
study of the biological activity of different polymorphs in drugs
usually present in raw materials of pharmaceutical interest, both
mistral or industrial, as well as for proper characterization in
quality control steps [9,10].

Both meloxicam samples (from pharmacies A and B) reduced
paw edema when administered 30 min before carrageenan.
Meloxicam from pharmacy A (15 mg/kg) reduced paw edema
at 4 h (Po 0.001) and 6 h (Po 0.001). The highest dose of me-
loxicam from pharmacy A (30 mg/kg) reduced paw edema at 2 h
(Po 0.01), 4 h (Po 0.001) and 6 h (Po 0.001). Meloxicam from
pharmacy B was not as effective as meloxicam from pharmacy A.
Both doses of meloxicam from pharmacy B (15 and 30 mg/kg)
reduced paw edema, but only at 4 h (Po 0.001). The differences
between the two samples were more pronounced at the highest
dose at 4 h (Po 0.001) and 6 h (Po 0.01) after the injection of
carrageenan (Fig. 8).

To study the effects of the two meloxicam samples on the
carrageenan-induced paw edema, the positive control of
dexamethasone 10 mg/kg, which is frequently used in preclinical
assays [16–19], was used, and resulted in the highest anti-ede-
matogenic activity, as expected. This steroidal anti-inflammatory
drug markedly inhibits the early stages of the inflammatory pro-
cess, but may also induce many side effects. Thus, there is an on-
going search for other anti-inflammatory drugs with a safer profile
and oxicams appear to be good candidates [20,21].

Table 1
ssNMR assignment for 13C signals.

Carbon Chemical shift (δ, ppm)

Sample from A Sample from B

C1 165.4 166.6
C2 159.6 160.8
C3 153.9 157.9
C4 137.1 137.4
C5 133.2 134.0
C6 133.2 134.0
C7 130.7 128.3
C8 130.7 128.3
C9 128.0 127.6
C10 126.4 125.8
C11 124.5 123.2
C12 109.5 110.7
C13 42.0 37.0
C14 12.8 13.9 / 9.7

Fig. 7. Total UV-spectra assignments of forms I and III associated with surface
potentials obtained from the Hirshfeld surface analysis.

Fig. 8. Effect of meloxicam (MLX) from A and B compounding pharmacies (15 and
30 mg/kg, p.o.) or dexamethasone (Dexa; 10 mg/kg, p.o.) administered 30 min prior
to the induction of the paw edema by i.pl. injection of carrageenan (Cg, 400 μg/
paw). Each point represents the mean 7 S.E.M. of six animals. ** and *** indicate
significantly differences from the vehicle (P o 0.01 and P o 0.001, respectively). ##

and ### indicate significantly difference from meloxicam B 30 mg/kg (P o 0.01 and
P o 0.001, respectively).
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The i.pl. injection of carrageenan induced an acute and marked
inflammatory response, characterized mainly by edema formation.
This acute response most likely resulted from neutrophil migra-
tion and activation and also from the production of a variety of
inflammatory mediators that induce vasodilation and increase
vascular permeability [22,23]. In the present study, pre-treatment
with both meloxicam samples reduced carrageenan-induced paw
edema in mice. Others investigators have demonstrated the anti-
inflammatory and analgesic activities of meloxicam in preclinical
assays. These effects may result from reduced leukocyte migration
and the reduced production of inflammatory mediators, as it has
been shown that meloxicam attenuated the activation of nuclear
factor-κB, inhibited COX-2 expression, and increased IL-10 pro-
duction [24–26].

Meloxican form I was isolated from commercial samples from
compounding pharmacies A and C. The sample from compounding
pharmacy B, a mixture of forms I and III, was directly identified
through the comparison of the X-ray diffraction patterns in patent
US 20030109701 A1, [4]. Therefore, the sample from B was con-
voluted by the respective counterparts. Their Bragg reflections
were independently indexed and extracted by the Pawley method.
Once isolated and treated as one mixture, the crystallographic
information for form III was extracted and used in order to obtain
the Hirshfeld surface analysis for this polymorph alone (Fig. 9).

The Hirshfeld surface analysis assigns intermolecular interac-
tions inside the unit cell packing. The analysis helps to understand
the differences that were observed in the biological evaluation
between samples from A (form I) and from the mixture in B (form I
plus form III). The atomic distribution of form I, as shown in Fig. 9,
contributes 89% of the overall interaction's distances (de × di) to

the potential surface, starting from as low as 1.2 Å up to 2.4 Å
(Fig. 9; form I). All expected interactions are π…π, between 5-
(thiazole) and 6-membered rings and N-H…S¼O internally. In
contrast, the overall interactions calculated for form III, were
present in (de × di), as low as 1.0 Å and rose to over 2.8 Å (Fig. 9;
form III) [14–26]. The observed turn around the thiazole ring in
polymorph III increased the amount of interactions that con-
tributed to different dissolution behavior. These observations not
only explained the double signal of C14, but corroborated the in-
creased intermolecular interactions seen for form III. From this
data, we inferred that the intramolecular forces occurring at lower
and also at higher distance in form III promoted stronger inter-
molecular interactions within and between the molecules inside
the unit cell arrangement. This effect will result in a lower solu-
bility (higher interactions inside the unit cell), as experimentally
observed. In agreement with the observed behavior, meloxican
was classified as class II in the Biopharmaceutical Classification
System [27,28].

Through those observations, we related the results of the bio-
logical evaluation found for sample B (form I plus form III, lower
activity), with adverse pharmacokinetic parameters, such as bio-
absorption and distribution. As form III presents intramolecular
interactions at a lower distance (1.0 Å) in addition to higher dis-
tances (over 2.8 Å), when compared with the same parameters for
pure form I, the internal cell packing forces will be increased,
which results in a more difficult solubilization process. The
Hirshfeld surface analysis showed C14 close to S in the thiazole
ring on one side and to the hydroxyl group in the six-membered
ring in the middle of the structure. For form I, only the hydroxyl
group interaction was observed, which explained the ssNMR sin-
gle signal for C14. In this case, a reduction of the amount of

Fig. 9. Fingerprint plots: intermolecular interactions within the samples from compounding pharmacies A and B that show the total Hirshfeld surface area.
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solubilized form III in comparison with form I, over the same so-
lubilization time, will affect the available drug amount after ad-
ministration differently for both forms.

4. Conclusion

X-ray diffraction, DSC, and ssNMR analysis indicated the pre-
sence of two polymorphs of meloxicam, forms I and III, in the
sample from pharmacy B, freely sold in compounding pharmacies
from which the samples were acquired.

The biological test indicated a lower degree of anti-edema ac-
tivity for the polymorph III when present as major component in
the sample from compounding pharmacy B, which also contained
form I in the mixture. The Hirshfeld surface analysis of forms I and
III provided an explanation of the solubility difference, which was
experimentally observed for both compounds; form III is less so-
luble than form I.

Although less active, form III is a major component freely sold in
compounding pharmacy B, which justified the difference in biolo-
gical activity between the sample from compounding pharmacy A
(form I) and the sample from pharmacy B (form I plus III) observed
during the paw edema test conducted in female Swiss mice.

Our results highlighted the need for full crystallographic char-
acterization and separation of freely used raw material in com-
pounding pharmacies as an indispensable quality control protocol to
ensure the desired drug dose/effect. The main concern over the lack of
an adequate quality control was demonstrated to be unexpected dif-
ferences in biological activity that could compromise human health.
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a b s t r a c t

In this study, molecular interactions of the ligands, quercetin, gallic acid, and metformin with various
diabetes mellitus-related protein targets, such as glycogen phosphorylase and peroxisome proliferator-
activated receptor gamma, were assessed. It was revealed that quercetin possesses good binding affinity
to both targets. Quercetin is a major constituent of methanolic extracts of Phyllanthus emblica fruit. The
antihyperglycemic effect of quercetin in streptozotocin (STZ)-induced diabetic rats was examined. The
isolated quercetin administered at a dose of 75 mg/kg body weight produced a maximum decrease of
14.78% in blood glucose levels in the diabetic rats after 7 days of treatment. Furthermore, quercetin doses
of 50 and 75 mg/kg were shown to significantly improve the profiles of triglycerides, high-density li-
poprotein, very-low-density lipoprotein, low-density lipoprotein, and total cholesterol at the end of the
study in STZ-induced diabetic rats. The administration of quercetin (25, 50, and 75 mg/kg body weight)
daily for 28 days in STZ-induced diabetic rats resulted in a significant decrease in blood glucose and urine
sugar levels, with a considerable rise in plasma insulin and hemoglobin levels. Therefore, quercetin is a
potential drug with antidiabetic and antihyperglycemic action mediated by changes in the levels of
glucose, cholesterol, and triglycerides as indicated by in silico and in vivo studies.
& 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

Diabetes mellitus (DM) is a metabolic disorder characterized by
hyperglycemia resulting from defects in insulin action, insulin se-
cretion from pancreatic beta cells, or both [1]. In addition, DM is a
group of diseases characterized by chronic hyperglycemia due to
deficiency of insulin action, a common basis of diabetes that leads to
characteristic abnormalities in the metabolism of carbohydrate, lipid,
and protein [2]. The total number of diabetic patients worldwide was
estimated to increase from 171 million in the year 2000 to 366
million in 2030 [3], although the latter level was already attained in
2011 according to the International Diabetes Federation. A major part
of this increase occurred in Asia, mainly China and India [4]. A
popular theory on meal-induced insulin secretion (the “incretin ef-
fect”) states that glucose or any other drug is more effective on the
pancreatic cells when administered orally than when given through
intravenous or subcutaneous injections [5]. The World Health Orga-
nization (WHO) recommends plant-based drugs as an alternative

medicine [6]. Renewed attention to alternative medicines and natural
therapies has raised researchers' interest in traditional herbal medi-
cine. Because of their perceived effectiveness, with minimal side ef-
fects and relatively low costs, herbal drugs are prescribed widely,
even when the contents of their biologically active constituents are
unknown [7]. Hence, people are seeking traditional medicines for the
management of DM.

Flavonoids are naturally occurring compounds widely dis-
tributed as secondary metabolites in the plant kingdom. They are
recognized for having beneficial clinical properties, such as anti-
inflammatory [8], cardioprotective [9], antiviral, antibacterial, and
anticancer activities [10]. Quercetin is one of the flavonoids found
in the fruits of medicinal plants, such as Phyllanthus emblica and
Vaccinium oxycoccos. We have observed that the tribal people of
Pachamalai hills use Amla fruits (P. emblica) as a traditional
medicine for diabetes. P. emblica is referenced in “Rasayana,” a
branch of the 5000-year-old Indian medical system “Ayurveda,”
which focuses on enhancing good health, preventing diseases by
boosting the immune system, as well as rejuvenating and re-
vitalizing the body and mind [11]. It is still used extensively not
only in India, but also in Iran, Iraq, Thailand, China, Italy, Germany,
and other countries as a laxative, diuretic, astringent, and
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antiemetic. It is also used to treat other ailments, including ane-
mia, jaundice, and tumors [12].

Computational biology and bioinformatics play an important
role in drug design and screening. Molecular docking of a drug
molecule with its target molecule can provide vital information
about the drug-receptor binding and affinity. Bioinformatics and
molecular docking studies helped us determine the efficacy of
quercetin, found in P. emblica, in the treatment of DM. These
computational results motivated us to further the study by pur-
ifying quercetin from the extract of P. emblica fruit. We then con-
ducted in vivo studies in an animal model of diabetes with the
purified quercetin.

2. Materials and methods

2.1. Computational tools and database source (ligand and protein)

This study was carried out using the Schrödinger software
suite. Maestro (version 10.2) of the Schrödinger suite contains
programs such as ligprep, sitemap, grid generation, and glide XP
dock [13]. Suitable ligands were retrieved from the ChemSpider
database [14]. These ligand molecules were converted to 3D
structures in the Schrödinger suite. Protein molecules of glycogen
phosphorylase (PDB: 1NOI) and peroxisome proliferator-activated
receptor gamma (PPAR-γ, PDB: 3G9E) were retrieved from the
protein data bank [15].

2.2. Protein preparation

The protein for docking was prepared using the protein pre-
paration wizard of the Schrödinger suite. The missing side chains,
back chains, and residues were updated. Occasional water mole-
cules present in the crystal structure, owing to the prevailing
conditions at the time of crystallization, may prove to be proble-
matic; any such water molecules were removed in the protein
preparation process. The removal of water molecules increases the
entropy, but it is offset by an accompanying loss in enthalpy.

2.2.1. Validation of binding site
Binding site validation plays a vital role in molecular docking.

Site validation analysis displays ligand-binding locations, amino
acid residues, and site scores. The site map of the entire protein
molecule is generated by validating the binding sites using the site
map generation tool in Maestro version 10.2 of the Schrödinger
suite. Once the site map was generated, we chose only one binding
site based on the site score. The binding site of the largest volume
was taken for grid generation.

2.2.2. Grid generation
Grid generation is very important for fixing the target site of

protein molecules. The phytocompounds or commercial drugs
were docked with the target in order to determine the docking
parameters with the help of Grid-based ligand docking. A grid box
was generated for docking the ligand at the centroid of the target
site [16].

2.3. Ligand preparation

The ligand preparation was performed using the LigPrep (2.2)
module [17]. The drawn ligand was geometry optimized via the
Optimized Potentials for Liquid Simulations 2005 (OPLS2005)
force field. LigPrep is a utility in the Schrödinger suite for the

purpose of combining tools to generate 3D structures from 1D
(Smiles) and 2D (SDF) representations, which probes tautomers
and stereoisomers for geometric minimization of ligands.

2.4. Molecular docking

Molecular docking was performed in the form of flexible
docking for the prediction of binding affinity, ligand efficiency, and
inhibitory constant. All the ligands were docked with the target
active site using Glide Xtra precision (XP). Active compounds will
only have positioning that avoids penalties and receives favorable
scores for accurate hydrophobic contacts between the protein and
ligand.

2.5. Plant material

The fruits of P. emblica were collected from the Pachamalai hills
during January 2016. The plant was authenticated by taxonomists
in the Rapinat herbarium, St. Josephs College, Trichy, India. A
voucher specimen (PHC1125) of the plant material was deposited
at the Pushpam Herbarium Cabinet, Department of Botany, A. V. V.
M Sri Pushpam College (Autonomous), Poondi, Thanjavur, India.

2.6. Extract preparation

Fresh fruits were washed under running water, cleaned, and
air-dried at 35 °C. After drying, the fruit was ground to powder and
kept dry in an air tight container until extraction. This powder,
dissolved in methanol, served as the extract tested in this study.

2.7. Phytocompound isolation

Methanolic fruit extract of P. emblica was chromatographed on
a silica gel column. Solvent mixtures of increasing polarity com-
posed of methanol and chloroform (methanol up to 90%) were
used for elution, and the fractions were collected. The purity of all
the fractions collected was determined by thin layer chromato-
graphy on silica gel with methanol and petroleum ether (90:10, v/
v) as the mobile phase. Spots were visualized by spraying the
plates with 20% antimony chloride in chloroform. The column
fractions that showed a single spot of the same Rf value were
pooled.

2.8. Experimental animals

Albino Wister male rats (7–8 weeks old, weighing 150–200 g)
were purchased from the GSA Animal Farm, Mayiladuthurai, Tamil
Nadu, India. The animals were fed with standard pellet diet
(Chakan Oil Mills, Sangli) and water ad libitum. Ethical clearance
was obtained from the Institutional Animal Ethics Committee and
the experiments were conducted according to the Indian National
Science Academy guidelines for the use and care of experimental
animals (CPCSEA/265).

2.9. Induction of diabetes and treatments

Streptozotocin (STZ) was dissolved freshly in 100 mM citrate
buffer (pH 4.5) and the calculated amount (60 mg/kg) of the so-
lution was injected intraperitoneally to overnight-fasted rats.
Blood glucose was checked 48 h later and animals showing blood
glucose values greater than 250 mg/dL were deemed diabetic and
included in the experiments. Experimental rats were divided into
six groups (one normal control group and five diabetic groups)
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with six animals per group. Treatments were given orally, once a
day, in the following manner:

Group I: Normal control (without any drug treatment);
Group II: Diabetes (STZ-injected rats);
Group III: Diabetes (STZ-injected rats) treated with 25 mg/kg
body weight quercetin;
Group IV: Diabetes (STZ-injected rats) treated with 50 mg/kg
body weight quercetin;
Group V: Diabetes (STZ-injected rats) treated with 75 mg/kg
body weight quercetin;
Group VI: Diabetes (STZ-injected rats) treated with 10 mg/kg
body weight metformin;

Quercetin and metformin were orally administered daily for 28
days. Body weights and blood glucose levels of overnight-fasted
rats were measured weekly. At the end of the experimental period,
the animals were fasted overnight and blood samples were col-
lected for various biochemical estimations.

2.10. Biochemical determinations

The serum was separated by centrifugation of the blood sam-
ples at 3000g for 10 min in a microcentrifuge. Then, biochemical
parameters, such as blood glucose, triglycerides (TG), high-density
lipoprotein (HDL), low-density lipoprotein (LDL), total cholesterol
(TC), and very-low-density lipoprotein (VLDL), were determined.
The hepatic glycogen levels were measured as per the method
described by Kemp and Kits Van Hejnijen [18].

2.11. Histopathological study

After termination of the experiment and euthanasia of the rats,
the livers were subjected to histopathological studies. They were
cut into small species (1 mm � 1 mm � 1 mm), preserved7 in
10% formaldehyde in saline for 48 h, dehydrated by treating suc-
cessively with increasing concentrations of ethyl alcohol (50%, 80%,
95%, and 100%), cleared in xylene, and embedded in paraffin.
Samples were cut into ultrathin sections with an ultramicrotome,
stained with hematoxylin and eosin dye, and mounted in neutral
deparaffinated xylene (DPX) medium for microscopic observation
of cells. The sections were examined for necrosis, fatty changes,
hyaline degeneration, and ballooning degeneration.

