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a b s t r a c t

Nanodiamonds are novel nanosized carbon building blocks possessing varied fascinating mechanical,
chemical, optical and biological properties, making them significant active moiety carriers for biomedical
application. These are known as the most ‘captivating’ crystals attributed to their chemical inertness and
unique properties posing them useful for variety of applications in biomedical era. Alongside, it becomes
increasingly important to find, ascertain and circumvent the negative aspects associated with nano-
diamonds. Surface modification or functionalization with biological molecules plays a significant role in
managing the toxic behavior since nanodiamonds have tailorable surface chemistry. To take advantage of
nanodiamond potential in drug delivery, focus has to be laid on its purity, surface chemistry and other
considerations which may directly or indirectly affect drug adsorption on nanodiamond and drug release
in biological environment. This review emphasizes on the basic properties, synthesis techniques, surface
modification techniques, toxicity issues and biomedical applications of nanodiamonds. For the devel-
opment of nanodiamonds as an effective dosage form, researchers are still engaged in the in-depth study
of nanodiamonds and their effect on life interfaces.
© 2019 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

With the swift expansion in the field of nanoscience and
nanotechnology, nanomaterials based on carbon have been a centre
of attention ever since their innovation. Carbon-based nano-
materials include fullerene, carbon nanotubes, nanodiamonds and
graphene. Their distinctive nature brands them to be used in many
disciplines extending within material science, energy, environ-
ment, biology, pharmaceutical sciences and for drug delivery sys-
tems [1]. Diamond nanoparticles, also known as nanodiamonds
(NDs), are single crystal diamonds consisting of carbon as the basic
component with high physical and chemical properties. These are
nanoscopic version of sp3 carbon, while other carbon nanotubes
and fullerenes are of sp2 configuration. The average particle size of
diamond nanoparticle is 4e5 nm (thousands of times smaller than
human hair). On primary particle sizes basis, Shenderova and
McGuire classified NDs into nanocrystalline particles (1 to
�150 nm) and ultra-nanocrystalline particles (2e10 nm) as shown
in Fig. 1.

NDs are famous as ultradisperse diamonds which have exclusive
properties of diamond core viz. chemical inert core, prominent
hardness and superior thermal conductivity [2]. There are several
techniques for the synthesis of NDs viz. chemical vapor deposition,
high temperature high pressure, and detonation of explosives [3].
The process of synthesis has been detailed in Section 3 of the paper.
NDs are rapidly emerging as promising carriers for next-generation
therapeutics and drug delivery. NDs exhibit tunable surface,
excellent biocompatibility and large surface area for conjugation of
molecules like drugs and genes for their intracellular and extra-
cellular delivery. Additionally, fluorescence imparts a diagnostic
feature to NDs, thus they can be utilized as image probes.
Throughout the past couple of decades, many investigations have
potentially added for the advancement of NDs, exploiting their
numerous properties for biological applications [4]. On the con-
trary, there are several crucial concerns and challenges associated
with these carbon-based nanocarriers for clinical application. The
foremost challenge is toxicity of carbon-based nanocarriers viz.
how their nature and mechanism affect the living cells. Therefore,
an in-depth study is necessary to ascertain the mechanism of
nanoparticle induced toxicity via in vivo and in vitro cytotoxicity
studies. Moreover, short circulation half-life of nanoparticles causes
their faster elimination via opsonization by phagocytes in human
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body, whichmakes them unsuitable for sustained drug delivery [5].
Thus, as a solution to this problem, surface functionalization, i.e.,
modification of surface by attaching ligands has emerged as a boon
technique for making NDs best for delayed drug delivery.

Therefore, it is envisaged that NDs can serve as good drug car-
riers, image probes, or implant coatings in biological systems.
However, developing future nanoscale devices and arrays that
harness these nanoparticles will require unprecedented spatial
control [6].

2. Unique structure and properties of NDs

The unique properties of NDs are attributed to the exclusive
properties of diamonds and nanoparticles as shown in Fig. 2. Di-
amonds are the hardest known material and transparent electrical
insulator. These consist of tetrahedral sp3 carbon atoms which form
unique large crystals [7].

NDs are supposed to have core-shell structural design as they
have diamond inner core (sp3 carbon atoms) and graphitic outer
shell (sp2 carbon atoms) with hanging bonds endedwith functional
groups [8]. The accurate nature of the outer shell remains unclear,
but two general models have emerged. One is an amorphous shell
with significant sp2 carbon content and the other is a sp2 graphene-
type sheet of a fullerene structure, giving rise to a structure
described as ‘bucky-diamond’ [9]. The two types of bonds can be
interchangeable viz. the stretched face of diamond is a graphene
plane while the puckered graphene may become a diamond sur-
face. This interchangeability allows NDs particles to act as flexible
templates, particularly around the curved surface where electrons
are unstable. These include a uniquely faceted truncated octahedral
architecture that enables potent drug binding and dispersibility in
water [10]. The surface mainly consists of carbon, phenols, pyrones
and sulfonic acid as shown in Fig. 3. NDs also contain carboxylic

acid groups, anhydride, hydroxyl groups and epoxide groups but in
smaller amount. Due to the presence of carboxylic groups, NDs
suspensions are stable in water and have the capability of com-
plexing with water soluble drugs like purvalanol A (drug for liver
cancer), 4-hydroxytamoxifen (drug for breast cancer), and dexa-
methasone (an anti-inflammatory agent) [11].

Properly purified nanodiamond can have almost perfect crys-
talline structure with insignificant parts of non-diamond carbon.
Furthermore, NDs have naturally occurring nitrogen-vacancy (N-V)
centers or nitrogen impurities (as shown in Fig. 4), which can form
complexes in the core of nanodiamond particles like peptides, and
amines. NDs holding N-V centers provide fluorescence character-
istic, and impart optical properties to NDs [12]. It is also known as
fluorescent nanodiamond (FND), and has been utilized for bio-
labeling agent.

Exploiting this fluorescence trait, it has been investigated that
NDs complexes with doxorubicin significantly diminish the brain
tumor by convection enhanced intracranial delivery. This indicates
the possibility of using NDs to treat nervous system related diseases
and injuries [13]. They absorb at 550e800 nm and emit bright
fluorescence efficiently in the far-red region, without photoblinking
and photobleaching, which is the key reason for application of NDs
as cellular markers as a fluorescent probe for single particle
tracking with the advantage of surface functionalization and non-
cytotoxic nature of NDs [14]. N-V centers in NDs can also be
formed in two steps, i.e., generation of vacancy by irradiation and
then migration of atom through crystal lattice which is then trap-
ped by foreign atom. There can be two types of charges on N-V
center, i.e., neutral or negatively charged ones, which can easily be
differentiated on the basis of their emission spectra. Negatively
charged N-V centers are paramagnetic which upon optical pump-
ing cause spin polarization. Spin polarization exhibits a long
coherence time which has significant applications in diagnostics,
particularly optical coherence tomography [6]. Optically, NDs reveal
the largest optical band gap (5.4e5.6 eV at room temperature), and
thus become a wide-band semiconductor. NDs robustly possess
excellent electrical properties. An investigation on NDs showed
that the aggregated NDs powder demonstrated a low dielectric loss
tangent, indicating its good dielectric properties. Mechanically, NDs
have high Young's modulus, thus making them strong and hard
with elevated refractive index, electrical resistivity, and thermal
conductivity. Maitra et al. synthesized poly (vinyl alcohol)-matrix
(PVA) reinforced with nanodiamond particles (0.6 wt %) and char-
acterized by nano-indentation technique for mechanical proper-
ties. The results displayed a noteworthy improvement in hardness
and elastic modulus of PVA by small addition of NDs. The reason
attributed to the increased covalent linkages between ND and PVA
matrix [15]. Likewise, Gogotsi group produced multifunctional

Fig. 1. Schematic representation of nanodiamond classification.

Fig. 2. Pictorial representation of properties of nanoparticles and diamonds.
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bone scaffold materials with the help of poly (L-lactic acid) (PLLA)
and 1%e10% octadecylamine-functionalized nanodiamond (ND-
ODA). The outcomes of mechanical testing displayed a 280% in-
crease in the strain at failure and a 310% increase in fracture energy
in tensile tests. Thus, an overall enhancement in mechanical
properties of matrix was observed. The NDs have assured charac-
teristics which concoct them a functional matter in several disci-
plines [16].

3. Synthesis of NDs

NDs were first formed in USSR in 1963 when detonation of
carbon-based explosives resulted in formation of diamonds nano-
particles. NDs can also be formed by applying special techniques,
principle and procedures like detonation technique, high-pressure
high-temperature (HPHT), chemical vapor deposition (CVD) tech-
nique, ultrasonic synthesis, hydrothermal synthesis, ion and laser
bombardment and electro-chemical synthesis [17]. The size, shape,
surface structure (groups attached on surface like carboxyl and
lactones) and quality of NDs are determined by themethods used in
their production. There are several techniques for the synthesis of
NDs viz CVD, HPHT and detonation technique. The properties of
yielded NDs may vary from technique to technique. Detonation
technique includes controlled explosion of carbon containing
compounds which results in NDs of narrow size distribution having
majorly round or oval shape. Detonated NDs have sp2 carbon on
surface with functional groups and large surface area, which facil-
itates the attachment of drug molecules, thus proving an excellent
drug carrier system. These types of NDs attain various drawbacks
like presence of high number of impurities and lattice defects. Due
to their small size and high impurities, these can keep stable
fluorescent defects to a very less extent. Therefore they tend to be a
poor candidate for sensing and labeling techniques. The smallest
member of diamond family is diamondoid, which is obtained by
applying the process of grinding. Diamondoids are extracted from
crude oil. The lower diamondoids are known as adamantine. The
resultant NDs are in more pure form and possess very few lattice
defects than the detonated NDs. These have flattened surface like
flakes having uniform structure with broad size distribution.

