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a b s t r a c t

Drug-receptor interaction plays an important role in a series of biological effects, such as cell pro-
liferation, immune response, tumor metastasis, and drug delivery. Therefore, the research on drug-re-
ceptor interaction is growing rapidly. The equilibrium dissociation constant (KD) is the basic parameter to
evaluate the binding property of the drug-receptor. Thus, a variety of analytical methods have been
established to determine the KD values, including radioligand binding assay, surface plasmon resonance
method, fluorescence energy resonance transfer method, affinity chromatography, and isothermal ti-
tration calorimetry. With the invention and innovation of new technology and analysis method, there is a
deep exploration and comprehension about drug-receptor interaction. This review discusses the differ-
ent methods of determining the KD values, and analyzes the applicability and the characteristic of each
analytical method. Conclusively, the aim is to provide the guidance for researchers to utilize the most
appropriate analytical tool to determine the KD values.
& 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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1. Introduction

The type of drug target is divided into receptor, enzyme, nucleic
acid, and so on. There are about 40% drugs which interact with the
corresponding receptors in order to exert their pharmacological
effects. When the ligands (first messenger) combine with the
corresponding receptor, a signal cascade reaction occurs through
the second messenger in the cell, resulting in a series of biological

effects, such as immune response and cell proliferation [1–3].
Therefore, it is very necessary to study the interaction between
drugs and receptors, which contributes to understanding the
mechanisms of drugs [4–8]. The equilibrium dissociation constant
(KD) is the basic parameter to evaluate the binding properties of
the drug-receptor [9–11]. Thus, it is of great importance to de-
termine the KD values of the drugs.

A variety of analytical methods have been established to de-
termine the KD values since the 1960s, including radioligand binding
assay (RBA) [12], surface plasmon resonance (SPR) [13], fluorescence
energy resonance transfer method (FRET) [14], affinity chromato-
graphy [15], and isothermal titration calorimetry (ITC) [16].
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The main purpose of this review is to analyze the applicability
and characteristic of each analytical method in order to provide
the guidance for researchers to choose an appropriate analytical
tool to study the ligand-receptor interaction.

2. Radioligand binding assay

In the early 1960s, radiolabelled nuclide was used in the re-
ceptor pharmacology study. Based on occupation theory [17], RBA
method was established. RBA is based on the interaction between
radiolabeled ligand and receptor. RBA can be used to study the
interaction between receptor and hormones, neurotransmitters,
growth factors and drugs, as well as the interaction between the
receptor and the second messenger [18].

As shown in Table 1, RBA can be used to determine the affinity
constant, dissociation constant and the number of binding
receptors [19–34]. The key condition of receptor binding
experiments is to prepare an excellent radioligand. The basic
requirements of radioligand are high radioactivity, high affinity,
high specificity and stability [22,35,36]. The ability to prepare
novel and selective radioligands facilitates the study of drug-re-
ceptor interaction, and RBA provides an effective tool for studying
the mechanisms of drugs at molecular level [37,38]. A variety of
receptor materials can be used in the RBA method, such as the cell
membrane obtained from cell and tissue [19–28], intact cells
[29,30], tissue slice [31–34], and engineered protein samples
[38,39].

RBA method provides a sensitive detection method for de-
termining KD values and promotes the study of receptor pharma-
cology [37,38]. However, it is not very easy to synthesize the
specific radioligands which are the essential elements for RBA
method, and radioactive contamination should be prevented
during the experiment. So the application of RBA method is greatly
limited.

3. Surface plasmon resonance technique

SPR technique, which has been rapidly developed in recent
years, is a sensitive and specific technique for the analysis of bio-
molecular interactions [40]. SPR is based on the principle that the
incident light can resonate with the plasma on the metal surface
during the total reflection. SPR is utilized to detect whether

biological molecules interact with each other, and further explore
the specificity of the interaction, kinetic parameters and affinity of
the interaction [41–43]. SPR technique provides a powerful and
nondestructive tool for cell sorting, cell surface characterization,
protein-protein interaction, protein-small molecule interaction,
and drug discovery [41,43–45].

SPR is a label-free and real-time detection method for mon-
itoring biomolecular interactions [40]. In recent years, SPR has be-
come a rapid developmental technology for studying the interaction
between membrane protein receptors and ligands [44–56], which is
shown in Table 2. Because of the high-throughput screening char-
acteristic, SPR has been widely used in the identification of drug
targets and the optimization of lead compounds [44–48].

4. Affinity chromatography

In the affinity chromatography, biological macromolecules bind
in the carrier surface through chemical reaction. Affinity chroma-
tography utilizes the liquid chromatography method to study the
interaction between drugs and biological macromolecules [57–59].
As shown in Table 3, affinity chromatography is widely used in
biochemistry, molecular biology, and genomics. It is becoming a
commonly used method in the interaction of drug and biological
macromolecules [60,61].

The frontal analysis and zonal elution method are utilized to
determine the KD values. Wainer and Hage group have done a lot
of work to characterize the affinity of drugs with biomolecules
[62–65]. The frontal analysis is mainly conducted by adding the
analytes into the mobile phase without injection. Each drug so-
lution with different concentrations is continuously applied to the
column until a breakthrough curve with a level plateau is pro-
duced. The KD values can be determined by analyzing the series of
breakthrough curves [62,66–68]. Zonal elution method is per-
formed by using a site-specific maker in the mobile phase and
injecting the analytes. The KD values of the analytes at a specific
site are calculated by investigating the capacity factor of the ana-
lytes with the increasing concentration of the marker in the mo-
bile phase [69,70].

Cell membrane chromatography (CMC) is a kind of bionic af-
finity chromatography, in which the membrane receptors are
prepared as cell membrane stationary phase (CMSP), and is used
in determining the interaction between drug and membrane re-
ceptors [71–74]. With the development of molecular biology, it is

Table 1
The RBA method and application examples.

No. Receptor Drug Receptor material KD values References

1 Glycine transporter-1 CHIBA-3007 Rat brain membranes 1.61 (7 0.16) � 10�9 M [19]
2 α7 nicotinic acetylcholine receptors CHIBA-1006 Rat brain membranes 88.2 (7 21.4) � 10�9 M [20]
3 Opioid receptor TICP[psi] Rat brain membranes 0.35 � 10�9 M [21]
4 5-HT(1A) receptors WAY100635 Rat hippocampal membranes 87 (7 4) � 10�12 M [22]
5 Dopamine D1 receptor SCH23390 Sheep brain striatum membranes 56 (7 8) � 10�9 M [23]
6 Histamine H3 receptor Thioperamide Rat cerebral cortex 0.80 (7 0.06) � 10�9 M [24]
7 Adenosine A2A receptors ZM241385 Rat striatum membranes 0.14 � 10�9 M [25]

Transfected CHO cell membranes 0.23 � 10�9 M
8 Platelet-activating factor (PAF) receptor L-659,989 Rabbit platelet membranes 1.60 (7 0.20) � 10�9 M [26]
9 Bradykinin B2 receptors PIP HOE 140 Guinea pig ileal membranes 15 � 10�12 M [27]
10 Thromboxane (TP-) receptor GR32191 Human platelets membranes 2.1 � 10�9 M [28]

Human platelets 2.2 � 10�9 M
11 Human angiotensin II AT1 receptor Olmesartan CHO-hAT(1) cells 0.091 � 10�9 M [29]

Telmisartan 0.12 � 10�9 M
12 Glucocorticoid receptor Dexamethasone Peripheral blood mononuclear cells 66.194 � 10�9 M [30]
13 Histamine H1-receptors Mepyramine Bovine retinal blood vessels 2.78 (7 0.32) � 10�9 M [31]
14 Calcium channels Nitrendipine Rat brain synaptosomes 0.35 � 10�9 M [32]
15 NK1 receptor CP96,345 Guinea pig lung 0.12 (7 0.03) � 10�9 M [33]
16 vasopressin V2-receptors DDAVP Rat kidney 0.76 � 10�9 M [34]
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possible to construct cell lines with high expression of specific
receptors, which makes the CMC method have stronger specificity
and selectivity. Based on the development of CMC, a variety of
CMC models such as L-type calcium channel, α1A adrenergic re-
ceptor, histamine H1 receptor and vascular endothelial growth
factor receptor models are established in order to determine the
KD values [75–78].

Affinity chromatography plays a very important role in the
study of drug-receptor interaction. The methods of binding re-
ceptor to the carrier surface are divided into chemical bonding and
physical adsorption. However, after the immobilization of biolo-
gical macromolecules via chemical bonding, their original config-
urations and even functions are largely “lost”. While physical

adsorption can largely retain the three-dimensional configurations
and biological activities of membrane receptors and can accurately
reveal the drug-membrane receptor interaction process in vivo.

5. Fluorescence energy resonance transfer method

Fluorescence spectroscopy is the most popular technique in the
field of biology and medicine, which leads people to the micro-
cosmic world of bio-medicine. The theoretical basis for FRET is a
nonradiative energy transfer between two fluorescent molecules
(D and A, whose excitation spectra are partially overlapped) that
are located close to each other (less than 10 nm) [79–81]. FRET can

Table 2
The SPR method and application examples.

No. Receptor Drug Receptor material KD values References

1 EGFR EGF EGFR protein 0.177 � 10�6 M [44]
GE11 0.459 � 10�3 M
mAb LA1 2.07 � 10�9 M

2 Subendothelial collagens vWf Purified protein 2.03(7 0.04) � 10�9 M [45]
3 Pr55(Gag) 1,4,5-IP3 Purified protein 2170 � 10�6 M [46]

di-C(8)-PI 186 � 10�6 M
di-C(8)-PI(4,5)P2 47.4 � 10�6 M

4 VEGFR2 D3 Nanobody against NTV(1–4) HUVEC cell 49(7 1.8) � 10�9 M [47]
5 CD56 Monoclonal antibodies m900 Cancer cell 2.9 � 10�9 M [48]

Monoclonal antibodies m906 4.5 � 10�9 M
6 Grp1 PH domain Biotinylated Ins(1,3,4,5)P4 Rat brain membranes 0.14 � 10�6 M [49]
7 Angiotensin converting enzyme Lisinopril Angiotensin converting enzyme 1.78 � 10�9 M [50]
8 rKDR1–3 VEGF165 rKDR1–3 protein 57.4 � 10�9 M [51]
9 Lipoprotein lipase Bis-ANS Purified protein (0.10 � 0.26) � 10�6 M [52]
10 CL-43 Yeast mannan Purified protein (2.68 � 2.72) � 10�8 M [53]
11 Human glycophorin A Nanobody IH4 Human glycophorin A 33 � 10�9 M [54]
12 Cyclophilin A Trp-Gly-Pro Cyclophilin A 3.41 � 10�6 M [55]
13 Collagen glycoprotein VI GABA Human platelets 41.4 � 10�9 M [56]

Table 3
The affinity chromatography method and application examples.

No. Receptor Drug Receptor material KD values References

1 Estrogen receptor Diethylstilbestrol Purified protein ERRγ, 237 � 10�9 M [62]
ERRα, 929 � 10�9 M

2 α3β4nicotinic acetylcholine receptor Dextromethorphan α3β4-nAChR cell membrane Ka:23.40(7 0.36) � 106 M�1 [63]
Levomethorphan Ka:12.01(7 0.23) � 106 M�1

3 Cannabinoid receptor CB1 Win-55, MA, ACEA KU-812 cell membrane (8.6±8.3) × 10�9 M, (19.8±10.9) × 10�9 M,
(0.74±0.22) × 10�9 M

[64]

Cannabinoid receptor CB2 (0.37±0.12) × 10�9 M, (653 ± 182) × 10�9 M,
(5200 ±2.5) × 10�9 M

4 PKCα Chelerythrine Purified protein 698 � 10�9 M [66]
5 μ opioid receptors Naloxone CHO-μ opioid receptors cell

membrane
110 � 10�9 M [67]

κ opioid receptors U69593 CHO-κ opioid receptors cell
membrane

84 � 10�9 M

6 L-type calcium channel Nifedipine VSMC (3.36 7 0.28) � 10�6 M [72]
Nimodipine (1.34 7 0.15) � 10�6 M
Nitrendipine (6.83 7 0.48) � 10�7 M
Nicardipine (1.23 7 0.16) � 10�7 M
Amlodipine (1.09 7 0.09) � 10�7 M
Verapamil (8.51 7 0.61) � 10�8 M

7 α1A adrenoreceptor Tamsulosin α1A/HEK293 cell membrane (1.87 7 0.13) � 10�6 M [74]
5-methylurapidil (2.86 7 0.20) � 10�6 M
Doxazosin (3.01 7 0.19) � 10�6 M
Terazosin (3.44 7 0.19) � 10�6 M
Alfuzosin (3.50 7 0.21) � 10�6 M

8 Histamine H1 receptor Azelastine H1R/HEK293 cell membrane (8.72 7 0.21) � 10�7 M [75]
Cyproheptadine (9.12 7 0.26) � 10�7 M
Doxipine (9.90 7 0.18) � 10�7 M
Astemizole (1.42 7 0.13) � 10�6 M
Chlorpheniramine (2.25 7 0.36) � 10�6 M
Diphenhydramine (3.10 7 0.27) � 10�6 M
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be used to study receptor-ligand interactions, affinity constants,
receptor dimerization, and so on [82–84].

FRET has been widely used in drug-receptor affinity studies
under equilibrium condition with no need to separate the free and
combinative ligands [85–87]. Piehler group studied the interaction
of IFNR2 with Ifnar1-H10 and measured its KD value to be 5 μM by
FRET technique [88]. Domanov et al. [89] also used the FRET
technique to study the interaction between cytochrome c and bi-
layer phospholipid membranes and found a KD value of 0.2–
0.4 μM.

FRET has the following advantages compared with other
methods. The first is high sensitivity, and it is now possible to
study single receptor molecules in this way. Moreover, FRET can
selectively study intermolecular interactions under physiological
conditions (living cell states) [90,91]. Another advantage is that a
variety of fluorescent probes can be obtained commercially. The
fluorescent probes can be used to label molecules with no fluor-
escence properties, thus greatly broadening the research ap-
proach. Combined with its high spatial resolution, FRET becomes
an excellent tool for studying receptor-ligand interactions [92,93].

6. Isothermal titration calorimetry

ITC is a technique based on the reaction heat to quantify the
interactions of various biomolecules. As a kind of rapid and direct
tool without markers, ITC can detect any heat changes of bio-
chemical reaction process. ITC is widely used in molecular biology
research, drug design and structure optimization, and drug me-
chanism studies [94,95].

Micro calorimeter with high sensitivity and high automation is
used to monitor and record the calorimetric curve of the reaction
process continuously and accurately. ITC, an in situ, on-line and
non-destructive method, provides the thermodynamic and kinetic
information (eg, binding constant (KD), reaction stoichiometry (n),
enthalpy (ΔH) and entropy (ΔS) [96,97]. ITC can be also used to
study the properties of drug-receptor interaction by directly de-
tecting the heat changes during the process of biochemical reac-
tion [98,99].

By means of the ITC method, Li et al. [16] studied the interac-
tion of neomycin and tobramycin with MLL protein, and found
that the KD values are18.8 for neomycin and 59.9 μM for to-
bramycin, respectively. Daddaoua group found that only 2-ke-
toglutarate could act on PtxS with an affinity constant KD of 15 μM
from glucose, ketoglucose and 2-ketoglucose by ITC technology
[100].

Without any modification of receptors and ligands, ITC can
directly determine the affinity of the drug-receptor under natural
conditions [101]. ITC can not only determine the binding affinity,
but also clarify the potential mechanism of molecular interactions.
ITC is able to confirm the expected binding targets in the drug
discovery process, deeply understand the structure-function re-
lationship, and provide the guidance for candidate compounds
selection and lead compounds optimization [102,103].

7. Conclusion

In all, the above five methods are all effective analytical tools to
study the ligand-receptor interaction. RBA and FRET methods both
provide high sensitivity, while both of them need the specific label
(radiolabeled ligand for RBA, fluorescent label for FRET), which
limits the application of the methods. Affinity chromatography is a
nondestructive and dynamical method to study the ligand-re-
ceptor interaction, but the sensitivity is limited by the detector of
HPLC. As SPR and ITC methods are highly sensitive and

nondestructive, they provide powerful tools for studying drug-
receptor interaction. Therefore, high sensitive and nondestructive
analysis methods play a crucial role in the exploration of ligand-
receptor interaction.
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a b s t r a c t

A high-performance liquid chromatography-electrospray ionization tandem mass spectrometric (HPLC-
ESI-MS/MS) method was developed for the quantification of MHI148-clorgyline amide (NMI-amide), a
novel tumor-targeting monoamine oxidase A inhibitor, in mouse plasma. The method was validated in
terms of sensitivity, precision, accuracy, recovery and stability and then applied to a pharmacokinetic
study of NMI-amide in mice following intravenous administration. NMI-amide together with the internal
standard (IS), MHI-148, was extracted by protein precipitation using acetonitrile. Multiple reaction
monitoring was used for quantification of NMI-amide by detecting m/z transition of 491.2–361.9, and
685.3–258.2 for NMI-amide and the IS, respectively. The lower limit of quantification (LLOQ) of the HPLC–
MS/MS method for NMI-amide was 0.005 μg/mL and the linear calibration curve was acquired with R2

4 0.99 in the concentration range of 0.005–2 μg/mL. The intra- and inter-day precisions of the assay
were assessed by percentage of the coefficient of variations, which was within 9.8% at LLOQ and 14.0% for
other quality control samples, whereas the mean accuracy ranged from 86.8% to 113.2%. The samples
were stable under storage and experimental conditions. This method was successfully applied to a
pharmacokinetic study in mice following intravenous administration of 5 mg/kg NMI-amide.
& 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

Monoamine oxidase A (MAOA) is a mitochondria-bound
enzyme that degrades monoamine neurotransmitters such as
serotonin, dopamine, norepinephrine, and dietary mono-
amines [1,2]. Recent studies showed that increased MAOA level
is correlated with the prostate cancer progression and poor
treatment outcome. Pharmacological inhibition of MAOA re-
duces the growth of prostate cancer cells in vitro and tumor
xenografts in vivo [3–5]. MAOA inhibitors have long been used
clinically as anti-depressants; they target either the central
nervous system or peripheral tissues where MAOA is present. A
tumor cell targeting MAOA inhibitor is highly desirable, as it

could achieve better efficacy with less toxicity. A novel tumor-
targeting MAOA inhibitor, MAOA-near-infrared (MAOA-NIR)
dye conjugate, was synthesized in Shih and Olenyuk labora-
tories and it showed targeting efficacy in prostate tumor xe-
nograft mouse model following intratumoral and in-
traperitoneal routes of administration. NIR imaging of the
whole body in vivo and individual tumor and normal organs
ex vivo showed its localization only in the tumors of the ex-
perimental animals. Treated mice showed significant delays in
tumor growth and decreases in tumor weight as compared to
control mice [6].

Subsequently, an improved version of this molecule was syn-
thesized by combining a tumor-targeting NIR dye MHI-148 (Fig. 1)
with a moiety of the MAOA inhibitor clorgyline by an amide bond.
The resulting compound, MHI148-clorgyline amide (NMI-amide,
Fig. 1), a new near-infrared monoamine oxidase inhibitor, was
found to preferentially accumulate in the cancerous lesions and
inhibit tumor growth in a human xenograft model [7].

Pharmacokinetic studies are necessary to characterize the
plasma concentration profile following drug administration and
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this information will be useful for further preclinical and clinical
development of this novel anticancer agent. Chromatographic
approaches have been most frequently used for quantification of
the chemical compounds in plasma samples for pharmacokinetic
studies. At present, only radioactive labeled based assay methods
have been reported for the assay of clorgyline [8]. MHI-148 has
been widely used for cancer detection and the acquisition of real-
time pathophysiological information [9]. However, no chromato-
graphy based assay methods have been reported for the quanti-
fication of clorgyline or MHI-148 in plasma samples. In order to
detect NMI-amide in plasma, a UV detector or a fluorescence de-
tector can be potentially used, since NMI-amide has a maximum
UV absorbance at 400 nm and a maximum emission wavelength at
808 nm. This is the first report of using mass spectrometry to
detect the MHI dye imaging agent and its derivative (NMI-amide)
in the plasma samples with high sensitivity and specificity.

Thus, a sensitive and specific high-performance liquid chroma-
tography–mass spectrometric (HPLC–MS/MS) method was developed
and validated in terms of accuracy, precision, reproducibility, and
recovery. This method was applied to a pharmacokinetic study fol-
lowing intravenous administration of 5 mg/kg NMI-amide in mice.

2. Materials and instrument

2.1. Reagents and chemicals

Formic acid and ammonia acetate were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Acetonitrile and methanol were ob-
tained from EMD (Billerica, MA, USA). MHI-148 and NMI-amide
were synthesized as described [7,9]. Deionized water was pre-
pared using a Barnstead Nanopure Diamond™ water purification
system (APS Water Services Corporation, Van Nuys, CA, USA).
C57BL6 mouse plasma was purchased from Innovative Research
(Novi, MI, USA). C57B/L mice were purchased from Harlan La-
boratories (Placentia, CA, USA). The animal studies were per-
formed in accordance with the Guidelines for the Care and Use of
Laboratory Animals with protocols approved by the Institutional
Animal Care and Use Committee (IACUC) of University of Southern
California (Los Angeles, CA, USA).

2.2. HPLC–MS/MS system

The HPLC–MS/MS system consisted of an API 3200 LC-MS/MS
system (Sciex, Framingham, MA, USA) and two Shimadzu LC-20AD

Prominence liquid chromatograph pumps equipped with an SIL-
20A Prominence autosampler (Shimadzu, Columbia, MD, USA).
Chromatography separation was carried out using a Symmetry

s

C18 column (4.6 mm � 75 mm, 3.5 mm; Waters, Milford, MA, USA).
The chromatographic separation was carried out using a mobile

phase containing 80% acetonitrile and 20% buffer (0.1% formic acid
containing 2 mM ammonium acetate) with a flow rate of 1 mL/min.
The entire running time was 2.5 min. The temperatures of analytical
column and autosampler were both set at room temperature (24 °C).

All the liquid chromatographic eluent was then introduced into
the ESI source in the positive ionization mode. The initial 0.5 min
eluent was bypassed from the system to avoid unnecessary con-
tamination from the inorganic salts presented in the plasma
samples. The mass spectrometric conditions were as follows: gas 1,
nitrogen (40 psi); gas 2, nitrogen (40 psi); ion spray voltage,
4500 V; ion source temperature, 400 °C; curtain gas, nitrogen
(25 psi). Multiple reaction monitoring (MRM) scanning mode was
used to monitor the transition of m/z 491.2–361.9 and m/z 685.3–
258.2 for NMI-amide and MHI-148, respectively. The MS condi-
tions for NMI-amide and MHI-148 (Internal standard, IS) are
shown in Table 1.

2.3. Sample preparation

The stock solution of NMI-amide and MHI-148 were prepared
by dissolving appropriate amount of the standards in methanol to
generate a concentration of 1 mg/mL. The stock solution of NMI-
amide was further diluted appropriately to generate working so-
lutions with concentrations of 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, and
20 μg/mL. The stock solution of MHI-148 was diluted to 0.5 μg/mL
using 50% methanol as the IS working solution.

The standard calibration samples were prepared by spiking
10 μL of NMI-amide working solutions and 10 μL of IS working
solution into 100 μL of mice plasma to obtain the final nominal
concentrations of 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, and
2 μg/mL. The solution was vortex-mixed and 300 μL acetonitrile
was added. The mixture was mixed vigorously for 1 min, followed
by centrifuging at 10,000 g for 5 min. The supernatant was trans-
ferred to a sample vial and 10 μL was injected to the HPLC–MS/MS
system for analysis. Of these standards, 0.01, 0.1, and 1 μg/mL were
used as low, medium, and high quality control (QC) samples, while
the others were used as the standard samples for constructing the
standard curve.

Fig. 1. Chemical structures of (A) NMI-amide and (B) MHI-148 (IS).

Table 1
MS conditions for MHI148-clorgyline amide and MHI-148.

Compounds Precursor ion (m/z) Product ion (m/z) DP (V) EP (V) CEP (V) CE (V) CXP (V)

MHI148-clorgyline amide 491.2 [Mþ2H]þ 361.9 45.0 7.0 24.0 27.0 4.0
MHI-148 685.3 [MþH]þ 258.2 101.0 7.5 24.0 85.0 4.0

DP, declustering potential; EP, entrance potential; CEP, collision cell entrance potential; CE, collision energy; CXP, collision cell exit potential.
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2.4. Method validation

The validity of the assay method was assessed in terms
of linearity, sensitivity, precision, accuracy, recovery, dilution
integrity and stability. The QC samples at three concentration
levels of low, medium and high concentrations (LQC, MQC
and HQC, respectively) as well as sample of lower limit of quan-
tification (LLOQ) were utilized and analyzed for method validation
[10–12].

2.4.1. Selectivity and specificity
The selectivity of this method was evaluated by injecting the

blank plasma sample or spiked with clorgyline (an MAOA inhibitor
usually used as antidepressant) and NMI-amide. Clorgyline was
detected using MRM by monitoring the m/z transition of 272.9–
82.1 in positive ion mode.

The highest response product ion from the fragmentation of
the precursor ion of NMI-amide (491.2) was used as a quantifier,
while the next highest product ion (410.5) was used as a qualifier.
Monitoring the signals of m/z transition for qualifier ions can
confirm the presence of NMI-amide. The quantifier and qualifier
signal ratio was determined at LLOQ, LQC, MQC, and HQC levels
(n ¼ 3). A tolerance of 30% was set for the confirmation as per
SANCO/12571/2013 guideline [13].