2.12. Statistical analysis

All the data were statistically evaluated and the significance of
various treatments was calculated. Results are expressed as means
7 standard error (S.E) and comparisons among the groups were
made by analysis of variance (ANOVA), followed by Student's t-
tests. A value of P o 0.01 was considered significant.

3. Results and discussion

3.1. Validation of binding sites

Ligand binding site validation was performed for all binding
sites in the target molecule and the binding cavity was chosen
based on the site score (Table 1). The 3D structure of the target
molecule is shown in Fig. 1A and the active site is shown in Fig. 1B.

3.2. Molecular docking

3.2.1. Glycogen phosphorylase (GP) protein
Molecular docking studies clearly revealed that quercetin has a

higher docking score with GP than does any other ligand. Inhibi-
tion of glycogenolysis has been proposed as a therapeutic strategy
for the treatment of type 2 diabetes. GP catalyzes the first step in
glycogen degradation as the rate limiting enzyme. It is expected
that inhibition of GP will inhibit glycogenolysis, reduce hepatic
glucose production, and lower blood glucose, thereby providing a
potential new treatment for type 2 diabetes [19–21].

The fruit of P. emblica, contains quercetin and gallic acid also.
The computational approach used involved docking of the ligands
(quercetin and gallic acid) to form a complex with GP and PPAR-γ.
Computational studies showed that quercetin interacts with GP
residues GLY177, TRP173, THR85, and THR219 (Fig. 2A). The back-
bones of GLY177 and TRP173 formed hydrogen bonds with the
ligand OH groups, while the side chains of THR85 and THR219
formed hydrogen bonds. These interactions are represented as two
types of arrows from protein to ligand; the first is a solid blue line
(H-bond backbone) and the other is a dotted blue line (H-bond
side chain) (Fig. 2B). In addition, another ligand molecule, gallic
acid, has the second docking score of �6.48347 (Table 2). The
docked molecule interacts with GP residues ILE166, ARG40,
ASN178, and TRP173 (Fig. 3A). The backbones of ILE166 and
TRP173 residues form hydrogen bonds with the ligand OH groups,
while the side chains of ARG40 and ASN173 form hydrogen bonds
with the ligand OH groups (Fig. 3B). According to the report by
Paramaguru et al. [22], quercetin interacts more favorably with GP
than gallic acid affinity. They also suggest that quercetin has po-
tent antihyperglycemic drug properties [22].

3.2.2. PPAR-γ protein
The other protein molecule, PPAR-γ, was docked with the two

phytocompounds (quercetin and gallic acid) and one synthetic li-
gand, metformin. The 3D structure of the PPAR-γ binding cavity is
represented in Fig. 4, and the site scores are displayed in Table 3. In
this docking analysis, the interactions between protein and ligands
were examined. The results show that quercetin is the best ligand
and a potentially potent inhibitor for PPAR-γ. The docking scores
are listed in Table 4. Quercetin interacts with PPAR-γ amino acid
residue TYR473 (Fig. 5A). The side chain of TYR473 forms a hy-
drogen bond with the OH group of quercetin (Fig. 5B). The docking
score of the other phytocompound, gallic acid, is lower than that of
quercetin, but it also has good binding affinity (Fig. 6).

The electrostatic energy of the binding interface is important
for protein-ligand complex formation. The major electrostatic in-
teractions include hydrogen bonds (both from side chains and
back bones), salt bridges, and π-π stacking. Hydrogen bonding is
one of the most important interactions for biological

Table 1
Target site score and ligand contact volume of binding cavity in glycogen phos-
phorylase (GP).

1NOI sites Site score Binding site volume

Sitemap-5 1.090184 1.417628
Sitemap-1 1.080538 1.094721
Sitemap-3 1.03978 0.882161
Sitemap-2 1.013763 0.972265
Sitemap-4 0.918663 0.834667
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macromolecular interactions, crucial for conferring stability to
protein molecules and selected protein-ligand interactions.

Metformin has the lowest docking score when compared with
that of the phytocompounds. Metformin interacts with PPAR-γ
amino acid residues SER42 and GLU291 (Fig. 7A). The backbone of
SER342 formed a hydrogen bond with the ligand NH group. The
side chain of GLU291 formed hydrogen bonds with the ligand
NH/NH2 groups (Fig. 7B).

According to reports, commercial antidiabetic drugs stimulate
insulin production from the pancreas, with the other treatment
being insulin injection. Various synthetic diabetes drugs are

available on the market, including the insulin secretagogues, sul-
fonylurea and meglitinides. Several insulin sensitizers, such as
biguanides, thiazolidinediones, and metformin, as well as α-gly-
cosidase inhibitors (e.g., acarbose) are also available. These medi-
cations have many side-effects such as hypoglycemia, idiosyncratic
liver cell injury, lactic acidosis, digestive discomfort, permanent
neurological deficit, headache, dizziness, and even death [23,24].
As mentioned previously, these drugs are often expensive [25]

3.3. Isolation of the phytocompound

The potential phytocompound was isolated from P. emblica fruit
extracts. The identity of the purified sample was elucidated by 13C
NMR, 1H NMR, mass spectroscopy, and UV absorption spectro-
scopy. The functional groups of quercetin were analyzed by Four-
ier-transform infrared (FTIR) spectroscopy.

3.3.1. Structural determination and characterization
Different spectral analysis techniques were used to interpret

the structure of the purified molecule. Precisely, the FTIR spectrum
revealed peaks at 709 cm�1 (C-H rocking), 1549 cm�1 (C-C

Fig. 1. Template of glycogen phosphorylase (1NOI) with ligand binding site. (A) 3D structure of the target molecule; (B) the active site.

Fig. 2. Molecular structure represents the interaction of quercetin and GP. (A) 3D interaction shows residue interaction and their distance values; (B) The 2D interaction plot
shows the contacts types.

Table 2
Docking score and H bond interaction of various phytocompounds with glycogen
phosphorylase molecule (1NOI).

Phytocompounds Docking score H bond interactions

Back chain Side chain

Quercetin �8.36669 GLY177 (2.69) THR85 & THR219
Gallic acid �6.48347 ILE116, TRP173 ARG40 & ASN173
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stretching (Ar)), 1709 cm�1 (C-O stretching), 3502 cm�1 (O–H
stretching (bending)), 3066 cm�1 (C-H stretching (Ar)), and
3640 cm�1 (H-O stretching – free OH group present) (Fig. S1 and
Table 5). 1H NMR revealed the aromatic C-H proton at
δ7.00–7.24 (S)-Ar (Fig. S1A), 13C NMR revealed a carbonyl (C ¼ O)
at δ170, C–H carbon at δ112, tertiary cation at δ124, C–OH at δ136,
and C–OH (L) at δ147 (Fig. S1B). Mass spectroscopy revealed the
molecular ion peak of the compound at 302 (mþ). The mass
spectroscopy indicates the base is obtained at 115. The identified
product is accomplished by determination of elemental physical
constants (Fig. S1C). UV absorption spectroscopy was used to
identify the presence of the conjugated πe. As shown in Fig. S1D,
Peak I is the conjugated πe at 285 nm, and Peak II is the enone
with external conjugated group at 356 nm (Fig. S1D). The product
was yellow colored, with an attached chromophoric ¼O ring in
the compound (Fig. 8).

3.3.2. Product characterization
After separating the extract by column chromatography, pre-

liminary screening of the various fractions was accomplished by a
thin layer chromatographic technique. However, different spectral
analyses (i.e., FTIR, 1H NMR, 13C NMR, mass spectroscopy, and UV
absorption) helped confirm that the compound was 2-(3,
4-dihydroxyphenyl)�3, 5, 7-trihydroxy-4H- chromen-4-one
(quercetin). Its molecular formula is C15H10O7 and its molecular
weight is 302.235. The compound is yellow crystalline, with a
melting point of 316 °C. It is insoluble in water but soluble in
methanol (Table 6). In computer modeling, the structure of the
compound, 2-(3,4-dihydroxyphenyl)�3, 5, 7-trihydroxy-4H-chro-
men-4-one, strongly suggested its usefulness as an antidiabetic, so
we tested it in an STZ-induced diabetic rat model.

3.4. Effect of quercetin on body weight and blood glucose

The experimental animals were treated with various con-
centrations of the potential lead compound, quercetin. In the
present study, this phytocompound was selected via molecular
docking analysis. Quercetin was orally administered at different
doses (25, 50, and 75 mg/kg) in rats with experimentally induced
hyperglycemia. The body weights of the rats are shown in Table 7.
The baseline weight of the rats at the beginning of the study was
similar among all groups. At the end of the treatment (after
4 weeks), the diabetic animals had lost weight due to the

Fig. 3. Docked complex of gallic acid with GP. (A) 3D interaction shows the residue interaction and their distance values; (B) The 2D interaction plot shows contacts types.

Fig. 4. Ligand binding cavity of PPAR-γ.

Table 3
Target site score and ligand contact volume in PPAR-γ (3G9E).

3G9E Site scores Binding site volume

Sitemap-1 1.05024 1.518028
Sitemap-2 1.030538 1.001731
Sitemap-3 1.03978 0.786131
Sitemap-4 1.003763 0.736214
Sitemap-5 0.918663 0.835692

Table 4
Docking score and H bond interaction of various phytocompounds with PPAR-γ
(3G9E).

Phytocompounds Docking score H bond interactions

Side chain Back chain

Quercetin �6.958 TYR473 –

Gallic acid �5.555 GLU291 & GLU295 GLU343
Metformin �3.098 GLU291 SER342
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catabolism of protein in muscle tissue caused by insulin deficiency
[26]. However, the quercetin-treated diabetic rats had not lost
body weight (Table 7). It is possible that the phytocompound was
able to protect the pancreatic β-cells. Similar results were obtained
by another group, and collectively, suggest that quercetin treat-
ment protects against diabetic weight loss [27]. The use of med-
icinal plants is increasing due to the extraction and development
of many successful drugs and chemotherapeutic agents from
plants and their use as traditional rural herbal remedies [28]. STZ
causes selective destruction of β-cells of the pancreatic islets,
which leads to an increase in blood glucose levels. It is evident
from the present investigation that STZ administration at a dose of
60 mg/kg causes significant diabetogenic response in the rats
(Table 8). Blood glucose levels were measured randomly at base-
line and on the 7th, 14th, 21st, and 28th days of the study. The
increased glucose levels in the diabetic control group were found
to be significant (P o 0.05) compared to that of the normal control
group. The elevated blood glucose levels declined sharply after
oral administration of quercetin (25, 50, and 75 mg/kg) or met-
formin (10 mg/kg). When comparisons were made between

baseline and the 28th day in the treated groups, there was a sta-
tistically significant (P o 0.01) decline in blood glucose levels. If
the decline in blood glucose levels is the only index to be con-
sidered, then treatment with quercetin or metformin produced a
highly effective antihyperglycemic response in STZ-induced dia-
betic rats. Considering the relative efficacy, although all tested
concentrations of quercetin produced antihyperglycemic activity,
quercetin of 75 mg was shown to produce the highest anti-
hyperglycemic activity among all tested agents including metfor-
min (Table 8). The reduction in blood glucose levels is the principal
therapeutic goal of diabetes. According to Torres-Piedra et al. [29],
quercetin significantly reduced the glucose levels in STZ-induced
diabetic rats. The effective control of blood glucose levels by in-
creasing the secretion of insulin and regeneration of β-cells in the
pancreas is a vital step in preventing cardiovascular and diabetic
complications and improving the quality of life in type 2 diabetic
patients [30]. Based on the results of our experimental analysis, it
is now well-established that quercetin is a plant-based natural
drug that is sufficiently potent to reduce elevated glucose levels in
diabetic rats.

Fig. 5. Docked complex of quercetin with PPAR-γ. (A) 3D interaction shows the residue interaction and their distance values. (B) The 2D interaction plot shows contacts
types.

Fig. 6. Docked complex of gallic acid with PPAR-γ. (A) 3D interaction shows the residue interaction and their distance values. (B) The 2D interaction plot shows contacts
types.
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3.5. Effect of quercetin on hemoglobin, plasma insulin, and urine
sugar

The levels of hemoglobin, plasma insulin, and urine sugar in
normal control and quercetin treated diabetic rats were measured.

Increased hemoglobin, plasma insulin, and lack of urine sugar
were observed in the treated diabetic rats. These values were
significantly improved close to normal after treatment with
quercetin (25, 50, and 75 mg/kg) or metformin (10 mg/kg) (Ta-
ble 9). The effect of quercetin on glycogen synthase and glycogen
phosphorylase activities in the liver of diabetic rats is shown in
Table 10. Diabetic rats showed increased activity of glycogen
phosphorylase and decreased activity of glycogen synthase. These
enzyme activities were significantly (po 0.05) reverted to near
normal levels after treatment with quercetin. In addition, it has
been suggested that quercetin can improve insulin signaling and
insulin sensitivity in rats with insulin resistance [31]. Quercetin
could improve fasting hyperglycemia by enhancing insulin sensi-
tivity via α-glucosidase inhibition and enhanced insulin signaling
in diabetic rats [32].

3.6. Effect of quercetin on plasma lipid profiles

Diabetic rats showed significant increases in the blood levels of
TC, TG, LDL, and VLDL. In contrast, HDL was significantly reduced
compared to the values of normal control rats. Regular adminis-
tration of quercetin for 4 weeks nearly normalized the lipid pro-
files in the diabetic rats. Oral administration of metformin sig-
nificantly decreased the blood levels of TC, LDL, and VLDL. How-
ever, metformin did not significantly change the blood levels of TG
compared to those of the diabetic control rats. In diabetic rats
treated with quercetin (75 mg/kg), the blood levels of TC
(24.02%↓), LDL (31.75%↓), and VLDL (48.23%↓) decreased sig-
nificantly by the end of study (after 28 days); however, the blood
level of HDL was significantly increased compared to the value in
the diabetic rats (78.88%↑) (Table 11). In diabetes, LDL and VLDL
carry cholesterol to the peripheral tissues where it is deposited,
while HDL transports cholesterol from peripheral tissues to the
liver to facilitate its excretion and metabolism. It has been re-
ported that elevated serum LDL and VLDL are indicative of the
atherogenic process [33]. As suggested by previous studies, an
active phytocompound, such as quercetin, can decrease the levels
of cholesterol and LDL in diabetic rats [34].

3.7. Histopathology observation

Representative histopathological changes in the pancreas are
shown in Fig. 9. STZ administration elicited severe injury of the

Fig. 7. Docked complex of synthetic drug molecule Metformin with PPAR-γ. (A) 3D interaction shows the residue interaction and their distance values. (B) The 2D interaction
plot shows contacts types.

Table 5
Functional groups and their peak characters.

Functional groups FTIR peaks
(cm�1)

Peak characters

C-H 709 Rocking
C-C 1549 Stretching in aromatic ring
C¼O 1709 Stretching (acid)
O-H 3502 Stretching (bending)
C-H 3066 Stretching in aromatic ring
H-O 3640 Stretching, free hydroxyl may be pre-

sence of phenol

Fig. 8. Structure of 2-(3, 4-dihydroxyphenyl)�3, 5, 7-trihydroxy-4H-chromen-4-
one (Quercetin).

Table 6
Elemental analysis.

Elements Symbol of
atom

Number of
atom

Atomic
mass

Mass
percentage

Molar mass

Carbon C 15 12.0107 59.6092 180.1605
Hydrogen H 10 1.00794 3.3349 10.0794
Oxygen O 7 15.9994 37.0557 111.9958
Total molecular weight 302.2357
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pancreas, as indicated by decreasing numbers of islet cells and
diminishing diameters of the pancreas islets (Fig. 9). The islets
were smaller in diabetic rats than in normal control rats (Fig. 9B).
Administration of quercetin (25, 50, and 75 mg/kg) or metformin
(10 mg/kg) reduced pancreatic injury. The pancreas is a vital organ
of metabolism and macronutrients digestion, which also secretes
different digestive enzymes and pancreatic hormones [35]. Many
studies have indicated that quercetin has the capacity to prevent
pancreatic injury, promoting regeneration of the pancreatic islets
and increasing its ability to maintain normal blood glucose levels
in diabetes-induced rats [32,36].

4. Conclusion

The present molecular docking analysis showed a better bind-
ing affinity and lead docking score to glycogen phosphorylase with
quercetin than with gallic acid. Quercetin was isolated from P.
emblica fruit extract after the in silico finding. Different con-
centrations of quercetin showed remarkable antihyperglycemic
effects and potent defense mechanisms in STZ-induced diabetic
rats. Metformin is more commonly associated with gastro-
intestinal side effects than most other antidiabetic drugs. Finally,
we conclude that quercetin is a remarkable antihyperglycemic

Table 7
Effects of quercetin on the changes of body weight in normal control and experimental rats observed at weekly interval during the 28 days of study.

Groups Body weight (g)

Day 0 Day 7 Day 14 Day 21 Day 28

Normal control 190.15 7 17.11 192.18 7 16.14 193.12 7 15.11 197.14 7 17.41 199.21 7 19.13
Diabetes 187.407 1.4 173.02 7 1.90 164.26 7 3.12 152.11 7 14.23 146.11 7 13.22*

Diabetes þquercetin 25 mg/kg 184.05 7 3.21 185.05 7 4.12 (0.54%↑) 188.21 7 3.21* (2.26%↑) 191.20 7 1.2 (3.78%↑) 192.187 3.12*(4.41%↑)
Diabetes þquercetin 50 mg/kg 185.13 7 18.11* 192.15 7 11.07* (3.79%↑) 193.11 7 1.07* (4.31%↑) 194.13 7 12.10* (4.85%↑) 195.15713.17* (5.40%↑)
Diabetes þquercetin 75 mg/kg 185.11 7 17.22* 193.14 7 14.21* (4.33%↑) 198.09 714.26** (7.01%↑) 209.17 7 14.23 (12.99%↑) 218.127 12.33** (17.83%↑)
Diabetes þmetformin 10 mg/kg 184.15 7 14.23* 188.22 7 12.33* (2.21%↑) 192.12 7 14.25* (3.78%↑) 202.02 7 15.37** (9.70%↑) 209.15 717.35** (13.57%↑)

Values are expressed in Mean 7 SD (n ¼ 6 in each group).
* p o 0.05,
** p o 0.01 compared to diabetes group.