Different sizes of NDs can be selected by centrifugation. Higher
particles will settle down and the lower particles will remain in
supernatant. Unlike the detonated NDs, these NDs possess stable
defects with numerous colored centers. These stable defects result
in fluorescence effect which is non-bleachable as compared to the
fluorescence imparted by organic dyes. Negatively charged N-V
centers are responsible for this stable fluorescence which can be
exploited for biolabeling applications. These N-V centers are also
responsible for imparting excellent spin properties to NDs, due to
which they can react even in the presence of limited magnetic
fields. This property can be utilized for sensor applications. NDs also
have an excellent electrical property and thus can act as trans-
ducers in chemical sensing viz. hydrogen terminated diamond is
surface conductive while boron doped diamond is a semiconductor.

Detonated NDs are formed by mixing two explosives, i.e.,
trinitrotoluene and hexogen (octogen), as shown in Fig. 5. By this
procedure, average particles size of NDs can be obtained in the
range of 4e5 nm. It is notable to mention the parameters to in-
crease the yield of NDs, i.e., rapid cooling by increasing the quantity
of coolant present in the system like gases (argon) and water, water
base foams and ice [18]. The process of synthesis is depicted in
Fig. 1. The resultant product obtained from detonation soot is a
mixture of diamond particles (up to 75wt %) with other carbon
allotropes (25wt %e85wt %) and incombustible impurities (metals
and oxides, 1 wt %e8wt %), which has to be purified for the most
applications. Another technique for nanodiamond synthesis is
chemical vapor deposition (CVD). CVD is the common process used
and includes techniques like hot filament chemical vapor deposi-
tion (HFCVD), microwave-plasma-assisted chemical vapor deposi-
tion (MWPCVD), and combustion flame chemical vapor deposition
(CFCVD) for increased yield [19]. The process of CVD is clearly
depicted in Fig. 5.

Neu et al. have introduced a process for the fabrication of high-
quality, spatially isolated nano-diamonds on iridium via MWPCVD
growth [20]. Tsugawa et al. developed a low-temperature and
large-area nanodiamond coating method by MWPCVD sustained
using surface [21]. Lin et al. used microwave plasma jet chemical
vapor deposition system (MPJCVD) for synthesizing smooth ultra-
nanocrystalline diamond (UNCD) films [22]. Ultrasonication is
another technique for NDs preparation, utilizing high pressure and
high temperature. The entire process of preparation via ultrasonic
synthesis is mentioned in Fig. 6 [23]. The major concern with the
nanodiamond synthesis is its yield and cost-effective production.
Several researches have been conducted to obtain the cost-effective
industrial production techniques.

Fig. 4. Diagrammatic illustration of nitrogen-vacancy (N-V) centers in nanodiamonds.
Fig. 5. Diagrammatic presentation of nanodiamonds synthesis via detonation
technique.

Fig. 3. Basic structure of nanodiamonds with surface functional groups.
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Boudou et al. explored a fabrication technique for the produc-
tion of fluorescent NDs with high yields. The process includes the
conversion of diamond microcrystal powder obtained from ultra-
sonic method into aqueous concentrated colloidal dispersion of
ultra-small nanoparticles (with a mean size less than 10 nm). The
fabrication yield of NDs was higher than the previously reported
microdiamonds. The results demonstrated an industrial cost-
effective fabrication of fluorescent NDs with controlled properties
[24].

4. In vitro and in vivo cytotoxicity

NDsmediated drug delivery has drawn attention of scientists for
secure and reliable transport of activemoieties to the target site in a
living system. However, for drug delivery significant toxicity is the
major concern of these nano-carriers. Hence, it becomes obligatory
to comprehend the in-depth knowledge of nanodiamond's
biocompatibility via in vitro and in vivo studies [25]. In vitro
cytotoxicity investigations are more simple, reproducible, more
useful and cost-effective than in vivo studies in animal models.
These tests are based on various cell functions like enzyme activity,
cell proliferation, ATP (Adenosine tripolyphosphate) production,
and nucleotide uptake activity. Primarily, methyl tetrazolium (MTT)
assays are very common in determining cell viability and prolifer-
ation [26]. Generally, it is a two-step process (as shown in Fig. 7).
The first step involves reduction of yellow tetrazoliumMTT (3-(4,5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) by meta-
bolically active cells (by the action of dehydrogenase enzymes) to
generate nicotinamide adenine dinucleotide (NADH) and nicotin-
amide adenine dinucleotide phosphate (NADPH) and insoluble
formazan.

The second step involves solubilization of intracellular purple
formazan which can be quantified by means of absorbance values
spectrophotometrically. If the absorbance values are less than those

of absorbance of control cells, there is reduction in rate of cell
proliferation. Likewise, ATP assay is also known for its quick results
and small sample cells. It is based on the assumption that live cells
produce luminescence as it contains ATP inside and the level of
luminescence will be proportional to ATP content of cells. It com-
prises cell lysis, which is followed by reaction between assay and
ATP content of cell which finally generates luminescence.
Photometer is used for the measurement of luminescence. NDs
have also been estimated for in vitro cytotoxicity studies via MTT
assay and ATP production assay [27]. The first reported toxicity of
NDs at cellular level via MTT and ATP production assay was done by
Schrand et al. The experiment turns out to be positive with no
toxicity to cells with this size range and cell morphology remains
unaffected after incubation with NDs. Further, they compared
carbon-based nanomaterials (carbon black, carbon nanotubes,
NDs) on neuroblastoma cells and macrophages. The results
revealed the mildest toxic effect exhibited by NDs as compared to
others [25]. Moreover, biocompatibility of NDs was also investi-
gated on kidney cell culture by Yu et al. They explored the

Fig. 6. Flowchart representation of nanodiamonds synthesis via chemical vapor deposition technique and ultrasonic technique.

Fig. 7. In vitro cytotoxicity (MTT) assay for nanodiamonds.
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localization of NDs within the cytoplasm of cells via fluorescent
confocal microscopy and the outcomes showed less toxicity within
the cells [28]. Supplementary to the above assays the toxicity or
biocompatibility of NDs, reactive oxygen species (ROS) assay can
also be performed. This assay is based on the generation of ROS by
nanoparticle induced oxidative stress. Normally, ROS are produced
as consequence of cellular redox/enzymatic reactions viz. meta-
bolism and phagocytosis. In their further studies, Schrand et al.
compared the ROS generation by carbon black and NDs via fluo-
rescence intensity of dichlorofluorescein (DCF). The outcome
revealed a lower level of ROS generation by NDs as compared to
carbon black [29]. Additionally, Keremidarska et al. investigated the
cytotoxicity of different sizes of NDs on two types of cell models,
i.e., a human osteosarcoma cell line, MG63, and primary rat
mesenchymal stem cells (rMSCs). Optical microscopy and prolif-
eration assay were employed as assessing tools for cytotoxicity
after 72 h of exposure to cells. NDs of small size were more toxic as
they have shown elevated cell proliferation than those of higher
size. Furthermore, genetoxicity studies have also become signifi-
cant to envisage the effect of NDs at a chromosome level [30]. An
investigation on TNFa and Bcl-x genes was done by Huang et al. by
incubating acid treated NDs alongwith genes. The findings revealed
no change in genes expression as compared to control. A significant
biocompatibility was observed with HT-29 human colorectal
adenocarcinoma cells by examining DNA fragmentation. A research
on A549 lung cancer cells and 3T3-L1 embryonic fibroblasts
revealed the non-cytotoxicity and significant viability of cells by
incubating them with NDs for 10 days. Even, the cellular uptake of
NDs did not lead to any interference in cell division and gene or
protein expression [31]. Apart from in vitro cellular toxicity studies,
animal models have also been used to study the effect of NDs on
surrounding environment and thus, human health. Fig. 8 shows the
different model organisms used for conducting in vivo study.

Duringmanufacturing of NDs powder, some powdermay spread
in the surrounding air and may cause contamination due to its low
density. This may also lead to pulmonary toxicity owing to respi-
ration in that environment. To assess it, Yuan et al. performed the
intratracheal instillation of NDs in mice and confirmed the low
toxicity results via histopathological and ultrastructural in-
vestigations. Besides pulmonary toxicity and subcutaneous studies,
a long-term toxicity study of NDs hydrosols was also performed via
oral administration to mice. The aimwas to study the effect of NDs
on natural growth and reproducibility of mice via weight dynamics
and production of offspring respectively. The experimental protocol
includes water substitution by 0.002wt%e0.05wt% NDs hydrosols
in mice regular diet. The results of weight dynamics displayed
normal growth of internal organs viz. lungs, liver, kidneys and
pancreas. Concurrently, healthy offsprings were observed, which
indicates no loss in reproduction ability of mice [32]. The more
detailed studies are shown in Table 1 [33e38].