2.4.2. Linearity and sensitivity
For construction of the standard calibration curve, standard

samples were injected in triplicates at concentrations of 0.005,
0.02, 0.05, 0.2, 0.5, and 2 μg/mL. Calibration curve was constructed
using the analyte/IS peak area ratio versus the analyte's nominal
concentration, and fitted by linear least-squares regression ana-
lysis with a weighting factor of 1/x2 (x is the value of the nominal
concentration).

Sensitivity of the method was evaluated in terms of limit of
detection (LOD) and LLOQ. LOD was defined as the concentration
of NMI-amide which yields a signal to noise ratio greater than 3.
LLOQ was determined based on the two criteria: (1) the analyte
response at the LLOQ would be at least 5 times that of the blank;
and (2) the analyte peak would be identifiable, discrete, and re-
producible with a precision within 20% and accuracy of 80%–120%
[10,11].

2.4.3. Precision and accuracy
The intra- and inter-day precisions and accuracy of the method

were evaluated using the spiked standard plasma samples at
concentrations of LLOQ, 0.01, 0.1 and 1 μg/mL. Precision
was calculated as the relative standard deviation (RSD) of the
triplicate (inter-day) or five replicates (intra-day) samples,
whereas accuracy was assessed as the percentage to the nominal
concentration (%). The precision acceptance criteria were set at o
20% for samples at LLOQ concentration, and 15% for other QC
samples [10,11].

2.4.4. Recovery
Extraction recovery of NMI-amide and MHI-148 were assessed by

comparing the peak areas of the extracted QC samples to the un-
extracted standard solutions containing equivalent amount of the
analytes. Briefly, 300 μL of acetonitrile was added to 100 μL of blank
plasma and the mixture was vortex-mixed for 1 min. Afterwards,
10 μL of NMI-amide working solutions was spiked to final con-
centrations of 0.01 and 1 μg/mL and MHI-148 working solutions
were added. The samples were mixed well as post-extracted QC
samples. After centrifuging at 10,000 g for 5 min, the supernatant
was removed and analyzed. The peak area, representing 100% re-
covery, was compared with that from the extracted QC samples.

2.4.5. Dilution integrity
The plasma concentrations for the first few time points fol-

lowing intravenous administration are usually very high (greater
than upper limit of quantification limit, ULOQ) and sample dilution
is required. Dilution integrity of NMI-amide in plasma was
verified by diluting the samples above ULOQ. In this study, five
replicates of plasma samples spiked at concentration of
200 μg/mL underwent 100 and 200-fold dilutions to final con-
centrations of 2 and 1 μg/mL. The diluted samples were then
processed and analyzed using the same procedure mentioned in
Section 2.3 (n ¼ 5). The precision and accuracy were then
determined.

2.4.6. Stability
The stability of NMI-amide in terms of storage stability, freeze/

thaw stability, injector stability, and handling stability was eval-
uated during the sample collection and handling, after long-term
and short-term storage, freeze-thaw cycles, and after the entire
analysis procedure. For storage stability, the QC samples were
prepared and stored at �80 °C for 2 weeks. The samples were
then processed and analyzed together with the freshly prepared
samples. For freeze–thaw stability assessment, QC samples were
exposed to three freeze (�80 °C) and thaw on ice for three cycles
and then analyzed along with the freshly prepared samples. For
injector stability, the prepared samples in the autosampler were
evaluated by re-analyzing the samples after being placed at 4 °C
for up to 4 h. For the stability during the handling process, the QC
samples were prepared and kept on ice for 4 h and then analyzed
along with the freshly prepared samples. All these stability
tests were performed on two QC concentrations with triplicate
samples. The percent deviation in concentration was used as an
indicator of stability. The analyte can be considered stable
when the percent deviation was within 7 15% of the nominal
concentration [10,11].

2.5. Application to pharmacokinetic study

The validated assay method was applied to a pharmacokinetic
study of NMI-amide in C57B/L mice following intravenous injec-
tion at a dose of 5 mg/kg. Five milligrams NMI-amide was pre-
cisely weighed and dissolved in DMSO to yield a concentration of
50 mg/mL and further diluted to 5 mg/mL using 50% glycerol:50%
ethanol (1:1, v/v). For intravenous injection, approximate 30 μL of
NMI-amide solution was injected via tail vein. Mice were eu-
thanized and blood samples were collected via heart puncture at
0, 2, 5, 15, 30, 60 and 90 min post injection. Three mice were used
at each point.

Blood samples were placed on ice immediately and centrifuged
at 10,000 g for 3 min at 4 °C. The supernatant plasma was
separated and stored at �80 °C until analysis. The plasma
samples were then processed and analyzed by the validated HPLC–
MS/MS method as described above. Concentration-time profile
was constructed and relevant pharmacokinetic parameters were
calculated.

3. Results

3.1. Mass spectrometry and chromatography

The MHI dye imaging agent and its derivative were detected
using mass spectrometry. The full Q1 scans of NMI-amide and MHI
148 were acquired in positive ion mode by infusing the standard
solutions at concentration of 1 μg/mL into the ESI source. The two
proton adduct and one proton adduct were found to be the most
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intensive ions for NMI-amide (m/z 491.2) and MHI-148 (m/z 685.3),
respectively. The product ion mass spectra of these two compounds
are shown in Fig. 2. The most abundant product ion of each analyte
was selected from MRM monitoring, and the MS/MS conditions
were optimized to maximize the response of each of precursor/
product transition (Table 1).

3.2. Method validation

3.2.1. Selectivity and specificity
No obvious peak was detected in blank plasma processed with

the procedure in Section 2.3. In addition, in the sample spiked
with clorgyline, only clorgyline peak was detected at retention
time of 0.75 min (Fig. 3A) while NMI-amide was detected without
any interference (Fig. 3B).

The ratios of the qualifier peaks to that of the quantifier peaks
were (67.5 7 9.4)%, (73.1 7 3.3)%, (72.5 7 2.0)% and (71.2% 7
1.4)% for LLOQ, LQC, MQC, and HQC, respectively. The RSD values
were less than 13.9% (Fig. 4), indicating good specificity.

3.2.2. Linearity and sensitivity
The calibration curve of NMI-amide was linear over the con-

centration range of 0.005–2 μg/mL with the regression coefficient

greater than 0.99, which is acceptable according to the FDA
guidelines [10].

The standard curves are expressed as y ¼ ax þ b, where
x is the concentration and y is the ratio of the signal intensity
of test compounds over internal standard. The parameters
of a and b are the corresponding slop and intercept, respec-
tively. The following relationship was obtained: y¼0.1337xþ
0.1028.

The representative MRM chromatograms of the QC sample at
concentration of 1 μg/mL, IS (50 ng/mL) and a real plasma sample
at 1 h post dose administration (the concentration was calculated
to be 0.59 μg/mL) are shown in Figs. 3 C–G. No specific inter-
ference was observed surrounding the NMI-amide or IS peak. The
LOD and LLOQ were found to be 0.0025 and 0.005 μg/mL,
respectively.

3.2.3. Accuracy and precision
The precision and accuracy of the assay method for NMI-amide

are summarized in Table 2. For QC samples at concentrations of
LLOQ, 0.01, 0.1, and 1 μg/mL, the intra- and inter-day precisions
(RSD) ranged from 1.1% to 14.0%. The accuracy, presented as per-
cent deviation from the nominal concentrations, ranged from

Fig. 2. Product ion mass spectra of (A) NMI-amide and (B) MHI-148 (IS).
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86.8% to 113.2%. These results indicated that this method was ac-
curate, precise and reproducible for quantification of NMI-amide
in mouse plasma.

3.2.4. Recovery
The protein precipitation extraction method yielded a recovery

of 85.4% and 95.9% for NMI-amide at LQC and HQC, respectively,

Fig. 3. MRM chromatograms of (A, B) clorgyline and NMI-amide from plasma sample spiked with clorgyline and NMI-amide, respectively; (C) blank plasma, (D) NMI-amide
(1 μg/mL), (E) MHI-148, (IS, 50 ng/mL) and (F, G) NMI-amide and IS of a plasma sample of 1 h post dose administration.
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and 59.7% for the IS (MHI-148, Table 3), which suggested that
recovery rates were consistent over the calibration ranges. Al-
though the recovery of the IS was relatively low compared to that
of NMI-amide, it did not affect the assay precision or accuracy.
Thus, no further improvement of its recovery was attempted.

3.2.5. Dilution integrity
The original concentrations of the samples being diluted were

back calculated. The accuracy values were 86.4% and 92.8% for
100- and 200-fold dilutions, respectively, while the precision was
within 9.9% for both dilutions. The samples of the first three time
points (2, 5, and 15 min) underwent dilution before assay.

3.2.6. Stability
NMI-amide was found stable under the storage condition

(�80 °C) for at least two weeks and at least 4 h on ice (4 °C). In our
preliminary study, NMI-amide was found unstable in plasma at
room temperature with a degradation half-life of 11 h and 22 h for
low concentration and high concentration, respectively. Thus, all
the stock solutions and plasma samples were placed on ice during
the entire process. The duration of sample preparation was kept
within 4 h. The stability test results showed that NMI-amide was
stable under current experiment settings (Table 4).

3.3. Pharmacokinetic results

The mean plasma concentration–time profile of NMI-amide in
C57B/L mice following intravenous injection at a dose of 5 mg/kg
is shown in Fig. 5. The pharmacokinetic profile after intravenous
injection indicates that NMI-amide pharmacokinetics followed a
typical three-compartmental model with a very rapid distribution
phase and a slow terminal elimination phase (t1/2 of 36.6 min). All
other relevant pharmacokinetic parameters are listed in Table 5.

4. Discussion

MHI dye imaging agent was for the first time detected and
quantified using an HPLC and mass spectrometry based method.
Such method could provide much higher sensitivity which is ne-
cessary for pharmacokinetic studies. Before developing the HPLC–
MS/MS method, a UV detector was used with the maximum ab-
sorption wavelength of NMI-amide at 400 nm. However, the sensi-
tivity of this method was too low and not feasible for a pharmaco-
kinetic study. NMI-amide was well detected using mass spectro-
metry with acceptable sensitivity (LLOQ 5 ng/mL). The doubly pro-
tonated ion [M þ 2H]2þ was found to be most intensive as the
parent ion for NMI-amidewith the daughter ion fragments shown in
Fig. 2A. Among these daughter ions, the highest response ion (361.7)
was selected as a quantifier, while the second highest ion (410.5) as a
qualifier. The variation of the peak ratio (qualifier/quantifier) was o
13.9% for all the samples tested, which was within the tolerance
(30%) suggested by SANCO/12571/2013 guideline [13]. The results
indicated a good specificity of this MS/MS method.

NMI-amide was found temperature sensitive and not stable at
room temperature. Thus, the whole process of sample preparation

Fig. 4. Qualifier/quantifier peak ratios for samples at LLOQ, LQC, MQC, and HQC
levels. (Quantifier: 491.2–361.9; Qualifier: 491.2–410.5).

Table 2
Precision and accuracy for MHI148-clorgyline amide analysis.

Nominal concentra-
tion (μg/mL)

Intra-day Inter-day

Accuracy (%) Precision (%) Accuracy (%) Precision (%)

0.005 107.6 9.8 104.4 2.8
0.01 86.8 7.0 99.3 14.0
0.1 104.2 1.1 106.0 11.6
1 113.2 8.6 109.4 6.6

Table 3
Recovery of MHI148-clorgyline amide and MHI-148.

Analyte Conc. (μg/mL) Recovery (%)

MHI148-clorgyline amide 0.01 85.4 7 19.9
1 95.9 7 9.1

MHI-148 (IS) 0.05 59.7 7 10.7

Table 4
Stability of MHI148-clorgyline amide under different conditions.

Condition Conc.
(μg/mL)

Measured conc.
(μg/mL)

Handling stability (4 h on ice) 0.01 0.0099 7 0.0005
1 0.94 7 0.10

Freeze and thaw stability (3 freeze
(�80 °C) and thaw (on ice) cycles)

0.01 0.0095 7 0.0009
1 0.95 7 0.03

Injector stability (4 h in the autosampler) 0.01 0.0098 7 0.0010
1 1.00 7 0.09

Storage stability (2 weeks at �80 °C) 0.01 0.010 7 0.004
1 1.05 7 0.06

Fig. 5. Plasma concentration-time profile of NMI-amide in mice after an in-
travenous dose of 5 mg/kg.
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(formulation preparation, blood sampling, plasma separation, and
compound extraction) was carried out on ice or under 4 °C
whenever possible. Under this condition, NMI-amide was identi-
fied to be stable at least for 4 h, which could guarantee the com-
pletion of the assay without significant degradation of NMI-amide.

The internal standard, MHI-148, can be used as an imaging
agent for cancers detection using a fluorescence detector [4,14],
while its derivative, NMI-amide, can also be detected by a fluor-
escence detector or UV detector. However, the mass spectrometry
was utilized with higher sensitivity and specificity. The recovery of
MHI-148 was relatively low, probably due to the high protein
binding. As a type of near infrared heptamethine cyanine dye,
MHI-148 may bind to albumin and/or low-density lipoprotein [15].
However, the recovery was found to be stable and had no sig-
nificant impact on the method reproducibility.

The assay method was found sensitive enough for quantification
of NMI-amide in plasma sample up to 1.5 h. The pharmacokinetic
profile of NMI-amide indicated that it may follow a three-compart-
mental model which suggests that the permeability of NMI-amide is
quite different in central compartments (main the blood) and tissues.
A relative short plasma elimination half-life was observed for NMI-
amide (36.6 min) which may be caused by the metabolism and/or
chemical degradation. This information will be used for dosage de-
termination for future efficacy study and/or clinical trials.

5. Conclusions

A new HPLC–MS/MS assay for NMI-amide in mouse plasma has
been successfully established and validated. This assay method is
highly sensitive and specific, which has been proven useful for a
pharmacokinetic study. The availability of this validated analytical
method for NMI-amide will facilitate its further development as a
novel tumor-targeting agent.
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a b s t r a c t

A simple and rapid liquid chromatography–tandem mass spectrometry (LC–MS/MS) method was de-
veloped and validated for simultaneous determination of acetaminophen and oxycodone in human
plasma. Acetaminophen-d4 and oxycodone-d3 were used as internal standards. The challenge en-
countered in the method development that the high plasma concentration level of acetaminophen made
the MS response saturated while the desired lower limit of quantification (LLOQ) for oxycodone was hard
to reach was well solved. The analytes were extracted by protein precipitation using acetonitrile. The
matrix effect of the analytes was avoided by chromatographic separation using a hydrophilic C18 column
coupled with gradient elution. Multiple reaction monitoring in positive ion mode was performed on
tandem mass spectrometer employing electrospray ion source. The calibration curves were linear over
the concentration ranges of 40.0–8000 ng/mL and 0.200–40.0 ng/mL for acetaminophen and oxycodone,
respectively. This method, which could contribute to high throughput analysis and better clinical drug
monitoring, was successfully applied to a pharmacokinetic study in healthy Chinese volunteers.
& 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

Acetaminophen is a frequently used analgesic and antipyretic
drug worldwide. Oxycodone hydrochloride, a semi-synthetic opi-
ate derivative of thebaine, is widely used in analgesic agents due
to remarkable analgesia effect and good tolerance [1]. The FDA-
approved Percocet [2], combining acetaminophen with oxycodone,
can be effective in pain control and help in reducing side effects
and drug dependence. The commonly used dosage regimen is
325mg and 5mg for acetaminophen and oxycodone, respectively.
The combination of acetaminophen and oxycodone provides a
synergistic and opioid-sparing effect. Additionally, this combina-
tion has a safe pharmacokinetic profile, without increasing the
incidence of drug addiction and acetaminophen-associated hepa-
totoxicity [3–7]. As the abuse of prescription opioids continues to
rise, measurement of acetaminophen and oxycodone in human
plasma will help researchers with better drug monitoring.

Several methods have been developed for the determination of
acetaminophen in biological matrix, including immunoassay [8],
gas chromatography (GC) [9,10], capillary electrophoresis [11],
high performance liquid chromatography (HPLC) with UV detector
[12–16] or with tandem mass spectrometer [17–19]. The analysis of
oxycodone alone or with its major metabolites in human plasma
with electrochemical detection [20,21], GC [22,23], liquid chro-
matography–tandem mass spectrometry (LC–MS) [24,25] and
liquid chromatography–tandem mass spectrometry (LC–MS/MS)
[26–37] has also been reported. Literature survey revealed that the
majority of published methods determined acetaminophen and
oxycodone in biological fluids individually, or in combination with
other drugs [38–42]. Devarakonda et al. [43] quantified acet-
aminophen and oxycodone in plasma with liquid-liquid extraction,
but the sample preparation and method validation were not
clearly described.

Simultaneous determination of acetaminophen and oxycodone
in human plasma by LC–MS/MS is challenged by two problems,
one is the weak retention of the analytes on traditional C18 col-
umns, and the other is that the plasma concentration of acet-
aminophen is much higher than that of oxycodone. The present
article focuses on troubleshooting in method development, in-
cluding screening of columns for better retention of the analytes,
and overcoming the MS response saturation to acetaminophen
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while ensuring the detection sensitivity for oxycodone. Finally, the
application of the validated method to a clinical pharmacokinetic
study in healthy Chinese volunteers following oral administration
of Percocet tablet is described.

2. Experimental

2.1. Chemicals and reagents

The reference standards of acetaminophen and acet-
aminophen-d4 were purchased from Toronto Research Chemicals
(Toronto, Canada). The reference standards of oxycodone hydro-
chloride and oxycodone-d3 solution were purchased from Sigma-
Aldrich Company, USA. HPLC grade methanol and acetonitrile
were purchased from Merck KGaA (Darmstadt, Germany). Acetic
acid and ammonium acetate were obtained from Sigma-Aldrich
Company, USA. Ultrapure water was generated in house with a
Milli-Q system (Millipore, Bedford, MA, USA) and was used
throughout the study. Blank human plasma was obtained from
healthy Chinese volunteers. All the volunteers were given in-
formed consent.

2.2. Liquid chromatography and mass spectrometric conditions

An Exion LC system (Applied Biosystems/Sciex, USA) consisted
of a binary AD pump, a vacuum degasser, an autosampler (AD
multiplate sampler) and a temperature-controlled compartment
for column (AD column oven). Separation of analytes was per-
formed on a Venusil ASB C18 column (2.1mm � 50mm, 3 mm,
150 A; Bonna-Agela Technologies, Tianjin, China) with a Security
Guard Cartridges C18 (4mm � 2.0mm, Phenomenex, Torrance,
CA, USA) maintained at 40 °C. The autosampler temperature was
set at 8 °C. The mobile phase was composed of 2mM ammonium
acetate containing 0.1% (v/v) acetic acid (A; pH 3.6) and acetoni-
trile (B). The gradient elution program started at a composition of
6% B for 0.4min, and then was ramped to 15% B at 0.5min and
held for another 1.5min. The composition of mobile phase B was
maintained at 80% from 2.1min to 2.8min. The system returned to
the initial condition at 3.0min and held for another 1.5min. The
total run time was 4.5min and the flow rate was constantly
0.5mL/min. The injection volume was 5μL.

Detection of analytes and internal standards was operated on a
triple quadrupole mass spectrometer, AB SCIEX Triple Quad™
6500þ (Applied Biosystems/Sciex, USA), equipped with an elec-
trospray ion source in positive mode. Quantitation was performed
using the multiple reaction monitoring (MRM) with a dwell time
of 100ms per transition. The MRM parameters of acetaminophen,
oxycodone, acetaminophen-d4 and oxycodone-d3 are listed in
Table 1. The optimized source parameters were as follows: 30 psi
for curtain gas; 8 psi for collision activation dissociation; 650 °C for
turbo heater temperature; 3500 V for ionspray voltage; 50 psi for
Gas 1; 55 psi for Gas 2. Quadrupole 1 and quadrupole 3 were

maintained at unit resolution. Data processing was performed
using Analyst 1.6.3 software. The fragmentation of acetaminophen
(A), oxycodone (B), acetaminophen-d4 (C) and oxycodone-d3 (D)
is given in Fig. 1.

2.3. Preparation of stock and working solutions

Primary stock solutions for preparation of calibration standards
and quality control (QC) samples were prepared from separate
weighing. The standard stock solutions of acetaminophen, oxyco-
done and acetaminophen-d4 were prepared by dissolving accu-
rately weighed compounds in acetontrile-water (50:50, v/v) to
give a concentration of 1.0mg/mL. The primary standard solution
of oxycodone-d3 in methanol was provided at a certified con-
centration of 1.0mg/mL. The combined working solutions of ana-
lytes over the desired concentration range were prepared by fur-
ther dilution of stock solutions with acetontrile-water (50:50, v/v).
A combined internal standard working solution was prepared in
acetontrile-water (50:50, v/v) at 10.0 ng/mL for oxycodone-d3 and
80.0 ng/mL for acetaminophen-d4. All stock and working solutions
were stored at �20 °C and brought to room temperature before
use.

2.4. Preparation of calibration standards and QC samples

The calibration standards and QC samples were prepared by
spiking plasma with appropriate volume of respective working
solutions. Calibration standards were prepared at concentrations
of 40.0, 80.0, 200, 600, 2000, 5000, and 8000 ng/mL for acet-
aminophen; 0.200, 0.400, 1.00, 3.00, 10.0, 25.0, and 40.0 ng/mL
for oxycodone. QC samples were prepared at 40.0 ng/mL (lower
limit of quantification, LLOQ), 100 ng/mL (low QC, LQC),
1200 ng/mL (middle quality control, MQC), and 6400 ng/mL (high
quality control, HQC) for acetaminophen; 0.200 ng/mL (LLOQ),
0.500 ng/mL (LQC), 6.00 ng/mL (MQC), and 32.0 ng/mL (HQC) for
oxycodone.

2.5. Sample preparation

50 μL aliquot of plasma sample was transferred to a clean 96-
well plate and mixed with 25 μL of internal standard working
solution. The mixture was deproteinized with 200 μL acetonitrile,
vortex-mixed for 10min, and then centrifuged at 4000 rpm for
10min. 30 μL of the supernatant was transferred to another clean
96-well plate, to which 330μL of acetontrile-water (10:90, v/v)
was added. After vortex mix for 3min, the mixture was injected
into the LC-MS/MS system for analysis.

2.6. Method validation

The validation of this method was carried out following the
USFDA guidelines [44]. The validation included specificity, linear-
ity, precision and accuracy, recovery, matrix effect, dilution in-
tegrity, carryover effect and stability.

The specificity was tested for interference in the MRM channels
using the proposed extraction procedure and LC–MS/MS condi-
tions. Six batches of blank plasma obtained from six individual
volunteers were analyzed and the results were compared to those
obtained from samples at LLOQ. Best-fit calibration curves of peak
area ratio versus analyte concentrations were drawn for acet-
aminophen and oxycodone. The calibration curve was fitted to a
1/x2 weighed regression analysis where x is the concentration of
the analyte. Precision and accuracy were evaluated at four con-
centration levels (LLOQ, LQC, MQC, and HQC) in six replicates.
Intra-run precision and accuracy were assessments of precision
and accuracy during a single analytical run. Inter-run precision and

Table 1
MRM parameters of acetaminophen, oxycodone, acetaminophen-d4 and oxyco-
done-d3.

Analytes Precursor
ion (Da)

Product
ion (Da)

DP (V) EP (V) CE (V) CXP (V)

Acetaminophen 152.0 110.1 38 8 42 12
Oxycodone 316.1 241.1 56 12 39 13
Acetaminophen-d4 155.8 114.1 90 14 30 11
Oxycodone-d3 319.0 244.1 84 8 39 10

DP, declustering potential; EP, entrance potential; CE, collision energy; CXP, colli-
sion cell exit potential.
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accuracy were evaluated over two days by quantification of three
validation runs. Recovery experiments were performed by com-
paring peak area of extracted samples (spiked before extraction) to
the peak area of unextracted samples (QC working solutions
spiked in extracted plasma) at LQC, MQC and HQC levels. The
matrix effect was assessed by comparing the peak area obtained
from an amount of the analyte added in extracted blank plasma to
the peak area obtained from equal concentration of the analyte in
solvent. Dilution integrity was performed with six replicates each
for samples spiked at concentrations of HQC and 2 times of the
upper limit of quantification (ULOQ) diluted 5-fold with blank
plasma. In this study, stability tests evaluated the stability of
acetaminophen and oxycodone in stock solutions and plasma
samples under different conditions. For stock solutions, the sta-
bility was evaluated by comparing the area response of analytes in
stability samples to that of freshly prepared stock solutions. For
plasma samples, bench top stability, autosampler stability, freeze-
thaw stability and long-term stability were evaluated with three
replicates each at LQC and HQC levels.

2.7. Pharmacokinetic study

Ten healthy Chinese volunteers were enrolled in the clinical
pharmacokinetic study. Preliminary screening involved a medical
history, physical examination, medical and laboratory evaluations.
The protocol approval was obtained from a local ethics committee
and informed consent was obtained from each subject. After an
overnight fast of at least 10 h, all subjects were administered with a
single dose of one Percocet tablet (acetaminophen/oxycodone,
325mg/5mg, Endo Pharmaceuticals Inc.). Blood samples were col-
lected before drug administration (0 h) and at 0.17, 0.33, 0.5, 0.75, 1,

1.33, 1.67, 2, 2.5, 3, 4, 5, 6, 8, 10, 12 and 24 h post-dosing. Whole blood
was collected into heparinized tubes and centrifuged at 3000 rpm
for 5min. The plasma samples were stored at �20 °C until
analysis. The pharmacokinetic parameters were calculated with non-
compartment model using WinNonlin software version 6.4.