Table 8
Effects of quercetin on blood glucose levels in streptozotozin-induced diabetic rats.

Groups Blood glucose (mg/dL)

Day 0 Day 1 Day 7 Day 14 Day 21 Day 28

Normal control 98.60 7 0.48 98.40 7 0.34 98.20 7 0.38 99.85 7 0.49 99.72 7 0.43 100.12 7 1.24
Diabetes 100.50 7 0.30 360.20 7 4.76 392.60 7 2.41 412.60 7 2.57 426.57 7 2.14 465.30 7 1.26
Diabetes þ quercetin
25 mg/kg

98.00 7 0.42 358.00 7 2.09 348.00 7 1.85 (2.79%↓) 325.73 7 2.67 (9.01%↓) 284.25 7 2.03 (20.60%↓) 224.50 7 1.67 (37.29%↓)

Diabetes þ quercetin
50 mg/kg

96.80 7 0.20 357.40 7 0.82 320.80 7 2.34* (10.39%↓) 270.56 7 1.43 (24.46%↓) 246.53 7 3.07* (31.02%↓) 171.06 7 2.68** (52.13%↓)

Diabetes þ quercetin
75 mg/kg

95.00 7 0.20 358.50 7 1.56 305.50 7 2.17** (14.78%↓) 225.82 7 1.08* (37.00%↓) 182.32 7 5.24** (49.14%↓) 119.00 7 3.62** (66.80%↓)

Diabetes þ metformin
10 mg/kg

99.20 7 0.48 359.80 7 2.34 339.60 7 2.34 (5.61%↓) 318.28 7 3.21 (11.61%↓) 276.81 7 1.40* (23.06%↓) 219.30 7 2.88* (39.04%↓)

The data represent the mean 7 SD (n ¼ 6).
* p o 0.05,
** p o 0.01 when compared to diabetes group.

Table 9
Effects of quercetin on the levels of plasma insulin, total hemoglobin and urine
sugar.

Groups Plasma in-
sulin (mg/dL)

Total hemoglobin
(mg/dL)

Urine
sugar

Normal control 17.21 7 3.07 13.41 7 9.11 NIL
Diabetes 8.13 7 7.03 8.97 7 0.49 þþ
Diabetes þ quercetin 25 mg/kg 12.6 7 9.36* 12.08 7 0.49* NIL
Diabetesþquercetin 50 mg/kg 14.05 7 1.21* 13.07 7 1.58* NIL
Diabetesþquercetin 75 mg/kg 19.31 7 2.01 13.98 7 4.02** NIL
Diabetes þ metformin 10 mg/Kg 12.11 7 7.14** 12.99 7 0.45** NIL

The data represent the mean 7 SD (n ¼ 6).
* p o 0.05,
** p o 0.01 compared to diabetes group.

Table 10
Effect of quercetin on activity of glycogen synthase and glycogen phosphorylase in
the liver.

Groups Glycogen synthase
(mg/dL)

Glycogen phosphorylase
(mg/dL)

Normal control 773.56 7 27.06 572.21 7 15.04
Diabetes 462.35 7 12.11 752.41 7 4.70
Diabetes þquercetin
25 mg/kg

572.21 7 5.21* 632.31 7 4.02

Diabetes þquercetin
50 mg/kg

630.43 7 21.34** 610.13 7 1.07**

Diabetes þquercetin
75 mg/kg

652.31 7 17.22** 532.02 7 11.17**

Diabetes þmetformin
10 mg/kg

643.27 7 7.31** 606.147 33.01**

The data represent the mean 7 SD (n ¼ 6).
* p o 0.05,
** p o 0.01 when compared to diabetes group.
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Table 11
Effect of quercetin on serum lipid profile.

Group TG (mg/dL) HDL (mg/dL) VLDL (mg/dL) LDL (mg/dL) TC (mg/dL)

Normal control 88.31 7 7.31 49.6 7 2.71 17.03 7 1.51 19.9 7 4.25 99.7 7 6. 23
Diabetes 122.41 7 7.03 (38.61%↓) 22.31 7 1.64 (55.02%↓) 48.14 7 2.86 (182.67%↓) 27.4 7 8.12 (37.6%↓) 162.12 7 3.21 (62.60%↓)
Diabetes þquercetin 25 mg/kg 113.19 7 53.07 (7.53%↓) 27.56 7 2.62 (23.53%↑) 43.24 7 1.64 (10.17%↓) 26.19 7 6.77 (4.41%↓) 57.14 7 31.02 (3.07%↓)
Diabetes þquercetin 50 mg/kg 106.05 7 9.32* (12.99%↓) 32.25 7 3.06* (30.82%↑) 37.19 7 2.8* (22.74%↓) 21.41 7 2.34 (21.86%↓) 141.11 7 4.39* (12.95%↓)
Diabetes þquercetin 75 mg/kg 93.00 7 8.17** (24.02%↓) 39.91 7 5.14** (78.88%↑) 24.92 7 1.34** (48.23%↓) 18.7 7 2.66** (31.75%↓) 119.27 7 2.18** (26.43%↓)
Diabetes þmetformin 10 mg/kg 104.27 7 7.38** (14.81%↓) 29.27 7 2.56** (31.19%↑) 42.52 7 3.4** (11.67%↓) 25.27 7 5.28** (7.77%↓) 148.15 7 72.19** (8.61%↓)

The data represent the mean 7 SD (n ¼ 6).
TG: triglycerides; HDL: high density lipoprotein; LDL: low density lipoprotein; VLDL: very low density lipoprotein; TC: total cholesterol.

* p o 0.05,
** p o 0.01 compared to diabetes group.

Fig. 9. Histopathology of pancreas at the end research with hematoxylin and eosin stain in different groups. (A) Normal control group: typical histological structure of
pancreas and normal islets; (B) Streptotozocin induced diabetes model group showing severe nectrotic changes, β-cells injury and breakdown of the islets after 72 h;
(C) Diabetes þ 25 mg/kg quercetin group showing slightly restored the necrotic changes and β cells with shrunken islets; (D and E) Diabetes þ 50 mg/kg and Diabetes þ
75 mg/kg groups presenting near normal histological structure; (F) Diabetes þ 10 mg/kg metformin group showing significantly reduced pancreas injury and slightly
restored the necrotic change.
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agent, which can be considered as a potential drug candidate for
diabetes mellitus with fewer side effects than metformin.
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a b s t r a c t

A selective and sensitive competitive enzyme-linked immunosorbent assay (ELISA) method was developed
and validated for the quantification of erlotinib in 50 mL of samples of human serum. Anti-erlotinib serum
was obtained by immunizing mice with an antigen conjugated with bovine serum albumin and 3,4-bis(2-
methoxyethoxy)benzoic acid using the N-succinimidyl ester method. Enzyme labeling of erlotinib with
horseradish peroxidase was similarly performed using 3,4-bis(2-methoxyethoxy)benzoic acid. A simple
competitive ELISA for erlotinib was developed using the principle of direct competition between erlotinib
and the enzyme marker for anti-erlotinib antibody, which had been immobilized on the plastic surface of a
microtiter plate. Serum erlotinib concentrations lower than 40 ng/mL were reproducibly measurable using
the ELISA. This ELISA was specific to erlotinib and showed very slight cross-reactivity (6.7%) with a major
metabolite, O-desmethyl erlotinib. Using this assay, drug levels were easily measured in the blood of mice
after oral administration of erlotinib at a single dose of 30 mg/kg. ELISA should be used as a valuable tool for
therapeutic drug monitoring and in pharmacokinetic studies of erlotinib.
& 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

Erlotinib (Fig. 1), an epidermal growth factor receptor-tyrosine
kinase inhibitor (EGFR-TKI), is widely used to treat non-small cell
lung cancer and unresectable pancreatic cancer [1,2]. However, it is
associated with a higher incidence of interstitial lung disease than
other anticancer drugs, and many fatal cases have been reported [3].
It also frequently causes acneiform rashes by inhibiting the expres-
sion of EGFR in the stratum basale and skin appendages. These re-
actions are frequently reported as a reason for dose reduction or
interruption of treatment in patients receiving erlotinib [4,5].

Erlotinib is metabolized by CYP3A4, CYP1A2, and CYP3A5 in the
liver, and the induction of CYP3A4 via tobacco smoking has been
shown to decrease the blood concentration of erlotinib by about
50% [6]. Food also influences the absorption of erlotinib. Taking
erlotinib after consuming a high-fat, high-calorie meal has been
shown to increase maximum blood concentrations by about 1.5-
fold and the AUC about 2-fold [7]. The severity of skin damage
caused by erlotinib has been shown to be correlated with the
concentration of erlotinib in the blood [8], which indicates that
therapeutic drug monitoring (TDM) is needed to minimize the
toxicity of erlotinib and improve the response to treatment.

O-Desmethyl erlotinib is known as a major metabolite in humans
(Fig. 1) [9]. During long-term therapy, the plasma concentration of
O-desmethyl erlotinib is about 10% of that of erlotinib [10]. Therefore,
an analytical method specific to erlotinib must be developed for TDM
or pharmacokinetic studies. Previous TDM and pharmacokinetic
studies of erlotinib have used high-performance liquid chromato-
graphy (HPLC) [11] and liquid chromatography with tandem mass
spectrometry (LC–MS/MS) [12–17]. However, no immunoassay tech-
nique that compares favorably with these analytical methods has
been developed. The reason for this is that it is very challenging to
produce an anti-erlotinib antibody that is not cross-reactive with
O-desmethyl erlotinib, the major metabolite of erlotinib. We pre-
viously created a specific antibody, which is not cross-reactive with
the major metabolite, and changed part of the structure of the drug
to a hapten antigenic structure, by considering the structure of the
major metabolite, to develop an enzyme immunoassay technique
that could be used for pharmacokinetic studies of the antibody
[18–20]. Similarly, we created a specific anti-erlotinib antibody by
changing part of the structure of erlotinib to a hapten antigenic
structure to develop enzyme immunoassay techniques that could be
used for pharmacokinetic studies on erlotinib.

In this study, we successfully developed the first specific and
sensitive competitive enzyme-linked immunosorbent assay
(ELISA) for erlotinib using a polyclonal antibody against part of
the structure of erlotinib and herein report the technique. The
initial application of the assay for the measurement of erlotinib

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jpa
www.sciencedirect.com

Journal of Pharmaceutical Analysis

Peer review under responsibility of Xi'an Jiaotong University.

https://doi.org/10.1016/j.jpha.2017.10.002
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/).

n Corresponding author.
E-mail address: sait1102@life.sojo-u.ac.jp (T. Saita).

Journal of Pharmaceutical Analysis 8 (2018) 119–123

www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2017.10.002
https://doi.org/10.1016/j.jpha.2017.10.002
https://doi.org/10.1016/j.jpha.2017.10.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2017.10.002&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2017.10.002&domain=pdf
mailto:sait1102@life.sojo-u.ac.jp
https://doi.org/10.1016/j.jpha.2017.10.002


levels in mice demonstrates its usefulness for the assessment of
basic pharmacokinetic parameters.

2. Materials and methods

2.1. Chemicals and reagents

Erlotinib hydrochloride and O-desmethyl erlotinib were obtained
from AdooQ BioScience LLC (Irvine, CA, USA). Ethyl 3,4-bis(2-meth-
oxyethoxy)benzoate (EBMB) was obtained from AK Scientific, Inc
(Union City, CA, USA). 2,4,6-Trinitrobenzene sulfonic acid was
obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Horseradish peroxidase (HRP) and 3,3,5,5-tetramethylbenzidine
(TMB) were obtained from Boehringer Ingelheim Pharma GmbH
(Ingelheim, Germany). Sodium hydroxide, hydrochloric acid, sulfuric
acid, sodium dihydrogenphosphate dehydrate, disodium hydro-
genphosphate 12-water, sodium azide, tris(hydroxymethyl)amino-
methane (Tris), 1-ethyl-3,3-dimethylaminopropyl carbodiimide
hydrochloride (EDC), N-hydroxysuccinimide, dioxane, ethyl acetate,
N,N-dimethylformamide and bovine serum albumin (BSA) were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Hydrogen peroxide (30% in water) was obtained from Nacalai Tesque
Inc. (Kyoto, Japan).

2.2. Preparation of the immunogen for erlotinib

The erlotinib immunogen was prepared with part of the
structure of erlotinib (EBMB) as shown in Fig. 2. EBMB (10 mg,
33.5 mmol) was dissolved in 500 mL of 1 M NaOH and the resulting
solution was left to stand at 60 °C for 1 h. The resulting EBMB
carboxylate was acidified by the addition of 550 mL of 1 M HCl and
then extracted with ethyl acetate. The organic layer was separated
and evaporated under reduced pressure. The residue was
dissolved in 95% dioxane (1 mL). EDC (12.7 mg, 67 μmol) and
N-hydroxysuccinimide (7.7 mg, 67 μmol) were added to the
dioxane solution, and the solution was left to stand at room
temperature for 2 h. The reaction mixture containing succinimidyl
EBMB was immediately mixed with BSA (20 mg) in 1 mL of 0.1 M

phosphate buffer (pH 7.0) and incubated at room temperature for
2 h. The reaction solution was dialyzed in 1 mM phosphate buffer
(pH 7.0) for 24 h. The purified conjugate was lyophilized and used
as an immunogen for erlotinib. The trinitrobenzene sulfonic acid
method was used to determine the primary amine [21], and about
18.1 EBMB molecules were found to be coupled with each mole-
cule of BSA based on the reduction of the primary amine.

2.3. Preparation of erlotinib antibody

Five 5-week-old, female BALB/c mice (Kyudo Exp. Animals,
Kumamoto, Japan) were injected intraperitoneally with 0.1 mg of
EBMB-BSA conjugate emulsified in complete Freund’s adjuvant.
The mice received 3 injections of the con-jugate (0.05 mg) alone at
2-week intervals. Seven days after the final injection, the mice were
euthanized and sera were collected, separated by centrifugation, he-
ated at 55 °C for 30 min, and then stored at �30 °C. The anti-erlotinib
serum obtained was directly used as the anti-erlotinib antibody for
ELISA. The experimental protocol was approved by the Ethics Review
Committee for Animal Experimentation of Sojo University.

2.4. Preparation of the erlotinib-HRP conjugate

Erlotinib was labeled by binding to HRP, essentially by the same
method as that used for the preparation of erlotinib immunogen.
EBMB (10 mg, 33.5 mmol) was dissolved in 500 mL 1 M NaOH and the
solution was left to stand at 60 °C for 1 h. The resulting EBMB car-
boxylate was acidified by the addition of 550 mL of 1 M HCl and then
extracted with ethyl acetate. The organic layer was separated and
evaporated under reduced pressure. The residue was dissolved in
95% dioxane (1 mL). EDC (12.7 mg, 67 mmol) and N-hydro-
xysuccinimide (7.7 mg, 67 mmol) were added to the dioxane solution.
The resulting solution was left to stand at room temperature for 2 h,
and a 50 mL aliquot of the reaction mixture, containing succinimidyl
EBMB, was then added directly to HRP (0.5 mg, 12.5 nmol) in 0.5 mL
of 0.1 M phosphate buffer (pH 7.0), followed by incubation at room
temperature for a further 2 h. The mixture was chromatographed on
a column of Sephadex G-75 (2.0 cm � 30 cm) using PBS containing
0.1% BSA to remove any remaining small molecules. Fractions (4 mL)

Fig. 1. Chemical structures of erlotinib and its major metabolite.

Fig. 2. Scheme showing the preparation of the immunogen and enzyme conjugate.
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were collected and fractions 8 and 9, corresponding to the main
peaks showing enzyme activity, were used as a label for ELISA.

2.5. ELISA procedure

ELISA is based on the principle of competition between en-
zyme-labeled and unlabeled drugs for an immobilized antibody,
followed by measurement of the marker enzyme activity of the
immunocomplex bound to the solid phase. Briefly, microtiter plate
wells (Nunc F Immunoplates I; Nunc, Roskilde, Denmark) were
coated with 100 mL of anti-mouse-IgG antibody (2 mg/mL) (Bethyl
Laboratories, Montgomery, TX) in 10 mM Tris-HCl buffer (pH 8.5)
containing 10 mM NaCl and 10 mM NaN3 and left to stand for 1 h
at 37 °C. Plates were washed twice with PBS containing 0.1% BSA
and incubated with 100 mL of anti-erlotinib serum diluted 2000-
fold with PBS containing 1% skim milk for 30 min at 37 °C. The
anti-erlotinib antibody-coated wells were then filled with 50 mL of
either erlotinib-treated samples or PBS containing 0.1% BSA as a
control, followed immediately by 50 mL of the pooled erlotinib-
HRP conjugate (diluted 1:20 in PBS containing 0.1% BSA for erlo-
tinib). The wells were incubated overnight at 4 °C and once again
washed thoroughly with PBS containing 0.1% BSA. The activity of
the enzyme conjugate bound to each well was measured by the
addition of 100 mL of 0.42 mM TMB in 0.05 M acetate-citric acid
buffer (pH 5.5) containing 3% N, N-dimethylformamide and 0.01%
hydrogen peroxide, followed by incubation of the wells at 37 °C for
a suitable period. The enzyme reaction was stopped by the addi-
tion of 100 mL of 2.0 M H2SO4 to each well, and the resulting color
intensity was measured spectrophotometrically at 450 nm using
an ELISA analyzer (ImmunoMini NJ-2300, Nalge Nunc Int. Co., Ltd.,
Tokyo, Japan). Concentrations were calculated from the standard
curve using semi-logarithmic graph paper.