5. Surface functionalization

Most of the commercially available NDs surface is found to be
highly oxidized and carries numerous functional groups like hy-
droxyl, carboxyl, lactone and ketone. The presence of functional
groups and sp2 carbon directly affects the stability of NDs in a va-
riety of media and leads to agglomeration. Moreover, NDs are
thermodynamically unstable due to high surface energy. Thus, it
becomes the need to alter the functional groups present on the
surface of NDs. Surface functionalization involves modification in
surface strategies of any compound (NDs), by attaching a variety of
functional groups such as hydroxyl, carbonyl, carboxyl, anhydrides
and lactones [39]. Surface functionalization also enhances the sol-
ubility in a variety of polar organic solvents and stability (by pre-
venting agglomeration). However, as per the literature, scientists
have explored significant mechanical and chemical techniques to
reduce agglomeration and substitute functional group on their
surface. Mechanical techniques comprise ultrasonic and ball mill-
ing. Apart from this, stirred media milling with ceramic beads fol-
lowed by sonication has also emerged as a novel technology for the
disintegration of NDs. Chemical technique involves nanodiamond
powder heating in air at 400-430 �C so as to eliminate the sp2

carbon impurities which may reduce the chances of agglomeration
[40]. Osswald et al. highlighted the use of narrow temperature
(400-430 �C) for maximum oxidation of sp2 carbon with minimum
wastage of diamond. NDs should be stable enough when their
utilization is aimed for biological applications [41]. Alwani et al.
formulated ND-gene complexes called diamoplexes for cervical
cancer. Synthesis was done by covalent conjugation of lysine amino
acid to carboxylated NDs surface generated through reoxidation in
strong oxidizing acids. Results for particle size and zeta potential
showed minimum sedimentation and good stability. The study
concludes that functionalization of NDs with lysine maintains long
term stability and also enables NDs to successfully interact with
biological system [42]. Fluorination of NDs surface was done by Liu
et al. Gaseous fluorine and hydrogen mixture reacted with NDs at
150-470 �C to produce a fluorinated NDs. Fluorinated NDs can
further be functionalized with alkyl-lithium reagents, diamines and
amino acids [43]. Burleson et al. aimed at the surface modification
of NDs in a controlled manner so as to differentiate the influence of
different functional groups on in vitro cellular response. Surface
modificationwas done in hydro- and solvo-thermal conditions. The
outcomes with in vitro cellular assays revealed no cellular toxicity
with CO, OH, or NH-groups on the surface of the diamond particle
[44]. Another successful targeted cellular interaction was explored
by Krueger et al. They reduced all surface oxygen groups to hy-
droxyl by reacting borane in tetrahydrofuran (THF). Additionally,
peptides synthesis was done by silane linker molecules to form an
amine terminated surface [45]. These schemes are presented in
Fig. 9. There are a variety of ligands utilized for the surface

Fig. 8. Model organisms used for in vivo studies with nanodiamonds.
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functionalization of NDs viz. carboxylic acid, fluorine, chlorine,
lysine, and glutaraldehyde as stated in literature. Chemical modi-
fication of diamond surface is essential for diamond to be applied as
potential biosensor or biochip or a substrate to immobilize bio-
logical molecules [46].

NDs can be used in various sectors including medical and non-
medical. These are widely used as vehicle for drug delivery, in
bio-imaging and cell tracking, skin care and hair implants, dental
care, andmanymore. NDs tend to form agglomerates whichmay be
useful in chromatography and drug delivery. The characteristics,
such as photo stability, chemical non-reactivity, biocompatibility,
and emission in the far-red bandwidth, make NDs an interesting
candidate for noninvasive imaging [34]. These tiny gems possess a
broad range of promising applications in drug delivery, bio-imaging
and tissue engineering.

6. Biomedical applications of NDs

NDs exhibit special traits of nanoparticles and diamonds, which
can widely be used in various fields viz. biomedical and imaging
procedures. NDs are very prominent as targeted drug delivery
system with increased drug efficacy and decreased toxicity level,

and thus can also be known as safer medication. Diamond con-
taining structures will provide significant improvements in the
diagnosis and treatment of medical conditions over the coming
years. Diamond coatings have been applied to a number of medical
devices in recent years, including temporal mandibular joint
prostheses, heart valves, and micro electro-mechanical systems,
microscale devices for sensing or drug delivery. Diamond nano-
wire based nucleic acid sensors have been developed. NDs are
also used as targeted drug delivery vehicle for bone diseases and
bone regeneration [47]. There are many potential biological and
medical applications of NDs, including its use in biocompatible
composites and implants, targeted drug delivery, components of
biosensors and stable solid supports for the synthesis of peptides.
But there are three main reported use of NDs, i.e., immobilization of
proteins, as fluorescent markers for cell imaging and as a drug
delivery vehicle.

6.1. NDs in imaging and therapy

The unique fluorescence properties of NDs have already been
discussed. These properties could be explored further to obtain
advantages; high quantum efficiency of NDs may result in bright
fluorescence; NDs are photostable over longer periods whichmight
help in long-term NDs tracking in cell; NDs have long time fluo-
rescence and emission wavelength less than 690 nm that may
contribute to high contrast imaging; photobleaching related to
fluorophore can be avoided. The imaging and therapy utilizing
nanodiamond helps in early diagnosis, intervention, and effective
prevention. Imaging techniques are useful in determining the
proper stage of the disease, follow-up after treatment and, as
highlighted in recent times, in predicting prognosis [48]. Fu et al.
examined the binding of positively charged NDs to negatively
charged DNA by exploring a red fluorescent NDs (100 nm in size).
Primarily, DNA molecules were labeled with TOTO-1 (nucleic acid
stain) and then allowed to associate ionically with poly-L-lysine-
coated carboxylated fluorescent NDs in a buffer medium (diluted
solution). After this, the diluted solution was passed through micro

Table 1
In vivo studies conducted with nanodiamonds.

S.No. Parameter for
biocompatibility

Observations
based on
parameters

Model organism Nanodiamond
type with size

In vivo study results

1. Survival 1. Cytotoxicity
and in vivo
toxicity

1. Human embryonic
kidney 293 (HEK293)
cells
2. Xenopus laevis
embryos

FND (4 nm) Chemically surface functionalized (-OH, -NH2 or -CO2H) ND related cytotoxicity
and in vivo toxicity of ND were prepared. They used two model systems viz. human
embryonic kidney 293 (HEK293) cells and Xenopus laevis embryos. The results of
cell viability assays revealed that NDwere not
1. cytotoxic to HEK293 cells at below 50 mg/mL ND
2. Having a potential embryotoxicity and teratogenicity for carboxylated ND-CO2H
[40].

2. Mortality rate Bivalvae DND (4e6 nm) 100% mortality when exposed to ND solutions of 10 g/L [33].
2. Morphology 1. Embryonic

development
2. Histological
examination

Zebrafish embryo DND (100 nm) A concentration dependent higher malformation induction after ND-COOH micro
injection [34].

Cynomolgus monkey
(Macaca fascicularis)

DND Some substantial abnormalities in monkey heart and liver at higher doses. Mild
abnormalities at normal doses.

Rat (Rattus norvegicus) No abnormal liver or kidney function histological changes.
Xenograft SCID mice ND-paclitaxel Preservation of anticancer activities on the induction of mitotic blockage and apoptosis

[35].
3. Biodistribution Accumulation Rat NDs 1. Radio labeled diamond nanoparticles gets accumulated majorly in lung, spleen and

liver and finally gets excreted into the urinary tract. 2. An inflammatory response in the
lungs and high dose- dependent retention of NDs in the lung [25].
NDs retention and accumulation in the macrophages present in the liver [9].

Mice FND Accumulation in the axillary lymph nodes [36].
4. Metabolism 1. Biochemical

parameter
2. Oxidative
stress markers

Rats and monkeys ND 1. Some histological alterations but no organ dysfunction. 2. Some changes in blood
biochemical parameters affecting the liver function and lipid metabolism, but no signs
of cell destruction [37].

Murine ND Increased activity of glutathione S- transferase on 7 day and catalase on 14 day were
observed respectively [38].

Fig. 9. Illustration of several schemes for the surface functionalization of
nanodiamonds.
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channel-combining technology and laser excitation at different
wavelengths, DNA was discovered to interact with positively
charged NDs via packing. This research reveals that interaction
between biomolecules could be studied by single fluorescent
nanodiamond [48]. Furthermore, another research group utilized
fluorescent properties of NDs (100 nm red fluorescent NDs) to
explore the uptake mechanism of transferring in HeLa cells. ND-
transferrin complexes were made by linking NDs with transferrin
via amide linkage [49]. In addition, Mohan et al. outlined the mo-
tion of free and bioconjugated red fluorescent NDs in Caeno-
rhabditis elegan (worms). Worms were divested from E. coli and
then given free NDs and dextran/albumin conjugated carboxylated
NDs. After 12 h of administration, free NDs were localized in
worm's intestinal tract with no absorption while bioconjugated
NDs were captured up by intestinal cells of worms and remained
there for 24 h [50]. Hsu et al. used fluorescent nanodiamond (FND)
for the labeling and tracking of neuronal differentiation and neuron
cells derived from embryonal carcinoma stem (ECS) cells [51].
Zurbuchen et al. had demonstrated a subcellular multimodal im-
aging technique which facilitates the localization of NDs having
fluorescent N-V centers. Surface was functionalized to target spe-
cific locations which were observable by both optical and electron
microscopies. The images of optical microscopy displayed NDs
in vitro tracking and confirmed its uptake. Due to exclusive fluo-
rescent property of NDs, these are utilized as biolabeling agent even
for diagnosing diseases of the nervous system [52]. Huang et al.
investigated the compatibility of NDs on neurons. The results
revealed that NDs possess very low neuronal toxicity, except that it
hinders the morphogenesis of neural cells [53].

6.1.1. Disadvantages
Complications exist while the application of NDs from physics

field to biomedical field. Methods used for characterizing NDs in
dry state are hardly applicable for detecting NDs in living organisms
such as cells [54].