3. Results and discussion

3.1. Method development

The method development included selection of mobile phase,
column types, MS detector, MS parameters and sample extraction.
Acetaminophen and oxycodone are compounds with low lipo-
philicity and retain weakly on C18 columns; thus the initial organic
phase ratio should be low to achieve appropriate chromatographic
separation. In the column screening stage, appropriate retention
for both acetaminophen and oxycodone could not achieve on
numerous C18 columns, such as a Zorbax Eclipse Plus C18 column
(2.1mm � 50mm, 3.5 mm; Agilent Technologies), a Zorbax Ex-
tend-C18 column (2.1mm � 50mm, 3.5 mm; Agilent Technologies)
and a Poroshell 120 SB-C18 column (2.1mm � 50mm, 2.7 mm;
Agilent Technologies), except on an Ultimate XB-C18 column
(2.1mm � 100mm, 3 mm; Welch Materials, Inc., Shanghai, China).
It was observed that pure water and acetonitrile as mobile phase
gave the best sensitivity and peak shape on the Ultimate XB-C18
column. Tailing peak was observed when methanol was used as
mobile phase B. Addition of acid in mobile phase A resulted in
oxycodone eluted at dead time and addition of ammonium acetate
led to unacceptable peak shapes of oxycodone. However, en-
dogenous interference and matrix effect existed while pure water

Fig. 1. Product ion mass spectra of (A) acetaminophen, (B) oxycodone, (C) acetaminophen-d4 and (D) oxycodone-d3 in positive mode and their proposed fragmentation
patterns.
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was employed as mobile phase A. A Venusil ASB C18 column
(2.1mm � 50mm, 3 mm, 150 Å) was then tested. The optimized
mobile phase was composed of 2mM ammonium acetate con-
taining 0.1% (v/v) acetic acid and acetonitrile to achieve symme-
trical peak shapes and better MS response. Higher concentration of
ammonium acetate at 5mM and 10mM would inhibit MS re-
sponse for all analytes. More addition of acid like 0.2% (v/v) acetic
acid or 0.1% (v/v) formic acid in aqueous mobile phase would
weaken the chromatographic retention of the analytes. The dif-
ference between the above two columns lies in that the Ultimate
XB-C18 column is a traditional reversed-phase column with end-
capping while the Venusil ASB C18 column is an uncapped hy-
drophilic column. The end-capping process might increase the li-
pophilicity of stationary phase, resulting in weak absorption of
polar compounds. The hydrophilic column could provide better
chromatographic retention and separation for strong polar com-
pounds within a pH range of 1–5. The proportion of organic phase
started at 6% to elute endogenous substance, and then increased to
15% to separate acetaminophen and oxycodone. Optimized flow
rate of 0.5mL/min helped in separation and elution of all com-
pounds in 2min. Whereafter, the composition of mobile phase B
was set at 80% for 0.8min to wash column and inhibit matrix ef-
fect. The elution program changed to the initial condition in order
to back toward equilibrium state.

The MS-MS detection was initially performed on an API 4000
mass spectrometer (Applied Biosystems/Sciex, USA). The plasma
concentration of acetaminophen was much higher than that of
oxycodone after oral administration of Percocet tablet. If the
analytes in plasma were not diluted, the plasma concentration of
acetaminophen would be so high that the saturation of MS re-
sponse to acetaminophen would result in its poor linearity of ca-
libration curve. This means that the analytes in plasma should be
diluted for determination of acetaminophen. However, if the
plasma sample was massively diluted, the quantification of oxy-
codone at LLOQ was difficult to ensure. Even though the much
higher sensitive instrument AB SCIEX Triple Quad™ 6500þ was
applied, the problems were not easily overcome without further
optimization described below.

By using an AB SCIEX Triple Quad™ 6500þ mass spectrometer,
the protonated molecular ion [MþH] þ was chosen as the parent
ion in the Q1 full scan spectra for acetaminophen, oxycodone and
the internal standards. The parent ion was used as the precursor
ion to obtain the product ion in the Q3 spectra. The fragment ions
with the highest relative abundance were at m/z 110.1, 298.1, 114.1,

and 301.1 for acetaminophen, oxycodone, acetaminophen-d4 and
oxycodone-d3, respectively (Fig. 1). Interestingly, MRM transitions at
m/z 316.1-241.1 for oxycodone and m/z 319.0-244.1 for oxyco-
done-d3 showed more steady and reproducible signal intensities.
Gaudette et al. [35] reported the fragmentation pattern of these
transitions. The authors speculated that transitions at m/z 316.1-
298.1 for oxycodone and m/z 319.0-301.1 for oxycodone-d3 might
be the results of dehydration rearrangements. The mass-to-charge
ratios of [MþH-H2O] þ ions for oxycodone and oxycodone-d3 cor-
responded to 298.1 and 301.1. Ion source parameters and electrical
parameters were optimized by monitoring the selected mass tran-
sition for the analytes. The great difference in the concentration
ranges between acetaminophen and oxycodone made it challenging
that both analytes in processed samples could give suitable signal
intensities simultaneously via the same sample preparation. In order
to avoid the MS response saturation to acetaminophen as well as
guarantee the LLOQ of oxycoden detection, the analytes in plasma
were diluted to a limited extent. Despite massive dilution of analytes
in plasma, the MS response saturation to acetaminophen could not
be avoided completely. Optimization of collision energy was also
conducted to make fewer product ions of acetaminophen generated
in Q3 to avoid the MS response saturation to acetaminophen. The MS
condition optimization test showed that to obtain the highest in-
tensity for acetaminophen, the collision energy of 20 V should be
adapted. Actually, a collision energy wewanted should inhibit the MS
response saturation to acetaminophen. This meant that the collision
energy should be increased appropriately to decrease the generation
of the product ions of acetaminophen to an acceptable extent. Finally,
the collision energy for acetaminophen was adjusted to 42V to ob-
tain adaptive MS response. Other optimized parameters are listed in
Table 1.

Previous pharmacokinetic research of drug formulations com-
bining acetaminophen and oxycodone reported extraction of
acetaminophen and oxycodone simultaneously from human
plasma with liquid-liquid extraction [43]. As the purpose was to
develop a simple and rapid method, protein precipitation was
tested. Precipitants including methanol, acetonitrile and metha-
nol-acetontrile (1:1, v/v) were compared. Single precipitant of
acetonitrile showed higher extraction recovery and negligible
matrix effect. Due to the saturation of MS response to acet-
aminophen at high concentration level, the volume of acetontrile-
water (10:90, v/v) used to dilute the supernatant of deproteinized
samples was tested. The results of a 4-fold dilution, an 8-fold di-
lution and a 12-fold dilution are given in Fig. 2. A 12-fold dilution,
30 μL of the supernatant diluted with 330μL of acetontrile-water
(10:90, v/v), showed the best linearity. The major advantage was
its efficiency in simultaneous extraction of both analytes and in-
ternal standards with single step of protein precipitation.

3.2. Method validation

3.2.1. Specificity
The typical chromatograms of blank plasma, drug-free plasma

spiked with both analytes at LLOQ and a clinical sample from a
volunteer at 4 h after single oral administration of one Percocet
tablet are shown in Fig. 3. No significant endogenous interference
was observed in blank plasma at the retention time of acet-
aminophen, oxycodone and internal standards. Potential inter-
ference of stable isotope-labeling internal standards was also
evaluated in this study. The internal standards had no interference
in the channel of acetaminophen and oxycodone.

3.2.2. Linearity
The calibration curves showed good linearity over the con-

centration of 40.0–8000 ng/mL for acetaminophen and 0.200–
40.0 ng/mL for oxycodone. The correlation coefficient (r) of the

Fig. 2. The MS response to acetaminophen obtained by using different volumes of
acetontrile-water (10:90, v/v) to dilute the supernatant of deproteinized samples.
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weighed calibration curves for both analytes during the validation
was Z 0.995. Precision and accuracy of the back-calculated con-
centrations of calibration standards well met the acceptance
criteria.

3.2.3. Precision and accuracy
The intra-run and inter-run precision and accuracy was sum-

marized in Table 2. The regression equations for calibration curves
were used to back-calculate the measured values of QC samples at

Fig. 3. Typical MRM chromatograms of acetaminophen, oxycodone and internal standards: (A) blank human plasma, (B) calibration standards at LLOQ and (C) a clinical
sample from a volunteer at 4 h after single oral administration of one Percocet tablet.

Table 2
Intra-run and inter-run precision and accuracy data for acetaminophen and oxycodone in human plasma.

Analytes Intra-run Inter-run

Mean concentration (ng/mL) Accuracy (%) CV% Mean concentration (ng/mL) Accuracy (%) CV%

Acetaminophen
LLOQ QC (40.0 ng/mL) 38.7 7 0.5 96.8 1.3 39.3 7 3.3 98.3 8.4
LQC (100 ng/mL) 97.0 7 4.1 97.0 4.2 101 7 9 101.0 8.9
MQC (1200 ng/mL) 1160 7 17 96.7 1.5 1187 7 42 98.9 3.5
HQC (6400 ng/mL) 6097 7 201 95.3 3.3 6130 7 180 95.8 2.9
Oxycodone
LLOQ QC (0.200 ng/mL) 0.196 7 0.019 98.0 9.7 0.198 7 0.020 99.0 10.1
LQC (0.500 ng/mL) 0.513 7 0.028 102.6 5.5 0.507 7 0.010 101.4 2.0
MQC (6.00 ng/mL) 5.96 7 0.16 99.3 2.7 6.05 7 0.15 100.8 2.5
HQC (32.0 ng/mL) 32.0 7 1.4 100.0 4.4 32.2 7 1.1 100.6 3.4

The mean concentration was presented in the form of mean 7 SD. CV, coefficient of variation.
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four concentration levels. For both acetaminophen and oxycodone,
the deviations of mean value from the nominal value were all
within 7 15% and the coefficient of variation (CV) determined at
each concentration level did not exceed 10.1%.

3.2.4. Recovery
Six replicates at LQC, MQC and HQC were prepared for recovery

experiment. The recovery extent of each analyte and its corre-
sponding internal standard was consistent and reproducible. The
mean recovery data (with the precision) at LQC, MQC and HQC was
96.0% (7.6%), 94.7% (5.0%), and 95.7% (4.5%) for acetaminophen; 91.1%
(5.4%), 94.0% (2.4%), and 94.7% (2.3%) for oxycodone. The recovery of
acetaminophen-d4 was 95.3% with the precision of 9.3%. The re-
covery of oxycodone-d3 was 94.1% with the precision of 2.6%.

3.2.5. Matrix effect
No significant matrix effect was observed in six batches of

human plasma for both analytes at three concentration levels
(low, middle and high). The matrix effects at concentrations of
LQC, MQC and HQC were (96.7 7 6.0) %, (97.8 7 3.2) %, and
(98.5 7 1.4) % for acetaminophen; (96.6 7 2.7) %, (98.6 7 1.1) %,
and (97.3 7 1.0) % for oxycodone. The matrix effect of
acetaminophen-d4 and oxycodone-d3 was (92.4 7 1.6) % and
(98.7 7 1.6) %, respectively.

3.2.6. Dilution integrity
The diluted samples were prepared by a 5-fold dilution of

samples at HQC and 2 times of the ULOQ with blank plasma. The
determined concentrations were corrected for dilution factor. The
mean back calculated concentrations for both analytes at each
level were within 85%–115% of their nominal values. The max-
imum of CV was 6.8%. The results demonstrated that the ULOQ
could be extended to 16,000 ng/mL for acetaminophen and
80.0 ng/mL for oxycodone by a 5-fold dilution with blank plasma.

3.2.7. Carryover effect
Carryover was assessed and monitored by analyzing blank

plasma samples instantly following plasma samples at ULOQ. No
obvious response at the retention time of analytes was observed in
blank matrix samples.

3.2.8. Stability
The stock solution was found to be stable for 20 h at room

temperature and 33 days at �20 °C. Table 3 lists the stability of

acetaminophen and oxycodone in human plasma under different
conditions. Bench top stability experiment was conducted to keep
QC samples at room temperature for 24 h. The freeze-thaw stabi-
lity was determined over three freeze-thaw cycles. The processed
samples were analyzed after being kept in autosampler at 8 °C for
24 h (autosampler stability). The storage time for evaluating long-
term stability at �20 °C was designed to be 23 days.

3.3. Method application

The validated method was applied to quantify acetaminophen and
oxycodone in human plasma samples collected from healthy Chinese
volunteers after a single oral administration of one Percocet tablet.
The mean plasma concentration-time profile of acetaminophen and
oxycodone is shown in Fig. 4. The typical pharmacokinetic para-
meters are presented in Table 4. No literature revealed the pharma-
cokinetic profile of acetaminophen after administration of Percocet.
Gammaitoni et al. [30] only evaluated the pharmacokinetics of oxy-
codone following single-dose administration of Percocet at three dose
levels. For the 325mg/5mg (acetaminophen/oxycodone) dose level,
the reported mean values of peak plasma concentration (Cmax), area
under the plasma concentration-time curve from 0h to 24h (AUC0–
24), time to peak plasma concentration (Tmax) and terminal elimina-
tion half-life (t1/2) were 9.96 ng/mL, 48.62 h ng/mL, 1.33 h and 3.28 h,
respectively. AUC0–24 and t1/2 of oxycodone listed in Table 4 were
consistent with those earlier reported values. Cmax of oxycodone in
Table 4 was slightly higher than the value in the previous study while
Tmax was somewhat lower. This may be due to differences in race, age
and genetics of the study subjects.

Table 3
Stability of acetaminophen and oxycodone in human plasma under different sto-
rage conditions.

Storage conditions Analytes Nominal Mean RE (%) CV (%)
(ng/mL) (ng/mL)

Autosampler stability
(24 h, 8 °C)

Acetaminophen 100 99.7 �0.3 5.5
6400 6247 �2.4 5.8

Oxycodone 0.500 0.507 1.4 7.7
32.0 31.6 �1.3 4.4

Bench top stability
(24 h, room
temperature)

Acetaminophen 100 98.7 �1.3 1.0
6400 6170 �3.6 1.6

Oxycodone 0.500 0.503 0.6 3.2
32.0 30.7 �4.1 2.0

Freeze-thaw stability
(3 cycles, �20 °C)

Acetaminophen 100 103 3.0 2.9
6400 5740 �10.3 4.2

Oxycodone 0.500 0.510 2.0 4.1
32.0 30.6 �4.4 2.3

Long-term stability
(23 days, �20 °C)

Acetaminophen 100 93.3 �6.7 5.0
6400 5740 �10.3 0.5

Oxycodone 0.500 0.511 2.2 10.2
32.0 31.5 �1.6 4.1

RE, relative error; CV, coefficient of variation.

Fig. 4. Mean plasma concentration-time profiles of (A) acetaminophen and (B)
oxycodone in human plasma.
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4. Conclusion

A simple method has been developed and validated for de-
termination of acetaminophen and oxycodone in human plasma.
To the best of our knowledge, no published methods are available
for simultaneous quantification of acetaminophen and oxycodone
in human plasma using protein precipitation so far. The validated
method has advantages in terms of the usage of simple protein
precipitation extraction and a short analysis time, which promotes
high-throughput pharmacokinetic study and is useful for routine
therapeutic drug monitoring. This method has been successfully
applied to a pharmacokinetic study in healthy Chinese volunteers
following oral administration of one Percocet tablet.
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Parameters Acetaminophen Oxycodone

Cmax (ng/mL) 6326 7 2574 12.8 7 4.6
AUC0–24 (h ng/mL) 16,205 7 5871 46.5 7 17.0
AUC0-1 (h ng/mL) 16,744 7 6026 51.2 7 18.1
Tmax (h) 0.48 7 0.41 0.77 7 0.36
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a b s t r a c t

This study aimed to show that the physicochemical proprieties obtained by Fourier transform infrared
spectroscopy (FTIR), thermogravimetry (TG), and scanning electronic microscopy (SEM) can be useful
tools for evaluating the quality of active pharmaceutical ingredients (APIs) and pharmaceutical products.
In addition, a simple, sensitive, and efficient method employing HPLC-DAD was developed for simulta-
neous determination of lidocaine (LID), ciprofloxacin (CFX) and enrofloxacin (EFX) in raw materials and
in veterinary pharmaceutical formulations. Compounds were separated using a Gemini C18 (250mm �
4.6mm, 5 mm) Phenomenex

s

column, at a temperature of 25 °C, with a mobile phase containing 10mM
of phosphoric acid (pH 3.29): acetonitrile (85.7:14.3, v/v) and a flow rate of 1.5mL/min. Physicochemical
characterization by TG, FTIR, and SEM of raw materials of LID, CFX, and EFX provided information useful
for the evaluation, differentiation, and qualification of raw materials. Finally, the HPLC method was
proved to be useful for evaluation of raw material and finished products, besides satisfying the need for
an analytical method that allows simultaneous determination of EFX, CFX, and LID, which can also be
extended to other matrices and applications.
& 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 the development of pharmaceutical products, it is cru-
cial to know the physicochemical properties of drugs. Pharma-
ceutical laws oblige drug manufacturers to assess the compat-
ibility of active substances, excipients, and medicinal products
with established standards. However, characterization of the ac-
tive pharmaceutical ingredients (APIs) improves the quality para-
meters of all raw materials used during the manufacturing process
of pharmaceuticals, as well as those in the final products [1].

For adequate investigation of APIs, it is necessary to use ap-
propriate instrumental analysis techniques, and recent reports
have shown a high interest in the use of thermogravimetry ana-
lysis (TGA) [2,3], Fourier transform infrared spectroscopy (FTIR)
[4,5], near-infrared spectroscopy [6], and Raman spectroscopy [7].

Fluoroquinolones are broad-spectrum antibiotics with potent
activity against pathogens that have clinical relevance in human
and veterinary medicine. They are mainly employed in prevention
of and therapy for diseases such as infections of the urinary, gas-
trointestinal, and respiratory tract, sexually transmitted diseases,
skin infections, and chronic osteomyelitis [8].

This class of agents is characterized by a favorable pharmaco-
kinetic profile, high tissue penetration, and rapid bactericidal
action. Currently, the most frequently used fluoroquinolone is
enrofloxacin (EFX, Fig. S1). Its antimicrobial properties constitute
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an advantage for use in poultry, notably for treating mycoplasma
infections, colibacillosis, and in animals on pastures. EFX is also
used in aquaculture, both as a prophylactic and as a chemother-
apeutic agent. In the aquatic environment, it is employed against
common bacterial pathogens, namely Yersinia ruckeri, Vibrio an-
guillarum, Renibacterium salmoninarum, and Aeromonas salmoni-
cida. There are reports that ciprofloxacin (CFX, Fig. S1), a primary
metabolite of EFX, has a greater microbial efficacy [9]. In fact, CFX
has become the first fluoroquinolone widely available since the
second half of the 1980s. This drug is efficient against numerous
gram-negative and gram-positive pathogens, and has been used
for treating a variety of bacterial infections [10], both in humans
and poultry. One of its disadvantages is the food-drug interaction
with divalent and trivalent atoms, such as Ca2þ and Al3þ , re-
spectively [11]. The oral absorption of CFX can be significantly
reduced by concomitant administration of food containing milk,
for example. Hence, CFX interaction with food may result in
changes both in the rate and the extent of absorption and can
potentially lead to sub-therapeutic concentrations of the drug and
even treatment failure.

Lidocaine (LID, Fig. S1), the most commonly used local anes-
thetic, is also used as a diluent in injectable formulations. LID
contributes to relieving pain related to surgical, dental, and gy-
necological procedures, both in humans and in animals, despite
having no antimicrobial or antiparasitic activity [12]. Thus, it can
be administered in association with other drugs, such as anti-
parasitics, anti-inflammatories, and antibiotics. For example, the
use of LID in conjunction with fluoroquinolones has been reported
previously: CFX for human prostate surgery [13] and EFX for sur-
gical procedures in birds, for insertion of transmitters for the
purpose of species migration research [14]. Therefore, the
simultaneous analysis of LID, CFX, and EFX in pharmaceutical
formulations and other matrices is highly desirable.

Several bioanalytical methods used for measuring concentra-
tions of CFX have been reported, including capillary electrophor-
esis [15], spectrophotometry [16,17], high performance liquid
chromatography (HPLC) with ultraviolet (UV) detection [18–23],
and fluorescence detection [24–31]. Recently, HPLC methods cou-
pled with mass spectrometry for the determination of CFX in
human plasma have also been published. However, there have
been few reports of methods for simultaneous determination
of EFX and CFX, and mostly in biological fluids and animal tissue
[32–41]. No method for simultaneous analysis of these compounds
in raw materials and veterinary pharmaceutical formulations has
been reported. In addition, many HPLC procedures for analysis of
LID in pharmaceutical preparations and biological fluids have been
published [42–44], as have the use of electrochemical methods for
the direct quantification of LID and its impurities in pharmaceu-
tical samples [42–46].

Hence, the objectives of this study were to: (i) show that FTIR,
thermogravimetry (TG), and scanning electronic microscopy (SEM)
can be useful for evaluation of the APIs (bulk drugs), i.e. LID, CFX,
and EFX, supplied as raw materials; (ii) develop and validate an
HPLC method for simultaneous determination of LID, CFX, and EFX
in bulk drugs and veterinary pharmaceutical formulations; and
(iii) apply this method in commercial tablets of EFX; and in-
jectables of CFX and LID. Despite the existence of a wide range of
studies for determining LID, CFX, and EFX, simultaneous
determination of these drugs in raw materials and veterinary
pharmaceutical formulations, aimed at application in quality
control, are still lacking. Similarly, there is a lack of physico-
chemical studies of raw materials as a coadjutant in quality control
described in literature. Finally, the availability of new methods
with multidetection ability is very important, because this strategy
can simplify the routine, improve the sensitivity and selectivity,
and decrease operational costs.

2. Experimental

2.1. Standards and samples

All reference standards of LID, CFX, and EFX from United States
Pharmacopeia (USP) were acquired from Sigma Aldrich

s

(St Louis,
MO, USA). Samples of CFX and EFX as bulk drugs were obtained
from Hebei Veyong (Shanghai, China) and LID was obtained from
Henrifarma (São Paulo, SP, Brazil). Samples of finished product of
Enrotrat

s

200mg (Ourofino
s

, Ribeirão Preto, SP, Brazil), Lidovet
s

injectable 2% (Bravet
s

, Rio de Janeiro, RJ, Brazil), and Ciprodez
s

injectable 10% (Biovet, Vargem Grande Paulista, SP, Brazil) were
purchased from commercial sources in the local market.

2.2. Solvents and chemicals

Acetonitrile and methanol (HPLC grade) and triethylamine
were obtained from J.T. Baker

s

(Mexico City, MX, Mexico). Water
was distilled and purified using Millipore Milli-Q Plus system
(Bedford, MA, USA). Analytical grade phosphoric acid (H3PO4, 85%)
was purchased from Merck

s

(Darmstadt, Germany). All other
chemicals were of analytical grade with the highest purity
available.

2.3. Instruments for characterization of raw materials

Analysis by FTIR was carried out using Fourier Transform
Spectrometer (Bomem Hartmann & Braun, MB series, Quebec,
Canada), operating between 4000 and 400 cm–1, with a resolution
of 4 cm–1, using the KBr pellet method. TGA was conducted in a
termobalance (2950 Thermal Analysis Instrument, TA Instrument,
New Castle, DE, USA) with a heating rate of 10 °C/min, under a flow
rate of nitrogen at 50mL/min, 25–600 °C. The SEM images were
obtained at magnifications of 200 � and 500 � using a micro-
scope TM3000 Hitachi Analytical Table Top (Tarrytown, NY, USA)
with an acceleration of tension at 5 kV, employing carbon tape to
fix raw materials in the carrier.

2.4. Instrument for chromatographic separation

The Agilent (Agilent Technologies, Palo Alto, CA, USA) chroma-
tographic system used to develop and validate this method con-
sisted of an Agilent LC 1260 quaternary pump (G1311 B), a ther-
mostat, model 1290 (G1330B), an automatic injector, model 1260
Hip ALS (G1367E), a column oven, model 1290 TCC (G1316C), and a
diode array detector (DAD), model 1260 VLþ (G1315C). An Agilent
OpenLAB Chromatography Data System

s

was used to control the
HPLC system and was used for data acquisition. Separation was
performed on a Gemini C18 column (250mm � 4.6mm, 5 mm)
from Phenomenex

s

(Torrance, CA, USA). The analyses were per-
formed at the Laboratório de Separações, Departamento de Ciências
Naturais, Universidade Federal de São João del-Rei (UFSJ).

2.5. Analytical conditions

The mobile phase consisted of a mixture of 10mM of phos-
phoric acid (pH 3.29):acetonitrile (85.7:14.3, v/v). UV detection
was performed at 210 and 280 nm. All chromatographic proce-
dures were conducted at 25 °C. A flow rate of 1.5mL/min was used,
and the injection volume was 10 mL for standards and samples.

2.6. Preparation of reference solutions and mobile phase

Working solutions of LID, CFX, and EFX used during the method
validation step were prepared daily by diluting the stock solution
with methanol to concentrations of 48, 52, 56, 60, 64, 68, and
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72 mg/mL for CFX; 96, 104, 112, 120, 128, 136, and 144 mg/mL for
EFX and 144, 156, 168, 180, 192, 204, and 216 mg/mL for LID.