2.6. Pharmacokinetic evaluation

Three 8-week-old female BALB/c mice (Kyudo Exp. Animals;
Kumamoto, Japan) weighing 25–30 g were used in this study. Er-
lotinib was orally administered at a dose of 30 mg/kg using a
sonde after an overnight fast. The drug was suspended in methyl
cellulose (0.5%, m/v water) at 5 mg/mL concentration. Peripheral
blood (5 mL) was collected from the tail vein pre-administration
and at 0.25, 0.5, 1, 2, 4, 8, 12, and 24 h after administration, diluted
25 times with PBS containing 0.1% BSA, and immediately vortexed
for several seconds. Diluted blood samples were centrifuged at
3000g for 10 min at 4 °C, and each resulting supernatant was
stored at �30 °C until the erlotinib concentration was assayed.
The experimental protocol was approved by the Ethics Review
Committee for Animal Experimentation of Sojo University.

3. Results and discussion

3.1. Preparation of the immunogen and enzyme conjugate for
erlotinib

In long-term therapy, the plasma concentration of O-desmethyl
erlotinib, the major metabolite of erlotinib in humans, is about 10%
of that of erlotinib [10]. Therefore, an anti-erlotinib antibody that
does not show cross-reaction with O-desmethyl erlotinib must be
produced to develop an ELISA that can specifically measure the
concentration of erlotinib in human plasma. Namely, antibodies
against erlotinib must have high affinity for the bis(2-methox-
yethoxy) group, which is the primary site of metabolism. In
general, antibody specificity on the hapten appears to be towards
the group farthest away from the region of conjugation to the
carrier protein in the immunogen structure [22,23]. Therefore,

when creating erlotinib antigens, it must be ensured that the bis
(2-methoxyethoxy) group within the hapten structure is as far
away as possible from the carrier protein binding domain. More-
over, erlotinib has no suitable reactive structure for making
immunogens such as the erlotinib-BSA conjugate. Based on these
findings, erlotinib immunogen was prepared from part of the
structure of erlotinib (EBMB) (Fig. 2). The EBMB carboxylate was
coupled to BSA using the hydroxysuccinimide ester method [24],
and the resulting EBMB-BSA conjugate (erlotinib immunogen),
with about 18 mol of EBMB per mol of BSA, induced the formation
of specific antibodies in each of the five mice immunized. EBMB-
HRP conjugate (as a tracer) was also prepared by the same
procedure. The conjugate was stable for more than 6 months in
eluted buffer (pH 7.0) at 4 °C without any loss of the enzyme or
immunoreactive enzyme activity.

3.2. Validation of method

The optimal quantities and incubation times for each reaction
were established. The standard dose-response curve of erlotinib
obtained in the human serum system is shown in Fig. 3. The ELISA
detection range was 8–25,000 ng/mL of erlotinib. The curve was
essentially linear on a semilogarithmic plot between 40 and
25,000 ng/mL. For practical purposes, the working range was
arbitrarily set to 40–5000 ng/mL based on the findings of precision
and accuracy for the ELISA (Table 1), which showed this ELISA to
be a reproducible technique. The recoveries of four different levels
of erlotinib ranging from 40 to 5000 ng/mL were satisfactory at

Fig. 3. Standard curve of the developed ELISA for erlotinib in human serum. The
curve shows the bound enzyme activity (%) for various doses of erlotinib (B) as a
ratio to that bound using erlotinib-HRP alone (B0). Each point represents the mean
7 S.D. (n¼3).

Table 1
Recoveries of erlotinib from human serum and precision of ELISA for erlotinib.

Assay Added (ng/mL) Estimated (ng/mL) Recovery (%) CV (%)

Intra-assay 40.0 42.2 7 3.9 105.5 9.2
200.0 197.6 7 10.2 98.8 5.2
1000.0 979.0 7 25.7 97.9 2.6
5000.0 4922.0 7 95.5 98.4 1.9

Inter-assay 40.0 43.1 7 1.8 107.5 4.2
200.0 194.6 7 14.3 97.3 7.3
1000.0 966.4 7 23.6 96.6 2.4
5000.0 4964.4 7 114.5 99.2 2.3

Values represent the mean 7 S.D. (n¼5).
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96.6%–107.5% (n¼5). The coefficients of variation (CV) for intra-
and inter-assays of erlotinib at four different level concentrations
in the range of 40–5000 ng/mL were 1.9%–9.2% and 2.3%–7.3%
(n¼5 for each), respectively. The detection limit of erlotinib in the
ELISA was 40 ng/mL (student’s t-test, n¼3, P o 0.01 compared
with the B0 value). The plasma concentration range for the usual
clinical dose of erlotinib is about 0.6–2.5 μg/mL [25]. Therefore,
this ELISA may be sensitive enough to quantify erlotinib in TDM
and pharmacokinetic studies.

3.3. Specificity

Antibody cross-reactivity was determined by the displacement
of bound erlotinib-HRP by similar compounds. Cross-reactivity
values were defined as the ratio of each compound to erlotinib in
the concentrations required for 50% inhibition of erlotinib-HRP
binding to the antibody. The anti-erlotinib antibody showed 100%
cross-reactivity with EBMB used as a hapten antigen, 6.7% with the
major erlotinib metabolite, O-desmethyl erlotinib, 1.3% with

3-fluoro-4-(2-methoxyethoxy)aniline, and 0.8% with 1,2-diethox-
ybenzene (Table 2). Furthermore, the antibody showed high
affinity for erlotinib and EBMB was used as a hapten antigen.
However, it showed limited reactivity with the major metabolite
O-desmethyl erlotinib and erlotinib analogs. These findings
suggest that the antibody recognizes almost the whole EBMB
structure, and thus is suitably specific to the structure of erlotinib.
In addition, based on the predicted target area of the anti-erlotinib
antibody, we estimated the length of the epitope to be approxi-
mately 8.5 Å (Fig. 4).

3.4. Pharmacokinetic study of erlotinib in mice

To demonstrate the potential of the ELISA, a preliminary
pharmacokinetic study of erlotinib in mice was performed (Fig. 5).
Erlotinib was rapidly absorbed, reached peak concentrations in the
blood of 2987.5 ng/mL 60 min after oral administration, and then
slowly decreased. The erlotinib levels in the blood samples were
similar to those of the LC–MS results reported by Smith et al. [26].
Using the ELISA, erlotinib levels were easily measured in the blood
of mice after a single oral dose of erlotinib. The ELISA determina-
tions may have measured the total amount of erlotinib im-
munoreactivity and included erlotinib metabolites that
cross-reacted with the anti-erlotinib antibody, such as the major
metabolite in humans, O-desmethyl erlotinib [9]. However, during
long-term therapy, the plasma concentration of O-desmethyl
erlotinib is only about 10% of that of erlotinib [10]. Therefore,
considering the specificity of the antibody and the plasma
concentration of O-desmethyl erlotinib, there might not have any
interference. The cross-reactivity of the other metabolites has not
yet been confirmed, and their maximum concentrations detected
in human plasma are relatively low [9]. Therefore, this ELISA may
be specific enough to quantify erlotinib for TDM and pharmaco-
kinetic studies in humans.

4. Conclusion

We have described the preparation of the first antibody against
erlotinib by preparing immunogens from part of the structure of
erlotinib. The generated antibody against erlotinib was used to
develop the ELISA, which was shown to be sensitive, specific, and
adaptable for high-throughput analyses. This ELISA will be a
valuable tool in TDM and pharmacokinetic studies of erlotinib.
Finally, our approach is expected to be invaluable in the devel-
opment of new immunoassays for low-molecular-weight drugs
that produce a variety of metabolites.

Table 2
Percent cross-reactivity of metabolite and analogs measured by ELISA.

Fig. 4. The predicted target areas of the anti-erlotinib antibody. The length of
epitope was approximately 8.5 Å.

Fig. 5. Blood erlotinib levels in mice after a single oral administration of erlotinib.
Three mice weighing 25–31 g were injected with 30 mg/kg erlotinib. At each in-
terval, blood was collected and the levels of erlotinib were measured by ELISA. Each
point represents the mean 7 S. D. (n ¼ 3).
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a b s t r a c t

An ultrasensitive electrochemical sensor based on polydopamine/carboxylic multi-walled carbon nano-
tubes (MWCNTs�COOH) nanocomposites modified glassy carbon electrode (GCE) was presented in this
work, which has been developed for highly selective and highly sensitive determination of an anti-
microbial drug, metronidazole. The preparation of polydopamine/MWCNTs–COOH nanocomposites/GCE
sensor is simple and possesses high reproducible, where polydopamine can be coated on the surface of
MWCNTs–COOH via a simple electropolymerization process. Under optimized conditions, the proposed
sensor showed ultrasensitive determination for metronidazole with a wide linear detection range from
5 to 5000 mmol/dm3 and a low detection limit of 0.25 mmol/dm3 (S/N ¼ 3). Moreover, the proposed
sensor has been successfully applied for the quantitative determination of metronidazole in real drug
samples. This work may provide a novel and effective analytical platform for determination of me-
tronidazole in application of real pharmaceutical and biological samples analysis.
& 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

Metronidazole, one of nitroimidazole derivative drugs (Fig. 1)
well-known for its antimicrobial properties, is effective
against trichomonas [1–3], Vincent's organisms [4] and anaerobic
bacteria [5–7]. However, overuse and long-term use of
metronidazole will cause toxicity [8], peripheral neuropathies [9]
and optic neuropathy [10,11]. Therefore, it is necessary to
monitor metronidazole concentration in patients under antibiotic
therapy. Several analytical methods have been reported for the
determination of metronidazole, including spectrophotometry
[12,13] and chromatography [14–17]. However, these methods
could not realize high selectivity of metronidazole determination,
and such determination processes were costly and time
consuming. Hence, it is important to develop an alternative
method for metronidazole determination with high sensitivity and
selectivity.

Nowadays, electrochemical methods have been widely used in
environmental analysis and biological samples analysis [18–22].
Particularly, electrochemical sensors and biosensors have been
developed for pharmaceutical, food, agricultural and

environmental analyses due to the advantages of fast response and
good sensitivity [23–26].

Electrochemical determination based on electrochemical
sensor possesses the advantages of high sensitivity low cost and
easy operation, which was widely used in analytical chemistry,
and separation step is usually used to increase the selectivity
prior to the determination [27–29]. Electrochemical sensors
fabricated by different modified electrode materials have been
developed for electrochemical determination [27,29]. Poly-
dopamine is a conductive and biocompatible polymer, which has
versatile applications due to its many attractive properties [30–33].
Polydopamine can be coated on different materials and can be a
good support for loading metal nanoparticle to form nanocompo-
sites [34,35], which finally was applied in various electrochemical
biosensors [36–39]. Moreover, the polymerization method of dopa-
mine was facile, and its surface morphology and layer thickness can
be better controlled [40–42]. Furthermore, polydopamine can be
easily coated on the materials surface through a very strong che-
mical bond [43,44]. Carboxylic muti-walled carbon nanotubes
(MWCNTs–COOH) have been widely applied for the development of
chemical sensors due to their excellent electrical conductivity, high
surface area, remarkable mechanical strength and good chemical
stability [45,46].

In this work, we developed a novel electrochemical sensor
based on polydopamine/MWCNTs–COOH nanocomposites, where
polydopamine can be easily electropolymerized to the surface of
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MWCNTs–COOH to form nanocomposites, and finally successfully
realized the ultrasensitive determination for metronidazole with a
wide linear detection range from 5 to 5000 mmol/dm3 and a low
detection limit of 0.25 mmol/dm3 (S/N ¼ 3). Most importantly, the
proposed sensor has been successfully applied for the quantitative
determination of metronidazole in real drug samples. This work
would provide an effective analytical strategy for metronidazole
determination in application of real pharmaceutical and biological
samples analysis.

2. Experimental

2.1. Reagents

Metronidazole (99%, analytical grade) was purchased from
Macklin Biochemical Co., Ltd. (Shanghai, China). Carboxylic multi-
walled carbon nanotubes were purchased from Aladdin Industrial
Company (Shanghai, China). Dopamine hydrochloride (98%, ana-
lytical grade) was purchased from J&K Chemical (Beijing, China).
Drug samples were obtained from Huayueyang Biotechnology Co.,
Ltd. (Beijing, China). All other reagents were of analytical grade
and used without further purification. 0.1 M phosphate buffer
solution (PBS) was prepared by mixing NaH2PO4 and Na2HPO4,
and then adjusted to the required pH values with H3PO4 or NaOH
solution. All aqueous solutions were prepared with doubly dis-
tilled water.

2.2. Fabrication of polydopamine/MWCNTs–COOH nanocomposites/
GCE sensor

First, the bare GCE was polished with 0.3 and 0.05 mm of alu-
mina powders, then rinsed ultrasonically with absolute alcohol
and distilled water, and finally dried in the nitrogen stream. 5 μL of
0.5 mg/mL MWCNTs–COOH homogeneous suspension was drop-
ped onto the electrode surface and then was dried under the in-
frared lamp, thus obtaining MWCNTs–COOH/GCE. Finally the
polydopamine was electropolymerized onto the surface of
MWCNTs–COOH by cyclic voltammetry in 5 mmol/dm3 dopamine
in 0.1 M PBS (pH ¼ 5) between �0.4 V and þ0.7 V at a scan rate of

50 mV/s for 10 cycles, thus obtained polydopamine/MWCNTs–
COOH nanocomposites/GCE sensor.

2.3. Apparatus and method

Cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS) and differential pulse voltammetry (DPV) experiments were
performed on a CHI 660B electrochemical workstation, purchased
from Chenhua Co, Ltd. (Shanghai, China). A conventional three-elec-
trode system was used with a glassy carbon electrode (3 mm dia-
meter) as the working electrode, a saturated calomel reference elec-
trode (SCE) and a Pt wire as the counter electrode. The differential
pulse voltammetry scans ranged from �0.4 V to �1.0 V with am-
plitude of 0.05 V, pulse width of 0.05 s, pulse period of 0.5 s, sampling
width of 0.0167, and increment of 0.004 V. For CV, scan rate was
50 mV/s, sample interval was 0.001 V. Electrochemical impedense
spectroscopy was obtained in 5 mmol/dm3 K3[Fe(CN)6]/K4[Fe(CN)6]
solution containing 0.1 M KCl under open circuit potential with fre-
quency range from 0.1 Hz to 100 kHz and 5mV amplitude. The sur-
face morphology was characterized using a field emission scanning
electron microscope (FE-SEM; Zeiss Ultra55, Germany).

For the determination of metronidazole, the detection limit
(Cm) was obtained using the following equation:

=C S m3 /m b

Wherem is the slope of the calibration plot in the linear range, and Sb
is the standard deviation of the blank response which was obtained
from 20 replicate measurements of the blank PBS buffer solution.

3. Results and discussion

3.1. Characterization of polydopamine/MWCNTs–COOH nano-
composites modified GCE

The SEM images of MWCNTs–COOH/GCE and polydopamine/
MWCNTs–COOH nanocomposites/GCE are shown in Fig. 2. The
MWCNTs–COOH can be obviously observed in Fig. 2A, when the
polydopamine was electropolymerized onto the electrode surface,
a rough polymer film could be obviously observed on the surface
of MWCNTs–COOH, indicating the successful preparation of poly-
dopamine/MWCNTs–COOH nanocomposites/GCE sensor (Fig. 2B).

Fig. 3A shows cyclic voltammograms of bare GCE, MWCNTs–
COOH/GCE and polydopamine/MWCNTs–COOH nanocomposites/
GCE in the presence of 5 mmol/dm3 K3Fe(CN)6]/K4[Fe(CN)6] solu-
tion containing 0.1 M KCl. A pair of reversible oxidation and re-
duction peaks were observed at 0.26 and 0.17 V, respectively, for
the bare GCE (curve a). After being modified with the MWCNTs–
COOH (curve b), it showed obvious increased redox peak currents
because MWCNTs–COOH can dramatically increase the electrode

Fig. 1. Chemical structure of metronidazole.

Fig. 2. SEM images of (A) MWCNTs–COOH/GCE and (B) polydopamine/MWCNTs–COOH nanocomposites/GCE.
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Fig. 3. (A) Cyclic voltammograms and (B) Electrochemical impedance spectroscopy obtained at (a) bare GCE, (b) MWCNTs–COOH/GCE and (c) polydopamine/MWCNTs–
COOH nanocomposites/GCE in 5 mmol/dm3 K3[Fe(CN)6]/K4[Fe(CN)6] solution containing 0.1 M KCl.

Fig. 4. (A) CVs and (B) DPVs of 500 mmol/dm3 metronidazole in 0.1 M PBS (pH¼10) buffer solution at (a) bare GCE and (b) polydopamine/MWCNTs–COOH nanocomposites/
GCE.

Fig. 5. (A) CVs of 500 mmol/dm3 metronidazole at the polydopamine/MWCNTs–COOH nanocomposites/GCE in 0.1 M PBS (pH ¼ 10) buffer solution at different scan rates.
(B) The relationship between the reduction peak currents and scan rates.

Fig. 6. The effect of (A) accumulation time and (B) accumulation potential on the reduction peak current of 500 mmol/dm3 metronidazole in 0.1 M PBS (pH ¼ 10) buffer
solution at the polydopamine/MWCNTs–COOH nanocomposites/GCE.
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surface area and possesses good electrical conductivity [47].
Moreover, the polydopamine/MWCNTs–COOH nanocomposites/
GCE (curve c) showed further enhanced redox peak currents
compared with MWCNTs–COOH/GCE because polydopamine can
accelerate the electron transfer efficiency between the electrode
surface and solution.