Reineck et al. observed weak correlation between FND size and
fluorescence brightness which may be due to surface interactions
[55].

6.2. Carrier for drug and peptide delivery

For the conjugation of active pharmaceutical ingredients, NDs
are ideal candidate owing to their huge surface area and surface
functionalities. A drug carrier is found to be suitable only in terms
of its loading capacity, capability of protection from surrounding
environment and inert nature. A prominent drug loading efficiency
with less concentration of carrier is highly appreciated. Simulta-
neously, timely release of drug from the carrier is also of great
significance for desired therapeutic effect. Huang et al. investigated
the loading and release of a chemotherapeutic agent viz. doxoru-
bicin hydrochloride (DOX) fromNDs. The researchwas based on the
concept of ionic interaction between carboxylic and hydroxylic
groups present on the surface of NDs and amine group of DOX to
form NDs-DOX loose cluster. In further studies, it was found that
DOX was adsorbed on surface of NDs and also in the fissures of
cluster. Additionally, cytotoxic studies of DOX-NDs on mouse
macrophages and human colorectal cancer cells revealed a lower
toxic effect with sustained release than free-DOX [56]. Apart from
the large surface area for conjugation, NDs have also emerged as
dispersibility enhancing agents of hydrophobic drugs [57]. There
are certain chemotherapeutic moieties which have their solubilities
in organic solvents that limit their parenteral administration viz. a
liver cancer drug ‘purvalanol A’ [58] and a breast cancer moiety ‘4-
hydroxytamoxifen’ [59]. The characteristic of enhancing dis-
persibility inwater is attributed to NDs' nature of adsorbing drug on

surfaces and retaining therapeutic effectiveness of the drug. The
therapeutic activity of NDs formulations was confirmed by MTT
assay. These outcomes revealed that NDs could play a significant
role in formulation development of poor water-soluble drugs [60].

Enzyme immobilization is an attempt of technique which in-
cludes matrixing or engraving enzymes onto a polymer matrix and
increasing the availability of enzymes to substrate. Immobilization
of proteins on nanodiamond is much in use for drug delivery.
Properties of having high colloidal stability and enterosorbent po-
tential in aqueous and non-aqueous media allow NDs to be effi-
ciently used for the targeted drug delivery [61]. But stability of the
complexes is based on bonding of NDs with respective proteins. As
concluded by Purtov et al. complexes obtained by covalent immo-
bilization are more stable than non-specific absorption of proteins
[62]. Researchers have proved the uptake of NDs by living cells. NDs
can easily be complexed with any compound which can either be
an antigen, an antibody or an immunoglobulin. Various researchers
have shown their work on immobilization with NDs. Kossovsky
et al used NDs coated with a disaccharide to immobilize an antigen,
which was then directly injected into rabbits to elicit an immune
response. The antigen carrier plays an important role in controlling
the conformation of the antigen and exposing or shielding impor-
tant functionalities; it is believed that NDs immobilization results
in less distortion of the protein conformation allowing better
binding by antibodies and hence, a stronger immune response [63].
Bondar et al. used detonation NDs for the separation of recombi-
nant protein from E. coli. by physical adsorption of protein onto NDs
particles [64]. Huang et al. described the immobilization of anti-
bodies and bacterial binding on NDs [65]. Kong et al. used this
principle to capture proteins for analysis by MS spectra [66,67].
Researcher have also demonstrated that NDs seeded electrodes can
be bio-functionalized using previously published UV alkene surface
chemistry of diamond films and used for pathogen detection. This is
basically nano-structuring of biosensing electrodes with NDs for
antibody immobilization [68].

Various researches have been carried out, which allow to
consider the possibility of applying NDs as carriers to address de-
liveries of bioactive substances (i.e., drugs) to various biological
targets (in vitro as well as in vivo). NDs have the potential to deliver
the biological moieties into a single cell, or targeted cells; hence
this technology is widely used in cancer treatment [69]. In cancer
treatment, it is required to target the cancer cells, not the normal
cell or tissue. Clusters of the NDs surround the drugs to ensure that
they remain separated from healthy cells until they reach the
cancer cells, where they are released. Therefore, it enables the
whole amount of drug to reach the target site and the size of NDs
enables kidney for their easy removal from the body without
blocking other blood vessels [70].

Man et al. synthesized the daunorubicin - NDs conjugates for
the treatment of chemoresistant leukemiawhich have the potential
to improve treatment efficacy, especially towards resistant strains.
Cell line studies on a K562 human myelogenous leukemia cell line
with multidrug resistance and augmented daunorubicin exposure
was carried out for efficacy enhancement demonstration. NDs
enhanced the daunorubicin delivery to resistant cells [71]. NDs are
used as a drug carrier mainly in any of the forms viz. NDs assemble
on a chemical substrate to form a thin film, having interactionswith
a drug in two dimensions (forming spontaneous clusters also
named as NDs hydrogel with low free energy in an aqueous solu-
tion), having interactions with a drug in three dimensions [16].
Nanostructured diamond (NSD) coatings or diamond like carbon
coatings enhance the wear resistance and prevent leaching of
metallic ions from orthopedic and dental implants into the body.
NDs-based drug delivery against cancer is one of the most devel-
oped biomedical applications. Moreover, NDs also play a vital and
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therapeutic role in tissue engineering and anti-microbial applica-
tions [19]. Toh and his research team describe a NDemitoxantrone
(MTX) complex that can be rapidly synthesized and mediate
marked improvements in drug efficacy. This study concluded that
NDeMTX complex markedly enhanced MTX retention and
improved therapeutic efficacy in chemoresistant breast cancer cells
[72]. Another research for improving therapeutic efficacy in che-
moresistant cancer cell was done by reversibly bounding NDs to
epirubicin by physical adsorption. This results in formation of
nanodiamondeepirubicin drug complex. The results prove that
NDs mediated drug delivery may serve as a powerful method for
overcoming chemoresistance in cancer stem cells and markedly
improving overall treatment against hepatic cancers [73]. NDs
prove to be very efficient vehicle for drug delivery. A potential anti-
cancer investigation has been conducted by researchers regarding
the biomedical use of plant drug-functionalized NDs. Coupling of
reduced NDs was done with 5,7-dimethoxycoumarin (citropten, a
plant secondary metabolite) to form a complex which shows its
ability to reduce B16F10 tumor cell growth more effectively than
treatment with the pure molecule. The ND-citropten complex de-
termines cell cycle arrest, morphological changes and alteration of
mRNA levels of cytoskeletal related genes [74]. In the field of ocular
drug delivery, NDs have been found significant application for the
treatment of diseases like glaucoma. In this piece of work, re-
searchers presented lysozyme-trigerred release of timolol maleate
loaded NDs and then embedding NDs onto contact lenses. They
coated individual NDs with polyethyleneimine (PEI) and then
cross-linked with an enzyme cleavable polysaccharide, chitosan,
forming an NDs nanogel loaded with timolol maleate (TM). These
NDs nanogels are then embedded within a poly-HEMA matrix and
cast into contact lenses. The results revealed effective drug
complexation and enzyme activation [75]. NDs are also excellent
candidates for topical protection of skin form sun burn. They do not
exhibit photo-catalytic activity which is the main factor of pro-
ducing reactive oxygen species (ROS), resulting in the damaged
skin. They exhibit the property of scattering by which they prevent
UV B induced skin damage. Wu et al. evaluated the efficacy and
safety of NDs in UV B protection using cell cultures and mouse
models. Results revealed that NDs shielding efficiently decline 95%
UV B radiation while direct exposure of UV B radiation to cultured
keratinocyte and fibroblasts causes their death [76]. Lists of recent
investigations are presented in Table 2 [77e79].

6.2.1. Advantages
NDs in their original form can be used for drug delivery, i.e.,

there is no need to apply the process of oxidative modification. This

can be due to attaining good water solubility even without any
acidic treatment. This may result in minimum side effects.

NDs have strong affinity towards proteins and antibodies, thus
forming more stable conjugates.

6.2.2. Disadvantages
Xing et al. demonstrated that genotoxicity can occur, while

introducing the chemical groups onto NDs [80].
Due to smaller size of NDs, it is very difficult to evaluate their

distribution through conventional microscopy method; hence,
radionuclide tracer technique is used for detection. This technique
involves use of radioactive materials, which can lead to toxicity, and
is an expensive process [81].

The process of complexing nanodiamond with active moiety
through covalent bonding is a complicated process and it is difficult
to eliminate the toxic solvents used during synthesis. Moreover, the
complex formed can not show slow-release function.

6.3. NDs in gene therapy

Gene therapy can be used in treatment of various life-
threatening diseases, like cancer, heart disease and diabetes. NDs
act as an emerging attractive tool for gene delivery, by which effi-
ciency of gene therapy is much more increased. The technology
requires both effective cellular uptake and cytosolic release of the
gene. Taking green fluorescent protein gene as an example, Chu
et al. demonstrated the successful cytosolic delivery and expression
of such a gene using the prickly NDs as carrier [82]. Perevedentseva
et al. provided evidence that lysine functionalization enables NDs
to interact effectively with the biological system to be used for RNAi
therapeutics [83]. Zhang et al. demonstrated NDs as viral vectors for
in vitro gene delivery via surface immobilization with 800 Da
polyethyleneimine and covalent conjugation in presence of amine
groups. This approach represented an efficient avenue towards
gene delivery via DNA functionalized NDs [84]. NDs have also been
explored their potential in the delivery of small interfering RNAs.
Liu et al. investigated the potential of small interfering RNAs
(siRNA) loaded functionalized NDs with polymer polyethylenimine
(PEI) for its in vitro efficiency and cytotoxicity via simulation
technique. The results showed to be highly effective for in vitro
delivery with low cytotoxicity [85]. In addition, Alhaddad et al.
elucidated the delivery of siRNA via cationic polymers viz. poly-
allylamine and polyethylenimine coated diamond nanocrystals.
They targeted Ewing sarcoma cells which were traceable for long
time owing to their intrinsic fluorescence [86].