The aqueous solution was prepared by diluting 2.5mL con-
centrated phosphoric acid in 500mL of purified water. The pH
adjustment (pH 3.29) was performed with solutions of 1.0, 0.1, and
0.01M triethylamine.

2.7. Validation of the method

The parameters were evaluated following the International
Conference on Harmonization [47]. The method was validated for
analysis of bulk drugs from Hebei Veyong

s

(CFX and EFX) and
Henrifarma

s

(LID), and samples of finished products: Lidovet
s

injectable 2%, Ciprodez
s

injectable 10%, and Enrotrat
s

200mg ta-
blets. The following parameters were studied: selectivity, linearity,
limit of detection (LOD), limit of quantification (LOQ), precision,
and accuracy.

Samples were fortified and analyzed to evaluate the selectivity
of the method. The linearity of the assay method was determined
by constructing three calibration graphs using seven concentration
levels ranging from 80% to 120% of the assay analytes concentration
of LID (144, 156, 168, 180, 192, 204, and 216 mg/mL), CFX (48, 52, 56,
60, 64, 68, and 72 mg/mL), and EFX (96, 104, 112, 120, 128, 136, and
144 mg/mL). Three replicate injections of the standard solutions
were performed, and the peak areas of the chromatograms were
plotted against the concentrations of analytes to obtain the
respective calibration curves. The data were then subjected to re-
gression analysis by the least-squares method in order to calculate
the calibration model and correlation coefficient (r) value.

The LOD and LOQ values were calculated directly using the cali-
bration curve. The LOD and LOQ were calculated from the slope and
the standard deviation (SD) of the intercept of the mean of the three
calibration curves determined by a linear regression model [47].

The precision of the method was determined by repeatability
and intermediate precision studies. Repeatability was determined
by analyzing samples at three different concentrations of LID (156,
180, and 204 mg/mL), CFX (52, 60, and 68 mg/mL), and EFX (104,
120, and 136 mg/mL) on the same day and under the same ex-
perimental conditions (intraday). The intermediate precision of
the method was assessed by performing the analysis on two dif-
ferent days (interday). The accuracy was evaluated by applying the
proposed method to the analysis of an in-house mixture of the
placebo with known amounts of analytes. In order to carry out the
test, the pharmaceutical solutions were prepared at the same
concentration levels as precision test, and submitted for analysis
under previously determined conditions so as to obtain the band
areas of each reference chemical substance, at each concentration
level. Precision and accuracy results obtained were expressed in
terms of RSD (%) and relative error percentage (RE, %), respectively.

2.8. Pharmaceutical formulation and sample preparation

The Enrotrat
s

200mg tablet samples were milled using a
mortar and pestle. Twenty tablets were weighed separately, tri-
turated and dissolved in methanol and diluted to a concentration
of 120 mg/mL for EFX analysis. The mixture was then sonicated for
10min and allowed to rest for 10min. The samples of Lidovet

s

injectable 2% and Ciprodez
s

injectable 10% were diluted with
methanol at 60 and 180 mg/mL. All analyses were performed in real
triplicates and filtered through a Millipore Millex nylon membrane
with a 0.45 mm pore size (Merck, Darmstadt, Germany).

3. Results and discussion

There have been some reports of studies combining analytical
techniques, such as thermogravimetry and spectroscopy in

stability tests [48], polymorphism [49], and quality control of
drugs [2,5,6,50–52]. Wesolowski et al. [5] evaluated the quality of
27 medicinal products and the composition of marketed phar-
maceutical preparations using differential scanning calorimetry,
FTIR, and Raman spectroscopy. In order to assess the utility of TG,
FTIR and SEM as potential techniques for identification of the
constituents of the raw materials, LID, CFX, and EFX were chosen,
because methods for the simultaneous determination of these
drugs in raw materials and veterinary pharmaceutical formula-
tions are currently lacking. The results obtained by the physico-
chemical characterization of raw materials are represented by FTIR
spectra (Fig. 1), TGA (Fig. 2), and images of morphological struc-
tures (Fig. 3).

Fig. 1. FTIR spectra of (A) lidocaine (LID), (B) ciprofloxacin (CFX), and
(C) enrofloxacin (EFX).
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3.1. Characterization of CFX, EFX, and LID raw materials

3.1.1. FTIR
The FTIR spectra offered valuable information about the bulk

pharmaceuticals (APIs). As can be seen in Fig. 1, the spectra of raw
material were different, and can be used for identification of APIs
from different suppliers. Fig. 1A presents the FTIR spectrum of LID:
3500 cm–1 (OH stretching and bonding intermolecular H), 3000 cm–1

(aromatic CH stretch and alkene), 1750 cm–1 (CO stretch acid group),
1600 cm–1 (NH bending present in quinolones), 1500 cm–1 (CO
stretch carbonyl group), 1250 cm–1 (OH bending), and 1050 cm–1

(stretching the group CF). The FTIR spectrum of CFX shown
in Fig. 1B presents the following as main bands: low intensity
band at 3600 cm–1 (OH stretching), 3000 cm–1 (aromatic CH stretch
and alkene), 1750 cm–1 (CO stretch acid group), 1600 cm–1 (NH

bending present in quinolones), 1250 cm–1 (OH bending), and
1000 cm–1 (stretching the group CF). The FTIR spectrum presented
in Fig. 1C for EFX demonstrates the following as main bands:
3400 cm–1 (stretch NH2), 1650 cm–1 (stretching C˭O primary amide),
1550 cm–1 (stretching C˭C aromatic ring), 1480 and 1450 cm–1

(stretch C-N), and 800 cm–1 (flexing outside the aromatic ring plane).

3.1.2. TGA
TGA of LID, CFX, and EFX in nitrogen presented two, two, and

one thermal decomposition stages, respectively. Fig. 2A shows two
thermal events for LID. The first event (between 100 and 150 °C)
exhibits a small mass loss (o 10%), due to evaporation of volatile
compounds. The second event (approximately 300 °C) indicates
the decomposition process of the drug, demonstrating rapid
weight loss (around 55%). CFX presented two thermal events as
can be seen in Fig. 2B. The first thermal event (up to 100 °C) has a
small weight loss (o 10%) due to water evaporation. The second
thermal event (approximately 350 °C) indicates the drug decom-
position process, which causes a rapid weight loss (around 85%).
The thermogram of Fig. 2C for EFX shows only a thermal event. In
the single thermal event (about 350 °C), the drug decomposition
process causes rapid weight loss (around 70%).

3.1.3. SEM
These figures were obtained at magnifications of 200 � and

500 � for each raw material. Figs. 3A and B show that LID has a
morphological structure that is highly heterogeneous as it is pos-
sible to observe some larger, some smaller, and even some inter-
mediate parts. It is also possible to observe that the LID particles
are much larger than CFX and EFX particles. Figs. 3C and D show
that the morphological structure of CFX is very homogeneous and
takes the form of small needles, unlike the others compounds.
Finally, in Figs. 3E and F the morphological structure of EFX is
shown; it is heterogeneous and it is possible to observe some
larger and other smaller parts. There is a large difference in the
particle size of CFX and EFX.

3.2. HPLC method development

Due to the need for a method allowing simultaneous de-
termination of CFX and EFX in the presence of the analgesic LID,
we have developed and validated a reverse HPLC method. Analy-
tical conditions were selected after testing the influence of
different parameters, such as different columns, mobile phase
composition, flow rate, temperature, and other chromatographic
conditions. The chromatograms presented in Fig. S2 show that the
increase in temperature caused loss of resolution and asymmetry.
The optimized chromatographic conditions, such as mobile phase,
column, wavelength, flow rate, injection volume, temperature and
elution mode, are described in Table 1. Moreover, the chromato-
graphic parameters, such as asymmetric factor, resolution, reten-
tion factor, separation factor, and theoretical plates, presented
satisfactory results (Table 2). Fig. 4 shows typical chromatograms
of LID, CFX, and EFX under optimized conditions at 210 and 280
nm, in which LID does not show absorbance at 210 nm.

In the present study, some validation parameters, such as se-
lectivity, linearity, LOD, LOQ, precision, and accuracy, were eval-
uated. Tables 3 and 4 show that the results were satisfactory. The
application of the developed method showed satisfactory results. In
order to optimize the separation of all analytes, three HPLC columns:
Gemini C18 column (250mm � 4.6mm, 5 mm) from Phenomenex

s

,
Gemini C8 column (250mm � 4.6mm, 5 mm) from Phenomenex

s

,
and an Agilent Poroshcell 120 EC-C18 column (100mm � 3.0mm,
2.7 mm), and several mobile phase compositions (phosphoric acid
and monopotassium phosphate buffer solutions at different pHs,
and different acetonitrile and methanol percentages) were

Fig. 2. Thermogravimetric curve (TGA) and derivative thermogravimetric curve
(DrTGA) of (A) lidocaine (LID), (B) ciprofloxacin (CFX), and (C) enrofloxacin (EFX).
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Fig. 3. Scanning electron microscopy (SEM) images of lidocaine (LID) at magnifications of 200 � (A) and 500 � (B), ciprofloxacin (CFX) at magnifications of 200 � (C) and
500 � (D), and enrofloxacin (EFX) at magnifications of 200 � (E) and 500 � (F).

Table 1
HPLC conditions for determination of lidocaine (LID), ciprofloxacin (CFX), and en-
rofloxacin (EFX) in raw material and pharmaceutical veterinary formulations.

Chromatographic variables Optimized conditions

Mobile phase 10mM phosphoric acid (pH 3.29) adjusted with
triethylamine:acetonitrile (85.7:14.3, v/v)

Column Gemini C18 Phenomenex
s

(250 mm � 4.6mm i.d.,
5 mm)

Wavelength 210 and 280 nm
Flow rate 1.5mL/min
Injection volume 10 mL
Temperature 25 °C
Elution mode Isocratic

Table 2
Chromatographic parameters for lidocaine (LID), ciprofloxacin (CFX), and enro-
floxacin (EFX) under optimized conditions.

Analyte Retention time (min) %RSD (peak area) Af Rs k α N

LID 6.49 1.2 0.84 – 2.26 – 4503
CFX 7.83 1.8 0.84 3.39 2.93 1.30 5925
EFX 11.26 1.4 0.79 6.35 4.66 1.59 4472

%RSD, relative standard deviation of all analyses expressed as a percentage; Af,
asymmetric factor; Rs, resolution; k, retention factor (tm ¼ 1.99min, defined as the
first significant baseline disturbance, corresponding to the retention time of a non-
retained solute); α, separation factor; N, theoretical plates.
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evaluated. Experiments carried out using different mobile phases
showed that the chromatographic signals corresponding to the three
analytes were better resolved using the Gemini C18 column.

CFX and EFX are amphoteric, with pKa1 values between 5.5 and
6.0 and pKa2 between 7.7 and 8.5, respectively [53]. LID has a pKa
value of 7.9 [54]. As they have functional ionisable groups, the pH of
the mobile phase is a key factor in their separation. In this way, acid
pH has been used to protonate the amino groups and the residual
silanol groups of the stationary phase, in such a way that peak
asymmetry could be reduced.

To achieve the best chromatographic separation of the analytes,
different mixtures of methanol and/or acetonitrile with 10mM of
phosphoric acid with the pH adjusted between 3 and 5 with 1, 0.1,
and 0.01M triethylamine, were evaluated as the mobile phase. The
tests showed that 10mM of phosphoric acid (pH 3.29) provided a

better separation, resulting in narrow and symmetrical peaks with
good resolution. The analytical conditions were selected as ade-
quate once all analytes showed baseline separation within 12min.
After careful evaluation of the electronic spectrum profile in the
DAD system, the wavelength was set at 210 nm for LID and at
280 nm for CFX and EFX for quantitative analytical purposes.
Therefore, a simple, rapid, low cost, and efficient HPLC method for
separation of LID, CFX, and EFX was developed.

3.3. HPLC method validation

The calibration curves were prepared by plotting peak areas of
LID, CFX, and EFX against the analyte concentrations, and they
were linear in the range of 144–216 mg/mL, 48–72 mg/mL, and
96–144 mg/mL, respectively. Peak areas and concentrations were
subjected to least-squares linear regression analysis to calculate the
calibration equation and r value. All r values were Z 0.99, showing
acceptable linearity for all analytes, since the normality test (Sha-
piro-Wilk) performed in residues presented no statistically sig-
nificant result (p-value 4 0.05). The developed method presented
LOD and LOQ in the concentration range of mg/mL, which permitted
correct determination of the concentration of the studied drugs. The
LOD and LOQwere found to be between 0.91 and 15.17 and between
3.04 and 50.55 mg/mL, respectively, for all analytes. The precision
and accuracy of the method were evaluated by calculating RSD%
and RE%, respectively, for six determinations of CFX (52, 60, and
68 mg/mL), EFX (104, 120, and 136 mg/mL), and LID (156, 180, and
204 mg/mL) over the course of 2 days and under the same experi-
mental conditions. Six replicates were carried out for each con-
centration (n ¼ 6) in the intraday test. These results confirmed the
precision and accuracy of the method within the desired range. The
results were satisfactory, as all values were less than 3.0%. The va-
lidation procedure was repeated the next day in order to evaluate
the efficiency of the method on different days (interday). All the
studied compounds showed good results with low RE%.

Fig. 4. Chromatogram referring to the optimized method for analysis of (1) Lidocaine (LID), (2) ciprofloxacin (CFX), and (3) enrofloxacin (EFX). Conditions: Gemini C18 (250
mm � 4.6mm i.d., 5.0 mm) Phenomenex

s

column, mobile phase consisting of 10mM of phosphoric acid (pH 3.29):acetonitrile (85.7: 14.3, v/v) at a flow rate of 1.5mL/min,
detection at 210 and 280 nm using a DAD, temperature at 25 °C, injection volume of 10 mL, and isocratic mode.

Table 3
Linearity, limit of detection, and limit of quantification of the proposed method.

Parameters LID CFX EFX

Linear equationa y ¼ 35,149x
þ3,000,000

y ¼ 97,510x
þ430,183

y ¼ 81,902x
�67,213

Coefficient of correlation (r) 0.9960 0.9920 0.9910
Concentrations (mg/mL) 144–216 48–72 96–144
RSD (%)b 0.02 1.25 0.04
Shapiro-Wilk (normality
test)c, p-value

0.215 0.092 0.189

LOD (mg/mL) 15.17 0.91 11.13
LOQ (mg/mL) 50.55 3.04 37.09
RSD (%)d 0.62 3.81 2.47

a Calibration curves were performed in triplicate (n ¼ 3) for each concentra-
tion, y ¼ ax þ b; where y is the peak area of analytes, a is the slope, b is the linear
coefficient, and x is the concentration of the analyzed in mg/mL solution.

b RSD (%), relative standard deviation of the slope of the analytical curves.
c Normality test in residues: p-value higher than 0.05, indicating positive result

to normality test within 95% confidence interval.
d RSD (%), relative standard deviation limit of quantitation.
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3.4. Application of the method in drug bulk and finished products

The applicability of the proposed method was evaluated by de-
termination of LID, CFX, and EFX in drug bulk and finished products,
which were Enrotrat

s

200mg (Ourofino
s

, Ribeirão Preto, SP, Brazil),
Lidovet

s

injectable 2% (Bravet
s

, Rio de Janeiro, RJ, Brazil), and
Ciprodez

s

injectable 10%. All results are presented in Table 5. All
analyses showed RSD (%) lower than 5%, which proves the efficiency
of the developed method. In addition, bulk drugs showed values
around 92.8% for LID and 84.6% for CFX and EFX. This approach
allows testing of raw material and can help raw material suppliers
to produce finished products with the correct dosage and to adjust
the dosage appropriately. Finally, all finished products that were
analyzed are in accordance with their specifications.

4. Conclusions

The physicochemical proprieties obtained by FTIR, TGA, and
SEM for LID, CFX, and EFX raw materials showed the presence of

bands that are characteristic of the presence of the organic groups
that comprise their molecular structures, a significance difference
in the thermal events related to mass loss, and large differences
between their morphological structures, respectively. These find-
ings are useful for the evaluation, differentiation and quality as-
surance of raw materials. In this study, a HPLC-DAD method has
been developed that allows simultaneous determination of raw
materials and veterinary pharmaceutical formulations containing
LID, CFX, and EFX. This method was proved to be simple, rapid,
low cost, and efficient. The obtained results were considered sa-
tisfactory since the baseline separation for all analytes occurred in
less than 12min under isocratic conditions. Temperature and pH
conditions can markedly influence the elution of analytes during
the optimization process. The method developed was proved to be
useful for evaluation of raw materials and finished products, in
addition to providing an analytical method for simultaneous de-
termination of EFX, CFX, and LID, which can also be extended to
other matrices and applications.
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a b s t r a c t

DNA barcoding and HPLC specific chromatogram were used to identify three kinds of Plumeria flowers
respectively. DNAs extracted from the three Plumeria species were amplified by PCR with universal
primers, and the psbA-trnH region was selected. All the amplified products were sequenced and the
results were analyzed by MEGA 5.0. Chemometric methods including principal components analysis and
hierarchical clustering analysis were conducted on the SAS 9.0 software to demonstrate the variability
among samples. In conclusion, the psbA-trnH of all samples were successfully amplified from total DNA
and sequenced. These three varieties of Plumeria can be differentiated by the psbA-trnH region and
clustered into three groups respectively through building neighbor joining tree, which conformed to
their germplasm origins. However, it was hard to distinguish them by HPLC specific chromatograms
combined with chemometrics analysis. These indicated that DNA barcoding was a promising and reliable
tool for the identification of three kinds of Plumeria flowers compared to HPLC specific chromatogram
generally used. It could be treated as a powerful complementary method for traditional authentication,
especially for those varieties which are difficult to be identified by conventional chromatography.
& 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

Plumeria is a kind of deciduous tree belonging to Apocynaceae.
It has a significant medicinal value and can be used for the treat-
ment of various ailments, such as sore throat, heatstroke, belly-
ache, cough, and dysentery [1]. The main chemical components of
Plumeria are iridoids, triterpenes, flavonoids, essential oil and so
on. Mansour et al. [2] found that the iridoids in Plumeria have a
toxic effect on a series human tumor cells. The extracts of the
flowers can significantly inhibit streptococcus faecalis, bacillus,
and corynebacterium pyogenes [3]. Gupta et al. [4] indicated that
the flowers extracts of Plumeria had the antipyretic-analgesic ef-
fect. As a medicine with dual-purpose of drug and food, the
flowers of Plumeria are also popular among people in making
herbal tea to relieve the summer heat.

There are many varieties of Plumeria, such as Plumeria rubra L.,
Plumeria rubra var. alba, and Plumeria rubra 'Acutifolia'. Some re-
searches have indicated that the chemical components vary from
different Plumeria flowers, some of which may have good bioac-
tivities [5–8]. However, it is difficult to identify Plumeria flowers

because they are very alike after dried and processed. Thus, au-
thenticity assurance is crucial for their quality control. We in-
tended to use DNA barcoding technique and HPLC specific chro-
matograms to identify three kinds of Plumeria.

DNA barcoding is a technique for identifying biological speci-
mens using short DNA sequences from either nuclear or organelle
genomes [9]. This technique has three advantages as follows.
Firstly, the results have good repeatability compared to other
molecular identification methods. Secondly, DNA barcoding tech-
nique is highly universal. The traditional taxonomic method re-
quires that the leaves, flowers, fruits and other organs of plants
must exist. However, DNA barcoding technique is not limited by
growth stage, organ, tissue difference or the external environment.
And a small number of samples are enough for the identification.
Lastly, it can establish a unified database and identification plat-
form to realize digital species identification [10]. DNA barcoding
technique has been applied to identification of animals, gymnos-
perms, angiosperms, fungi and so on [11].

The chloroplast DNA (cpDNA) has been commonly used for
DNA barcoding studies in plants. The cpDNA contains variable DNA
regions, among which the most commonly used cpDNA intergenic
spacer is psbA-trnH, which has shown high variability and can be
used to elucidate genetic relationships at the intraspecific level
[12,13]. In this pioneering study, we selected psbA-trnH to identify
three varietas of Plumeria, at the same time, the HPLC specific
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chromatogram that is commonly used for identification was also
used for distinguishing these three varieties of Plumeria to make
comparison. We hope that our established method will be helpful
for the future quality control of Plumeria flowers.

2. Experimental

2.1. Materials and reagents

Twelve samples of Plumeria flowers were collected from three
districts in Guangzhou, Guangdong, China (Table 1). They were
authenticated by Associate Professor Lin Jiang, Sun Yat-Sen Uni-
versity, China. Methanol was of analytical grade and manufactured
by Tianjin Zhiyuan Chemical Reagent Factory (Tianjin, China). TAE
buffer, agarose, PVP-40 and Taq PCR Master Mix (2� , blue dye)
were purchased from Sangon Biotech (Shanghai, China). DNA se-
cure Plant Kit was purchased from Tiangen Biotech (Beijing, Chi-
na). Goldview (MYM Biological Technology Co., Ltd., USA) was
used for agarose examination. Acetonitrile was of HPLC grade
manufactured by SK Chemicals (Korea). Ultrapure water was ob-
tained from a Milli-QRG purification unit (Millipore, Bedford, MA,
USA).

2.2. Apparatus

An electronic balance (KERN ABT 220-5DM, 0.1mg, Germany),
an ultrasonic machine (SB25-12DTD, Xinzhi Biotechnical Ltd.,
Ningbo, China) and an eppendorf centrifuge 5417R (Eppendorf AG,
Hamburg, Germany) were used for sample preparation and DNA
extraction. PCR amplification was performed on the K960 thermal
cycler (Hangzhou Jingge Scientific Instrument Co., Ltd, Hangzhou,
China). HPLC analysis was performed on the Shimadzu LC-15C
high performance liquid chromatograph (Shimadzu, Japan) with a
Dikma Diamonsil C18 column (250mm � 4.6mm, 5 mm; Dikma,
Beijing, China) and a guard column (15mm � 4.6mm, 5 mm;
Dikma, Beijing, China).

2.3. Sample pre-treatment for DNA extraction and total DNA
extraction

The fresh flowers were washed up and wiped with 75% alcohol
aqueous. About 100mg of each sample was grinded with 1% (m/m)
PVP-40. Then, DNA secure Plant Kit was used for total DNA extrac-
tion. The process followed the instruction of the Kit.

2.4. PCR amplification and DNA sequencing

DNA barcodes were amplified by polymerase chain reaction
using universal primers (fwd: 5′-GTTATGCATGAACGTAATGCTC-3′

and rev: 5′-CGCGCATGGATTCACAATCC-3′). Each 25 μL reaction
mixture contained 12.5 μL Taq PCR Master Mix, 1 μL Genomic DNA,
1μL of each 10 μM primer, 1μL MgCl2 solution and 8.5 μL ddH2O
The PCR conditions for amplification were 1 cycle 94 °C for 5min;
40 cycles of 94 °C 30 s, 56 °C 30 s, 72 °C 45 s; and 1 cycle 72 °C for
10min, and hold 4 °C. To detect amplified products successfully,
PCR products were examined on 2% agarose gels stained with
Goldview and visualized under ultraviolet light.

2.5. Sequence alignment and analysis

All the amplified products were sent to Sangon Guangzhou for
sequencing. The sequences were analyzed by MEGA 5.0.

2.6. Preparation of sample solution for HPLC analysis

Test solutions were prepared by extracting 0.5 g dried and
pulverized herbs with 10mL 70% methanol aqueous under ultra-
sonic condition at room temperature for 30min. After cooling, the
extracted solution was added with 70% methanol aqueous to the
original weight. The extracts were filtered through a 0.45 mm filter
before used for HPLC analysis.

2.7. HPLC conditions

Chromatographic separation was carried out on a Diamonsil C18
column along with a guard column. The separation was conducted
at 35 °C with a flow rate of 0.7mL/min. 0.5% acetic acid aqueous
solution (A) and acetonitrile (B) were used as the mobile phase in
gradient elution mode. The elution gradient was set as follows: 0–
10min, 10% (B); 10–30min, 10%-15% (B); 30–70min, 15%-20%
(B); 70–85min, 20%-65% (B); 85–90min, 65%-90% (B); 90–
95min, 90% (B). The detection wavelength was 240 nm. The in-
jection volume was 20 μL.

2.8. Chemometric analysis

Principal components analysis (PCA) and hierarchical clustering
analysis (HCA) were conducted on the SAS 9.0 software to de-
monstrate the variability among the 12 samples.

3. Results and discussion

3.1. DNA barcode result analysis

Authenticity assurance is crucial for quality control of natural
products. It is essential to develop different approaches to au-
thenticate the natural products as each approach has advantages
that complementary to one another [14]. A desirable DNA barcode

Table 1
Information of the collected sample.