Electrochemical impedance spectroscopy (EIS) is a powerful
tool for studying the surface-modified electrode. Fig. 3B shows the
EIS plots of bare GCE, MWCNTs–COOH/GCE, polydopamine/
MWCNTs–COOH nanocomposites/GCE at 5 mmol/dm3

K3[Fe(CN)6]/K4[Fe(CN)6] in 0.1 M KCl. The bare GCE (curve a)
possesses a small resistance. When MWCNTs–COOH was modified
onto the bare GCE surface (curve b), it displayed a straight line in
the Nyquist plot because the resistance was significantly de-
creased. Moreover, the polydopamine/MWCNTs–COOH nano-
composites/GCE (curve c) also displayed a straight line in the
Nyquist plot, which almost showed the resistance same as
MWCNTs–COOH/GCE, because polydopamine/MWCNTs–COOH
nanocomposites also possess excellent electron transfer efficiency.
Therefore, both the CV and EIS plots proved the successful pre-
paration of polydopamine/MWCNTs–COOH nanocomposites/GCE
sensor.

3.2. Electrochemical behavior of metronidazole at the polydopamine/
MWCNTs–COOH nanocomposites/GCE sensor

The electrochemical behavior of bare GCE and polydopamine/
MWCNTs–COOH nanocomposites/GCE for determination of
500 mmol/dm3 metronidazole in 0.1 M PBS (pH 10.0) buffer solu-
tion is shown in Fig. 4A. The reduction peak current and peak
potential of metronidazole at the bare GCE (curve a) were Ip¼
�8.44 mA and Ep¼ �0.749 V. However, compared to the bare GCE,
the polydopamine/MWCNTs–COOH nanocomposites/GCE (curve b)
exhibited significantly increased reduction peak current (Ip¼
�41.12 mA) and significantly increased reduction peak potential
(Ep¼ �0.721 V) of metronidazole. The significantly increased re-
duction peak potential and significantly increased reduction peak
current both confirmed the polydopamine/MWCNTs–COOH na-
nocomposites possess strong catalytic activity towards the re-
duction of metronidazole. Moreover, the DPVs results in Fig. 4B
correspond with the CVs in Fig. 4A. Therefore, the polydopamine/
MWCNTs–COOH nanocomposites/GCE sensor can be successfully
utilized for the determination of metronidazole.

3.3. The effect of scan rate

The CVs of polydopamine/MWCNTs–COOH nanocomposites/
GCE in 500 mmol/dm3 metronidazole at different scan rates are
shown in Fig. 5A, where the reduction peak currents showed lin-
earity with the scan rates. And the linear regression equation can
be expressed as Ip(mA) ¼ �0.363ν (mV/s) � 32.399 (R¼ �0.9914)
in Fig. 5B, indicating that the reduction of the metronidazole is a
typical adsorption controlled process. Therefore, it is necessary to
study the effect of accumulation time and accumulation potential
in order to obtain more sensitive determination for metronidazole.

3.4. The effect of accumulation time and accumulation potential

The effect of accumulation time and accumulation potential for
the determination of metronidazole was studied by DPVs in Fig. 6.
As shown in Fig. 6A, at the accumulation potential of �0.5 V, the
reduction peak current increased gradually with the accumulation
time and reached the maximum value when the accumulation
time was 200 s. However, the reduction peak current almost re-
mained the same after 200 s due to the saturation of surface active
catalytic sites of polydopamine/MWCNTs–COOH nanocomposites/
GCE. Thus, the optimal accumulation time of 200 s was employed
in our experiments. With the optimal accumulation time de-
termined above, we further studied the effect of accumulation
potential on reduction peak current of metronidazole. As shown in
Fig. 6B, the reduction peak current decreased gradually with the
increase of accumulation potential; therefore, the accumulation
potential was chosen at �0.5 V for determination of me-
tronidazole in our later experiments.

3.5. The pH effect

The effect of pH value on the electrochemical response of
500 mmol/dm3 metronidazole in 0.1 M PBS with pH value ranging
from 5.0 to 11.0 at the polydopamine/MWCNTs–COOH nano-
composites/GCE was investigated by CV (Fig. 7A). The reduction
peak potentials showed linearity with pH values ranging from 5.0–
9.0 and 9.0–11.0, with the linear regression equations of Ep¼
�0.0518pH – 0.266 (R¼ �0.9687) and Ep¼ �0.008pH – 0.658 (R
¼ �0.9462), respectively (Fig. 7B), indicating two different reac-
tion mechanisms of metronidazole. According to previous reports
[39,48], the reaction mechanisms of metronidazole are listed
below:

Fig. 7. (A) CVs of 500 mmol/dm3 metronidazole in 0.1 M PBS (pH ¼ 10) buffer
solution at different pH values at the polydopamine/MWCNTs–COOH nano-
composites/GCE. The relationship of (B) reduction peak potentials vs. pH values and
(C) reduction peak currents vs. pH values.
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In pH values of 5 �0–9 �0:

R�NO2 þ e� - R�NO2 � � (slow step)

R�NO2 � � þ 4Hþ þ 3e� - R�NHOH þ H2O (rapid step)

In pH values of 9 �0–11 �0:

R�NO2 þ e� - R�NO2 � � (slow step)

R�NO2 � � þ 3H2O þ 3e� - R�NHOH þ 4OH� (rapid step)

Moreover, as shown in Fig. 7C, because the reduction peak
current achieved the maximum value in pH ¼ 10.0, the pH value
of 10.0 was chosen as the best pH value for the determination of
metronidazole.

3.6. The quantitative determination of metronidazole

The quantitative determination of metronidazole at the poly-
dopamine/MWCNTs–COOH nanocomposites/GCE was achieved by
DPV under optimal conditions addressed above. As shown in Fig. 8,
the reduction peak currents of metronidazole at the poly-
dopamine/MWCNTs–COOH nanocomposites/GCE increased line-
arly with concentration ranges of 5–300 mmol/dm3,
300–800 mmol/dm3 and 800–5000 mmol/dm3, and their corre-
sponding linear regression equations are listed in Table 1.

The detection limit of metronidazole was determined to be
0.25 mmol/dm3 (S/N ¼ 3). Moreover, compared with recently
most reported electrochemical sensors [49–55] for determination
of metronidazole, our proposed nanocomposites sensor could
finish the ultrasensitive determination of metronidazole with a
much wider linear ranges and a much lower detection
limits (Table 2).

Fig. 8. DPVs of metronidazole at (A) 5–800 mmol/dm3 and (C) 800–5000 mmol/dm3 in 0.1 M PBS (pH ¼ 10) buffer solution at the polydopamine/MWCNTs–COOH nano-
composites/GCE. Linear relationships between reduction peak currents and concentrations at (B) 5–800 mmol/dm3 and (D) 800–5000 mmol/dm3.

Table 1
Linear regression equations of metronidazole under different concentration rangs.

Equation Concentration range
(μM)

Linear regression equation R

1 5–300 Ip(μA) ¼ –0.08837c (μM) –
0.91

R ¼ –0.9881

2 300–800 Ip(μA) ¼ –0.0423c (μM) –
14.71

R ¼ –0.9842

3 800–5000 Ip(μA) ¼ –0.02298c (μM) –
29.78

R ¼ –0.9813

Table 2
Comparison of performances of the polydopamine/MWCNTs–COOH nanocomposites/GCE with other modified electrodes.

Electrode Detection limit/(mmol/dm3) Linear range/(mmol/dm3) Ref.

P-AgSA-CE 0.6 2–100 [49]
Carbon fiber microdisk electrode 0.5 1–22 [50]
Carbon nanotubes/GCE 0.063 0.1–200 [51]
DNA/GCE 1 1.0–54.3 [52]
Activated GCE 1.1 2–600 [53]
Graphene-ionic liquid/GCE 0.047 0.1–25 [54]
Cu-poly(Cys)/GCE 0.37 0.5–400 [55]
Polydopamine/MWCNTs–COOH nanocomposites/GCE 0.25 5–5000 This work
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3.7. Selectivity, stability and reproducibility of the polydopamine/
MWCNTs–COOH nanocomposites/GCE sensor

Selectivity, stability and reproducibility of the proposed sensors
are key factors for their practical application. The proposed sensor
was not affected by additions of 100-fold concentrations of various
inorganic ions (Kþ , Mg2þ , Zn2þ , Naþ , Ca2þ , PO4

3-, SO4
2-, F-, CO3

2-,
NO3

- and Cl-, signal change below 3%) and 10-fold concentrations of
some organic compounds (oxalic acid, ascorbic acid, glucose, citric
acid, cystine, alanine and tartaric acid, signal change below 6%). This
results suggested that the proposed sensor possesses excellent se-
lectivity for the determination of metronidazole. After the prepared
electrode was stored at 4 °C in a refrigerator for 1 month, the re-
duction peak current of metronidazole remained 95.2% of its initial
value, indicating that the proposed sensor possesses good stability.
Moreover, four modified electrodes were fabricated to estimate the
sensor's reproducibility, and the relative standard deviation (RSD) of
detection measurements was calculated to be 2.5% for me-
tronidazole, suggesting that the proposed sensor possesses high
reproducibility. Therefore, the polydopamine/MWCNTs–COOH na-
nocomposites/GCE sensor is promising for determination of me-
tronidazole with excellent selectivity, stability and reproducibility.

3.8. Real samples determination

The practical analytical application of the polydopamine/
MWCNTs–COOH nanocomposites/GCE sensor was evaluated by
determination of metronidazole in real drug samples by standard-
addition technique. Three parallel experiments were performed on
all measurements. As shown in Table 3, the recovery of the real
samples ranged between 93.4% and 118.3%, and the RSD values
were less than 4%, indicating that the our proposed sensor can be
successfully applied for the practical determination of me-
tronidazole in real samples.

4. Conclusions

In summary, we successfully develop an ultrasensitive elec-
trochemical sensor for metronidazole determination, which was
based on polydopamine/MWCNTs–COOH nanocomposites. More-
over, the fabrication of polydopamine/MWCNTs–COOH nano-
composites/GCE sensor was simple, where polydopamine can coat
on the surface of MWCNTs–COOH via a simple electro-
polymerization process. Under optimized conditions, the proposed
sensor showed wider linear detection range from 5 to
5000 mmol/dm3 and a low detection limit of 0.25 mmol/dm3 (S/N
¼ 3) for metronidazole, and was successfully applied for the
practical determination of metronidazole in real drug samples. The
proposed sensor shows broad potential in application of real
pharmaceutical and biological samples analysis.
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a b s t r a c t

Graphene oxide (GO) was synthesized and characterized by scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), atomic force microscopy (AFM), X-ray diffraction (XRD), Fourier
transform-infrared spectroscopy (FT-IR) and thermogravimetric analysis (TGA). GO was then electro-
chemically reduced and used for electrochemical study of mycophenolate mofetil (MMF). The electro-
chemically reduced graphene oxide (ERGO) film on glassy carbon electrode (GCE) showed enhanced peak
current for electrooxidation of MMF. MMF exhibited two irreversible oxidation peaks at 0.84 V (peak a1)
and 1.1 V (peak a2). Effects of accumulation time, pH and scan rate were studied and various electro-
chemical parameters were calculated. A differential pulse voltammetric method was developed for the
determination of MMF in bulk samples and pharmaceutical formulations. Linear relationship was ob-
served between the peak current and concentration of MMF in the range of 40 nM–15 μM with a limit of
detection of 11.3 nM. The proposed method is simple, sensitive and inexpensive and, hence, could be
readily adopted in clinical and quality control laboratories.
& 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

Graphene, a one-atom-thick sp2 -bonded carbon sheet, has
attracted the attention of scientific and technological researchers
since its discovery in 2004 because of its unique properties such as
high surface area, excellent electrical conductivity and high me-
chanical strength [1]. Compared to carbon nanotubes, graphene
has the advantages of high conductivity, ease of production and
function, good biocompatibility and abundance of inexpensive
source material [2]. It possesses high potentials for fabricating
transparent electrodes, electrochemical sensors, field effect tran-
sistors, nanocomposites, and microelectrical devices [3–6]. These
properties make it a good candidate for the fabrication of in-
expensive electrochemical sensors and biosensors [2,7–9].

Graphene oxide (GO) is an insulator with a large band gap and
band structure that depends on stoichiometry [10,11]. It is re-
ported that GO could be reduced by chemical reduction using re-
ducing agents viz., hydrazine, hydroquinone, and sodium bor-
ohydride. Electrochemical methods are effective in modifying
electronic states by adjusting the external power source to alter

the Fermi energy level of electrode materials. In view of this, we
have adopted a green method for the reduction of graphene
oxide and developed an electrochemical sensor for an im-
munosuppressant, mycophenolate mofetil (MMF).

MMF, chemically known as 2-morpholin-4-ylethyl (E)-6-(4-
hydroxy-6-methoxy-7-methyl-3-oxo-1H-2-benzofuran-5-yl)-4-me-
thylhex-4-enoate, is a morpholinoethyl derivative of mycophenolic
acid (MPA). MPA, a fermentation product of several Penicillium
species, is a potent, noncompetitive, and reversible inhibitor of
eukaryotic inosine monophosphate (IMP) dehydrogenase. MPA thus
inhibits the synthesis of guanosine monophosphate. This enzyme
(IMP dehydrogenase) plays an important role in the purine meta-
bolism of lymphocytes [12,13]. It is used in the prophylaxis of graft
rejection in kidney [14], heart [15], and liver transplantation [16]. It
is also used following lung [17], pancreas [18] or intestine trans-
plantation [19]. Due to its clinical advantages, several formulations
of MMF are available in the market.

Recently, we have reported the electrochemical oxidation and
determination of MMF in bulk sample and formulations at bare
glassy carbon electrode (GCE) [20]. In order to improve
the detection limits of the electrochemical method for the assay of
MMF at nano molar level, we have fabricated an electrochemical
sensor based on electroreduced graphene oxide (ERGO) film on
GCE.
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2. Experimental

2.1. Apparatus

Electrochemical investigations were carried out on a CHI-1110a
Electrochemical Analyzer (CH Instruments Ltd. Co., USA, version
12.23). GCE (3 mm diameter)/ERGO-GCE and saturated calomel
electrode (SCE) were used as working and reference electrodes,
respectively. For reproducible results, improved detection limits
and good resolution of voltammetric peaks, the working electrode
was polished with 1.0, 0.3 and 0.05 mm alumina powder on a
polishing cloth. Then, it was thoroughly rinsed with ultrapure
water from millipore system. All the reported potentials were
against SCE. Thermogram was recorded on a SDT Q 600 TG ana-
lyzer and FT-IR spectra were recorded on a Nicolet-5700 FT-IR
spectrometer (Waltham, MA, USA).

A Shimadzu Maxima-7000 X-ray diffractometer with Cu Kα
radiation (λ ¼ 1.5406 Å) was used for recording powder X-ray
diffraction (XRD). Scanning electron micrographs (SEM) were re-
corded on a Hitachi S-3400 (Japan) scanning electron microscope
with an accelerating voltage of 15 kV. Composition analyses of
samples were carried out on a Hitachi S-3400 SEM (Japan) coupled
with a Thermo Scientific energy dispersive spectroscopic (EDS)
detector at an accelerating voltage of 15 kV and a magnification
of �2 K. Atomic force micrographs (AFM) were taken on a
Multi-Mode Nanosurf easy scan atomic force microscope (Nano-
surf, Switzerland). Commercially available AFM cantilever tips
(Tap190Al-G) with a force constant of 48 N/m and resonance vi-
bration frequency of � 160 kHz were used.

2.2. Reagents

Graphite powder was obtained from Sigma-Aldrich (o 20 mm).
Pure MMF was a gratis sample from Dr. Reddy's Laboratories at
Hyderabad, India. Tablets of MMF were obtained from commercial
sources. A stock solution of MMF (0.5 mM) was prepared in a
mixture of water and methanol (1:1, v/v) and stored in a re-
frigerator at 4 °C. In the present study, phosphate buffer solutions
of pH 3.0–10.6 were used. All aqueous solutions were prepared in
ultrapure water from Millipore water system (Purelab Classic
Corp., USA) and the chemicals used were of analytical reagent
grade. Tablet containing 500 mg of MMF (Panacea Biotec Ltd., In-
dia) was purchased commercially from the local market.

2.3. SEM/EDX

Films for SEM and EDX analysis were prepared by placing the
sample suspension on a carbon film coated on a sample holder and
then drying at room temperature.

2.4. Preparation of GO

GO was prepared from graphite powder (Sigma-Aldrich) by
Hummers method and then dried in the oven at 120 °C [21]. The
GO suspension was prepared by dispersing 10 mg of GO in 10 mL
ultrapure water using ultrasonic agitation for 1 h. The yellowish
brown suspension obtained was centrifuged to remove the un-
exfoliated GO [22]. It also resulted in the exfoliation of graphite
oxide to graphene oxide. This GO suspension was used to modify
the GCE.

2.5. Electrode preparation, modification and electroreduction of
GO-GCE

Before modification, the GCE was carefully abraded with 1.0,
0.3 and 0.05 mm α-alumina on a smooth polishing cloth to obtain a

fresh surface. It was rinsed with ultrapure water. 5 μL GO sus-
pension was coated on GCE and then dried under an infrared lamp
to obtain the GO modified electrode, denoted as GO-GCE. After
modification, the electrode was rinsed with ultrapure water to
remove any loosely adsorbed GO. The GO-GCE was then electro-
reduced in phosphate buffer of pH 6.0 by applying 25 cyclic po-
tential sweeps between 0.6 and �1.6 V [23–25]. The modified
electrode was then put in 10 mL phosphate buffer (pH 7.0)
containing MMF for 120 s. After this, voltammogram (either
cyclic voltammogram or differential pulse voltammogram) was
recorded.

Working solutions were prepared by diluting the stock solution
with 0.2 M phosphate buffer of the desired pH. All electrochemical
experiments were carried out at 25 7 1 °C. After each measure-
ment, a new ERGO-GCE was prepared.