Table 2
Recent investigations regarding Nanodiamonds for cancer therapy.

S.No. Year Methodology adopted for cancer investigation In vitro and in vivo results

1. 2014 Cellular uptake studies of nanodiamond doxorubicin complex (NDDOX)
via laser scanning confocal microscopy using HepG2 cells.
In vivo survival rate comparison studies.
Histopathology of tumor after treatment with NDDOX.

Slow and sustained drug release characteristics compared with free doxorubicin.
Survival rate with NDDOX was four times greater than that free doxorubicin.
Histopathological analysis revealed non-toxicity of NDs and NDDOX to kidney, liver,
or spleen in contrast with the well-known toxic effects of free doxorubicin [77].

2. 2010 Nanodiamonds-paclitaxel conjugation for cancer therapy and evaluated
by atomic force microscope and nuclear magnetic resonance
spectroscopy.

Reduction in cell viability in the A549 human lung carcinoma cells. ND-paclitaxel
was taken into lung cancer cells and was located in the microtubules and cytoplasm
of A549 cells observed by flow cytometer analysis and confocal microscopy
respectively. Tumor growth and formation of lung cancer cells were also blocked in
xenograft SCID mice [78].

3. 2015 Self-assembled nanodiamond-lipid hybrid particles (NDLPs) were used
for cell-targeted imaging and therapy of triple negative breast cancers.

Highly biocompatible particles providing cell-specific imaging, tumor retention of
ND-complexes, preventing epirubicin toxicities and mediating regression of triple
negative breast cancers [79].

4. 2014 Epirubicin was used to synthesize stable nanodiamondedrug complex. Increased endocytic uptake and enhanced tumor cell retention. Improved
impairment of secondary tumor formation [73].

5. 2015 Surface irradiated nanodiamonds (INDs) were grafted with polyethylene
glycol (PEG) to improve its stability and circulation time in blood.

INDs accumulate in tumors and completely delineate the entire tumor within 10 h
[38].
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6.3.1. Advantages
NDs can act as versatile nanocarriers to deliver genes in bio-

logical systems with enhanced delivery efficiency and bio-
compatibility.

Efficiency of drug delivery can be increased to 70 times as
compared to conventional gene delivery [84,87].

6.3.2. Disadvantages
More research is required so as to improve interactionwith stem

cells, bio-distribution and toxicity of NDs, thereby increasing their
potential [88].

6.4. NDs as an antibacterial agent

Antimicrobial or antibacterial agents hinder/terminate the
growth and reproduction of bacteria. NDs have been found to kill
gram-positive and gram-negative bacteria. Wehling et al. showed
that NDs can be an efficient antibacterial agent based on their
surface composition. Their experiment proposed that the NDs
possessing partially oxidized and negatively charged surfaces
would have antibacterial property viz. acid anhydride group on
surface [89]. Moreover, surface functionalization of NDs with pro-
tein molecules enhances the bactericidal property of NDs. In
addition to the above-mentioned research, another group investi-
gated the antibacterial activity of ultrafine nanodiamond against
gram negative bacteria, i.e., E. coli. Functionalization of NDs surface
was done with carboxyl group to form carboxylated nanodiamond
(cND) and was kept in highly nutritious media. Upon scanning
electron microscopy (SEM), the photomicrograph revealed that
cND was attached to the bacterial cell wall surface leading to its
destruction [90]. Surface functionalization of NDs with glycan
(sugar coating) had also uncovered the bactericidal effect of NDs
specifically for type 1 fimbriae-mediated E. coli. adhesion. These
have the potential in countering E. coli. biofilm formation. NDs form
covalent bond with molecules on cell walls or bind to intracellular
components which inhibit vital enzymes and proteins, leading to a
rapid collapse of the bacterial metabolism and finally cell death
[91].

6.4.1. Advantages
NDs act as a potent antibacterial agent by destroying bacterial

barrier.
NDs have the potency to bind with several viruses like hepatitis

B or C [92].

6.4.2. Disadvantages
Continuous interaction with the cellulose dialysis membrane

can result in the loss of reactive oxygen-groups and charges [93].

6.5. NDs in bone tissue engineering

Bone tissue engineering is a technique of creating biological
substitutes to repair and replace the incomplete or absolute
infected tissues. Therefore, the major challenge is to fabricate a
scaffold which can provide strength comparable to natural bone
[94]. Properties like high porosity, appropriate pore size, biocom-
patibility with adjacent tissue, biodegradability, ability to support
adhesion, growth, and differentiation of osteogenic cells make NDs
to act as a promising material for bone tissue engineering [95e97].
Zhang et al. fabricated a multifunctional fluorescent composite
bone scaffold exploiting poly (L-lactic acid) (PLLA) and
octadecylamine-functionalized nanodiamond (ND-ODA) and
observed that cell proliferation was not hampered by this scaffold
[98]. Moreover, Yang et al. have used PND/polymer scaffold which
supports osteoblast (bone-forming cell) growth and differentiation,

and also, enhances bio-mineralization and formation of bone like
apatite on the scaffold in simulated body fluid (SBF). This concluded
that these scaffolds are useful for a wide range of orthopedic
regenerative engineering applications [99].

6.5.1. Disadvantages
It is not easy to design a biodegradable and bio-compatible

scaffold attaining mechanical strength that of natural bone [95].

7. Limitations of NDs

Despite having diverse advantages and application, NDs also
have some limitations which have to be overcome during their
biomedical application; some of these are mentioned below:

➢ Compared with standard organic dyes, the emission of an N-V
center is low [83].

➢ It is problematic to differentiate the particle from the back-
ground fluorescence, to overcome this problem diamonds con-
tainingmany N-V centers are used. However, this requires larger
diamonds; this larger size can lead to problems for some bio-
applications.

➢ Bound NDs might alter the structure and function of attached
proteins [83,100].

➢ The N-V centre in diamond is a promising candidate for a solid-
state qubit. However, its charge state is known to be unstable,
discharging from the qubit state NV� into the neutral state NV0
under various circumstances [101].

➢ The N-V center in nanodiamond has already been used as a
fluorescence marker in biological systems. However, up to now
there has been no analysis of the effect of the biological envi-
ronment on the quantum dynamics of the N-V center; such
considerations are critical to nano-biomagnetometry applica-
tions [23].

➢ The conventional method use for synthesis of NDs requires high
pressure and high temperature [101].

8. Patents on NDs

NDs have emerged as innovative formulation for drug delivery.
Many researches are being carried out by using NDs for biological
applications. Patents granted for drug delivery have been discussed
in detail in Table 3 [102e111].

9. Conclusion

The extraordinary properties of NDs have enhanced the re-
searchers' interest in diverse fields of applications. The sparkling
and a style statement use of diamonds have been surmounted by
their significant applications in diagnostics and drug delivery sys-
tem. NDs' intrinsic structural integrity and involvement of synthetic
techniques like disaggregation and functionalization have explored
new horizons for biomedical applications. Still, many challenges
like cellular fate, re-aggregation prevention, enhanced control on
surface chemistry, and large volume manufacture of NDs are the
issues of high concern. On the bright side, plethora of promising
applications will drive the researchers in the biomedical field
ahead. An advanced and better knowledge regarding the structure
and surface chemistry will direct the investigators to achieve a
significant control over properties and thus, their relevant appli-
cations. Thus, continual efforts in the development of NDs as
diagnostic tool and as drug delivery systemwill be made to surpass
the previously established carbon nanomaterials viz. nanotubes
and fullerenes for biomedical applications.
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Patents granted for Nanodiamonds as drug delivery system.

S.No. Patent No./
Application No.

Title Research work done

1. US
20100129457A1

Nanodiamonds enhanced drugs Efficacy of drugs like analgesics, cholesterol reducing drugs and other substances are
increased by attaching them (covalently) and the functional groups to nanodiamond
surface [102].

2. US 8753614 B2 Nanodiamond UV protectant formulations A cosmetic or sunscreen preparation comprising diamond nanoparticle in a
physiologically compatible medium was prepared [103].

3. US 9227089 B1 Skin treatment for promoting hair growth Nanodiamond is used as a mineral carrier for infusing the blood product composition
[104].

4. US
20100305309
A1

Nanodiamond particle complexes Soluble complexes of nanodiamond particles and therapeutic agents like insoluble
therapeutics, anthracycline, tetracycline compounds, nucleic acids, proteins, etc were
prepared [105].

5. US 7294340 B2 Healthcare and cosmetic compositions containing
nanodiamond

Compositions like deodorants, toothpastes, shampoos, antibiotics, dermal strips, DNA
test strips, skin cleansers were explored [106].

6. US 9248383 B2 Composite materials containing nanoparticles and their use
in chromatography

Porous inorganic/organic hybrid particles were embeddedwith nanoparticles selected
from oxides or nitrides [107]

7. US 9283657 B2 Method of making a diamond particle suspension and
method of making a polycrystalline diamond article
therefrom

Polycrystalline diamond compact was formed using substantially homogeneous
suspension of nanodiamond particles and microdiamond particles [108].