Samples Latin name District

R1 Plumeria rubra L. Sun Yat-Sen University campus � Panyu � Guangzhou
R2 Plumeria rubra L. Sun Yat-Sen University campus � Panyu � Guangzhou
R3 Plumeria rubra L. Sun Yat-Sen University campus � Panyu � Guangzhou
R4 Plumeria rubra L. Sun Yat-Sen University campus � Panyu � Guangzhou
P1 Plumeria rubra var. alba Sun Yat-Sen University campus � Panyu � Guangzhou
P2 Plumeria rubra var. alba Liwan-Lake Park � Liwan � Guangzhou
P3 Plumeria rubra var. alba Tianhe Park � Tianhe � Guangzhou
P4 Plumeria rubra var. alba Tianhe Park � Tianhe � Guangzhou
W1 Plumeria rubra 'Acutifolia' Sun Yat-Sen University campus � Panyu � Guangzhou
W2 Plumeria rubra 'Acutifolia' Sun Yat-Sen University campus � Panyu � Guangzhou
W3 Plumeria rubra 'Acutifolia' Sun Yat-Sen University campus � Panyu � Guangzhou
W4 Plumeria rubra 'Acutifolia' Sun Yat-Sen University campus � Panyu � Guangzhou

L. Zhao et al. / Journal of Pharmaceutical Analysis 8 (2018) 176–180 177



should process high interspecific divergences and low intraspecific
variations. The Consortium for the Barcode of Life (CBOL) sug-
gested comparing the interspecies distance (dinter) and in-
traspecies distance (dintra) to estimate the identification effective-
ness of the selected barcode. The interspecific divergences of an
ideal ‘barcoding gap’ should be significantly larger than in-
traspecific divergences. If dinter/dintra is smaller than 1, it may not
be a suitable DNA barcode [10].

The results of DNA barcoding showed a good differentiation.
The psbA-trnH of all samples were successfully amplified from
total DNA and sequenced. Properties of the psbA-trnH region are
summarized in Table 2. The genetic distance was calculated by
MEGA 5.0, based on Kimura-2-parameter model. The intraspecies
distances of Plumeria rubra L. and Plumeria rubra 'Acutifolia' were
0.001 and 0.004, respectively. There was no intraspecies distance
for Plumeria rubra var. alba. The interspecies distance was 0.007
between Plumeria rubra L. and Plumeria rubra var. alba, 0.034 be-
tween Plumeria rubra L. and Plumeria rubra 'Acutifolia', 0.033 be-
tween Plumeria rubra var. alba and Plumeria rubra 'Acutifolia'.
Results of each dinter/dintra were larger than 1, which indicated that
the psbA-trnH region was suitable for the identification of three
varietas of Plumeria. The neighbor joining tree was built by MEGA
5.0 by repeated 1000 times bootstrap (Fig. 1). The neighbor joining
tree showed that the samples of Plumeria rubra L., Plumeria rubra
var. alba and Plumeria rubra 'Acutifolia' can be clustered into three
groups, respectively. Therefore, the psbA-trnH region was an

appropriate DNA barcode for identifying these three varietas of
Plumeria.

3.2. HPLC analysis

Fig. 2 shows the HPLC specific chromatograms of samples R1
(Plumeria rubra L.), P1 (Plumeria rubra var. alba) and W1 (Plumeria
rubra 'Acutifolia'), their HPLC chromatograms were so similar that
it was difficult to separate the three varietas visually.

3.3. Principal component analysis (PCA)

PCA, a multivariate analysis technique, could visualize simila-
rities or differences within multivariate data [15]. It was employed
to analyze the differences among these 12 samples. The peak areas
of 6 characteristic peaks were set as variables, while 12 samples
were set as observations. PC1 explained 41.2% of the total variance
in the data set while PC2 explained 32.4%. The cumulative

Table 2
Properties of the psbA-trnH region of the 12 samples.

Samples Length (bp) GC content (%) Variable sites

1 1 1 1 1 2 2 2 2 3 3 3 3 3 4 4 4 4 4 4 4
2 2 2 2 3 1 3 4 5 1 4 6 7 7 0 2 5 7 7 9 9
0 7 8 9 0 6 8 5 2 6 2 5 0 5 8 7 5 1 7 0 7

R1 518 27.99 A – – T A T G G C G T G G G G G G G T T T
R2 540 28.52 A – – T A T G G C G T G G G G G G G T T T
R3 540 28.52 A – – T A T G G C G T G G G G G G G T T T
R4 543 29.10 A – – T A T G G C G T G G G G G G G T T T
P1 545 28.62 A T T – A T G G A T T G G C G G G G T T T
P2 533 27.95 A T T – A T G G A T T G G C G G G G T T T
P3 543 27.81 A T T – A T G G A T T G G C G G G G T T T
P4 528 27.46 A T T – A T G G A T T G G C G G G G T T T
W1 530 28.49 T T T T T G A A C T G A A G A A G C G G G
W2 541 28.65 T T T T T G A A C T G A A G A A G C G G T
W3 538 27.51 T T T T T G A A C T G A A G A A A C G G T
W4 540 27.96 T T T T T G A A C T G A A G A A A C G G G

* Numbers above the variable sites are their positions in the multiple sequence alignment. R1-R4: Plumeria rubra L., P1-P4: Plumeria rubra var. alba, and W1-W4: Plumeria
rubra 'Acutifolia'.

Fig. 1. The neighbor joining tree of Plumeria rubra L. (R1-R4), Plumeria rubra var.
alba (P1-P4) and Plumeria rubra (W1-W4) 'Acutifolia' based on the psbA-trnH se-
quence with K2P model.

Fig. 2. The liquid chromatograms of the three Plumeria (A: Plumeria rubra L., B:
Plumeria rubra var. alba, C: Plumeria rubra 'Acutifolia').
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proportion of PCA as well as the loading diagram is shown in
Fig. 3. According to the loading diagram, PC1 showed a strong
correlation with peak 5 and peak 6. PC2 showed a strong corre-
lation with peak 2 and peak 4. PC3 showed a strong correlation
with peak1 and peak 5. The distinguished results of HPLC specific
chromatograms combined with PCAwere not as accurate as that of
DNA barcoding.

3.4. Hierarchical cluster analysis (HCA)

HCA, one of the most commonly used unsupervised pattern
recognition methods, is a useful multivariate statistic technique
to assign a data set into groups by creating a cluster tree or
dendrogram according to similarity [15]. In order to assess the
resemblance and differences of these samples, HCA of Plumeria
samples was performed based on the peak area of the 6 char-
acteristic chromatographic peaks by SAS 9.0 software. The Ward's
method was applied as the amalgamation rule and the squared
Euclidean distance was selected to measure the resemblance and
classify the 12 samples. The result is shown in Fig. 4. Samples R1–
R4 (Plumeria rubra L.) were categorized into one cluster, W1–W4
(Plumeria rubra 'Acutifolia') were categorized into another clus-
ter. However, samples P1–P4 (Plumeria rubra var. alba) cannot
cluster together. Samples R1–R4 and W1–W4 were collected from
the same district, but samples P1–P4 were from three different
districts. Therefore, we speculated that the environment affected
the chemical component which affected the result of PCA
and HCA.

4. Conclusion

This study has shown that DNA barcoding combined with
chemometrics analysis can distinguish Plumeria rubra L., Plumeria
rubra 'Acutifolia' and Plumeria rubra var. alba. while the HPLC
method can not identify these three varietas because the specific
chromatograms were similar. DNA barcoding technique is hopeful
for automation as it is more stable, accurate and not affected by
growth stage, tissue difference or external environment. This
technique is an effective supplement for traditional authentication
methods, especially when different species are mixed together.
This work also provides an experimental reference for identifica-
tion of natural medicines by DNA barcoding technique.
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a b s t r a c t

Three mesoporous silica excipients (Syloids silicas AL-1 FP, XDP 3050 and XDP 3150) were formulated
with a model drug known for its poor aqueous solubility, namely phenylbutazone, in an attempt to
enhance the extent and rate of drug dissolution. Although other forms of mesoporous silica have been
investigated in previous studies, the effect of inclusion with these specific Syloids silica based excipients
and more interestingly, with phenylbutazone, is unknown. This work reports a significant enhancement
for both the extent and rate of drug release for all three forms of Syloids silica at a 1:1 drug:silica ratio
over a period of 30min. An explanation for this increase was determined to be conversion to the
amorphous form and an enhanced drug loading ability within the pores. Differences between the release
profiles of the three silicas were concluded to be a consequence of the physicochemical differences
between the three forms. Overall, this study confirms that Syloids silica based excipients can be used to
enhance dissolution, and potentially therefore bioavailability, for compounds with poor aqueous
solubility such as phenylbutazone. In addition, it has been confirmed that drug release can be carefully
tailored based on the choice of Syloids silica and desired release profile.
& 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

Mesoporous silica has been shown to exhibit a great potential
to aid in the formulation of pharmaceutical compounds with poor
aqueous solubility, as reviewed by Choudhari et al. [1]. As a drug
carrier system, mesoporous silica can accommodate drugs that
have been introduced through organic solvent immersion, in-
cipient wetness impregnation or melted in [2]. Specific advantages
of using excipients such as mesoporous silicas are their nanopor-
ous structures, high surface areas, clinical safety and large pore
volumes [3]. Current opinion is that substantial progress has been
made in recent years in the characterisation and development of
mesoporous drug delivery systems although more work is needed
regarding dissolution enhancement potential and related physi-
cochemical properties [4]. There are several reasons for this need
to continue exploring the possible use of mesoporous silica such as
practical considerations such as manufacturability to large scale
quantities (e.g. tonne) and regulation, as well as physicochemical
considerations such as the possibility of re-adsorption onto the

silica surface [4]. Adsorption of small drug particles on the surface
of large excipients has been a successful strategy for low-dose
drugs, poorly water soluble drugs, targeted drug release [5], sus-
tained drug delivery [6] and stability enhancement. This is mainly
a result of improving the dissolution profile by increasing drug
surface area or transformation of the drug from a crystalline to
amorphous form [7], and its ability to be retained within the silica
pores [8]. In many cases, the method of formulation can be critical
in defining the properties of the resultant formulation. For
example, silica-based drug delivery vehicles have been in-
vestigated to avoid hydrolisation of the active compound using
supercritical CO2 [9,10], a formulation method known for its high
drug-loading ability [11] amongst other advantages [12]. Several
other formulation methods have also been attempted, for ex-
ample, to create liquid (also known as liquisolid) formulations [13]
and pediatric (solvent free) formulations [14]. The work within our
group that has previously confirmed the application of microwave
irradiation for mesoporous silicas [15]. Furthermore, there is
clearly an interest in developing mesoporous silica formulations as
evidenced by recent work to predict in vivo performance, for ex-
ample, using in silico techniques [16], to overcome multidrug re-
sistance [17] as well as to ameliorate toxic side effects [18].

One particular category of mesoporous silicas where only very
limited studies have been conducted to date is regarding Syloids

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.2018.01.004
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: l.waters@hud.ac.uk (L.J. Waters).

Journal of Pharmaceutical Analysis 8 (2018) 181–186

www.sciencedirect.com/science/journal/20951779
www.elsevier.com/locate/jpa
https://doi.org/10.1016/j.jpha.2018.01.004
https://doi.org/10.1016/j.jpha.2018.01.004
https://doi.org/10.1016/j.jpha.2018.01.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2018.01.004&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpha.2018.01.004&domain=pdf
mailto:l.waters@hud.ac.uk
https://doi.org/10.1016/j.jpha.2018.01.004


silica based formulations. These forms of silica have a highly de-
veloped network of mesopores that provide access to the large
surface area, i.e. a combination of a high adsorption capacity, along
with a desirable pore size and surface morphology. For these
reasons, these silicas tend to be used to improve the flow prop-
erties of pharmaceuticals where liquid ingredients can be con-
verted into free-flowing powders. Although these properties are
beneficial, their suitability to enhance dissolution has only briefly
been considered (by publication) for two forms of Syloids silica
(244 and AL-1) with two model drugs, namely, indomethacin [19]
and itraconazole [20]. Interestingly, for both compounds, an en-
hancement in the rate and extent of dissolution was observed in
both studies. Yet surprisingly, other forms of Syloids silica have
not yet been considered even though they may provide a plethora
of advantages for drug-loading formulations.

One specific drug renowned for having poor aqueous solubility:
0.05mg/mL [21], and therefore problematic dissolution with po-
tentially low bioavailability, is phenylbutazone. This particular
compound is commonly used in equine environments as a non-
steroidal anti-inflammatory drug (NSAID) [22,23], often prescribed
for pain control [24,25]. Although drug solubility is significantly
greater in ethanol and 1-octanol [26], the low level of aqueous
solubility results in complications for formulators. One study has
successfully enhanced the dissolution through the creation of a
solid dispersion with polyethylene glycol 8000 [27] and another
with SBA-15 [28], yet there is still a clear need for developing al-
ternative formulations that can achieve an even greater en-
hancement in release of the active compound. Phenylbutazone is
an excellent candidate for exploring the potential to enhance so-
lubility through formulation with a dissolution-limiting low so-
lubility yet incredibly significant usage within the equine com-
munity. This is because many of the present formulations available
on the market tend to be unfavourable with issues surrounding
drug delivery and poor palatability [29]. Thus ways to enhance
phenylbutazone-based formulations are highly desirable.

This work investigates the suitability of using three types of
Syloids silica based excipients to quantify their potential to en-
hance the rate of dissolution of phenylbutazone and determine the
causes of any enhancements observed.

2. Materials and methods

2.1. Materials

Phenylbutazone, potassium phosphate dibasic, and potassium
phosphate monobasic (all Z 99%) were purchased from Sigma
Aldrich (Dorset, UK) and used as received. Syloids silicas (AL-1 FP,
XDP 3050 and XDP 3150) were kindly donated by Glantreo Ltd,
Cork, Ireland and W. R. Grace & Co, Maryland, USA. Table 1 pro-
vides a summary of the physicochemical properties of the Syloids

silicas, and the data presented were determined using nitrogen gas
sorption isotherms. These were measured at 77 K using a Micro-
meritics TriStar II surface area analyzer (Micromeritics, Norcross,
GA, USA). Samples were pre-treated by heating at 200 °C under

nitrogen for 12 h. The surface area was measured using the Bru-
nauer-Emmett-Teller (BET) method. The pore volume and pore
diameter data was calculated using the Barrett, Joyner and Ha-
lenda (BJH) method [2]. Specific surface areas were calculated
from the measured relative pressure in the range of P/P0 ¼ 0.01 to
P/P0 ¼ 0.3. Mesoporous volumes were estimated from the volume
of nitrogen adsorbed after the micropores have been filled until
after condensation into the mesopores was complete. Of particular
interest is the range of surface areas and pore volumes exhibited
by the three Syloids silicas as based on previous research, such
properties may influence dissolution. For example, pore size has
been known to effect drug release profiles for other mesoporous
systems [30].

2.2. Methods

2.2.1. Formulation methods
200mg of Syloids silica XDP 3050 was placed in a beaker

whereupon 40mL of deionised water was gradually added, fol-
lowed by 200mg of phenylbutazone to achieve a total drug and
silica mass of 400mg. Over a period of 60min the solution was
stirred and heated to a maximum of 90 °C, cooled to room tem-
perature, vacuum filtered and dried overnight at 60 °C, and then
sieved to remove agglomerates larger than 250 mm. This process
was repeated in triplicate and then with the replacement of XDP
3050 with XDP 3150 and AL-1 FP to produce a total of three unique
drug-Syloids silica formulations. A series of variable ratios of drug:
Syloid drug:Syloids silica formulations were also formulated but
based on dissolution profile data (not shown), no significant dif-
ferences in release profiles were observed between the formula-
tions; thus this paper only presents formulations at a 1:1 ratio. A
final formulation was produced that involved phenylbutazone un-
dergoing the formulation process (but without the presence of Sy-
loids silica) to determine if it was the processing that affected
dissolution or the presence of each Syloids silica itself. Water was
used as a ‘carrier’ to disperse the drug within the mixture, rather
than dissolving the drug with organic solvent, followed by heating
to help achieve maximum dispersion within the mixture.

2.2.2. Characterisation methods
Powder X-ray diffraction (XRD) data were collected on a Bruker

D2-Phaser equipped with a Cu Kα1 radiation source at 30 kV and
10mA current. Particle size distribution of the formulated pro-
ducts was analysed using a Malvern Mastersizer 2000 (Worces-
tershire, UK) using 5–10mg of powder per sample with one drop
of surfactant (IGEPAL

s

CA-630) at a stirring speed of 2000 rpm.
Triplicate data was subsequently analysed using Mastersizer 2000
software (V5.61). Drug loading was verified to be 100% in all for-
mulated samples by UV analysis of the filtrates (λ ¼ 282 nm) with
no residual drug detected (o 1%), thus confirming all of the drug
remained within the formulation (rather than washed away with
the filtrate during the formulation process). For stability con-
firmation the infrared spectrum for the pure samples and their
formulations was recorded using a Nicolet-380 Fourier Transform
Infrared spectrometer (FT-IR) with an ATR crystal. Powder samples
were placed directly onto the diamond crystal and the anvil was
lowered to ensure that sample was in full contact with the dia-
mond. Each spectrum was obtained in the range of 500–
4000 cm�1 with 2 cm�1 resolution. In this study, the morphology
of the prepared samples was characterised using scanning electron
microscopy (SEM) (JEOL JSM-6060LV, Japan) with gold-plating
using a sputter coater (SC7620) prior to imaging.

2.2.3. In vitro phenylbutazone release
Dissolution profiles were determined using a USP Type II

(paddle method) PharmaTest DT70 system, with manual sampling

Table 1
The physicochemical properties of the Syloids silicas used in this study.

Name Mean parti-
cle size (mm)

Shape Surface
area
(m2/g)

Pore vo-
lume
(cm3/g)

Pore dia-
meter (Å)

AL-1 FP 10 Irregular 605 0.23 26
XDP 3050 50 Irregular 287 1.69 229
XDP 3150 110 Irregular 320 1.70 200
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for a period of 30min. Formulated samples with a total drug
content of 22.5mg were placed in 900mL of pH 7.0 phosphate
buffer, stirred at 75 rpm and maintained at 37.0 7 0.5 °C, main-
taining sink conditions throughout the duration of the experiment.
Filtered samples were removed every 5min, replaced with phos-
phate buffer, and analysed using UV spectroscopy (Cary 60, Agi-
lent) set at a wavelength (λ) of 282 nm with conversion to per-
centage drug release using a standard calibration plot. Samples
were analysed in triplicate to determine mean drug release per-
centages and associated error limits.

3. Results and discussion

3.1. Characterisation of formulations

XRD patterns for samples of the three mesoporous silicas both
with and without the presence of phenylbutazone are shown in
Fig. 1. Previous XRD studies using naproxen noted that the
diminishment of peak intensities confirmed that the drug had
loaded into channels of a mesoporous material [31], resulting in
an amorphous formulation with an absence of characteristic
peaks [15]. A similar result was observed in this work whereby
the purely crystalline phenylbutazone that could be seen in
Fig. 1A (and after processing in Fig. 1B) was converted to the
amorphous form following formulation with the three Syloids

silicas (Figs. 1C-E). As discussed earlier, from analysing the filtrates
and confirming all of the drug had remained within the formula-
tion, the absence of peaks cannot be explained by a reduced
concentration of drug and can only be explained by a transfor-
mation to the amorphous form.

Particle size analysis confirmed that phenylbutazone (prior to
formulation) exhibited an average particle sizes of 65–70 mm. The
sizes of the three Syloids silicas prior to formulation are presented
in Table 1 and were confirmed in this study to have average values
of 10, 50 and 110 mm for AL-1 FP, XDP 3050 and XDP 3150, re-
spectively. These three Syloids silicas display an interesting range
of particle sizes prior to formulation. Yet their subsequent dis-
solution profiles may actually be more dependent upon their size
after formulation (through the formation of aggregates); therefore,
it is this parameter that is of interest in this work. Firstly, AL-1 FP
displayed an increase in the average particle size and a slightly
broader distribution of sizes with the majority of particles be-
tween 5 and 100 mm after formulation. Secondly, a similar result
was seen for XDP 3050 with the majority of particles between 40

and 100 mm. An explanation for this increase in size and diversity
of sizes for both Syloids silicas is most likely a consequence of
particle agglomeration as a result of drug incorporation and/or
processing effects. Thirdly, Syloids silica 3150 did not exhibit any
significant increase in average particle size following formulation
although there was an increase in the polydispersity of particle
size. Again, this indicates agglomeration may have occurred to a
limited extent but not to the same degree as that seen for the
other Syloids silicas.

FT-IR spectroscopy was used to monitor the presence of phe-
nylbutazone and determine interactions with the three silicas
(Figs. 2 and 3). Analysis of spectra for phenylbutazone showed the
expected absorption bands at wavenumbers (with corresponding
functional groups) of 754 and 1483 cm�1 (C-H), 1270 cm�1 (C-N)
and 1720 cm�1 (CQO). Analysis of the spectra for phenylbutazone
subjected to the processing method did not reveal any changes in
the specific absorption bands for the drug, suggesting a lack of
degradation as a result of the formulation process. The three
Syloids silicas were analysed using FT-IR spectroscopy and all dis-
played the expected intense Si-O absorption band at 1060–
1070 cm�1 [32]. For the three phenylbutazone-silica formulated
products, the results indicated a significant disappearance of the
drug, mainly displaying spectra corresponding to just each type of
silica present. Furthermore, the spectra did not display any obvious
additional peaks, thus indicating there had been no significant
changes in the chemical structure or drug-silica interactions.

Fig. 1. XRD patterns for (a) phenylbutazone, (b) processed phenylbutazone, (c)
phenylbutazone and AL-1 FP, (d) phenylbutazone and XDP 3150, and (e) phe-
nylbutazone and XDP 3050.

Fig. 2. FT-IR analysis of (a) phenylbutazone, (b) AL-1 FP, (c) XDP 3150, and (d) XDP
3050 silicas prior to formulation.

Fig. 3. FT-IR analysis of (a) phenylbutazone, (b) processed phenylbutazone, (c)
phenylbutazone and AL-1 FP, (d) phenylbutazone and XDP 3150, and (e) phe-
nylbutazone and XDP 3050 silicas after formulation.
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Surface morphologies of the pure phenylbutazone and the
three Syloids silicas prior to formulation, processed phenylbuta-
zone, and Syloids silica-based formulations – XDP 3050, XDP 3150
and AL-1 FP are presented in Figs. 4 and 5. The drug's crystalline
state, along with the disordered irregular shapes of AL-1 FP, XDP
3150, and XDP 3050 silicas was evident by SEM (Fig. 4). The SEM
image confirmed the insignificant effect of processed phenylbu-
tazone as the drug retained a crystalline structure. However, there
was a uniform distribution of phenylbutazone on the surface of
AL-1 FP due to a larger surface area, smaller pore volume and pore
diameter. For Syloids XDP 3150 and XDP 3050 based formulations,
there was an even distribution of the former particles with phe-
nylbutazone particles reduced in size while for the latter, more of
the drug was confined in the pores and on the surface, visible in
the SEM images (Fig. 5).

3.2. In vitro phenylbutazone release

Dissolution profiles of phenylbutazone loaded Syloids silicas
were investigated for a period of 30 min in pH 7.0 phosphate
buffer. As can be seen in Fig. 6, pure phenylbutazone that had not
undergone the formulation process exhibited 7.2% (7 1.4%) drug
release after 5 min yet only increased to a maximum of 43.7% (7
2.3%) release after 30 min. For many drugs, this low percentage of
drug release after this time would be deemed unsuitably low and
may limit bioavailability. Through undertaking the formulation
process with the drug alone, i.e. hydration, heating, filtering,
drying then sieving, the percentage of drug release, or more ac-
curately in this case, dissolution after 30 min was 43.8% (7 7.9%).
Therefore, it has been confirmed that exposure of the drug to the
formulation process did not affect the profile observed, i.e.
hydrating through sieving did not enhance the effects observed for
phenylbutazone. All three Syloids silica based formulations

exhibited a dramatic enhancement in percentage dissolution,
confirming that the presence of Syloids silica contributed to the
increase. Firstly, XDP 3150 achieved a percentage release of 42.4%
(7 1.9%) after only 5 min, i.e. almost equal to that observed for
drug alone after twice as long. After a period of 30 min, this value
had increased to 78.3% (7 2.2%), far higher than that seen for drug
alone or drug that had undergone the formulation process.
Secondly, Syloids silicas AL-1 FP did not show such a promising
percentage release after 5 min (30.2% (7 1.2%)) compared with
XDP 3150, yet after a total of 30 min had exceeded the former
Syloids silica to reach a maximum percentage release of 86.0%
(7 4.2%). Finally, XDP 3050 was found to be the most successful
Syloids silica for enhancing percentage release with an impressive
49.4% (7 0.8%) released after 5 min, i.e. greater than the total seen
for pure drug after 30 min, increasing to a maximum of 99.6%
(7 3.0%) release after 30 min.

When determining why all three Syloids silicas enhanced the
percentage of dissolution following a standard formulation
method, it would appear that the transformation from the crys-
talline to amorphous form (as evidenced by XRD and dissolution
profiles of processed samples) plays a key role. This has been the
conclusion of other researchers, when investigating alternative
mesoporous materials [31], and fits well with the results from this
work. However, when considering why the three Syloids silicas
did not facilitate the same increase in percentage release, it is
more appropriate to consider their relative physicochemical
properties, specifically those identified in Table 1. For example,
AL-1 FP and XDP 3050 pore sizes are very different, in that AL-1 FP
has small mesopores, i.e. a smaller pore volume and diameter
compared with XDP 3050. Based on the pattern of increasing
percentage release, i.e. from XDP 3150 to AL-1 FP to XDP 3050, it
would appear that two properties of the Syloid

s

silicas may play a
key role in controlling the process, namely, surface area and/or

Fig. 4. Scanning electron micrographs for particles of (A) phenylbutazone, (B) AL-1 FP, (C) XDP 3150, and (D) XDP 3050 silicas prior to formulation.
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pore diameter. Interestingly, pore volume does not appear to be an
influential factor for the rate and extent of dissolution, yet pore
diameter is. In this work it appears that a large pore diameter, with
a small surface area, maximises the extent of dissolution, which
again, fits well with the findings of other studies with mesoporous
microspheres [30,33]. As a consequence of this, it is not only
possible to dramatically enhance the rate and extent of dissolution,
but also to vary the percentage depending upon the type of
Syloid

s

silica used. Another potentially influential factor is the
formation of aggregates which may affect the drug release profile

through the creation of particle aggregation. If this is the case, then
it can be proposed that there are two unique structures within the
formulation: drug within pores and aggregates between particles
which can both contribute to drug release.