2.6. Analysis of tablets

Ten tablets containing MMF were ground to fine powder in a
mortar. 0.2167 g of MMF was dissolved in 100 mL of water and
methanol mixture (1:1, v/v) so as to obtain 0.5 mM MMF solution.
Contents of the flask (0.5 mM MMF solution) were sonicated for
10 min to effect complete dissolution and for homogenization.
Suitable aliquots (containing 0.05–15.0 μM MMF) of the clear li-
quid were diluted with the supporting electrolyte.

3. Results and discussion

3.1. Characterization

The surface morphologies of graphene derivatives such as GO
and ERGO films were characterized and the corresponding SEM
images are shown in Figs. 1A and B. EDX spectra of GO and ERGO
are shown in Figs. 1C and D, respectively and chemical composi-
tions of GO and ERGO are recorded in Table 1. Decreased amount
of oxygen in ERGO (by about 10%) compared to that in GO in-
dicated the reduction of oxygenated functional moieties. Further,
trace amount of potassium in ERGO was observed as electro-
chemical reduction was carried out in phosphate buffer prepared
from potassium salts. Upon electrochemical reduction of GO, the
ERGO film showed a larger wrinkled and a rougher surface
(Figs. 1A and B). Such rougher surface enhanced the incursion and
diffusion of electrolyte ions. The electrochemical reduction of GO
exposed more electrochemically active sites.

Exfoliated GO dispersion (in water) was deposited on a freshly
cleaved mica sheet, dried and its surface morphology was ana-
lyzed by AFM (Fig. 2A). Height profile of the GO film is shown in
Fig. 2B. The average film thickness was noticed to be approxi-
mately 7.2 nm, indicating that the film was composed of over-
laying a few layers of GO sheets. Therefore, the GO film consisted
of approximately 6 layers of individual GO sheets. It is also evident
from 3D AFM images (Fig. 2C) that the surface morphology of GO
film consisted of grooves and pores resulting in an increased mi-
croscopic area of the electrode, thereby facilitating the interlayer
diffusion of analyte species.

XRD patterns of graphite and graphite oxide are illustrated in
Fig. 3. A peak at � 26.48° was observed with pristine graphite.
Disappearance of this peak and appearance of a new peak at 10.3°
revealed that the graphite was successfully oxidized. Further, in-
ter-graphene layers can be intercalated by various molecular
species or ions, during which the interlayer spacing along the
c-axis has changed from 3.36 to 8.55 Å. During the oxidation of
graphite to graphite oxide, hydroxyl, carbonyl, epoxy and peroxy
groups could be formed on the edges of basal planes of the gra-
phite network [26]. Further, carbon hydrolyzation could occur and

P.S. Narayan et al. / Journal of Pharmaceutical Analysis 8 (2018) 131–137132



the sp2 bonds could be changed to sp3 bonds. At the same time,
H2O, NO3

- or SO4
2–

ions could insert themselves into the graphene
layers and increase the interlayer spacing [26–28].

To determine the degree of oxidation and to determine the
percentage of oxygen containing groups in graphite oxide, the
synthesized graphite oxide was characterized by FT-IR spectro-
scopy and thermogravimetric analysis (Figs. S1 and S2). Thermo-
gram was recorded at a heating rate of 10 °C/min under nitrogen
atmosphere from ambient temperature to 1000 °C. The weight loss
at initial stages of heating corresponded to the liberation of small
amounts of water. Significant amount of weight loss (around 20%)
accompanied by a DTA peak was noticed at � 200 °C, indicating
the decomposition of oxygen containing groups in GO. Another
weight loss noticed at � 700 °C was assigned to the burning of
carbon backbone [29,30]. The relative amount of functional groups
was found to be 32%.

FT-IR spectrum of GO exhibited bands at 1713 and 1100 cm�1

due to the presence of a large number of carboxyl and epoxide
groups, respectively [30].

3.2. Electrochemical reduction of GO-GCE

The electrochemical reduction of GO-GCE was carried out in
0.2 M phosphate buffer of pH 7.0 by cycling the potential between
0.6 and �1.6 V for 25 cycles. The first cycle showed a broad re-
duction peak at a potential of �1.4 V due to the reduction of
oxygen containing surface groups [25,31]. With successive cycles,
the reduction peak diminished considerably and vanished after a
few cycles. This showed that the electrochemical reduction of
oxygen containing groups in graphene oxide was complete. Ef-
fective electrode area of the modified electrode was determined
using 1 mM K3 [Fe (CN)6] as a redox probe and found to be 6 times
more than that of bare GCE.

3.3. Electrochemical oxidation of MMF at ERGO-GCE

Cyclic voltammograms of 5 mM MMF in phosphate buffer of pH
7.0 at bare GCE and ERGO-GCE with a scan rate of 100 mV/s were
recorded. It was observed that MMF exhibited two irreversible

Fig. 1. Scanning electron micrographic images of (A) GO and (B) ERGO, and EDX spectra of (C) GO and (D) ERGO.

Table 1
Chemical composition (%) of GO and ERGO obtained from energy dispersive X-ray spectroscopic (EDX) analysis.

Element Carbon Oxygen Aluminium Silicon Sulphur Potassium Total

GO 77.69 17.10 0.39 0.30 4.52 – 100
ERGO 91.51 5.90 0.26 0.15 0.78 1.40 100
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oxidation peaks designated as peak a1 and a2 respectively (Fig. 4).
A large background current was observed at ERGO-GCE compared
to that at bare GCE due to larger surface area of ERGO film on GCE
[32]. The oxidation signal of MMF was enhanced to a greater ex-
tent at ERGO-GCE in comparison with that at bare GCE, signifying
that the ERGO enhanced the electro-oxidation of MMF. It might be
correlated to exceptional properties of graphene such as high
electrical conductivity and specific surface area, and good ad-
sorption characteristics.

To study the adsorption characteristics of MMF or its oxidation
products, multi-sweep cyclic voltammograms of 5 mM MMF were
recorded in phosphate buffer of pH 7.0 at a sweep rate of 100 mV/
s. Peak currents were found to decrease with consecutive vol-
tammetric sweeps, signifying that the oxidation products of MMF
were adsorbed on ERGO-GCE surface and caused fouling of the
electrode. This could be attributed to poor solubility of the

oxidized product of MMF that was accumulated on the electrode
surface during the electrode process. This reduced the effective
reaction sites on the modified electrode surface [33].

3.4. Effect of accumulation time

Accumulation time plays an important role in electrochemical
oxidation of molecules. So, the effect of accumulation time on
electrochemical oxidation of MMF was investigated by cyclic vol-
tammetry. For this, cyclic voltammograms of MMF were recorded
in phosphate buffer of pH 7.0 by varying accumulation time from
0 to 240 s. As the accumulation time increased from 0 to 120 s,
peak currents increased gradually owing to the increased surface
area of MMF on ERGO. After 120 s, the peak currents did not show
any substantial change, indicating the surface saturation by the
analyte. Therefore, 120 s was chosen as optimum accumulation
time for further studies.

Fig. 2. (A) AFM images of GO, (B) Height profile of GO and (C) 3D AFM image of GO film coated on a freshly cleaved mica sheet.

Fig. 3. X-ray diffraction patterns of graphite oxide (red) and pristine graphite
(black).

Fig. 4. Cyclic voltammograms of 5 mM MMF in phosphate buffer of pH 7.0 at a scan
rate of 100 mV/s at bare and ERGO-GCE.
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3.5. Effect of pH on the electrochemical oxidation of MMF

The effect of electrolyte pH on electrochemical oxidation of
MMF was investigated by cyclic voltammetry in phosphate buffer
of pH 3.0–10.0 (Fig. 5). The peak currents of both oxidation peaks,
a1 and a2, showed variation and maximum peak current was no-
ticed at pH 7.0 (inset of Fig. 5). Hence, phosphate buffer of pH
7.0 was selected as supporting electrolyte for further
investigations.

Peak potentials of peak a1 and a2 exhibited negative shift with
increase in pH of the solution (3.0–9.0), indicating the involvement
of protons in the electrochemical oxidation of MMF. Further, the
plots of Ep versus pH revealed the linear relationship in the pH range
of 3.0–8.0 with slope values of 64 mV/pH and 55mV/pH for oxida-
tion peaks, a1 and a2, respectively, indicating that an equal number
of electrons and protons were involved in the electrode process. The
corresponding regression equations are shown below:

( )
( )

( )
( )

= − +

= − +

E

E

V 0.064 pH 1.3 for peak a

V 0.055 pH 1.5 for peak a

pa 1

pa 2

3.6. Effect of scan rate

Considerable information regarding the type of electrode pro-
cess can be obtained from the study of effect of scan rate on
electrochemical oxidation. So, the effect of scan rate on peak cur-
rents and peak potentials of both oxidation peaks a1 and a2 of
MMF (5 mM) was studied in phosphate buffer of pH 7.0 and the
results are shown in Fig. 6. The peak currents (Ip) increased line-
arly with scan rate (ν) (inset of Fig. 6) in the range of 10–300 mV/s,
indicating the adsorption controlled electrode process for both
peaks a1 and a2 [34], and the corresponding regression equations
are indicated below:

( )
( )

( ) ( )
( ) ( )

= × ν + × =

= × ν + × =

− −

− −

I

I

A 1.20 10 2.81 10 r 0.992 for peak a

A 7.61 10 2.09 10 r 0.991 for peak a

p
4 6

1

p
5 7

2

Further, to confirm the electrode process, we plotted the values
of log Ip versus log ν. The slope value of 0.75 for peak a1 indicated
the contribution from diffusion to the electrode process. Hence, it
was proposed that the electrode reaction for peak a1 of MMF at
ERGO-GCE was a “mixed” diffusion–adsorption controlled process
[35]. However, the slope value of 1.01 for peak a2 confirmed the
adsorption controlled electrode process [36].

The corresponding regression equations are given below:

( )
( )

( )
( )

= ν − =

= ν − =

I

I

log 0.75 log 4.06 r 0.995 for peak a

log 1.01 log 4.11 r 0.978 for peak a

pa 1

pa 2

3.7. Analytical features

3.7.1. Construction of calibration plot
We have developed a differential pulse voltammetric (DPV)

method for the determination of MMF in bulk sample because the
peaks were sharper and better defined at lower concentrations of
MMF with a lower background current, resulting in better re-
solution between the peaks compared to those obtained by CV.
The following parameters were maintained for the determination
of MMF by DPV: sweep rate, 20 mV/s; pulse amplitude, 50 mV;
pulse width, 30 ms; and pulse period, 500 ms. The differential
pulse voltammograms of increased concentrations of bulk MMF
samples were recorded in phosphate buffer of pH 7.0 (Fig. 7).
Under optimized conditions, the peak current was found to vary
linearly with increasing concentrations of MMF in the range of
40 nM–15 mM (Inset of Fig. 7). Deviation from linearity was ob-
served at higher concentrations of MMF owing to the adsorption of
oxidation products of MMF on the electrode surface.

Fig. 5. Cyclic voltammograms of 5 mM MMF in phosphate buffer of different pH at a
scan rate of 100 mV/s. Inset: Plots of peak currents versus pH for oxidation peaks
a1(▲) and a2 (■).

Fig. 6. Effect of scan rate on cyclic voltammograms of 5 mM MMF at 10 (1), 30 (2),
40 (3), 80 (4), 100 (5), 150 (6), 200 (7) and 300 mV/s (8). Inset: Plot of peak current
versus scan rate for electrooxidation of 5 mM MMF in phosphate buffer of pH 7.0.

Fig. 7. Differential pulse voltammograms of MMF in phosphate buffer of pH 7.0 for
(1) 0.04, (2) 1.25, (3) 2.5, (4) 3.75, (5) 5.00, (6) 6.25, (7) 7.50, (8) 8.75, (9) 10.00, (10)
12.50 and (11) 15.00 mM MMF. Inset: Plot of peak current versus concentration of
MMF in phosphate buffer of pH 7.0.
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Validation of the proposed DPV method for quantification of
MMF was examined by calculating the values of limit of detection
(LOD) and limit of quantification (LOQ) using the following equa-
tions [37]:

= =s m s mLOD 3 / ; LOQ 10 /

where s is the standard deviation of the lowest concentration
value within the linear range and m is the slope of the calibration
plot. Low values of LOD (11.3 nM) and LOQ (37.5 nM) highlighted
the sensitivity of the proposed method. Characteristics of the ca-
libration plot are shown in Table S1. The values of RSD for intra-
day and inter-day assay were found to be 2.46% and 2.13%, re-
spectively, indicating good reproducibility of results.

Recently, multiwalled carbon nanotube (MWCNT) modified GCE
was applied for the determination of MMF and mycophenolic acid
[38]. The proposed/developed DPV method has lower value of LOD
(11.3 nM) compared to that of the reported (900 nM) electro-
chemical method [38]. The major advantage of graphene modified
electrode is the incorporation of thin layer diffusion channel in
addition to the semi-infinite planar diffusion. This additional
channel of mass transport has enhanced the amount of mass
transfer, which eventually improved the LOD of the method by
many folds. The other important advantage of graphene is the ease
of renewability compared to MWCNTs due to its thinner layer
(helpful in bringing back the analyte after oxidation). As a result, the
LOD of the proposed method was achieved at a nano molar level.

3.7.2. Stability and reproducibility of ERGO-GCE
The ERGO film sensor was used for solitary measurement and

the reproducibility of the proposed sensor (ERGO-GCE) was ex-
amined by parallel determinations of 5 μM MMF by DPV. The
value of RSD was found to be 3.2% for 5 GO film sensors, thereby
revealing good reproducibility. The ERGO-GCE exhibited 95% of its
original current response when stored in a refrigerator (at 4 °C) for
3 weeks, indicating that the electrode had long-term stability.

3.7.3. Interference studies
In order to demonstrate practical application of the proposed

method, the effect of some common excipients generally present
in pharmaceutical formulations was examined in the determina-
tion of MMF. The results showed that a 75-fold excess of glucose,
lactose, sucrose, talc, gum acacia, cellulose and starch had a neg-
ligible influence on oxidation signals of MMF with peak current
deviations below 5.0%. These results clearly supported the rea-
sonable selectivity of the proposed method.

3.7.4. Analysis of pharmaceutical formulations and comparison with
the reported method

In order to examine applicability of the proposed method, the
sensor was used to determine MMF in commercially available ta-
blets under optimized conditions. The results of assay of tablets
containing MMF are summarized in Table 2. Accuracy of the pro-
posed method was evaluated by performing recovery test after
spiking known amounts of the samples. Higher recovery (more

than 99.5%) and low bias values (0.5%) confirmed the accuracy of
the proposed method.

The results were compared statistically by Student t-test and by
the variance ratio F-test with those obtained by the reported
method [20]. The calculated Student t-value at 95% confidence
level did not exceed the tabulated value, thereby revealing that
there was no significant difference in accuracy between the pro-
posed and reported methods. Further, it was also observed that the
variance ratio F-value calculated for p ¼ 0.05 did not exceed the
tabulated value, indicating that there was no significant difference
in precision of the proposed and reported methods.

4. Conclusions

In the present work, we have used an eco-friendly electrochemical
method for the reduction of GO to ERGO. AFM, SEM, EDX, XRD, FT-IR
and TGA techniques were employed to characterize the synthesized
GO. The fabricated electrode showed good sensing performance for
MMF. Wide linearity, lower LOD value and excellent reproducibility
highlighted ERGO-GCE as a promising sensor for MMF.
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a b s t r a c t

Surface plasmon resonance (SPR) systems are widely used for detailed characterization of antibody ac-
tivities including antigen and Fc-receptor binding. During the later stages of development, where the
focus is to ensure that established critical quality attributes (CQAs) are maintained during cell culture,
purification and formulation processes, analysis is simplified, and relative potencies are often de-
termined. Here, simulation of binding data revealed that relative potency values, determined via parallel
line analysis (PLA) and half maximal effective concentration (EC50) analysis accurately reflect changes in
active concentration only if binding kinetics remain unchanged. Changes in the association rate constant
shifted dose response curves, and therefore relative potencies, in the same way as changes in analyte
concentration do. However, for interactions characterized by stable binding, changes in the dissociation
rate constant did not result in any shift, suggesting that this type of change may go unnoticed in the dose
response curve. Thus, EC50 and PLA analyses of dose response curves obtained with an anti-TNF-α an-
tibody were complemented with the Biacore functionality for sensorgram comparison analysis, whereby
changes in antigen and Fc-receptor binding profiles could be detected. Next, analysis of temperature
stressed TNF-α antibody revealed that calibration free concentration analysis (CFCA) data correlated
perfectly with relative potency values. Together, these results demonstrate that combinations of SPR
based dose response curves, sensorgram comparison and CFCA can be used to strengthen the confidence
in relative potency assessments, and suggest that SPR can potentially be used as a surrogate potency
assay in the quality control of biotherapeutic medicines.
& 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

During early antibody development, surface plasmon re-
sonance (SPR) is widely used for epitope binning and for kinetic
characterization of candidates [1,2]. Selected candidates may fur-
ther be characterized with respect to Fcγ-receptor [3–5] and FcRn
binding [6,7]. An array of SPR binding data (antigen, Fc-receptors
and C1q) related to the molecular mechanisms of action [8–10]
may therefore be available for a candidate that enters clinical
studies. This is in line with FDA guidelines on biosimilars [11],
which state that functional assays should reflect mechanisms of

action as far as possible and that multiple functional assays can be
performed as part of the analytical similarity assessment. The
same reasoning can be applied to any biotherapeutic medicine and
is not only valid for biosimilars. When the manufacturing process
is developed, and later during production, the analytical focus may
shift from detailed characterization to assays that aim to ensure
the maintenance of binding properties of the drug substance and
drug product. By comparison to a reference preparation of the
drug, it should also be possible to determine drug potency to en-
sure correct dosage. For this purpose, SPR assays based on dose
response curves related to Fc-receptor [12], antigen [13] or he-
magglutinin content in the influenza vaccine [14] have been de-
scribed; the Fc-receptor assay involved the capture of histidine
tagged receptor; the antigen assay was based on the covalent
binding of antigen to the sensor surface; and the hemagglutinin
assay employed the capture of biotinylated synthetic glycans to
neutravidin surfaces.