8. US 8888736 B2 High shear application in medical therapy Method comprising mixing a therapeutic gas or a therapeutic liquid or a combination
thereof and a liquid carrier in a high shear device to produce a dispersion [109].

9. US 8293216 B2 Cleaning oral care compositions An oral care composition comprising a fused silica abrasive offering improved
cleaning [110].

10. US 7569205 B1 Nanodiamond fractional and the products thereof Nanodiamonds were processed to fractionate the detonation nanodiamonds, forming
a combination of detonation nanodiamonds and a solvent [111].
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a b s t r a c t

Karacoline is a compound found in the plant Aconitum kusnezoffii Reichb. Although Aconitum kusnezoffii
Reichb is widely used for the treatment of pain, very few studies have been carried out on the use of
karacoline due to its potential toxicity. In this study, we selected key matrix metalloproteinases (MMPs),
collagen II, and aggrecan as targets due to their association with intervertebral disc degeneration (IDD).
Using these targets, we then used network pharmacology to predict a series of molecules that might
exert therapeutic effects on IDD. Of these molecules, karacoline was predicted to have the best effect.
Tumor necrosis factor (TNF)-a is known to promote the degeneration of the extracellular matrix in IDD.
We therefore applied different concentrations of karacoline (0, 1.25, or 12.88 mM) along with 100 ng/mL
TNF-a to rat nucleus pulposus cells and found that karacoline reduced the expression of MMP-14 in IDD
by inhibiting the nuclear factor (NF)-kB pathway, while collagen II and aggrecan expression was
increased. This suggested that extracellular matrix degradation was inhibited by karacoline (P< 0.05).
Our data therefore reveal a new clinical application of karacoline and provide support for the use of
network pharmacology in predicting novel drugs.
© 2019 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

Low back pain is an extremely common and frequently chronic
disease. Indeed, according to a 2017 survey on the global burden of
354 diseases, low back pain was ranked in the top place in terms of
the number of years that patients live with disability [1]. Many
studies have suggested that low back pain is closely related to
intervertebral disc degeneration (IDD) [2]. Although the precise
mechanism underlying IDD is not fully understood, it is very
apparent that degradation of the extracellular matrix (ECM) in the
nucleus pulposus is one of the major characteristic changes. The
main components of the ECM are collagen II and aggrecan.
Collectively, these components allow the nucleus pulposus to
retain water and therefore buffer and absorb pressure. In a healthy

disc, the synthesis and decomposition of the ECM are in equilib-
rium, predominantly due to the complex regulation of growth
factors and catabolic cytokines. When the catabolic activity of the
ECM exceeds its anabolic activity, there is a reduction in the relative
content of collagen II and aggrecan, leading to water loss and the
development of IDD [3]. Previous research has shown that tumor
necrosis factor (TNF)-a promotes degradation of the ECM, and may
initiate the initial production of matrix metalloproteinases (MMPs)
[4].

MMPs are the main enzymes for degrading collagen and
aggrecan. Higher expression levels of MMPs can be detected in
degenerative intervertebral discs compared to normal discs [5].
One previous study in humans analyzed the relationship between
different IDD grades and MMP-1 expression, and the results
showed that MMP-1 expression was up-regulated with increasing
degenerative grade [6]. Another study found up-regulated levels of
MMP-2 in degenerative intervertebral discs after comparing the
gene expression profiles of normal and degenerative intervertebral
discs [7]. However, the MMP-3 gene can be expressed at high levels
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in degenerative intervertebral disc tissues in response to a wide
range of different factors [8]. LeMaitre et al. [9] further showed that
the expression of MMP-7 in chondrocyte-like cells of the nucleus
pulposus increased with the aggravation of degeneration at the
histological level. MMP-7 can degrade the major matrix molecules
of the intervertebral disc, which is accompanied by the activation of
many other proteases and cytokines, and it plays an important role
in the degeneration of intervertebral discs. Although the levels of
MMP-8 were shown not to be significantly up-regulated in
degenerative IDD, MMP-8 expression gradually increased as the
level of degeneration increased [10]. High MMP-10 expression has
also been detected in the tissues of patients with symptomatic disc
degeneration, which might represent the beginning of pain
perception [11]. Other research has shown that MMP-12 is not only
involved in degradation of the ECM in IDD but is also related to the
activity of both cytokines and chemokines [12]. Li et al. [13] sub-
sequently showed a positive correlation between levels of MMP-13
in degenerative intervertebral disc tissues and the degree of
degeneration. In another study, Xu et al. [14] reported that while
there was no significant difference in the expression of MMP-14 in
intervertebral discs when compared between individuals of
different ages, MMP-14 expression increased as the degree of
degeneration increased. Most recently, Zhang et al. [15]
showed that MMP-16 can degrade aggrecan and collagen II, thus
leading to water loss and disc degeneration. Given the potential of
MMP-14 as a marker for predicting IDD [16], we adopted this
molecule as our main target in the experiments conducted as part
of this study.

Currently, the treatment of IDD in clinical practice is still based
on symptomatic therapies for single symptoms. While surgical
treatment can be performed if the disease worsens, there remains
no effective method to reverse or even delay the disease process.
The precise regulation of specific biological targets may reverse the
degradation of the ECM in IDD. Network pharmacology is a
research method based on high-throughput omics analysis, use of
interaction network databases, and virtual computing; this tech-
nique can be used to identify new drugs and determine the
mechanistic actions of drugs. Network pharmacology analyzes the
relationships between drugs and diseases in a systematic manner,
and thus reveals the mechanisms of drugs acting upon the human
body and allows us to predict new drugs with therapeutic effects
from a database of compounds [17]. Two key databases can be used
in network pharmacology. The first is the Connectivity Map Data-
base, which contains the gene expression profiles of human cells in
response to a large number of biologically active small molecules.
The database can match a gene expression phenotype that is of
interest to the user to microarray data on more than 1,300 small
molecules. The output is a list of compounds with scores that
represent correlations with the gene expression phenotype. These
correlations range from high positive correlations (indicating sim-
ilarity to the gene expression phenotype provided by the user) to
high negative correlations (indicating the reverse of the gene
expression phenotype provided by the user). Thus, a negative score
may indicate a therapeutic effect [18]. The second database is the
Traditional Chinese Medicine Systems Pharmacology (TCMSP)
database, which features approximately 30,000 active molecules
that can be found in Chinese herbal medicines. This database fea-
tures important data on absorption, distribution, metabolism, and
excretion (ADME)-related properties such as oral bioavailability,
drug-likeness, and the half-life associated with oral administration
in humans [19].

In this study, we selected key genes that are known to be related
to ECM degradation during IDD as potential regulatory targets. We

then used a combination of network pharmacology and the concept
of “disease-target-component-drug” to identify (using the Con-
nectivity Map Database) potential therapeutic molecules for
experimental validation and database screening (using the TCMSP
database). In addition, we screened for the potential therapeutic
molecules that can be sourced from traditional Chinese
medicines, in the hope of laying a foundation for the exploration of
combination therapy involving traditional Chinese medicine in the
future.

2. Materials and methods

2.1. Target selection and drug screening

First, we identified members of the MMP family that are spe-
cifically up-regulated in IDD (MMP-1, -2, -3, -7, -8, -10, -12, -13, -14
and -16), and collagen II and aggrecan, which are both down-
regulated in IDD, as specific drug targets. All of them were
selected by searching the literature. A human protein interaction
network was obtained from the Human Protein Reference Data-
base, and Cytoscape 3.6.1 software (NRNB, CA, USA) was used to
establish a protein interaction network. The Connectivity Map
Database [18] was used to compare the gene expression profile of
the disease (IDD) with the gene expression profiles of human cells
in response to biologically active small molecules. The database
allowed us to predict the effects of the molecules (in terms of their
effects on human cells’ gene expression profile) and obtain Con-
nectivity Map scores for them. Molecules with negatives scores
were used as candidate therapeutic molecules, meaning that they
were screened for in the TCMSP database [19] to identify molecules
that can be sourced from Chinese herbal medicines. Given that oral
bioavailability (OB) and drug-likeness (DL) are important indicators
to assess the feasibility of using a molecule as a therapeutic drug,
we established preset criteria (OB� 30.0 and DL� 0.18) to screen
for the molecules in the TCMSP.

2.2. Reagents and antibodies

Karacoline (PLC�98% by high-performance liquid chromatog-
raphy [HPLC]) was purchased from Shanghai Chengshao Biological
(Shanghai, China). Anti-nuclear factor (NF)-kB p65 (acetyl K310)
antibody and antieNFekB p65 (phospho S536) antibody were
purchased from Abcam (Cambridge, MA, USA) while other anti-
bodies were purchased from SAB (Baltimore, MD, USA). RPMI 1640
medium and fetal bovine serum (FBS) were purchased from BBI
(Markham, CA, USA). Recombinant rat TNF-a was purchased from
Sangon Biotech (Shanghai, China). Rat MMP-14 ELISA Kit, Rat Col II
ELISA Kit and Rat Aggrecan ELISA Kit were purchased fromEnzyme-
linked Biotechnology (Shanghai, China).