4. Conclusions

In summary, it has been confirmed that it is possible to for-
mulate Syloids silica based formulations to enhance the dissolu-
tion of a poorly soluble drug, in this case, phenylbutazone. Char-
acterisation data implies that this enhancement is a result of a
change in crystallinity and the ability of the drug to enter pores
within the Syloids silica structure. All three Syloids silicas ana-
lysed demonstrated a dramatic increase in percentage release with
their final percentage values linked to the Syloids silica pore
diameter and/or surface area. This finding can be of benefit for not
only phenylbutazone-based equine formulations but potentially a
far wider range of compounds that exhibit poor aqueous solubility,
which will help alleviate bioavailability issues. To ensure that long-
term stability is not a limiting factor for formulation possibilities, it
is the intended subject of future sample analysis, using techniques
such as XRD and SEM.
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Fig. 5. Scanning electron microscope images (SEM) of (A) processed phenylbutazone, (B) phenylbutazone and AL-1 FP, (C) phenylbutazone and XDP 3150, and (D) phe-
nylbutazone and XDP 3050 after formulations.

Fig. 6. Phenylbutazone release profiles for phenylbutazone (PhB), processed
phenylbutazone, and Syloids silica based formulations – XDP 3050, XDP 3150 and
AL-1 FP. Each data point represents the mean of triplicate results (7 SD).
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a b s t r a c t

Enrichment and immobilization of analytes by chemical bonding or physical adsorption is typically the
first step in many commonly used analytical techniques. In this paper, we discuss a permeation drag
based technique as an alternative approach for carrying out location-specific immobilization of macro-
molecular analytes. Fluorescein isothiocyanate (FITC) labeled macromolecules and their complexes were
enriched near the surface of ultrafiltration membranes and detected by direct visual observation and
fluorescence imaging. The level of macromolecule enrichment at the immobilization sites could be
controlled by manipulating the filtration rate and thereby the magnitude of permeation drag. Higher
enrichment as indicated by higher fluorescence intensity was observed at higher filtration rates. Also,
larger macromolecules were more easily enriched. The feasibility of using this technique for detecting
immunocomplexes was demonstrated by carrying out experiments with FITC labeled bovine serum al-
bumin (FITC-BSA) and its corresponding antibody. This permeation drag based enrichment technique
could potentially be developed further to suit a range of analytical applications involving more sophis-
ticated detection methods.
& 2018 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. All rights reserved. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Attachment of biological macromolecules on diverse surfaces
has direct implications on development of detection and analytical
methods with application in bio-sensors and medical diagnosis
[1,2]. Location-specific immobilization of analytes by chemical
bond formation [3,4], or physical methods such as adsorption
[5,6], is typically carried out as the first step in many analytical
techniques such as immunoassays [7,8], surface plasmon
resonance analysis [9], and Raman spectroscopy [10]. Once the
molecules are immobilized at their desired locations, they are
probed and analyzed using appropriate detection methods.

Permeation drag refers to the drag force exerted on solute
molecules and particles towards the surface of a membrane by
bulk medium during membrane filtration processes such as ul-
trafiltration and microfiltration [11–14]. Our proposition is that
such permeation drag induced accumulation of macromolecules
near the membrane surface of retaining ultrafiltration membranes
could be utilized as an alternative physical approach for im-
mobilizing macromolecular analytes. While various other techni-
ques have been carried out to immobilize bio-macromolecules

onto membranes [15,16], we demonstrate the feasibility of mac-
romolecule immobilization by permeation drag. Ultrafiltration
experiments were carried out using fluorescein isothiocyanate
(FITC) labeled macromolecules. Location-specific immobilization
was demonstrated by direct visual observation and fluorescent
imaging. Film theory was used to explicate the permeation drag
induced enrichment based on which the accumulation of retained
macromolecules takes place within a stagnant film adjacent to the
membrane surface. More or less corresponding to the hydro-
dynamic boundary layer, this is widely referred to as concentration
polarization layer in membrane filtration processes. A large num-
ber of macromolecules are accumulated in a narrow region with
two levels of concentration asymmetry: The concentration of the
solutes is significantly higher in the polarized layer compared to
the bulk solution; also, within the layer, the macromolecule con-
centration increases in an exponential manner from the bulk
concentration (Cb) to the concentration at the membrane surface
(Cw) [17]. If macromolecules are totally retained by a membrane,
the two concentration terms are linked by the equation shown
below:

= ( δ ) ( )QC C exp /AD 1w b

In this equation, Q represents the flow rate through the
membrane having the area of A, δ represents the thickness of the
concentration polarization layer, and D is the diffusivity of the
solute. As a result, when Q 4 0, Cw will be greater than Cb, and in a
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typical ultrafiltration experiment, Cw could be larger by more than
two orders of magnitude [13,18]. Clearly, concentration polariza-
tion caused by permeation drag could be utilized for quite sig-
nificant enrichment of macromolecules on the surface of a mem-
brane. Such enrichment would also be dynamic in nature, i.e. the
accumulated layer of macromolecules would largely disappear if
the filtration process is stopped. Eq. (1) suggests that the extent of
such enrichment could be manipulated by adjusting the values of
Q, δ, and D. While Q could be controlled by adjusting the trans-
membrane pressure, the value of δ depends on the flow behaviour
adjacent to the membrane and D depends on the size of the
macromolecule.

Fig. 1 shows a dilute solution of an FITC-labeled macromolecule
flowing through a channel having an ultrafiltration membrane on
one side. In the absence of permeation drag, i.e. when filtration

rate is zero, concentration polarization does not occur (Fig. 1A). If
filtrate was drawn through the membrane either using positive
pressure or suction, the enriched layer of macromolecules adjacent
to the membrane would be evident from the enhanced fluores-
cence intensity (Fig. 1B). Further, if a part of the membrane was
blocked, concentration polarization would occur in a localized
manner only in the non-blocked part (Fig. 1C). The enhanced
fluorescence due to enrichment of macromolecules would now be
easier to observe due to the contrast between regions with and
without polarization. Based on Eq. (1), it may be predicted that
higher enrichment would occur at higher filtration rates, and lar-
ger macromolecules and macromolecular complexes (which have
lower diffusivity) would be easier to enrich. Accordingly, specific
regions of rectangular flat sheet ultrafiltration membranes were
blocked by applying polyurethane glue. Fluorescent patterns and
features were generated on these membranes by localized con-
centration polarization of FITC-labeled dextran. The effect of fil-
tration rate and molecular weight of macromolecules on intensity
of fluorescence was examined.

The interactions between antigens and corresponding antibody
molecules lead to the formation of macromolecular complexes
called immunocomplexes, the ability to recognize which is widely
exploited to carry out immunoassays [19,20]. Such im-
munocomplexes would be fairly easy to enrich as they are larger in
size. The working principle of the localized concentration polar-
ization based immunocomplex detection method is outlined in
Fig. 2, which shows the polarization of a fluorescence-labeled
antigen (Fig. 2A), the polarization of a mixture of the antigen and
non-specific antibody (Fig. 2B), and the polarization of the im-
munocomplex (Fig. 2C). As indicated in the figure, the highest
intensity could be expected in (Fig. 2C). The difference in intensity
could therefore be utilized for immunocomplex detection. Proof-
of-concept of such immunocomplex detection was obtained by
using FITC-labeled bovine serum albumin (FITC-BSA) as model
antigen and rabbit anti-BSA as corresponding antibody. The Effect
of filtration rate, antigen concentration and antibody concentra-
tion on intensity was examined.

2. Experimental

2.1. Materials

FITC-dextran of different molecular weights (40 kDa, FD40S;
70 kDa, FD70S; 500 kDa, 46947; and 2000 kDa, FD2000S), FITC-
BSA (A9771), anti-BSA (B1520), and whole antiserum polyclonal

Fig. 1. Simplified top- and side-view representation of localized permeation drag
induced immobilization taking place within a membrane module (A: no filtration;
B: enrichment on entire membrane; C: localized enrichment).

Fig. 2. Schematic diagram for immunocomplex detection by localized permeation drag induced immobilization explaining the basis for difference in fluorescent intensity (A:
antigen only; B: antigen with non-specific antibody; C: antigen with specific antibody).
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antibody raised in rabbit were purchased from Sigma-Aldrich
Canada Ltd, Oakville, ON, Canada. Normal rabbit serum (PLN 5001)
was purchased from Invitrogen (Life Technologies Inc.), Burlington,
ON, Canada. Polyethersulfone ultrafiltration membranes (OMEGA
10 K, 10 kDa MWCO; OMEGA 30 K, 30 kDa MWCO) were purchased
from Pall Life Sciences, Ann Arbor, MI, USA. Elmer's Ultimate Glue
(polyurethane glue) was purchased from Elmer's Products
Canada Corporation, Toronto, ON, Canada. High quality water
(18.2MΩ cm) was obtained from a Barnstead DiamondTM.

NANOpure water purification unit (Dubuque, IA, USA) was used
to prepare feed solutions used in the ultrafiltration experiments.

2.2. Methods

Rectangular strips (74mm � 12mm) were cut out from the
ultrafiltration membrane sheet. Specific regions of these were
blocked by applying polyurethane glue on the filtrate side using a
paint brush followed by curing at room temperature for 24 h. The
membrane strips were housed within a tangential flow module
(Fig. 3) which consisted of a membrane spacer (made from 0.2mm
thickness Teflon

s

sheet) placed between a Delrin
s

bottom plate
and a transparent acrylic top plate. The rectangular slot within
spacer served as the cross-flow channel (40mm � 3mm �
0.2mm). The bottom plate was provided with a slot corresponding
to the cross-flow channel within the spacer. This slot was fitted
with a wire-mesh, flush with the top surface of the bottom plate.

The experimental set-up is shown in Fig. 4. The membrane
module was placed inside a cardboard box, painted black on the
inside to minimize reflection of light, and having dimensions of
20 cm � 15 cm � 5 cm. A Model ENF-260 °C UV lamp (Spectronic
Corporation, Westbury, NY, USA) was attached with its window

directly above the membrane module to illuminate the membrane
surface with short wavelength ultraviolet light (254 nm). A digital
camera (Sony Cyber-shot, Model DSC-WX7, Japan) was fixed
within a slot in the box and was used to obtain photographs and
video clips of the membrane surface during the experiments.

In the FITC-dextran experiments, the feed solutions were pre-
pared by dissolving the appropriate FITC-dextran in water. All
solutions used in the immunocomplex detection experiments
were prepared in phosphate buffered saline (PBS, pH 7.4). The PBS
buffer contained sodium chloride, potassium chloride, disodium
hydrogen phosphate, and potassium dihydrogen phosphate with
the concentrations of 8.0, 0.2, 1.42, and 0.2 g/L, respectively. Water
or buffer was pumped from a reservoir to the membrane module
using an MCP model C.P. 78002-00 peristaltic pump (Ismatec,
Switzerland) while the filtrate was generated by suction using a
HiLoad P-50 pump (GE Healthcare, Piscataway, NJ, USA). Sample
loops having different volumes were used to inject the feed so-
lutions into the membrane module.

Video clips were recorded in the MTS format and the extent of
zooming was kept the same in all experiments. Snapshots were
obtained from the video files using Windows Live Movie Maker
and processed for fluorescent intensity analysis using Image J. The
polarized membrane area within the spacer was selected and its
average intensity was measured using Image J as “mean gray scale
intensity” value. To avoid any experiment-to-experiment variation,
the intensity was normalized by subtracting the base line intensity
in each case, this being the intensity of the membrane before any
fluorescent sample entered the module.

3. Results and discussion

Permeation drag induced enrichment and immobilization ex-
periments were first carried out using an ultrafiltration membrane
strip (10 kDa MWCO) with three parallel rectangular
(3.5mm � 1mm) non-blocked areas (shaded in light grey in
Fig. 5). The feed solution which consisted of 0.2mg/mL 40 kDa
FITC-dextran in water was injected into the membrane module at
a flow rate of 0.3mL/min using a 5mL sample loop. In the absence
of permeation drag, the intensity of green fluorescence on the
membrane was more or less uniformly faint (Fig. 5A). The filtrate
pump was switched on and the combined filtration rate through
the three unblocked areas was maintained at 0.15mL/min. The
enhanced green fluorescence at the three unblocked locations was
clearly distinguishable from the rest of the membrane (Fig. 5B).
The filtration rate was increased to 0.25mL/min and this resulted
in a significant increase in the fluorescence intensity at these re-
gions (Fig. 5C). These results are consistent with Eq. (1), which
predicts that more macromolecules would accumulate near the
membrane surface at higher filtration rates. The filtrate pump was
then switched off and in less than 30 s, the fluorescent patterns
completely disappeared and the non-blocked regions were no
longer distinguishable from the rest of the membrane, clearly in-
dicating that fouling was negligible. Similar experiments were
carried out at cross-flow rates of 0.4 and 0.5mL/min (data not
shown). The fluorescence obtained at 0.4mL/min was significantly
fainter than that obtained at 0.3mL/min while at 0.5mL/min, the
enrichment could not be observed.

The kinetics of the accumulation and dissipation of fluorescent-
labeled analytes was studied using an ultrafiltration membrane
strip similar to that used in the experiments discussed above. FITC-
dextran solution (40 kDa, 0.2mg/mL) was injected into the mem-
brane module at a flow rate of 0.3mL/min using a 5mL sample
loop. The filtrate pump was switched on and maintained at a rate of
0.2mL/min. Fig. 6 shows the images obtained at different times
during the accumulation of the dextran molecules through the

Fig. 3. Membrane module used for carrying out localized permeation drag induced
immobilization experiments (A: top plate; B: spacer; C: bottom plate).

Fig. 4. Experimental set-up used for carrying out localized permeation drag in-
duced immobilization experiments.
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formation of localized concentration polarization layer (frames 1–7).
After about 8 s from start of filtration (frame 3), the three parallel
bars corresponding to the non-blocked regions of the membrane
could just about be distinguished. With time, the intensity in-
creased until in about a minute (frame 7) and a steady state was
reached. When the localized enrichment had fully developed, the
filtrate pump was switched off to observe its dissipation. Frames
8–14 were obtained at different time during this phase of the ex-
periment. The rate of dissipation of the immobilized analytes was
significantly faster than its rate of accumulation. In a matter of 10 s
or so (frame 14), the fluorescent features almost completely dis-
appeared, from right to left, i.e. in the direction of cross-flow. During
the dissipation phase, FITC-dextran released was clearly visible in
the form of a fluorescent streak close to the outlet.

Fig. 7 shows the immobilization obtained with three different
types of FITC-dextran (70 kDa, 500 kDa and 2000 kDa). The ultra-
filtration membrane used in these experiments was of 30 kDa
MWCO and the non-blocked area of the membrane had a di-
mension of 3mm � 3mm (shaded in light grey).

These experiments were carried out at a cross-flow rate of
0.21mL/min and a filtration rate of 0.12mL/min. The FITC- dextran
feed solution (0.2mg/mL) was injected into the module using a
5mL sample loop. The lowest and highest intensities were ob-
served with 70 kDa and 2000 kDa FITC-dextran, respectively. The
intensity observed with the 500 kDa FITC-dextran was only
slightly higher than that with 70 kDa dextran. These results are
consistent with Eq. (1), which predicts that permeation drag
would be more effective for larger macromolecules.

The immunocomplex detection experiments were carried out
using 30 kDa MWCO ultrafiltration membranes having a non-
blocked area of 40mm � 1mm (as shown in light grey shading in

Fig. 8). Preliminary experiments showed that an elongated non-
blocked area along the length of the cross-flow channel gave
better immunocomplex immobilization than the smaller non-
blocked areas used in the dextran experiments. Fig. 8 shows the
results obtained with FITC-BSA (A), FITC-BSA–non-specific anti-
body mixture (B), FITC-BSA–anti-BSA mixture (C), and FITC-BSA –

anti-BSA mixture with no filtration (D). These experiments were
carried out at a cross-flow rate of 0.21mL/min and a filtration rate
of 0.14mL/min. Samples were incubated at 37 °C for 75min,
equilibrated to room temperature, and a 100 microliter loop was
used for injecting these into the membrane module. The FITC-BSA
concentration used in these experiments was 0.2mg/mL while the
anti-BSA or non-specific antibody concentration was 0.5mg/mL.

Although the intensity observed with FITC-BSA (Fig. 8A) and
the mixture of FITC-BSA and non-specific antibody (Fig. 8B) were
almost similar, a significantly higher fluorescent intensity was
observed with the immunocomplex (Fig. 8C). However, in the
absence of filtration, virtually no coloration was observed even
with the immunocomplex (Fig. 8D), clearly highlighting the role of
permeation drag in the technique. These results unambiguously
demonstrate that the permeation drag induced immobilization
could be used for immunocomplex detection. This technique could
be developed further into immunoassay methods for detecting
specific antigens or antibodies in samples.

Further experiments were carried out to examine the effects of
variables such as filtration rate, antibody concentration and anti-
gen concentration on immunocomplex detection. Fig. 9 shows the

Fig. 5. Localized permeation drag induced immobilization of FITC-dextran (mole-
cular weight: 40 kDa; feed concentration: 0.2mg/mL; cross-flow rate: 0.3mL/min;
loop size: 5mL; A: no filtration; B: 0.15mL/min filtration rate; C: 0.25mL/min fil-
tration rate).

Fig. 6. The kinetics of the accumulation (slides 1–7) and dissipation (slides 8–14) of
FITC-dextran (molecular weight: 40 kDa; feed concentration: 0.2mg/mL; cross-
flow rate: 0.3mL/min; loop size: 5mL; filtration rate: 0.2mL/min).
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fluorescent signal intensity (expressed in mean grey value) as
function of time observed by injecting 100 mL of FITC-BSA
(0.2mg/mL) alone, and FITC-BSA–antibody mixture (0.2mg/mL
and 0.5mg/mL) respectively at a cross-flow rate of 0.21mL/min
and a filtration rate of 0.18mL/min. The fluorescence was sig-
nificantly and consistently higher with the antigen-antibody
complex than with this antigen alone. These results quite clearly
validate the working hypothesis of our proposed immunocomplex

detection method. In each of these experiments, the maximum
fluorescence was observed around 2min, after which there was a
gradual decay in the fluorescence adjacent to the membrane. The
variations and the overall decay observed between 2min and
5min are regarded to the effect of the cross flow and the pump
induced pulsations on the polarized layer. All subsequently re-
ported fluorescence data from immunocomplex experiment are
based on the readings obtained 2min after injection as peak signal
intensity was observed at this time in all these experiments. When
the filtration pump was stopped (data not shown in the figure),
the fluorescence totally disappeared, indicating that fouling was
negligible. Fig. 10 compares the fluorescence data obtained from
experiments carried out at a cross flow rate of 0.21mL/min and
two different filtration rates of 0.14 and 0.18mL/min, respectively.
The amounts of FITC-BSA and FITC-BSA – antibody injected in
these experiments were the same as that used in the experiment
corresponding to Fig. 9. The intensity was found to be significantly
higher at the higher filtration rate. This is consistent with the
expectations based on Eq. (1) and the experimental results ob-
tained with FITC-dextran immobilization by permeation drag.

Fig. 11 shows the results obtained from immunocomplex
detection experiments carried out using different antibody con-
centration. The antigen, i.e. FITC-BSA concentration in these
experiments, was kept fixed at 0.2mg/mL while three different
antibody concentrations (0.5, 0.75 and 5.0mg/mL) were examined.
The cross flow and filtration rates used in these experiments were
0.21mL/min and 0.14mL/min, respectively. The figure also shows
representative snapshots for each experimental condition as well
as control intensity data obtained using FITC-BSA alone. Intensity

Fig. 7. Effect of molecular weight on intensity of permeation drag induced im-
mobilization (cross-flow rate: 0.21mL/min; filtration rate: 0.12mL/min; FITC-dex-
tran feed concentration: 0.2mg/mL; loop size: 5mL; A: 70 kDa; B: 500 kDa;
2000 kDa).

Fig. 8. Fluorescence intensity due to permeation drag induced immobilization of
immunocomplex (A: FITC-BSA; B: FITC-BSA–non-specific antibody mixture; C:
FITC-BSA–anti-BSA mixture; D: FITC-BSA–anti-BSA mixture without filtration;
cross-flow rate: 0.21mL/min; filtration rate: 0.14mL/min; sample loop: 100 mL;
FITC-BSA concentration: 0.2mg/mL; non-specific antibody concentration:
0.5mg/mL; anti-BSA concentration: 0.5mg/mL).

Fig. 9. Fluorescence intensity as function of time observed due to permeation drag
induced immobilization of immunocomplex (cross-flow rate: 0.21mL/min; filtra-
tion rate: 0.18mL/min; sample loop: 100 mL; FITC-BSA concentration: 0.2mg/mL;
anti-BSA concentration: 0.5mg/mL).

Fig. 10. Effect of filtration rate on fluorescence intensity due to permeation drag
induced immobilization of immunocomplex (grey: immunocomplex experiment;
white: control experiment; cross-flow rate: 0.21mL/min; sample loop: 100 mL;
FITC-BSA concentration: 0.2mg/mL; anti-BSA concentration: 0.5mg/mL).
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increased quite significantly when the antibody concentration was
increased from 0.5 to 0.75mg/mL. However, the increase in in-
tensity was relatively modest when the antibody concentration
was further increased quite significantly to 5mg/mL.

While these results do suggest that this technique could be
utilized for quantitative analysis of antibodies, the non-linear re-
lationship between antibody concentration and intensity clearly
indicates the complex nature of the interaction between antigens
and antibodies. One IgG antibody molecule can in theory bind up
to two antigen molecules. Moreover, large antigens like FITC-BSA
have been shown to possess two of more antigenic determinants
of the same or different types21. Therefore, different types of im-
munocomplexes consisting of different permutations and combi-
nations of antigen and antibody, and indeed larger network-like
structures could be produced when antigens and antibodies are
mixed. Moreover, the proportion of the different types of im-
munocomplexes would also depend on the antigen-antibody ratio
[21].

Fig. 12 shows the effect of FITC-BSA concentration on the
intensity obtained by immunocomplex polarization. In these ex-
periments, the antibody concentration was kept fixed at
0.75mg/mL while two antigen concentrations (0.2 and 0.5mg/mL)
were examined. The remaining experimental conditions were the
same as that described in the previous paragraph. Increase in
antigen concentration resulted in significant increase in intensity,
once again pointing towards the possibility of using such techni-
ques for quantitative measurements.

The current study is primarily intended to show that dynamic
and reversible, localized immobilization of large macromolecules
and their complexes could be carried out adjacent to an ultra-
filtration membrane by inducing permeation drag. In this study,

direct visual observation along with fluorescent imaging was uti-
lized to detect FITC-labeled species. Such localized enrichment by
ultrafiltration would seem to be a viable alternative to chemical
and physical binding methods typically employed in analytical
techniques such as immunoassays, surface plasmon resonance and
Raman spectroscopy to develop different analytical methods. Un-
like chemical and physical binding which require additional steps,
reagents and specific solution conditions, localized concentration
could be easily carried out at any solution condition. The fact that
such localized permeation drag induced enrichment is reversible
and can be rapidly dissipated simply by stopping filtration implies
that sequential analysis of multiple samples within the same
device would be possible. Very simple membrane blocking
methods such as applying glue with the paint brush were em-
ployed in the current study. Using more sophisticated techniques
such as lithography and microcontact printing, better defined
patterns and features could be generated on the surface of a
membrane, and thereby the reliability, precision and detection
capabilities of the technique could be enhanced so that much
lower concentrations could be tested. Furthermore, the speed and
economy of the techniques could be improved by scaling it down
to microfluidic level. Arrays of macromolecule-immobilized re-
gions with varying degrees of enrichment could therefore be
created adjacent to a membrane by independently manipulating
the local filtration rates. Such capability would be useful for high
throughput screening of drugs and other chemical substances, and
for studying macromolecule-macromolecule interactions. As
shown in Eq. (1), the diffusivity, which in turn is dependent on
other properties such as hydrodynamic radius and molecular
weight, would affect the extent of enrichment. Moreover, the rate
of immobilization as well as the rate of dissipation would depend
on these properties as well as on physicochemical parameters such
as pH and salt concentration. The technique could therefore po-
tentially be modified to study physical properties of macro-
molecules and fine particles.

4. Conclusions

The feasibility of carrying out dynamic enrichment of macro-
molecules and macromolecular complexes near the surface of a
membrane was demonstrated by inducing permeation drag fol-
lowed by direct visual observation and fluorescence imaging of
immobilized FITC labeled macromolecules. The fluorescent
intensity which is indicative of the extent of enrichment could be
manipulated by changing the filtration rate. At the different test
conditions examined in this study, macromolecule immobilization
was found to be reversible. The rate of macromolecule accumu-
lation when filtration was started was slower than the rate of
dissipation when filtration was stopped. Larger macromolecules
and macromolecular complexes showed greater fluorescent
intensity, indicating that they were easy to enrich. Using this
principle, an immunocomplex could be detected and distinguished
from its constituent antigen and antibody molecules. Such cap-
ability for immunocomplex detection could be developed further
into immunoassays for detecting specific antigens and antibodies.
Intensity data obtained with different antigen and antibody
concentrations clearly suggest that the technique could be suitable
for quantitative analysis. Simulation of the permeation drag based
enrichment can be carried out using COMSOL Multiphysics for any
particular system, leading to enhanced adjustment of the para-
meters. Overall, localized permeation drag induced immobilization
could be a viable alternative to localized immobilization of mac-
romolecules by chemical bonding or physical adsorption, typically
carried out as the first step in many commonly used analytical
techniques.