The purpose of this study is to illustrate new possibilities with
SPR assays for binding activity measurements. We describe the use
of reversible biotin capture to establish dose response curves for
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the measurement of relative potency via PLA and EC50 analysis
and illustrate this using anti-TNF-α antibodies. This assay is ex-
tended to demonstrate how SPR can be used to monitor both
antigen and receptor binding in a single assay setup. By combining
analysis of dose response curves with sensorgram comparison,
introduced [15] for single analyte comparisons and here extended
to multiple injections, we demonstrate that the shortcomings of
PLA or EC50 analysis, which may not always be able to detect
changes in critical quality attributes, can be remedied. Finally, we
describe the use of calibration free concentration analysis (CFCA)
[16,17] as an alternative to EC50 analysis for the analysis of
stressed anti-TNF-α antibody samples.

2. Materials and methods

2.1. Equipment and software

Biacore™ T200 system (GE Healthcare, Uppsala, Sweden) with
Control software version 2.0.2 and Evaluation software version
3.1 was used for interaction analysis.

2.2. Sensor chips, reagents and buffers

The Biotin CAPture Kit, including Sensor Chip CAP, Biotin
CAPture reagent and regeneration solutions, Sensor Chip PEG,
Recombinant MabSelect™ SuRe™ ligand, anti-TNF-α antibody,
amine coupling kit and PBS-Pþ Buffer 10� (0.2 M phosphate
buffer with 27 mM KCl, 1.37 M NaCl and 0.5% Surfactant P20
(Tween 20)) were from GE Healthcare. Recombinant biotinylated
human TNF-α (Val 77 - Leu 233) was from ACRO Biosystems
(Beijing, China), recombinant human TNF receptor I protein was
from Abcam (Cambridge, United Kingdom), recombinant human
FcγRIIIa Val 158 and FcγRI expressed in CHO cells were kind gifts
from Boehringer-Ingelheim, and bovine serum albumin (BSA) was
from Sigma-Aldrich (Stockholm, Sweden).

2.3. Biotin capture assay procedures

The sample compartment of the Biacore T200 systemwas set to
20 °C, the analysis temperature to 25 °C, and the data collection
rate to 1 Hz. PBS-Pþ was used as the running buffer. In each cycle,
biotin capture reagent was injected for 300 s at a flow rate of
2 mL/min, followed by a 30–60 s capture of biotinylated TNF-α at
1–2 mg/mL in PBS-Pþ with 0.5% BSA, to reach minimum capture
levels of around 40 RU. Anti-TNF-α antibody, 0.02–360 mg/mL in
PBS-Pþ , was injected for 120 s and the surface was regenerated at
the oligonucleotide level per kit instructions. To study antibody
binding to both the captured antigen and a receptor in the same
assay, an additional sample injection of receptor was included.
Receptors, FcγRIIIa Val 158, FcγRI and TNF-α receptor, were
injected for 60 s at concentrations of 5 mg/mL, 5.4 mg/mL and
10 mg/mL, respectively.

Heat stressed antibody samples were analyzed after exposing
the antibody at 1 mg/mL to 60 °C for 1, 2 or 3 h prior to analysis.

Data analysis was performed using Microsoft Excel as described
in section 2.4 and with the sensorgram comparison functionality
in Biacore T200 evaluation software version 3.1.

2.4. PLA and EC50/IC50 analysis

For PLA and EC50 analysis, response and concentration data
from the Biacore assay were pasted into Microsoft Excel.

For determination of EC50 and IC50 values, the equation

( )( )( ) ( )− − +Rhi Rhi Rlo / 1 Conc/A1 A2

was used to calculate response curves. Rhi (response high) and Rlo
(response low) are response values at the upper and lower
asymptotes, and A1 corresponds to EC50/IC50 and A2 to the Hill
slope. A response curve was first calculated using default values
for each parameter. The solver (Data/Solver in Microsoft Excel)
functionality using the evolutionary solving method was then
used to find parameter values that minimized the squared differ-
ence between the observed Biacore data and data calculated from
the four-parameter equation. The parameter values at this mini-
mum constitute the result.

For PLA the slope and intercepts of the parallel line were cal-
culated using data regression (Data/Data analysis/Regression in
Microsoft Excel) with input of response values (y), log (conc) (x1)
and a curve differentiating parameter, (x2). X2 was set to 1 for the
reference sample and to 0 for the new sample. The concentration
values in PLA typically ranged from 0.5 to 1.5 times of the EC50.
Relative potency values were calculated based on EC50 ratios and
in PLA on the difference in intersect with the log(conc) axis.

2.5. Simulation of dose response curves

Response data for a 1:1 interaction model were calculated from
the equation

( ) = × − ×R t Ra e k td d

with
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where ta is the interaction time, td is the dissociation time, Rmax

is the maximum binding capacity, C is the concentration, ka is the
association rate constant, and kd the dissociation rate constant. The
equations were used to calculate dose response curves in Micro-
soft Excel. Input parameters in the simulations were ka, kd, Rmax, ta
and td. From these inputs, dose response curves with 18 data
points covering the concentration range from kd/ka:32 to
kd/ka×4096 (two-fold concentration change between points) were
calculated. By designing for the separate input, of ka and kd values
to one reference curve and three sample curves, four dose re-
sponse curves were directly displayed in the same graph. By
varying the injection time, ta, the impact of interaction time on the
position of the dose response curve could be studied, and by
varying the dissociation time, the effect of dissociation could be
observed.

The 1:1 binding model used in simulations assumes that ana-
lyte A in solution binds to an immobilized/captured binding
partner B to form an AB complex. The same model can be used in
cases where the immobilized ligand has several identical binding
sites, e.g. antigen binding to immobilized antibody. Only the Rmax

value must be adjusted to reflect this situation. However, if the
analyte has multiple binding sites for the immobilized ligand,
binding becomes more complex and involves several rate con-
stants. The most striking effect is that the observed dissociation
rate becomes slower as the analyte remains bound even when one
binding site is released. This is typically the case for a bivalent
antibody binding to an immobilized antigen.
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2.6. CFCA assay procedures

The sample compartment temperature of the Biacore T200
system and the analysis temperature were set to 25 °C and the
data collection rate to 10 Hz. PBS-Pþ was used as running buffer.

CFCA was performed on stressed and non-stressed antibody
samples using two different ligands: TNF-α and MabSelect SuRe.
With this, it was possible to compare the effects of heat stress
paratope and on the Fc-domain.

TNF-α and MabSelect SuRe ligand were immobilized on the
Sensor Chip PEG using amine coupling. Immobilizations were
performed at 25 °C per kit instructions except for the following:
for immobilization of TNF-α, the surface was activated by EDC/
NHS for 15 s only. TNF-α at 10 mg/mL in 10 mM acetate buffer (pH
5.0) was injected for 7 min and the remaining NHS-esters were
blocked by injecting the ethanolamine solution for 7 min. For
immobilization of SuRe ligand, the surface was activated by EDC/
NHS for 10 s, SuRe ligand at 1 mg/mL in acetate buffer (pH 5.0) was
injected for 7 min and the surface was blocked with ethanolamine
for 7 min. These procedures resulted in immobilization levels of
1,550 and 730 RU for TNF-α and SuRe ligand, respectively.

Antibodies were diluted to a nominal concentration of 10 nM and
further diluted 2, 4 and 8 times in running buffer. Each antibody con-
centration was injected for 36 s using flow rates of 5 and 100 mL/min.

Surfaces immobilized with the SuRe ligand were regenerated
with a 30 s injection of 10 mM glycine (pH 1.5), and surfaces with
immobilized TNF-α were regenerated with a 30 s injection of 3 M
magnesium chloride.

The TNF-α surface required 5–10 start-up cycles with antibody
injections prior to sample injections. The dilution series were

globally fitted using the CFCA functionality in Biacore T200 eva-
luation software v 3.1. For the analysis, a diffusion coefficient of
4.0×10–11 m2/s and an antibody molecular weight of 144,000 Da
were used. The concentration of non-stressed samples was set to
100% and relative concentration values were calculated for stres-
sed samples.

3. Results and discussion

3.1. Repeatability of biotin capture procedure

The set-up of the biotin capture assay and an overlay plot
comprising 128 full analytical cycles of the interaction between
TNF-α and anti-TNF-α antibody is shown in Fig. 1A. The color
coding represents data obtained by two users and was introduced
to detect user-dependent differences. User 1 and user 2 injected
broad and partly overlapping antibody concentration series
and used three and four replicates of the antibody injections,
respectively.

At the the baseline level, the buffer flowed over the Sensor Chip
CAP, a sensor chip with pre-immobilized oligonucleotide. Upon
injection of the biotin capture reagent, streptavidin modified with
the complementary oligonucleotide, hybridization occurred on the
surface resulting in the capture of approximately 3,700 RU. Anti-
gen was then captured (between 35 and 40 RU) following a short
injection of biotinylated TNF-α at 1–2 mg/mL. Anti-TNF-α antibody
at varying concentrations were then injected, resulting in con-
concentration-dependent response levels. Fig. 1B demonstrates
how report points before and after the antibody injection were

Fig. 1. Biotin capture assay set-up. (A) In the biotin capture assay, the biotin capture reagent (streptavidin modified with an oligonucleotide) is first injected and hybridizes to
the Sensor Chip CAP containing a complementary oligonucleotide. Biotinylated TNF-α is then injected (here 1 mg/mL) to reach a defined RU level (in this example around 40
RU) followed by the injection of an anti-TNF-α antibody at varying concentrations (range 0.02–360 mg/mL). The figure is an overlay plot of 128 analytical cycles and shows
binding events in the active flow cell. The color coding refers to two users. (B) Samples are injected over both active and reference spots. Biotinylated TNF-α is not present on
the reference spot. Reference subtraction removes the buffer effects seen as an offset during antibody injection in Fig. 1A. In Fig. 1B, the antibody binding part of one
representative reference subtracted sensorgram is shown. The antibody response is calculated from the difference in binding levels: Report point 2 minus Report point 1.

Fig. 2. Dose response curves for PLA and EC50 analysis. (A) Antibody response levels, obtained with concentrations corresponding to 130%, 100% and 70% of the nominal
concentrations, plotted versus nominal (100%) concentration values. (B) Antibody response levels obtained with unstressed (0 h stress) and stressed samples (1, 2 and 3 h)
plotted versus the antibody concentration. For PLA and EC50 PLA analysis, see Table 3.
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used to define antibody responses that were used to create dose
response curves.

Response levels for biotin capture reagent and biotinylated
TNF-α injections were repeatable with coefficient of variations
(CV) of less than 1.2% Table 1. Very repeatable antigen capture
levels are important for assay performance and were
obtained here by the addition of 0.5% BSA to the TNF-α solution.

Similarly, Table 2 shows that CV values are below 1% for antibody
injections except at the lowest concentrations, where response
levels were very low. CVs for these concentrations were less than
15%.

These results demonstrate that antibody concentrations up to
360 mg/mL can be used for dose response curves and that three
replicates are sufficient, as the assay performance was not

Fig. 3. Dual potency assays. (A) Dual potency assay with anti-TNF-α antibody, injected at varying concentrations (0.02–120 mg/mL), binding to biotinylated TNF-α captured on
the sensor surface, followed by injection of TNFα-receptor (10 mg/mL) binding to free TNF-α. The dashed line shows the position from where the receptor response is
obtained. (B) Reference subtracted TNF-α-receptor response plotted versus antibody concentration. The IC50 value was 1.0 mg/mL and the Hill slope �1.13. (C). Dual potency
assay with anti-TNF-α antibody, injected at varying concentrations (0.05–120 mg/mL), binding to biotinylated TNF-α captured on the sensor chip, followed by injection of
FcγRI (5.4 mg/mL). The dashed line shows the position from where the receptor response is obtained. (D) Reference subtracted FcγRI response plotted versus antibody
concentration. The EC50 value was 5.38 mg/mL and the Hill slope 0.84.

Fig. 4. Simulated dose response curves. Simulated dose response curves demonstrate how changes in concentration and kinetic rate constants shift the dose response curve.
Response levels were obtained after 100 s interactions on surfaces with a maximum binding capacity of 100 RU. In Fig. A, the interaction is characterized by rapid dissociation
and in Fig. B, the dissociation is much slower. (A) Curve 3 marked with a thick green line is the reference. This dose response curve was obtained with ka 1.2×107 M�1s�1 and
kd 2.5×10�2 s�1. In curve 1, the dissociation rate constant was four times lower than that of the reference. In curve 2, the concentrations were doubled but still plotted versus
the nominal concentration of the reference. In curve 4, the association rate constant was changed to half the value of that of the reference. (B) Curve 3 marked with a thick
line is the reference. This dose response curve was obtained with ka 1.6×106 M�1s�1 and kd 8.5×10�5 s�1. In curve 1, the concentrations were doubled but still plotted versus
the nominal concentration of the reference. In curve 2, that overlaps almost completely with the reference curve, the dissociation rate constant was changed to 3.4×10�4 s�1

(four times faster than that of the reference). In curve 4, the association rate constant was two times lower than that of the reference, i.e. 8.0×105 M�1s�1. In both A and B
changes in concentration and association rate constant shifted the dose response curves and hence the EC50 values. The impact of changes in the dissociation rate constant
varied, and was significant for high dissociation rate constants but negligible for low dissociation rate constants.
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markedly improved by using four replicates, although CVs were
slightly lower with four replicates.

The use of biotin capture can clearly provide reproducible data.
A distinct advantage with this approach is that the need for assay
development is minimized because biotin capture is reversible.
This is important from a perspective of case. For assays based on
covalent immobilization [13], immobilization and regeneration
conditions have to be developed. Similarly, for capture of bioti-
nylated molecules to streptavidin or neutravidin [14] regeneration
conditions must be found. However, these steps are not necessary
with the current approach as they are part of the kit design. In
theory, histidine capture as described by Harrison et al. [12] can
also reduce assay development efforts but in contrast to biotin
capture, molecules captured through a histidine tag may dissociate
more rapidly from the sensor surface [18]; therefore, a histidine
capture approach sometimes has to be abandoned.

3.2. PLA and EC50 analysis of dose response curves

The effect on the position of the dose response curve after
deliberate changes in antibody concentrations was investigated
Fig. 2A. As expected, higher concentrations shifted the dose re-
sponse curves to the left, and lower concentrations shifted the
dose response curve to the right. The assay was further able to
detect stress-induced changes in the antibody as shown in Fig. 2B.

The relative potency dropped with increasing stress, and was
about 40% of the untreated reference already after 1 h of stress.

Relative EC50 and relative potency values from PLA (Table 3)
concurred and indicated that the shift in relative potency was
linear and that PLA could be performed over a range of antibody
concentrations surrounding the EC50 value for each sample.

In conclusion, the assay based on the capture of biotinylated
TNF-α was repeatable and the relative potency values could be
calculated from PLA and EC50 analysis. Furthermore, EC50 values
proved linear with respect to changes in concentration, and re-
levant data were obtained with stressed samples. At this stage we
considered the assay as “fit for purpose” but not validated per ICH
guidelines [19] since this would require further investigations on
dependence of different lots of materials and a stricter SOP for the
assay with defined acceptance criteria for different assay steps.

3.3. Analysis of several critical quality attributes in a single assay

Therapeutic anti-TNF-α antibodies function by blocking sites on
TNF-α to prevent the binding of TNF-α to its receptors [20]. Ad-
ditionally, binding of anti-TNF-α antibodies, such as infliximab, to
FcγRIIIa has been implicated in Crohns disease [21] whereas en-
hanced levels of FcγRI may reduce the efficacy of infliximab in
inflammatory bowel diseases [22]. The mechanisms of action for
anti-TNF-α biotherapeutics and the links to molecular properties
may not be fully understood [23], but may potentially be linked to
epitope specificity or Fc-functionalities.

By including a second injection of receptor after the antibody
injection in the biotin capture assay described above, we per-
formed proof-of principle studies to determine potency values
related to several antibody functions in a single sensorgram.

A fixed concentration of TNF-α receptor I was injected after
each antibody concentration Fig. 3A. No binding of TNF-α receptor
to captured TNF-α was seen after high antibody concentrations,
whereas receptor binding was clearly visible at low antibody
concentrations, verifying that the antibody could block receptor
binding to TNF-α. By plotting the receptor response versus anti-
body concentration (Fig. 3B) an IC50 of 1.0 mg/mL was determined.
Similarly, binding of FcγRI increased with increasing antibody
concentrations (Fig. 3C) and from a plot of receptor response
versus antibody concentration an EC50 value of 5.38 g/mL was
determined for FcγRI-binding (Fig. 3D). These results indicate that
SPR can be used to quickly define an array of potency data in order
to provide a comprehensive potency profile of the antibody. As
long as the antibody does not dissociate from the antigen surface,
this type of assay may be extended to include additional binding
events. In such a scenario, receptors that dissociate rapidly, such as

Table 1
Reproducibility of capture steps. Data were collected on two Biacore T200 systems
and on two different Sensor Chip CAP. Hybridization of the biotin capture reagent
shows reproducibility over Biacore systems and sensor chips. The small variation
between users in capture of biotinylated TNF-α may be due to individual reagent
preparations being used.