2.3. Cell culture and identification

Primary culture nucleus pulposus cells, obtained from Sprague-
Dawley rats, were purchased from Rochen Pharma Co., Ltd.
(Shanghai, China). These cells were cultured at 37 �C in 5% CO2, and
then grown to 90% confluence. The 3,3-diaminobenzidine (DAB)
method was used to identify nucleus pulposus cells. Slides of nu-
cleus pulposus cells were prepared and fixed with 4% para-
formaldehyde fix solution (BBI), sealed with goat serum (BBI), and
incubated overnight at 4 �C with anti-collagen II rabbit antibody
(diluted 1:200, SAB). The primary antibody was then washed off
and horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(BBI) was added, and the cells were incubated at room temperature
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for 1 h. DAB was used for color development, and hematoxylin was
used as a counterstain. Finally, neutral balsam mounting medium
was used to seal the slides, which were then observed under an
inverted microscope (Olympus Corporation, Tokyo, Japan). The
nucleus pulposus cells of rats with collagen II positive rate >90%
were used for the experiments.

2.4. Cell counting kit 8 (CCK8)

Approximately 5� 103 nucleus pulposus cells were placed into
each well of a 96-well cell culture plate with complete medium
(90% RPMI 1640 medium and 10% FBS), exposed to different con-
centrations of karacoline (0.001, 0.010, 0.10, 1.0, 10.0, 100.0 and
1000.0 mM), and incubated for 24 h. The medium was then
removed and replaced with 100 mL complete medium and 10 mL
CCK8 solution; the cells were then incubated at 37 �C for 2 h. A
blank group (complete medium only) and a control group (com-
plete medium and nucleus pulposus cells) were prepared at the
same time. The optical density (OD) at 450 nm was then deter-
mined using a microplate reader (BioTek Instruments Inc.,
Winooski, VT, USA). Cell survival ratewas then calculated according
to the following formula: Cell viability (%) ¼ (OD treatment group-
OD blank group)/(OD control group-OD blank group). The half
maximal inhibitory concentration (IC50) value of karacoline
regarding nucleus pulposus cells was calculated, and then the
maximum dose without cytotoxicity was calculated. In addition,
after adding different concentrations of TNF-a (50, 100, and 150 ng/
mL), which promotes the degeneration of nucleus pulposus cells,
cytotoxicity was detected at different time points (days 0, 1, 2, and
3) using the methodology described above.

2.5. Real-time quantitative polymerase chain reaction (RT-qPCR)

Nucleus pulposus cells were incubated for 24 h with different
concentrations of karacoline and 100 ng/mL TNF-a. Next, 1mL total
RNA extractor (Sangon Biotech) was used to lyse the cells, followed
by incubation at room temperature for 10min. Thereafter, 200 mL
chloroformwas added and the cells were mixed with a vortexer for
15 s. They were then allowed to rest at room temperature for 3min,
and then centrifuged at 12,000�g and 4 �C for 10 min. The upper
water phase was placed into a clean centrifuge tube and the same
amount of isopropanol was added. The samples were left at room
temperature for 20 min and then centrifuged at 12,000�g and 4 �C
for 10 min. The supernatant was then discarded and 1mL 75%
ethanol was added to cause precipitation. The samples were then
centrifuged again at 12,000�g and 4 �C for 20 min and the super-
natant was removed. The samples were then dried at room tem-
perature for 5e10min and 30e50 mL RNase-free ddH2Owas used to
fully dissolve the resultant RNA.

The RNA was transcribed into complementary DNA using Super
Moloney Murine Leukemia Virus (M-MuLV) Reverse Transcriptase
(Diamond) and reverse transcription primers for the target genes
(MMP-14, COL2A1 [which encodes collagen II], and ACAN [which
encodes aggrecan]). Transcription was carried out at 50 �C for
30 min, then 80 �C for 15 min, followed by a cooling phase on ice.
RT-qPCR was then performed by an MX3000P Real-Time Fluores-
cence Quantitative PCR System (Strata-gene, USA) using the
following protocol: denaturation at 95 �C for 3 min and then 40
cycles of 95 �C for 12 s and 62 �C for 40 s. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as an internal con-
trol. Primers for the amplification of target genes were designed
and then pairs of primers were selected using BLAST in PubMed
(Table 1).

2.6. Enzyme-linked immunosorbent assay (ELISA)

ELISAs were performed using Rat MMP-14, Col II, and AGG
ELISA Kits (Enzyme-linked Biotechnology, Shanghai, China). Nu-
cleus pulposus cells were treated with different concentrations of
karacoline (0, 1.25, or 12.88 mM) and 100 ng/mL TNF-a in complete
medium (90% RPMI 1640 medium and 10% FBS) for 48 h. The
mixture was then centrifuged at 300�g for 20min, and the su-
pernatant was collected. Next, 50 mL of standard substance at
concentrations of 32, 16, 8, 4, 2, and 1 ng/mL were added to a
microtiter plate. Thereafter, 50 mL of each supernatant was added
to other wells. With the exception of wells that were left as
blanks, 100 mL HRP labeled detection antibody was added to each
of the wells (containing the standards or supernatants). The
plates were then sealed with film and incubated at 37 �C for 60
min. The liquid in each well was then discarded and the plate was
patted dry with absorbent paper. Each well was then filled with
wash solution and allowed to stand for 1 min. The liquid was then
discarded and the plate was patted dry with absorbent paper. This
procedure was repeated five times. Next, 50 mL substrate A and
50 mL substrate B were added to each well and incubated in the
dark at 37 �C for 15 min. Thereafter, 50 mL stop solution was added
to each well and the OD at 450 nm was determined (within 15
min) with a microplate reader (BioTek Instruments Inc., Winooski,
VT, USA). To create a standard curve and obtain a linear regression
equation, OD values were plotted on the x-axis and the concen-
tration of the standard substance was plotted on the y-axis. The
OD values of the supernatants were substituted into the equation
to calculate the protein concentrations of MMP-14, collagen II,
and aggrecan.

2.7. Western blotting

To investigate proteins that are characteristic indicators of NF-
kB pathway activation (p65, phospho-p65, and acetylated-p65),
nucleus pulposus cells were treated with different concentrations
of karacoline (0, 1.25, or 12.88 mM) and 100 ng/mL TNF-a for 24 h. To
investigate the protein levels of MMP-14, collagen II, and aggrecan,
different concentrations of karacoline (0, 1.25, or 12.88 mM) and
100 ng/mL TNF-awere added for 48 h. A Tissue or Cell Total Protein
Extraction Kit (Sangon Biotech) was then used to extract total cell
protein, and 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) was used to separate 20 mL total protein per
well. After electrophoresis, the separated proteins were transferred
to a polyvinylidene fluoride (PVDF) membrane and incubated
overnight with the following primary antibodies: anti-aggrecan
antibody (1:1000, SAB), anti-collagen II antibody (1:1000, SAB),
anti-MMP-14 antibody (1:1000, SAB), antieNFekB p65 mouse

Table 1
Sequences of the primers used for qPCR.

Gene name Primer sequences

MMP14 F:50-ATGGAAGCAAGTCAGGGTCA-30

R:50-ACCATCGCTCCTTGAAGACA-30

COL2A1 F:50-CTCATCCAGGGCTCCAATGA-30

R:50- CCATGGGTGCAATGTCAACA-30

ACAN F:50- GTTATCGCCACTTTCCCGAC-30

R:50- ATTGCAGGGAGTGTCCATCA-30

GAPDH F:50-ACCACAGTCCATGCCATCAC-30

R:50-TCCACCACCCTGTTGCTGTA-30

qPCR¼Quantitative polymerase chain reaction; MMP14¼Matrix metal-
loproteinase 14; GAPDH¼Glyceraldehyde-3-phosphate dehydrogenase.
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monoclonal antibody (1:1000, SAB), antieNFekB p65 (phospho
S536) antibody (1:1000, Abcam), and antieNFekB p65 (acetyl
K310) antibody (1:1000, Abcam). On the following day, the mem-
branes were treated with HRP-conjugated goat anti-rabbit IgG
(1:2000, Jackson, PA, USA), and chemiluminescence was assessed
using SuperSignal West Pico Chemiluminescent Substrates (Pierce,
WDC, USA). Finally, the membranes were exposed to X-ray films
and the resultant films were photographed with the X-Omat BT
Film (Kodak, NY, USA). Protein quantification was then performed

with a Gel-Pro Analyzer 4.0 (Media Cybernetics, WDC, USA), and
bands with a positive response were quantified by densitometry
and normalized against GAPDH.

2.8. Immunofluorescence

Microscope slides were placed in a 12-well cell culture plate and
nucleus pulposus cells were placed on the slides at a density of
2� 104/mL. The next day, the cells were treated with 100 ng/mL

Fig. 1. (A) Protein interaction network of MMPs, collagen II and aggrecan. The size of each dot indicates how much it interacts with other proteins. (B) Molecular formula of
karacoline. (C) Effect of karacoline on TNF-a-induced NF-kB signaling pathway activation.
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TNF-a, 100 ng/mL TNF-a + 1.25 mMkaracoline, or 100 ng/mLTNF-a +
12.88 mM karacoline. The slides were removed 4 days later and
fixed with 4% paraformaldehyde for 15 min. The cells were treated
with 0.5% Triton X-100 at room temperature for 20 min and then
incubated with goat serum at room temperature for 1 h. The cells
were then treated with anti-aggrecan antibody (1:200, SAB), anti-
collagen II antibody (1:200, SAB), and anti-MMP-14 antibody
(1:200, SAB) at 4 �C overnight. The cells were then incubated for 1 h
at 37 �C with DyLight 549 goat anti-rabbit IgG antibody (Vector
Laboratories, CA, USA) and then incubated with 4,6-diamidino-2-
phenylindole (DAPI; BBI) for 5 min in the dark to stain the nuclei.
The cells were then washed with phosphate-buffered saline plus
Tween 20 (PBST; Sangon Biotech) and then dried. A sealing agent,
containing a fluorescence quenching agent, was then applied and
the images were observed and quantified under a fluorescence
microscope.