Fig. 11. Effect of anti-BSA concentration on fluorescence intensity due to permea-
tion drag induced immobilization of immunocomplex (grey: immunocomplex ex-
periment; white: control experiment; cross-flow rate: 0.21mL/min; filtration rate:
0.14mL/min; sample loop: 100 mL; FITC-BSA concentration: 0.2mg/mL).

Fig. 12. Effect of FITC-BSA concentration on fluorescence intensity due to per-
meation drag induced immobilization of immunocomplex (grey: immunocomplex
experiment; white: control experiment; cross-flow rate: 0.21mL/min; filtration
rate: 0.14mL/min; sample loop: 100 mL; anti-BSA concentration: 0.75mg/mL).
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a b s t r a c t

Thalidomide was indicated as a sedative and antiemetic and prescribed for pregnant women. Its tragic
teratogenic effects culminated in withdrawal from the market. Since the discovery of its anti-angiogenic and
anti-inflammatory actions, thalidomide has been used in the treatment of leprosy and multiple myeloma,
which justify studies of its stability. We investigated the effects of irradiation of thalidomide up to 100 kGy
(fourfold the usual sterilizing dose for pharmaceutics). The β polymorph of thalidomide was obtained in an
isothermal experiment at 270 °C. All samples underwent gamma irradiation for specific times. At different
doses, decomposition of the pharmaceutical was not observed up to 100 kGy. The observed effect was angle
turning between the phthalimide and glutarimide rings modulated by repulsion towards the carbonyl group,
leading to a stable energetic configuration, as measured by the equilibrium in the torsion angle after irra-
diation. The thalidomide molecule has a center of symmetry, so a full turn starting from 57.3° will lead to an
identical molecule. Further irradiationwill start the process again. Samples irradiated at 30 and 100 kGy have
more compact unit cells and a lower volume, which leads to an increase in the intermolecular hydrogen
interaction within the unit cell, resulting in higher thermal stability for polymorph α.
& 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

To ensure adequate conditions of use, sterility is a crucial at-
tribute to any pharmaceutical material, main component, ex-
cipient, or formulation. In general, sterilized materials should have
microbial survivor probability of o10�6. This criterion is the basis
of the sterility assurance level.

There are several sterilization procedures, and each has advantages
and disadvantages [1,2]. There is no suitable procedure for general
use. Physical removal of microorganisms by membrane filtration does
not require heat. Dry heat or even moist heat promotes micro-
biological reduction at high temperature, but results in considerable
degradation of temperature-sensitive materials or devices. Steriliza-
tion using ethylene oxide is highly effective but can leave a toxic re-
sidue in porous materials such as implants. Electron-beam radiation
can be used to prevent temperature effects and toxic residues in the
final material, but is limited by poor penetration in bulky materials.

Gamma irradiation has advantages over other conventional ster-
ilization methods in solids: high penetration, uniform efficacy, low

isothermal stability, and absence of toxic residues. The main ad-
vantage is that irradiation can be used as the final sterilization pro-
cedure in starting materials and final products. In this way, the usual
25kGy dose can ensure sterilized pharmaceutical materials [2,3]. Due
to the potential sensitivity of pharmaceuticals, validation procedures
with lower doses are usually accepted as long as reliable and ade-
quate reduction of the biologic burden can be ensured. In this way,
the risk of undesired effects over pharmaceuticals, formulations, or
devices submitted to the sterilization process is minimized [4].

Thalidomide ((RS)-2-(2,6-dioxopiperidin-3-il)-1H-isoindol-1,3
(2H)-dione) was synthesized by Chemie Grünenthal in West Ger-
many in 1954. It was introduced to the West German market in
1956 as an antiemetic for pregnant women. In the 1960s, the
teratogenic effects of this drug were recognized. Fetal malforma-
tion due to the S-isomer of thalidomide resulted in restricted
use of thalidomide and increased surveillance by regulatory
agencies [5].

Since then, thalidomide has been recognized as having anti-
angiogenic and anti-inflammatory properties. It has been used to
treat leprosy and multiple myeloma. Hence, stability studies of
thalidomide under radioactive stress aimed at sterilization of the
drug are warranted [5].
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2. Materials and methods

A sample of thalidomide from a validated production batch was
obtained during the shelf-life of this pharmaceutical. All analyses
were conducted within the validity period of the batch.

2.1. Powder X-ray diffraction (PXRD)

PXRD data were collected in an XRD-7000 diffractometer
(Shimadzu, Kyoto, Japan) at room temperature under 40 kV,
30mA, using CuKα (λ ¼ 1.54056 Å) equipped with polycapillary
focusing optics under parallel geometry coupled with a graphite
monochromator. The sample was spun at 60 rpm, and scanned
over an angular range of 4–60° (2θ) with a step size of 0.01° (2θ)
and a time constant of 2s/step. All fitting procedures were ob-
tained using FullProf Suite [6,7]. Crystalexplorer v 17 was used to
calculate the Hirshfeld surface [8].

2.2. Single-crystal X-ray diffraction (SCXRD)

SCXRD data were collected in a Gemini A Ultra X-ray Diffraction
system (Agilent Technologies, Santa Clara, CA, USA) at room tem-
perature using a MoKα (λ ¼ 0.71073 Å) tube as the X-ray source,
equipped with a graphite monochromator and a charge-coupled
device plate detector. Data collection and refinement details are
given in Table 1.

2.3. Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA)

TGA and DTA experiments were carried out on a DTG60H
system (Shimadzu) in a dynamic N2 atmosphere (50mL/min)
using alumina pans containing E2.0mg of sample. Experiments
were conducted at a heating rate of 10 °C/min from 25 °C to 400 °C.

2.4. Differential scanning calorimetry (DSC)

DSC experiments were undertaken on a DSC60 system (Shi-
madzu). The equipment cell was calibrated with indium (melting
point, 156.6 °C; heat of fusion,ΔHfus ¼ 28.54 J/g) and lead (melting
point, 327.5 °C). Aluminum pans containing E1mg of sample

were used under a dynamic N2 atmosphere (50mL/min) and a
heating rate of 10 °C/min from 25 °C to 300 °C. Thalidomide can
exist as two polymorphs, α and β, and the latter shows different
thermal behavior. Therefore, an isothermal experiment was car-
ried out at 270 °C to obtain a pure material for comparison, as
needed.

2.5. Ultraviolet spectroscopy

Ultraviolet spectroscopy was undertaken at 200–400 nm for
thalidomide at 10 μg/mL in ethanol on a spectrophotometer (1800;
Shimadzu). Origin v9.1 was used to adjust data.

2.6. Raman spectroscopy

Raman spectroscopy of solid thalidomide was done on a con-
focal micro-Raman spectrometer (Senterra; Bruker, Billerica, MA,
USA) with an excitation laser set at 785 nm. The measurement
conditions were as follows: integration time of 5 s; spectral re-
solution of 3–5 cm�1; and spectral range of 2000–100 cm�1. The
laser was focused with a 4� dry objective lens, with the laser
power set to 25mW. Origin v9.1 was used to adjust data.

2.7. Gamma irradiation

Experiments involving gamma irradiation were done at Co-
missão Nacional de Energia Nuclear-Centro de Desenvolvimento
da Tecnologia Nuclear (Belo Horizonte, MG, Brasil). The radiation
system (IR-214; MDS Nordion, Ottawa, Canada) was equipped with
a dry cobalt-60 source. The source had a maximum activity of
2200 TBq (60,000 Ci). The specific irradiation times were calcu-
lated, and then all samples were exposed to doses of 2, 5, 10, 15,
25, 30 or 100 kGy.

2.8. Attenuated total reflection Fourier transformed infrared spec-
troscopy (ATR-FTIR)

FTIR analysis was performed at room temperature on a Spec-
trum 1000 spectrophotometer (PerkinElmer, United States)
equipped with an attenuated total reflectance (ATR) accessory. The
sample was pressed into a zinc selenide crystal, and 32 scans were
averaged. For single FTIR without ATR, the samples were measured
in KBr pressed pellets in the wavenumber range between 400 and
3400 cm�1 at room temperature, with a resolution of 4 cm�1.

2.9. Statistical analyses

Data are the mean 7 standard deviation. All fitting procedures
took into account three independent measurements with statis-
tical analyses conducted using Origin v9.1.

Table 1
Single crystal refinement data for polymorph α, space group, Hall symbol, lattice
parameters a, b and c (Å), ß angle (θ), volume, number of formulae unit per unit
cell, X-ray density, wavelength, experimental angular range (θ), crystal absorption
coefficient, crystal shape and dimensions, number of reflections considered for cell
parameters calculation, and independent reflections used for single crystal fitting.

Crystal data Values

C13H10N2O4 Thalidomide
Space group Monoclinic P21/n
Hall symbol -P 2yn
a 7 s (Å) 8.2440 7 0.0007
b 7 s (Å) 10.0899 7 0.0009
c 7 s (Å) 14.8991 7 0.0001
β 7 s (degrees) 102.636 7 0.008
Volume (Å3) 1209.317 0.02
Ζ 4
X-ray density (Dx) 1.418mg/m3

Wavelength (Mo/Kα) 0.71073 Å
Experimental angular range (θ) 3.2–26.8°
Crystal absorption coefficient (μ) 0.11mm�1

Crystal shape and dimensions Prism, 0.24mm � 0.24mm �
0.80mm

Number of reflections considered for cell
parameters calculation

1449

Independent reflections used for single
crystal fitting

2884
Fig. 1. Thalidomide molecule showing the labile bond between phthalimide and
glutarimide rings.
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3. Results and discussion

The thalidomide molecule has a labile bond that can be turned
around from phthalimide and glutarimide rings (Fig. 1).

In the thalidomide chemical structure, the chiral center has a
neighboring ketone that may undergo to the enol form, then re-
forming it when switching back to the keto form. Even with
uptaking of the correct R-thalidomide, a keto-enol tautomerization
happened inside the human body, it would racemase into a mix-
ture of R,S-thalidomide and the corresponding enol forms. The
S-thalidomide causes the birth defects (Fig. 2).

The intensity of a diffracted peak of a certain reflection (hkl)
plane for a given chemical structure is a direct contribution of the
structural factor, which in turn corresponds to the number of
electrons diffracting the X-ray beam on that plane. If any plane in
the structure reduces its number of electrons, a direct effect of that
condition will be a decrease in the intensity of that specific plane,
and the resulting system will be a plane with lower electron
density. In the solid state, the atoms in a structure are much less
labile than in solubilized material because of numerous mutual
interactions (e.g., Van der Waals forces and/or hydrogen bonding).
The fitting procedure was designed to allow the torsion angle
between phthalimide and glutarimide rings to vary freely within
the extraction and adjustment of the intensities in the diffraction.

The thalidomide structure C13H10N2O4 space group P21/n has a
torsion angle of 57.28° (2θ). This structure was taken as a
reference, with all procedures starting from the same template
molecule, by varying the fitting sequence as follows:
(i) parameterization of the background with five polynomial
terms; (ii) U, V and W (FWHM) of the pseudo-Voight function; (iii)
profile parameters NA and NB of the pseudo-Voight function; (iv)
asymmetry factors P1, P2, P3 and P4 of the Berar–Baldinozzi
asymmetric correction; (v) a and b beyond the beta angle of the
crystal lattice; (vi) torsion angles N1-C11-C13-C2 with the initial

Fig. 3. Powder X-ray diffraction experiments for irradiated thalidomide samples for
0, 2, 5, 10, 15, 20, 30 and 100 kGy. All samples were irradiated under the same
conditions, only different times.

Fig. 4. Crystal projection of the asymmetric unit. Carbon (grey), oxygen (red) and
nitrogen (blue) atoms. ORTEP plotted ellipsoids with 50% probability.

Fig. 2. The crystal structure of the polymorphs α (A) (a ¼ 8.233(1) Å, b ¼ 10.070(2)
Å, c ¼ 14.865(2) Å, α ¼ γ ¼ 90.0° and β ¼ 102.53(2)°, monoclinic, P 21/n, Z ¼ 4)
and β (B) (a ¼ 20.679(5) Å, b ¼ 8.042(2) Å, c ¼ 14.162(5) Å, α ¼ γ ¼ 90.0° and β ¼
102.86(3)°, monoclinic, C 2/c, Z ¼ 8), and (C) keto-enol tautomerization.
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value set to 57.28° (2θ); (vii) isotropic thermal parameter func-
tions for all atoms. Fig. 3 shows the experimental XRD pattern for
all doses.

SCXRD was carried out on a recrystallized sample from an
original polymorph α sample by solvent evaporation. To 20mL of a
methanol: water (5:3) solution was added 25mg of polymorph α,
which resulted in a supersaturated solution. Non-solubilized
crystals were filtered out, and the solution was allowed to stand to
recrystallize over 23 days. The crystal data, collection, and details
of structure refinement of polymorph α are summarized in Table 1.
Refinement was carried out in the absence of anomalous scatter-
ing. Changes in illuminated volume were kept to a minimum, and
were taken into account [9–14] using multi-scan inter-frame
scaling. Hydrogen atoms were geometrically fixed to their bonded
atoms, with their thermal isotropic term, Uiso(H) in the range 1.2–
1.5 times Ueq of the parent atom, after which the positions were
refined with adequate constraints. Fig. 4 shows the asymmetric
unit as an Ortep plot for the determination of crystal structure, as
well as the unit cell ellipsoids with 50% probability.

Hirschfeld surface analyses can provide a deep understanding
of certain characteristics based on electron distribution, π inter-
actions, and the contributions of pairs of atoms. Polymorphs α and
β showed substantial differences for each fingerprint (Figs. 5A and
B). Polymorph β showed a relatively large π interaction on the
phthalimide ring. This was a direct evaluation of close contact and
the internal distribution of the β cell lattice (Fig. 5B). A large

Fig. 7. Raman experimental spectra of polymorphs α and β evidencing the spectra
differences.

Table 2
Torsion angle (degrees θ), lattice parameters (Å), β (degrees θ) and Rp goodness of fitting parameter (%).

Dose Torsion angle a 7 s b 7 s c 7 s β 7 s Rp (%)
(kGy) (degrees θ) (Å) (Å) (Å) (degrees θ)

0 57.3 7 0.1 8.233 7 0.001 10.070 7 0.002 14.865 7 0.002 102.53 7 0.02 *
2 40.1 7 0.2 8.154 7 0.004 9.950 7 0.004 14.714 7 0.005 102.68 7 0.02 0.1215
5 41.0 7 0.1 8.168 7 0.002 9.976 7 0.003 14.769 7 0.004 102.79 7 0.02 0.1351
10 47.4 7 0.1 8.251 7 0.002 10.063 7 0.002 14.892 7 0.003 102.86 7 0.02 0.1020
15 45.0 7 0.2 8.171 7 0.001 9.975 7 0.002 14.754 7 0.003 102.82 7 0.02 0.0919
20 47.0 7 0.1 8.143 7 0.003 9.943 7 0.003 14.708 7 0.004 102.68 7 0.02 0.1048
30 44.4 7 0.5 8.204 7 0.004 9.957 7 0.004 14.825 7 0.006 102.79 7 0.03 0.1400
100 40.2 7 0.1 8.146 7 0.004 9.944 7 0.004 14.717 7 0.005 102.70 7 0.02 0.1380

Fig. 5. Hirshfeld surface analysis and corresponding overall fingerprints for poly-
morphs α and β (A and B, respectively), the torsion angles (C), the fingerprint O-O
interactions ( π- π respectively) (D). The 2 kGy irradiated α polymorph with re-
spectively torsion angle and overall fingerprint (E).

Fig. 6. Hirshfeld surface analysis and overall contributions for all atoms pairs in
polymorphs α and β.
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distance of approximately 1.1 Å from the inside surface (di) inter-
action on polymorph βwas related to the appearance of hydrogen-
atom interaction from the phthalimide–glutarimide transversional
ring arrangement within the unit cell (Figs. 5B and C). The two

interactions at about 1.0 and 1.3 Å (Fig. 5B) from the inside surface
(di) were due to the glutarimide–glutarimide nitrogen-hydrogen
and carbonyl group of two close molecules within the unit cell.
The overall O-H interactions showed shorter distances from the
inside surface (di) of about 1.0 and 1.3 Å for α and β, respectively,
and showed a more compact unit cell for polymorph β (Fig. 5D).
For polymorph α irradiated at 2 kGy, the two adjacent glutarimide
rings within the unit cell were responsible for the mutual O-H
interactions leading to hydrogen-bond formation and/or the pos-
sibility of a tautomeric pair structure (Fig. 5E). Fig. 6 shows the
individual contribution from each atom pair to the overall prob-
ability of interaction over the thalidomide molecule [15–17].

Raman spectroscopy was undertaken for both polymorphic
forms of thalidomide. Theoretical calculations were carried out to
increase understanding of the observed vibrational modes. Theo-
retical calculations were done using the structures of each poly-
morph published by the Cambridge Crystallographic Data Center
(Cambridge, UK) using Spartan v14. Fig. 7 shows the experimental
Raman spectra for polymorphs α and β.

Table 2 shows the experimental and theoretical bands (as as-
signed) for each mode of polymorph α. For symmetric stretching
of the carbonyl group, centered at 1785 and 1769 cm–1, no
equivalent vibrational modes, when compared with polymorph β,
were identified.

Asymmetric stretching of the carbonyl group was identified at
1754 cm–1. Vibrational modes appeared at two carbonyl groups for
polymorph α whereas, in polymorph β, such modes were related
primarily only to one carbonyl group. The stretching region of the
CH2-CH bond in the glutarimide ring showed peaks at 1166 and
1176 cm�1, and showed a substantial difference for the ratio and
axial offset for the two polymorphs. Peaks on the spectrum for
polymorph α at 701 and 693 cm�1 were assigned to the vibra-
tional modes corresponding to ring deformations outside the
plane. Peaks at 604 and 595 cm�1 were assigned to the ring de-
formation and stretching of the CH group and CH bonds. For de-
formation out of the plane, peaks at 404, 391, 236 and 225 cm�1

were observed. For crystalline structures in different polymorphs,
the vibrational modes in the low vibrational frequency region
(o200 cm�1) are attributed to vibrations of the crystal lattice, and
that region can be regarded as a “second fingerprint” of the Raman
spectrum for each substance (Table 3) [18,19]. Comparison of these
data suggested that differences in the spectra of polymorphs α and
β were due to compression of their molecules and the way they
were interacting in their crystal lattices; these effects influenced

Table 3
Experimental and calculated Raman's observed peak, fully assigned for α
polymorph.

Experimental Calculated Observed structure assignments
(cm-1) (cm-1)

1785 1896 Symmetrical stretching CQO
1769 1882 Symmetrical stretching CQO
1754 1854 Symmetrical stretching CQO

1839 Asymmetric stretching CQO
1730 1722 Ring stretch
1688 1686 Ring stretch

1496 Symmetrical deformation CH2

1493 Ring stretch C-C
1468 1466 Ring symmetrical stretching C-N-C

1449 Ring symmetrical stretching C-N-C
1424 Ring symmetrical stretching C-N-C, CH

1412 1417 Ring symmetrical stretching
C-N-C, C-H

1386 1402 Ring deformation, asymmetrical stretching
C-N-C, C-H

1327 1315 Asymmetrical stretching
C-N-C, deformation C-H

1256 1235 Ring strain C-N
1210 1214 Strain C-C
1198 1193 Ring deformation, stretching

C-CQO
1176 1178 Ring deformation, stretching

CH2-CH2-CH
1166 1167 Ring deformation, stretching

CH2-CH2-CH
1155 Asymmetric stretching CH2

1114 1127 Ring stretching CH, CH2

1092 1070 Asymmetric deformation CH2

stretching CH2-CQO
1045 1040 Ring stretching, C-N-R2

1019 1010 Ring stretching, asymmetric stretching CH
1003 986 Ring stretching, symmetric stretching CH

955 Symmetric deformation CH2, CH2-CQO
935 Ring asymmetric stretching CH

913 911 Deformation CH2, CH
891 919 Ring symmetric stretching CH
859 848 Ring deformation, ring symmetric

stretching CH
809 804 Ring deformation, ring asymmetric

stretching CH
802 799 Asymmetric ring deformation

756 Symmetric stretching C-N-C
757 729 Ring stretching, asymmetric stretching CH2

701 697 Out of plane ring deformation
693 694 Ring deformation CH, CH2

671 670 Ring symmetric stretching CH
665 Ring deformation CH, CH2

604 641 Ring deformation, stretching CH, CH2

595 585 Ring deformation CH, CH2

564 551 Ring symmetric stretching CH, ring
deformation

541 Ring out of plane deformation
531 529 Ring out of plane deformation

506 Ring stretching CH, CH2

495 Ring asymmetric deformation CH
469 472 Deformation C-CQO
404 408 Out of plane deformation C-N-C,

deformation CH2

391 365 Out of plane deformation C-N-C
360 359 Deformation CH2

351 344 Asymmetric deformation CQO, CH2

258 262 Asymmetric deformation CH2

236 243 Out of plane ring deformation
225 240 Out of plane ring deformation

222 Ring deformation
194 205 Asymmetric deformation CH2

Fig. 8. UV experimental spectra for α and β polymorphs.
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their vibrational modes directly. Transformation between thali-
domide polymorphs was achieved by providing adequate energy
for the crystalline lattice with the aim of reorganization. This
procedure was accompanied by TGA, DTA and DSC.

In simultaneous TGA/DTA, mass loss was observed only once at
an onset temperature of 264 °C, suggesting that the material was
anhydrous and pure. The DTA curve revealed two endothermic
peaks corresponding to fusion of polymorphs α and β, respec-
tively. The DSC curve showed two endothermic events at onset
temperatures of 245 °C and 274 °C. Fig. 8 shows the UV spectra for
polymorphs α and β. We observed five bands for polymorph α (A1,
A2, A3, A4 and A5) and four bands for polymorph β (B1, B2, B3 and
B4). The A1 band at 207 nm is related to the n - π* transitions in
aromatic compounds. The A2 and B1 bands at 221 nm and 222 nm,
respectively, are related to π* conjugated systems, showing aro-
matic compounds to have chromophore substitution. The A3 and
B2 bands at 232 nm and 233 nm, respectively, are related to tau-
tomers generated by the working pH of the solution. The A4 and
B3 bands at 240 nm and 241 nm, respectively, are the character-
istic bands of thalidomide. The A5 and B4 bands both at 300 nm
are related to groups with a low-energy configuration state, just
like the carbonyl groups in thalidomide. For better visualization of
the first endothermic peak, enlargement of this region in the curve
is shown (Fig. 9). This event was identified as a crystalline tran-
sition between the two polymorphs of thalidomide.

The second endothermic event corresponded to decomposition
of the formed material, with this being only the β form in the case
of total conversion and a mixture of α and β in the case of partial
conversion [19]. To confirm these occurrences, an isotherm at
270 °C using the material for further powder XRD was undertaken
(Fig. 10). Comparison of the diffractograms and interplanar dis-
tances enabled us to confirm and identify the material as poly-
morph β.

We wished to visualize possible changes in thermal behavior of
the material after irradiation. Hence, DSC was done with samples
receiving doses of 2, 5, 30 or 100 kGy. In the DSC curve of the
samples irradiated with 2 and 5 kGy, a single endothermic peak
with an onset temperature of 275 °C was noted for both samples.
This finding suggested total conversion of the α form into the β
form during heating, so this peak was designated as the fusion
follow by decomposition of polymorph β (Fig. 11). The DSC curves
of samples irradiated with 30 and 100 kGy revealed two en-
dothermic peaks with onset temperatures of 272 °C and 275 °C for
samples irradiated with 30 kGy and at 272 °C and 274 °C for
samples irradiated with 100 kGy (Fig. 12).

We designated the first peak as the fusion of polymorph α and
the second peak as the fusion of polymorph β for both curves.
Different from the report by Reepmeyer and colleagues [14],
the DSC curve in our study was carried out at a heating rate of
10 °C/min, but we observed values very close to those reported by
Reepmeyer and colleagues. We propose that after irradiation with
doses of 30 and 100 kGy, polymorph α acquired higher thermal
stability in relation to polymorphic transformation. Therefore, the
fusion and decomposition temperature of α form was visualized in
DSC curves instead of its crystalline transformation, as shown in
the physicochemical characterization of the material. The irra-
diated sample had a more compact unit cell, so there was an
increase in hydrogen-atom interactions within the unit cell,
resulting in an increase in thermal stability of polymorph α.

4. Conclusion

The observed turning around phthalimide and glutarimide rings
already occurs at low radiation values (e.g., 2 kGy). Eventually, the
absorbed energy will overcome the repulsive force due to the
proximity of the carboxyl group and produce a full turn. With a
continuous supply of energy, the system rotates completely at

Fig. 9. (A) TGA/DTA simultaneous curve of α polymorph form; (B) DSC curve of α polymorph form, with inset zoom of the endothermic peak.