User Biotin capture reagent Biotinylated TNF-α

Average (RU) CV (%) Average (RU) CV (%)

User 1 (63 repeats) 3768 0.23 39.4 0.77
User 2 (65 repeats) 3745 0.51 36.4 1.12

Table 2
Response values from concentration series. Data from two overlapping con-
centration series generated by users 1 and 2. Note that user 1 and user 2 set up the
assay using slightly different concentration series and a different number of re-
plicates for each antibody concentration. Average values for series one (0.02–
360 mg/mL) were based on three replicates and for series 2 (0.02–160 mg/mL) on
four replicates. Except for very low response values, CVs were less than 1%.

Concentration (mg/mL) Average response (RU) SD (RU) CV (%)

0.02 �0.9 0.12 13.3
0.05 2.4 0.00 0.0
0.16 11.1 0.15 1.4
0.49 31.3 0.26 0.8
1.48 65.2 0.35 0.5
4.44 105.7 0.56 0.5
13.33 144.9 0.86 0.6
40.0 174.0 1.22 0.7
120.0 190.0 0.1 0.1
360.0 199.4 1.14 0.6
0.02 �1.0 0.15 14.6
0.07 2.4 0.13 5.5
0.22 11.7 0.08 0.7
0.66 32.9 0.13 0.4
1.98 66.4 0.25 0.4
5.93 104.8 0.46 0.4
17.78 139.7 0.34 0.2
53.33 164.4 0.54 0.3
160.0 179.2 0.54 0.3

Table 3
EC50 and PLA values. PLA and EC50 analysis are in good agreement using a broad
range of concentrations. In the PLA analysis, the ratio between the standard errors
of slopes and intercepts with respective parameter values were calculated. The
relative standard error in common slopes was less than 1% and the largest relative
standard error in any intercept was 9% (range 1.2%–9.0%). In the stress test, the
relative standard error in common slopes was close to or less than 1% and the
largest standard error in any intercept was 7.2% (range 0.85%–7.2%). All regression
coefficients were larger than 0.99.

Tests EC50
(mg/mL)

Relative po-
tency EC50
ratio (%)

PLA concentration
range (mg/mL)

Relative po-
tency PLA (%)

Linearity test
70% 5.42 70.6 0.66 to 17.78 72.0
100% 3.83 100.0 0.66 to 17.78 100.0
130% 2.95 129.8 0.66 to 5.93 129.2
Stress test
0 h stress 3.50 100.0 1.48 to 13.33 100.0
1 h stress 8.11 43.1 4.44 to 40.0 41.8
2 h stress 28.4 12.3 13.33 to 120.0 12.0
3 h stress 75.0 4.6 40.0 to 360.0 3.1
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FcγRII, can be injected first, followed by injections of higher affi-
nity receptors.

Sequential binding of a bispecific antibody to immobilized an-
tigen 1 followed by antigen 2 binding has been reported pre-
viously [13]. In that paper, data were combined to derive a single
potency value for antibody-antigen binding. Here we extend the
analysis beyond antigen binding and demonstrate sequential
binding in competitive (TNF-α receptor) and secondary (FcγRI)
modes. Thus, from a single assay, potency values for both antibody
binding to antigen and receptor binding to antibody (Fig. 3) can be
derived.

3.4. Simulation of dose response curves

With potency and relative potency values determined from
dose response curves, it is essential that the underlying data ac-
curately reflect a concentration but not changes in binding prop-
erties. This is because changes in binding properties may not be
compensated for by adjusting the dose.

The impacts of changes in either concentration or in binding
kinetics on the shape and position of dose response curves were
investigated by simulating interaction data (see Section 2.5 for
equations). Two cases presented in Fig. 4 were considered. In both
simulations, the binding capacity was set to 100 RU, the injection
time to 100 s, and the dissociation time to 0 s. These response
levels and injection times reflect a practical experimental design.

In Fig. 4A, response values for the reference sample were cal-
culated based on inputs of kinetic data resembling the binding of
Interferon-α 2a to its receptor [15] with ka 1.2×107 M�1 s�1 and kd
2.5×10�2 s�1. This represents a fairly unstable interaction with a
half time of the complex of less than 30 s. Furthermore, with an
injection time of 100 s, binding levels are close to steady state. In
Fig. 4A, curve 3 marked with a thick line corresponds to the re-
ference. In curve 1, the dissociation rate constant was changed to
6.25×10�3 s�1, i.e. the binding was four times more stable than
the reference. The shift of curve 1 to the left and the altered slope
reflect the higher affinity obtained with this condition. For curve 2,
the concentrations were doubled but still plotted versus the
nominal concentration of the reference. Again, the curve was
shifted to the left as higher response values were obtained in the
simulation. In curve 4, the association rate constant was
6.0×106 M�1s�1, i.e. half the value of the reference. In this case the
curve was shifted to the right reflecting a lower affinity.

In the second simulation, an interaction characterized by sig-
nificantly higher binding stability (slower dissociation rate, Fig. 4B)
was studied. Input values for the reference sample resembled TNF-
α binding to anti-TNF-α antibody with rate constants ka
1.6×106 M�1 s�1 and kd 8.5 ×10�5 s�1. For this case the half time
of the complex is 136 min, but with an injection time of 100 s,
response levels are far from steady state. In Fig. 4B curve 3 marked
with a thick line corresponds to the reference sample. First, for
curve 1, the concentration was doubled but still plotted versus the
nominal concentration of the reference. As shown in Fig. 4A, the
use of a higher concentration resulted in higher response values
and thus shifted the dose response curve to the left. Next, changes
in the dissociation rate were simulated. For curve 2, the dissocia-
tion rate constant was increased to 3.4×10−4 s�1 (four times faster
than the reference). For this input, the dose response curve still
almost overlapped with the reference despite a fourfold lower
affinity. Notably when the dissociation rate constants were instead
decreased, making the interaction more stable, this change did not
shift the dose response curve at all, even for a twenty-fold de-
crease. Finally, for curve 4, the association rate constant was two
times lower than the reference, i.e. 8.0×105 M�1 s�1. Here the
dose response curve was shifted to the right as response levels
were lower for each concentration.

Clearly the position of the dose response curve and hence EC50
values depend not only on changes in concentration but also on
changes in kinetic properties.

Changes in concentration and association rate constants always
shifted the dose response curves, but a change in dissociation rate
constant gave variable results. In the second example, that is likely
to be representative of many therapeutic antibodies, changes in
dissociation properties can go unnoticed when only dose response
curves are considered.

Simulations based on the 1:1 interaction model can be con-
sidered as an ideal case. With antigen captured or immobilized to
the sensor surface, the 1:1 binding model is strictly not valid as
avidity effects may impact binding kinetics. The interaction be-
comes more complex, but binding levels will still be determined
by the kinetic properties of the interaction. Since avidity typically
leads to slower dissociation, changes in dissociation rate constants
may therefore be even more difficult to detect.

Therefore, these simulations demonstrate that relative potency
data based on PLA or EC50 analysis will accurately reflect changes
in concentration only if kinetic properties are unchanged and that
common slope and asymptotes of dose response curves cannot be
interpreted as unchanged binding properties.

3.5. Sensorgram comparison and dose response curves

Because the dose and kinetics of binding contribute to the
safety and efficacy of the drug, it will be important to use an assay
that is capable not only of EC50 analysis but also of kinetic ana-
lysis. In contrast to ELISA, which only provides a response that can
lead to an affinity value, SPR assays inherently provide both a re-
sponse and a sensorgram that can reflect not only the affinity, but
more importantly, the kinetics of binding.

The sensorgram comparison tool in the Biacore software was
now used to define a comparison window (Fig. 5A) that reflects
the binding properties of the reference anti-TNF-α antibody. The
reference window was determined with replicates by using sen-
sorgrams obtained with 4.4 mg/mL of antibody and by using the
min/max algorithm to create the comparison window. With this
algorithm, the upper and lower limit sensorgrams correspond to
sensorgrams that give the highest and lowest response values at
any given time. Distances from the median sensorgram are used
for calculations of similarity scores. A sample curve that falls be-
tween the upper and lower limit sensorgrams will receive a si-
milarity score of 100%. Samples with data outside the comparison
window will receive a lower similarity score [15].

We have previously demonstrated that the analysis would be
focused on curve shapes by normalizing response levels to the
highest response in each sensorgram [15]. The comparison win-
dow reflects an expected result, and a sample that falls inside the
comparison window meets the kinetic criteria of the assay. A
second preparation of reference sample running at the same
concentration was within the comparison window, indicating
unchanged kinetic properties (Fig. 5B).

The comparison window defined in Fig. 5B was very narrow. By
incorporating potential errors into the analyte concentration, a
wider and perhaps more realistic comparison window can readily
be defined. Assuming a 10% error in analyte concentration, this
would correspond to running the 4.4 mg/mL sample deliberately
diluted to 4.0 and 4.8 mg/mL.

In Figs. 5C and D, binding of heat stressed anti-TNF-α anti-
bodies to TNF-α followed by binding of FcγRIIIa Val 158 is pre-
sented. Antigen binding of stressed antibodies was reduced
(Fig. 5C), and it was difficult to interpret if antibody dissociation
and FcγRIIIa binding were impacted by stress. Binding curves
obtained with the non-stressed antibody at concentrations of
1.5 and 4.4 mg/mL were used to define a broad comparison
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window using the min/max algorithm. In Fig. 5D, normalized
binding curves are shown. The solid blue lines represent the non-
stressed sample and define the comparison window. Data from
stressed samples obtained at the same two concentrations as the
reference are shown as dashed lines. After 1 h of stress, antibodies
started to fall outside the antibody association phase of the com-
parison window, but antibody dissociation and FcγRIIIa binding
fell almost completely inside the comparison window. After 3 h of
stress, both antibody samples were clearly outside the association
phase comparison window. Since binding levels were much lower for
these samples, the noise was more apparent and antibody dissocia-
tion and FcγRIIIa binding curves were shifted slightly upwards;
however, the antibody dissociation and FcγRIIIa curves still resembled
reference curves. Samples stressed for 6 h were characterized by low
response levels and became too noisy to analyze when normalized to
100%. These curves are therefore not shown in Fig. 5D.

The comparison window, defined in the sensorgram compar-
ison tool, should reflect an expected outcome. With a very narrow
comparison window, as in the first example (Figs. 5A and B), new
samples that only differ marginally from the reference, may fall
outside the comparison window, and small differences may be
overinterpreted. In the second example (Figs. 5C and D) the
comparison window was wider, and two concentrations flanking
the EC50 value were used to define the comparison window.
Stressed antibody samples still fell outside the antigen binding
phase, indicating large effects of heat stress on antigen binding.
However, antibody dissociation and FcγRIIIa binding were similar
for stressed samples and the reference.

3.6. CFCA for determination of relative antibody concentration

CFCA is an independent measurement of active concentration,
where results are obtained under at least partial mass transport

limited conditions. Binding responses and therefore concentration
values are largely independent of the kinetics of binding [24].
CFCA of stressed antibodies allowed active concentration data,
with respect to both TNF-α (Fig. 6A) and SuRe ligand binding
(Fig. 6B), to be determined. The data shown in Fig. 6 are for the 2 h
stressed samples. In each figure, six sensorgrams are shown with
two curves each for dilution factors 2, 4 and 8. For each dilution
the top curve was recorded at a flow rate of 100 mL/min and the
lower curve at a flow rate of 5 mL/min. Data from the first 25 s of
the injections were fitted and resulted in calculated concentrations
of 5.8 (TNF-α surface) and 5.5 nM (SuRe ligand surface) for the
undiluted sample. CFCA results can be affected by uncertainties in
the diffusion coefficient and molecular weight of the sample (two
parameters needed for CFCA) and by the conversion of the SPR
signal to a mass value as discussed previously [17]. However, these
uncertainties cancel out when the ratio between a sample anti-
body and a reference antibody is used. Relative CFCA values were
therefore calculated by setting the non-stressed antibody con-
centration to 100%. Interestingly, relative CFCA data for the para-
tope and Fc-domain were very close, indicating identical
changes in active concentrations of both parts of the antibody.
Furthermore, relative concentrations correlated perfectly
with relative potency values determined with PLA (Fig. 6C).
The data strongly support the interpretation that the change in
EC50 was due to changes in the active concentration and not
changes in the association rate constant. Additionally, the
data suggest that CFCA can be used as an alternative to dose re-
sponse curves for the determination of relative potencies. This
merits further investigations, as data were obtained only for the
anti-TNF-α antibody, and other antigens and antibodies were not
tested.

Fig. 5. Sensorgram comparison. (A) Maximum and minimum sensorgrams obtained with a reference antibody using repeat injections of a constant (4.44 mg/mL) antibody
concentration. (B) A new sample was within the comparison window defined by the sensorgrams in Fig. 5A, demonstrating the new sample shares the kinetic profile of the
reference. (C) Dual potency assay with antibody, injected at varying concentrations, binding to antigen followed by injection of FcγRIIIa Val158 at a constant concentration.
The thick blue lines correspond to the reference antibody injections at 1.5 and 4.4 mg/mL. The dashed lines represent the same antibody concentrations injected after 1, 3 and
6 h of stress. Stressed antibodies produced lower responses. (D) By normalizing each sensorgram from Fig. 6C, all sensorgrams are displayed in the same relative scale. The
reference antibody curves (thick blue lines) defined a comparison window for both antibody and receptor binding. Stressed antibodies share dissociation and FcγRIIIa
binding profiles, but kinetic profiles differ during antibody binding. This can be due to changes in either antibody concentration or in the antibody association rate constant.
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4. Summary and conclusions

Potency determinations are required for the release of every lot
of a therapeutic antibody [25]. While the release assay is typically a
bioassay, alternatives such as ELISA as a surrogate potency assay
have been in use for almost four decades [26]. While initially used to
correlate a binding level to lethal doses of antivenoms, the use of
ligand binding assays is now much greater [27], as mechanisms of
actions are better understood. The potency assay format is not only
used as a release assay, but can be used throughout the develop-
ment process in comparability studies and formulation studies to
ensure consistency between drug substance and drug product.

Compared to the panel of bioassays [23] described for anti-TNF-
α biotherapeutics, ligand binding assays as described in this paper
appear far easier to set up and maintain. PLA and EC50 analysis on
SPR platforms have traditionally been focused on comparison of
dose response curves [12–14]. Here, we have demonstrated that
the position of dose response curves and therefore relative po-
tency determinations are not only sensitive to changes in active
concentration but also to changes in binding properties. Such
changes may not always be compensated for by adjustment of the
dose. For instance, large differences between the reference and
sample in dissociation properties, which may go undetected in
dose response curve analysis, can impact drug residence time and
therefore potentially affect the drug efficacy [28]. By com-
plementing dose response curves with sensorgram comparisons,
such deviations, can be detected as sensorgram comparison checks
for compliance with kinetic properties. The analysis compares
reference and sample curves directly, and can be applied to both
simple and complex binding data and can be used even with slow
off-rates [29]. Furthermore, several injections can be compared in
the software such that several critical quality attributes can be
compared in a single assay.

For the current assay set-up, we used reversible biotin capture
to avoid common bottle necks associated with SPR assay devel-
opment such as optimization of immobilization and regeneration
conditions. By using this setup, it was possible (1) to set up sur-
rogate potency assays with the capture of biotinylated target
molecules in a straightforward fashion without the need of opti-
mizing regeneration conditions, (2) to estimate the potency re-
lated to several CQAs (antigen and receptor binding) in a single
sensorgram, and (3) to combine dose response curves with sen-
sorgram comparison to ensure consistent interaction kinetics for
correct interpretation of EC50 values as a dose.

To resolve remaining uncertainties in the interpretation of dose
response curves obtained with stressed anti-TNF-α antibodies,
CFCA was used in an attempt to differentiate between changes due
to changes either in active concentration or in association rate
constants. CFCA data linked to the paratope and to the Fc-domain
were close and indicated that the differences were related to
changes in the active concentration. The correlation established
between the relative CFCA and relative potency values further
indicated that CFCA and sensorgram comparison can be used di-
rectly to determine the relative potency without the need to es-
tablish full dose response curves. Ideally, CFCA determines con-
centrations directly with no impact of kinetics on the concentra-
tion data. It is typically used in the concentration range from 1 to
100 nM; it is rapid, and the linearity of the assay is demonstrated
by fitting an entire dilution series to obtain a single concentration
value. While CFCA data related to antigen and Fc functionalities
were shown, the use of CFCA as a general potency tool still needs
to be demonstrated with direct measurements of CFCA on a range
of relevant antigens and Fc-receptors. If this can be demonstrated,
the use of relative CFCA data and the sensorgram comparison
functionality can potentially replace the use of the full dose re-
sponse curves and PLA that are typically used for determination of
relative potencies based on ligand binding assays. CFCA can be
used to calculate relative potencies directly from the ratio between
sample and reference concentrations, whereas sensorgram com-
parison can be used to detect unwanted changes in binding
properties/kinetics.

Finally, as the links between molecular properties and clinical
effects become more established, ligand binding assays may be
more frequently used not only for comparabilitity and biosimi-
larity studies, but also for batch release.

Fig. 6. Calibration Free Concentration Analysis (CFCA). (A) Three dilutions of anti-
body, stressed for 2 h, were injected using flow rates of 5 and 100 mL/min for
binding to immobilized TNF-α. The black lines, present up to 25 s into the injection,
represent CFCA fitted curves. The concentration of the undiluted sample was cal-
culated to be 5.8 nM. (B) Three dilutions of antibody, stressed for 2 h, were injected
using flow rates of 5 and 100 mL/min for binding to immobilized MabSelect SuRe
ligand (a protein A variant). The black lines, present up to 25 s into the injection,
represent CFCA fitted curves. The concentration of the undiluted sample was cal-
culated to be 5.5 nM. (C) Relative CFCA data plotted versus relative potency values
determined via PLA (Table 3). Data for TNF-α and SuRe ligand binding are very close
and CFCA data correlated perfectly with relative potency values. In this way, for any
change in active concentration related to two different functional domains, the
paratope and the Fc region of the antibody could be investigated.
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