Fig. 10. Comparative diffractogram between α and β polymorphs.
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higher doses of 15, 20, 30 and 100 kGy. With higher doses, the full
turning effect is reached, allowing the network to relax its tension.
The thalidomide molecule has a center of symmetry. Therefore, one
full turn of phthalimide and glutarimide rings between each other,
starting from 57.3 °, will lead to the same molecule, with stabiliza-
tion of the final angle based on the total amount of absorbed en-
ergy. After a full turn, the process starts again. Irradiated samples at
30 and 100 kGy had more compact unit cells and a lower volume, so
there was an increase in the intermolecular interaction between
hydrogen atoms within the unit cell, which resulted in higher
thermal stability for polymorph α. At 30 and 100 kGy, each
melting point could be seen separately, which was a different
situation compared with that of the non-irradiated sample. A
fourfold increase in the usual dose used in pharmaceuticals is
employed for gamma-ray sterilization. Thalidomide molecules can
release excess energy by turning the bond between phthalimide
and glutarimide rings. Hence, gamma-ray sterilization of pure
thalidomide before use in fixed-dose pharmaceutical formulations
is possible.
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a b s t r a c t

A highly sensitive, rapid and rugged liquid chromatography-tandem mass spectrometry (LC-ESI-MS/MS)
method was developed for reliable estimation of amantadine (AMD), an antiviral drug in human plasma.
The analyte and internal standard (IS), amantadine-d6 (AMD-d6), were extracted from 200 mL plasma by
solid phase extraction on Phenomenex Strata-X-C 33 m cartridges. Chromatography was performed on
Synergi™ Hydro-RP C18 (150mm � 4.6mm, 4 mm) analytical column using a mixture of acetonitrile and
10mM ammonium formate, pH 3.0 (80:20, v/v) as the mobile phase. Detection and quantitation was
done by multiple reaction monitoring in the positive ionization mode for AMD (m/z 152.1- 135.1) and IS
(m/z 158.0 - 141.1) on a triple quadrupole mass spectrometer. The assay was linear in the concentration
range of 0.50–500 ng/mL with correlation coefficient (r2) Z 0.9969. The limit of detection of the method
was 0.18 ng/mL. The intra-batch and inter-batch precisions were r 5.42% and the accuracy varied from
98.47% to 105.72%. The extraction recovery of amantadine was precise and quantitative in the range of
97.89%–100.28%. IS-normalized matrix factors for amantadine varied from 0.981 to 1.012. The stability of
AMD in whole blood and plasma was evaluated under different conditions. The developed method was
successfully applied for a bioequivalence study with 100mg of AMD in 32 healthy volunteers. The re-
producibility of the assay was determined by reanalysis of 134 subject samples.
& 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

Amantadine (AMD) is an antiviral drug having a tricyclic ali-
phatic ring systemwith a primary amino group. It is clinically used
in the treatment of influenza A, Parkinsonism, hepatitis C, multiple
sclerosis and drug-induced extrapyramidal reactions [1,2]. The
exact mechanism of action in the central nervous system is not
clearly understood, but evidence suggests that AMD enhances
release and reuptake balance of dopamine through antagonism of
the N-methyl-D-aspartate receptor [2]. This helps to reduce the
symptoms of Parkinsonism [3] and multiple sclerosis [4]. AMD has
been extensively used in the poultry industry, particularly in
chicken farming due to its antiviral properties for the treatment of
influenza [5].

After oral administration, AMD gets rapidly absorbed from the
gastrointestinal tract and is excreted unchanged up to 90% of the
dose in the urine [6]. A sizeable amount of AMD is bound to red
blood cells and about 67% to plasma proteins. The peak plasma
concentration of AMD reaches in 1–4 h after ingestion. It has a
large apparent volume of distribution (about 5–10 L/kg), signifying
extensive tissue binding. AMD is metabolized to a small extent,
mainly by N-acetylation, and has an elimination half-life of about
15 h [7].

Literature of the last two decades reveals several analytical
methods for the determination of AMD in animal tissues [8–14],
biological fluids like plasma [15–23] and urine [22,23] and also in
processed food samples [14]. These methods have utilized differ-
ent analytical techniques like spectrophotometry [19], capillary
electrophoresis [15], immunochromatography [13], micellar elec-
trokinetic chromatography [21], ion mobility spectrometry [22],
gas chromatography with flame ionization detector [23], high
performance liquid chromatography (HPLC) with ultraviolet [18]
and fluorescence detection [16], liquid chromatography-tandem
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mass spectrometry (LC–MS/MS) [14,17,20], ultra performance li-
quid chromatography-tandem mass spectrometry (UPLC–MS/MS)
[9–12] and ultra high performance liquid chromatography coupled
to high resolution LTQ orbitrap mass spectrometry [8]. However,
as AMD does not possess any chromophoric group, a majority of
these methods require prior derivatization for sample preparation
which is tedious, cumbersome and time consuming. Only three
methods have analyzed AMD without derivatization in human
plasma with a sensitivity of 3.9 ng/mL [17] and 20 ng/mL [20,22]
respectively. Moreover, the chromatographic analysis time was Z
3.5min in these methods. A detailed summary of chromatographic
methods developed for analysis of AMD in plasma samples is given
in Table 1. As low concentration of AMD is expected in plasma, it is
essential to develop highly sensitive and selective bioanalytical
methods especially for pharmacokinetic applications. The devel-
oped method is characterized by high sensitivity, selectivity and
short analysis time. The method consists of a straightforward solid
phase extraction (SPE) procedure without derivatization using
200 mL of plasma samples. The chromatographic turnaround time
is only 2.5min and thus can be useful for routine sample analysis
where a large number of samples need to be analyzed in a short
time. The method was successfully applied for a bioequivalence
study in healthy Indian subjects and the reproducibility in the
measurement of subject samples was demonstrated through in-
curred sample reanalysis (ISR).

2. Experimental

2.1. Chemicals and materials

Reference standards of AMD (purity 99.59%) and AMD-d6 (purity
99.99%) used as internal standard (IS) were obtained from Vivan Life
Sciences (P) Ltd. (Mumbai, India). HPLC grade methanol, and analy-
tical reagent grade ammonium formate, formic acid and sodium
hydroxide (NaOH) were obtained from Merck Specialties Pvt. Ltd.
(Mumbai, India). Strata-X-C 33 m (30mg, 1mL) reversed-phase ex-
traction cartridges were obtained from Phenomenex India (Hyder-
abad, India). Water used in the entire analysis was prepared using
Milli-Q water purification system from Millipore (Bangalore, India).
Blank human plasma in K3EDTA was obtained from Supratech Mi-
cropath (Ahmedabad, India) and was stored at �70 °C until use.

2.2. Instruments and conditions

A Shimadzu Nexera X2 UHPLC equipped with Shimadzu LCMS-
8040 triple quadrupole mass spectrometer (MS) detector (Shi-
madzu Corporation, Kyoto, Japan) was used. AMD and AMD-d6
were analyzed on Phenomenex Synergi™ Hydro-RP C18
(150mm� 4.6mm, 4 mm) analytical column using an isocratic
mobile phase consisting of acetonitrile and 10mM ammonium
formate, pH 3.0 adjusted with 0.1% formic acid (80:20, v/v) and
delivered at a flow rate of 0.8mL/min. The column oven tem-
perature and autosampler temperature were maintained at 40 °C
and 5 °C, respectively. The injection volume was kept at 10 mL. An
electrospray ionization (ESI) source operating in the positive
ionization mode was used for multiple reaction monitoring (MRM)
LC–MS/MS analysis. The MS conditions optimized for quantifica-
tion of AMD are summarized in Table S1. Data processing was
done using Shimadzu Lab Solution software.

2.3. Preparation of stock solutions, calibration standards and quality
control samples

A stock solution of AMD (1000 mg/mL) was prepared by dis-
solving requisite amount in methanol. Working solutions were
prepared by diluting the stock solution with methanol. The stock
and working solutions were stored at 2–8 °C. Stock solution
(100 mg/mL) of AMD-d6 was prepared by dissolving 1.0mg in
10.0mL of methanol. Its working solution (100 ng/mL) was pre-
pared by appropriate dilution of the stock solution in methanol.
Calibration standards (CSs) and quality control (QC) samples were
prepared by spiking blank plasma with working solutions. The
concentration of CSs in the range of 0.50–500 ng/mL and QC
samples prepared at five levels (0.05, 1.50, 30.0, 200 and
400 ng/mL) are given in Table 2. All the samples prepared in
plasma were kept at �70 °C until use.

2.4. Sample extraction procedure

To an aliquot of 200 mL of spiked plasma/subject samples, 50 mL
of AMD-d6 working solution was added and vortexed for 10 s. The
solutions were made alkaline by adding 100 mL of 0.1M NaOH and
briefly vortexed. Samples were then loaded on Strata-X-C 33 m
extraction cartridges which were conditioned with 1.0mL me-
thanol, followed by 1.0mL water. Washing of samples was done

Table 1
Comparative assessment of chromatographic methods developed for analysis of amantadine in plasma and urine (1997–2017).

Sr. no. Detection
technique

Extraction procedure Sample volume Linear range
(ng/mL)

Retention time;
run time

Application Ref.

1a HPLC-
fluorescence

LLE under alkaline conditions
followed by derivatization

50 mL rat plasma 40–2000 12.6min; Pharmacokinetic studies of amantadine
in 8 Wistar rats

[16]
24.0min

2 LC–MS LLE under alkaline conditions 200 mL human
plasma

3.9–1000 1.9min; Bioequivalence study with 100mg
amantadine in 20 healthy volunteers

[17]
4.0min

3b HPLC–UV LLE under alkaline conditions
followed by derivatization

200 mL rat plasma 50–5000 12.5min; Pharmacokinetic studies of amantadine
in 6 Sprague-Dawley male rats

[18]
30min

4c LC–MS/MS PP with methanol 200 mL human
plasma

20–2000 3.2min; Pharmacokinetic studies of amantadine
in 8 healthy volunteers

[20]
7.0min

5 GC-FID Derivatization followed by
DLLME

1000 mL human
plasma and urine

14–5000 in plasma
and 8.7–5000 in
urine

19.6min; Pharmacokinetic studies with 100mg
amantadine in 4 healthy volunteers

[23]
22.0min

6 LC–MS/MS SPE under alkaline conditions 200 mL human
plasma

0.50–500 1.80min; Bioequivalence study with 100mg oral
dose of amantadine in 32 healthy
subjects

PM
2.50min

HPLC: High-performance liquid chromatography-ultraviolet; LC-MS/MS: Liquid chromatography-tandem mass spectrometry; GC-FID: Gas chromatography-flame ionization
detection; LLE: Liquid–liquid extraction; PP: Protein precipitation; DLLME: Dispersive liquid-liquid microextraction; SPE: Solid phase extraction; PM: Present method.

a Together with rimantadine.
b Together with rimantadine and memantine.
c Along with paracetamol, caffeine, chlorpheniramine maleate.
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with 2 � 1.0mL water, followed by drying of cartridges for
2.0min by applying nitrogen (1.72 � 105 Pa) at 2.4 L/min flow
rate. The elution of AMD and AMD-d6 was done using 500 mL of
mobile phase solution into pre-labeled vials, and 10 mL was used
for injection in the chromatographic system.

2.5. Validation procedures

The method validation was performed as per the USFDA
guidelines [24] and was similar to our previous work [25]. The
detailed procedures and their acceptance criteria are summarized
in Supplementary material.

2.6. Pharmacokinetic application and method reproducibility

The developed method was used to analyze AMD plasma
concentration after oral administration of single dose of a test
(100mg of amantadine hydrochloride capsules from an Indian
Pharmaceutical Company) and a reference (100mg of amantadine
hydrochloride capsules from Sandoz Pharmaceuticals Inc., Prin-
ceton, NJ, USA) formulation to 32 healthy Indian subjects under
fasting. The study was conducted as per International Conference
on Harmonization, E6 Good Clinical Practice Guidelines [26]. The
experimental details for the study are given in Supplementary
material. The pharmacokinetic parameters of AMD were estimated
by non-compartmental analysis using WinNonlin

s

software ver-
sion 5.3 (Certara, Princeton, NJ 08540, USA). Method reproduci-
bility was ascertained through ISR using 134 subject samples
having concentration near the Cmax and the elimination phase in
the pharmacokinetic profile of the drug and its metabolites. Ac-
cording to the acceptance criterion, at least two-thirds of the
original and repeat results should be within 20% of each other [27].

3. Results and discussion

3.1. LC–MS/MS method development

Till date there are only two chromatographic methods based on
mass spectrometric detection to analyze AMD in human plasma
without prior derivatization [17,20]. Feng et al. [20] determined

AMD together with some common medications like paracetamol,
caffeine and chlorpheniramine maleate using protein precipitation
(PP) for a pharmacokinetic study. However, the recovery was very
low (�52%) and the sensitivity of the method was 20 ng/mL for
AMD. A much improved LC–MS procedure was reported by
Wang and co-workers [17] with a linear concentration range of
3.9–4000 ng/mL using liquid-liquid extraction (LLE). The chroma-
tographic analysis time was 4.0min under isocratic elution, while
both the methods used a general internal standard for area ratio
measurements. Thus, based on the outcome of these reports we
developed a highly sensitive, selective, rapid and robust method
using UHPLC–MS/MS instrumentation and SPE for sample pro-
cessing employing a deuterated IS, which can give a good measure
of control for extraction and ionization variability.

As both AMD and AMD-d6 have a primary amino group, mass
spectrometry was performed in the positive ionization mode using
ESI. Under the optimized mass spectrometric conditions, intense
protonated molecular ions [MþH]þ were obtained at m/z 152.1
and 158.0 for AMD and AMD-d6, respectively in the full-scan
mode (Q1). The product ion spectrum (Q3) provided highest
signals at m/z 135.1 and 141.1 for AMD and AMD-d6, respectively
(Fig. S1). These stable product ions were obtained by the elim-
ination of amino groups from their precursor ions. In the present
work, sample cleanup was initiated on two SPE cartridges, namely,
Strata-X-C and Oasis HLB, for quantitative and precise extraction
recovery with minimal matrix interference. Initial trials with PP
using acetonitrile and methanol yielded poor recovery of AMD
with considerable matrix interference (42%–59%), while LLE with
ethyl acetate, n-hexane, methyl tert-butyl ether and di-
chloromethane alone and in combination afforded somewhat
higher recovery (�72%) but was inconsistent at lower concentra-
tions (0.05 and 1.50 ng/mL). With SPE under neutral conditions it
was difficult to completely retain AMD (pKa 9.0) [10] and AMD-d6
during the washing step on both the cartridges. Although the re-
covery obtained was precise at all QC levels, there was a loss of
about 15%–18%. Thus, the solutions were made alkaline prior to
loading, which led to considerable improvement in recovery
(487%). Both the cartridges provided quantitative recovery,
but Strata-X-C specifically used for weakly basic compounds
(pKa 8–10) gave higher recoveries compared to Oasis HLB, and
hence was used in the present work.

Table 2
Method performance and linearity parameters for amantadine.

Assay performance Linearity assessment

System suitabilitya: Linearity range (ng/mL) 0.50–500
Precision (% CV) 0.25/ 0.64 for retention time/area

response
Calibration standards (ng/mL) 0.05, 1.00, 2.00, 4.00, 10.0, 20.0, 50.0, 100, 250 and 500

Accuracy (%) 97.40–102.53 Quality control samples (ng/mL) 0.50, 1.50, 30.0, 200 and 400
System performance: Weighting factor 1/x2

Signal-to-noise (S/N) ratio Z 18 Mean regression line (y ¼ mx þ c) y ¼ (0.024570.0005) x þ (0.010770.0009)
Autosampler carryoverb: Correlation coefficient (r2) Z 0.9969

Blank plasma area response r 8.419 (r 0.15% of LLOQ area response) Precision (% CV) 0.32–1.53
Method ruggednessc: Accuracy (% change) 96.3–104.9

Precision (% CV) 2.71–7.40
Accuracy (%) 93.85–104.15

Dilution integrityd:
Precision (% CV) 0.24–1.12
Accuracy (%) 97.8–104.6

LLOQ and LOD (S/N ratio) 0.50 ng/mL (Z 18) and 0.18 ng/mL (Z
10)

a Six consecutive injections of aqueous standard mixture of amantadine (400 ng/mL) and amantadine-d6 (100 ng/mL).
b Injection sequence: extracted blank plasma - LLOQ sample - extracted blank plasma - ULOQ sample - extracted blank plasma- ULOQ sample - extracted blank

plasma.
c One QC batch analyzed on two Synergi Hydro-RP 80 Å (150mm � 4.6mm, 4 mm) C18 columns with different batch numbers, while the second batch analyzed by

different analysts.
d Blank human plasma spiked with 1/5th and 1/10th dilution of the stock solution prepared at 1000 ng/mL for amantadine.

A. Bhadoriya et al. / Journal of Pharmaceutical Analysis 8 (2018) 202–207204



Different reversed-phase columns were assessed for a reliable
and reproducible analysis of AMD. Columns tested included Kro-
masil C18 (150mm � 4.6mm, 3.5 mm), Hypurity C18 (100mm �
4.6mm, 5 mm), Zorbax Eclipse XDB C18 (150mm � 4.6mm, 5 mm)
and Synergi Hydro-RP C18 (150mm � 4.6mm, 4 mm). Various
mobile phase combinations (50:50, 60:40, 70:30 and 80:20, v/v) of
acetonitrile/methanol and 5–20mM ammonium formate at dif-
ferent pH (2.5–6.5) were tried during development stage. Better
results were obtained with lower pH values, which correlated with
the capacity factor (K). With increase in pH values (4.5–6.5), the K
values were in the range of 0.4–0.6, possibly due to the formation
of unionized species which had little retention. A similar trend was
observed when the concentration of ammonium formate was
increased from 5.0 to 20mM. Further the impact of mobile
composition showed considerable reduction in analyte response
when the aqueous proportion was greater than 30%. Acetonitrile

was selected ahead of methanol as it provided much better peak
shape. Under the optimized mobile phase conditions of acetoni-
trile and 10mM ammonium formate (pH 3.0), AMD was not
adequately retained on Kromasil C18 and Hypurity C18 columns,
while the response and peak shape were not acceptable on Zorbax
Eclipse XDB C18. As a result, Synergi Hydro-RP C18 column which
provided adequate retention, sufficient response and good peak
shape was employed for further study. Additionally, use of deut-
erated IS helped to ensure acceptable method performance based
on similar extraction recovery, chromatographic retention time
and ionization response in ESI-MS/MS. The retention time for AMD
and AMD-d6 was 1.80 and 1.79 min, respectively, in a total run
time of 2.5min (Fig. 1). The reinjection reproducibility (% CV) in
the measurement of retention time was r 1.2%.

The developed method was more sensitive by about 8 [17] and
40 [20] times compared to existing LC–MS methods in human

Fig. 1. Representative chromatograms of (A) double blank plasma (without amantadine and amantadine-d6), (B) blank plasma spiked with amantadine-d6 (100 ng/mL),
(C) amantadine (0.50 ng/mL) and amantadine-d6 (100 ng/mL) and (D) real subject sample at Cmax after oral administration of 100mg dose of amantadine.
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plasma. Moreover, the analysis time was 1.5 times less than the
method reported by Wang et al. [17], which can be of advantage
when large numbers of samples are to be analyzed, especially in a
clinical setting. A comparative assessment of all chromatographic
methods developed in the last two decades in plasma and urine is
presented in Table 1.

3.2. Assay validation results

The results for system suitability, autosampler and column
carryover, ruggedness and dilution integrity suggest acceptable
assay performance as evident from the data presented in
Table 2. The selectivity of the method is evident from the
chromatograms of double blank plasma, plasma spiked with
AMD-d6, AMD at 0.50 ng/mL concentration and real subject
sample at Cmax in Fig. 1. No interference due to endogenous
components was observed at the retention time of AMD and
AMD-d6. Furthermore, none of the commonly used medica-
tions by human volunteers interfered at their retention times.

The calibration curves showed good linearity over the estab-
lished concentration range of 0.50–500 ng/mL (r2 Z 0.9969)
for AMD. The mean values for slope, intercept, accuracy and
precision data in the measurement of calibrator concentrations
are shown in Table 2. The intra-batch precision (% CV) ranged
from 0.56% to 5.42% and the accuracy was within
98.47%–105.72% for AMD. Similarly for inter-batch experi-
ments, the precision varied from 1.27% to 4.23% and the
accuracy was within 98.86%–105.21% (Table S2).

The mean extraction recovery and IS-normalized matrix factors
(MFs) for AMD are presented in Table 3. Highly precise extraction
recovery in the range of 97.89%–100.28% was obtained across QC le-
vels. The mean recovery of AMD-d6 was 98.75%. As presence of un-
monitored, co-eluting compounds from the matrix can directly im-
pact the overall performance of a validated method, it is
necessary to evaluate MFs to assess the matrix effect. The IS-nor-
malized MFs ranged from 0.981 to 1.012. Matrix effect was also
checked in lipemic and haemolysed plasma samples together with
normal K3EDTA plasma. This was determined by examining the pre-
cision (% CV) values of the slopes of the calibrations curves prepared
from eight different plasma lots, which included six K3EDTA, one li-
pemic and one haemolysed plasma samples. The % CV of the slopes of
calibration lines for relative matrix effect in eight different plasma lots
was 1.52%, which is within the acceptance criteria of 3%–4%.

Stock solutions kept for short-term and long-term stability as
well as spiked plasma solutions showed no evidence of degrada-
tion under all studied conditions. Samples for short-term stability
remained stable up to 8 h, while the stock solutions of AMD and
AMD-d6 were stable for minimum of 18 days at refrigerated
temperature of 5 °C. As a substantial amount of AMD is bound to
red blood cells, whole blood stability of AMD was also evaluated
by spiking blood samples (500 mL) with AMD at 0.15 and
400 ng/mL concentrations for 2.0 h. The detailed results for stabi-
lity studies are presented in Table S3.

3.3. Application to a bioequivalence study and ISR results

To the best of our knowledge there have been no reports on the
pharmacokinetics of AMD in Indian subjects. Thus, the developed

Table 3
Extraction recovery and matrix factor for amantadine from human plasma.

Quality control level
(ng/mL)

Mean area response (n ¼ 6) Recovery (%) Matrix factor

A (post-extraction
spiking)

B (pre-extraction
spiking)

C (neat samples in
mobile phase)

Analyte (B/A) IS Analyte (B/A) IS IS-normalized
(Analyte/IS)

400 4490400 4502973 4424039 100.28 98.95 1.015 1.013 1.002
200 2276200 2276427 2334564 100.01 99.68 0.975 0.979 0.995
30.0 334780 327716 340223 97.89 97.75 0.984 1.003 0.981
1.50 16839 16704 16623 99.20 98.63 1.013 1.000 1.012

IS: internal standard.

Fig. 2. Mean plasma concentration-time profile of amantadine after oral admin-
istration of 100mg (test and reference) capsule formulation to 32 healthy Indian
subjects.

Table 4
Mean pharmacokinetic (7SD) parameters, comparison of treatment ratios and 90% CIs of natural log (Ln)-transformed parameters following oral administration of 100mg
of amantadine tablet formulation in 32 healthy Indian subjects under fasting.

Parameter Test Reference Ratio (test/ reference, %) 90% CI (Lower–Upper) Power Intra subject variation (% CV)

Cmax (ng/mL) 285.06732.16 281.58736.64 101.23 96.14–107.23 0.9997 7.53
AUC 0–12 h (h �ng/mL) 6372.2571047.69 6222.417987.12 102.41 97.48–107.95 0.9998 8.09
AUC 0-inf (h �ng/mL) 6704.2671216.10 6563.5371008.22 102.63 97.27–108.42 0.9992 8.33
Tmax (h) 2.5170.53 2.7370.46 – – – –

t1/2 (h) 14.2173.60 14.0673.56 – – – –

Kel (1/h) 0.0570.01 0.0570.01 – – – –

SD: standard deviation CI: confidence interval; CV: coefficient of variation; Cmax: maximum plasma concentration; AUC0–120 h: area under the plasma concentration-time
curve from 0 h to 120 h; AUC0-inf: area under the plasma concentration-time curve from zero hour to infinity; Tmax: time point of maximum plasma concentration; t1/2: half
life of drug elimination during the terminal phase; Kel: elimination rate constant.
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method was applied to determine plasma AMD concentration in
32 healthy Indian subjects after oral administration of 100mg
AMD capsules under fasting. The mean plasma concentration–time
profiles obtained for the test and reference formulations are
shown in Fig. 2. Table 4 summarizes mean values of pharmaco-
kinetic parameters for both the formulations. Comparison of the
results obtained with a similar study using 100mg dose of AMD in
20 Chinese subjects [17] showed no significant change in Tmax and
t1/2 values. However, the Cmax values obtained in the present study
were lower, while AUC values were somewhat higher than their
results. Nevertheless, the ratios of mean log-transformed para-
meters, Cmax, AUC0–120 h and AUC0-inf and their 90% confidence
intervals ranged from 101.23% to 102.63% and 96.14% to 108.42%
for AMD, respectively, which is within the acceptance criterion of
80%–125%. These results confirm the bioequivalence of the test
formulation with the reference product in terms of rate and extent
of absorption. Furthermore, the assay reproducibility test per-
formed with 134 incurred samples showed % change within712%
of the initial results, which confirms the reproducibility of the
newly developed method.

4. Conclusions

The proposed LC–MS/MS assay for the quantitation of AMD in
human plasma was developed and fully validated as per current
regulatory guidelines. This method can be useful for the analysis of
large numbers of samples as it uses a simple extraction procedure
without derivatization, requires low sample volume, is highly se-
lective, and has a short assay time. Further, the method shows
excellent accuracy and precision, reproducible recoveries and
minimal matrix effects. In addition, the method was successfully
applied to determine plasma AMD concentration in a bioequiva-
lence study with healthy Indian subjects for the first time.
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