2.9. Flow cytometry

Apoptosis was assessed using an Annexin V-Fluorescein Iso-
thiocyanate (FITC) Apoptosis Detection Kit (BBI). Nucleus pulposus
cells were added to a 6-well culture plate at a density of 5� 104/
mL and were then treated with the highest dose of karacoline
without cytotoxicity (as demonstrated in a previous experiment)
or twice the IC50 dose of karacoline (also determined in a previous
experiment) combined with 100 ng/mL TNF-a for 48 h. The cells
were then washed with phosphate-buffered saline (PBS) and
centrifuged at 300�g for 5 min. The supernatant was then dis-
carded and the cells were resuspended in 195 mL 1� binding
buffer to obtain a cell density of 5� 105/mL. Next, 5 mL annexin V-
FITC was added and incubated at room temperature in the dark for
10 min. Subsequently, 1� binding buffer was used to wash the
cells, which were then centrifuged at 300�g for 5 min; the su-
pernatant was discarded. Finally, the cells were resuspended in
190 mL 1� binding buffer, and 10 mL propidium iodide was added
to stain the nuclei red. Samples were immediately analyzed by
flow cytometry (BD Biosciences, San Jose, CA, USA), each sample
counts 1�104 cells.

2.10. Statistical analysis

Quantity One (Bio-Rad Laboratories, CA, USA) was used for the
grayscale analysis of the Western blotting results. GraphPad Prism
8 (GraphPad Software, CA, USA) was used for all other data ana-
lyses. Student’s t-test was used for all pairwise comparisons, and
differences were considered to be statistically significant if
P< 0.05.

3. Results

3.1. Targets and drugs for IDD

Compared with normal intervertebral discs, degenerative
intervertebral discs exhibit greater expression levels of MMPs and
lower expression levels of collagen II and aggrecan. These targets
are central markers of IDD, and multiple proteins interact with
them. Consequently, a protein interaction network can be obtained
(Fig. 1A). In the network diagram, the size of each dot indicates the
degree of protein interaction, so we can deduce that COL2A1
(which encodes collagen II), ACAN (which encodes aggrecan), and
MMP-14 show high levels of probable interaction. Using the Con-
nectivity Map and TCMSP databases, 15 molecules were identified
and ranked by their Connectivity Map scores. The top 10 molecules
are given in Table 2. Karacoline, which was ranked first in the list of
10 molecules, was selected for subsequent experimental verifica-
tion (Fig. 1B). Given the role of TNF-a in IDD, and the fact that it can
activate the NF-kB pathway to stimulate the secretion of MMP-14,
karacoline was combined with TNF-a to verify whether karaco-
line could reverse the effects of TNF-a (Fig. 1C). The nucleus pul-
posus cells of rats with collagen II positive rate >90% were used for
the experiments (Fig. 2A).

3.2. Effects of karacoline and TNF-a on the viability of nucleus
pulposus cells

Our data showed that the high dose of karacoline was cytotoxic
to nucleus pulposus cells. CCK8 assays were used to detect the cell
viability of nucleus pulposus cells under different concentrations of
karacoline. The IC50 was calculated to be 6.444 mM (Fig. 2B). The
maximum dose of karacoline without cytotoxicity to nucleus pul-
posus cells was calculated to be 1.25 mM. Using TNF-a at different
concentrations, the CCK8 assay was performed again. The results
demonstrated that 1.25 mM karacoline antagonized the toxic effect
of TNF-a on nucleus pulposus cells to some extent (Fig. 2C).

3.3. Karacoline reversed the expression of genes induced by TNF-a

Nucleus pulposus cells were treated with 0, 1.25, or 12.88 mM of
karacoline and 100 ng/mL TNF-a, and qPCR was then performed.
The data showed that TNF-a significantly up-regulated the
expression of the MMP-14 gene, and down-regulated the expres-
sion of collagen II and aggrecan. Interestingly, karacoline reversed
this effect. Both 1.25 and 12.88 mM karacoline led to inhibition of
MMP-14 gene expression, while the gene encoding collagen II was
up-regulated (P< 0.05, Figs. 2D and F). Additionally, 1.25 mM of
karacoline increased the expression of aggrecan (P< 0.05, Fig. 2E).

3.4. Karacoline inhibited TNF-a-induced ECM degradation

Considering that ECM degradation is a key feature of IDD, we
used a variety of methods to investigate the mechanisms involved.
The outer surfaces of nucleus pulposus cells were treated with
100 ng/mL TNF-a with different concentrations of karacoline (0,
1.25, or 12.88 mM), and the culture supernatant was then analyzed
by ELISA. The results showed that TNF-a significantly decreased the
secretion of collagen II and aggrecan in the supernatant. This sit-
uation was reversed by treatment with karacoline. Both 1.25 and
12.88 mM karacoline increased the content of aggrecan in the su-
pernatant, while 1.25 mM karacoline also increased collagen II
(P< 0.05, Figs. 3A and B). We also used western blotting to measure
the intracellular content of collagen II and aggrecan proteins. Un-
fortunately, there were no statistically significant differences
(P< 0.05, Figs. 3D and E). The immunofluorescence experiments

Table 2
Top 10 molecules that were identified using the Connectivity Map Database and
then ranked by Connectivity Map score.

Molecule Connectivity Map score OB (%) DL

Karakoline �0.841 51.73 0.73
Tetrahydroalstonine �0.775 32.42 0.81
Boldine �0.702 31.18 0.51
Lysergol �0.675 48.11 0.27
Papaverine �0.652 64.04 0.38
Fisetin �0.606 52.6 0.24
Lobelanidine �0.577 60.53 0.32
Artemisinin �0.572 49.88 0.31
Noscapine �0.567 53.29 0.88
Podophyllotoxin �0.536 59.94 0.86

OB¼Oral bioavailability; DL¼Drug-likeness.
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clearly showed that compared with the TNF-a-only group, kar-
acoline significantly increased the content of aggrecan and collagen
II in the nucleus pulposus cells (Figs. 3F and G).

3.5. Karacoline inhibited TNF-a-induced NF-kB pathway activation
and thereby reduced MMP-14 secretion

ELISA of culture supernatants indicated that 100 ng/mL TNF-a
significantly increased the secretion of MMP-14 while the con-
centration of MMP-14 in the supernatant was reduced by 1.25 mM
karacoline (P< 0.05, Fig. 3C). Western blotting also confirmed that
the expression of theMMP-14 protein in nucleus pulposus cells was
significantly increased by the addition of 100 ng/mL TNF-a, but it
was significantly reduced by 1.25 mM karacoline (P< 0.05, Figs. 3D

and E). The same findings were also evident in our immunofluo-
rescence data, which showed that when only 100 ng/mL TNF-awas
added, the distribution of MMP-14 in nucleus pulposus cells
increased, but this was decreased with the addition of 1.25, or
12.88 mM karacoline (Fig. 3H). TNF-a can activate the NF-kB
pathway to stimulate the secretion of MMP-14, so we hypothesized
that karacoline could inhibit this effect. The levels of acetylated-p65
(characteristic indicators of NF-kB pathway activation) was
increased when only 100 ng/mL TNF-a was added, but both 1.25
and 12.88 mM karacoline could curb these effects. However, there
was no significant difference in the levels of phospho-p65 between
each group, suggesting that the NF-kB pathway was inhibited by
karacoline, especially through its negative effects on p65 acetyla-
tion (P< 0.05, Figs. 3D and E).

Fig. 2. (A) Immunohistochemical identification of rat nucleus pulposus cells. (B) Half maximal inhibitory concentration (IC50) of karacoline. (C) Cytotoxicity of karacoline at
different concentrations of TNF-a. (D, E, F) Expression of MMP-14, aggrecan, and collagen II in rat nucleus pulposus cells treated with 0, 1.25, or 12.88 mM karacoline and 100 ng/mL
TNF-a (*P < 0.05, **P < 0.01, ***P < 0.001).
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3.6. Anti-apoptosis effect of karacoline on nucleus pulposus cells
treated with TNF-a

A high concentration of karacoline was cytotoxic to nucleus
pulposus cells, while TNF-a induced apoptosis of nucleus pulposus
cells. Both 1.25 and 12.88 mM karacoline antagonized TNF-a-
induced apoptosis (Fig. 4).

4. Discussion

The health and economic burden of IDD is significant. As such, a
wide body of research has been carried out to investigate the fac-
tors that lead to the degradation of the ECM. Via these studies, the
roles of many individual molecules have been elucidated. For

example, one study showed that streptozotocin-induced diabetic
mice had disc degeneration and high expression levels of MMP-13
but also that a combined treatment of pentosan polysulfate and
pyridoxine alleviated disc degeneration by reducing the expression
of MMP-13 [20]. In another study, a specific inhibitor of NF-kB,
BAY11-7082, was administered to human nucleus pulposus cells
exposed to interleukin (IL)-1; the results showed that the gene
expression of MMP-3, MMP-9, and MMP-13 were decreased, and
also that the low expression of aggrecan and collagen II was
reversed [21]. These studies confirmed the associations between
MMPs, aggrecan, and collagen II. Our current study is the first to
investigate the specific role of karacoline in IDD.

Karacoline is a natural herbal extract, which is mainly found in
Aconitum kusnezoffii Reichb (a traditional Chinese herbal medicine).

Fig. 3. (A, B, C) Secretion of collagen II, aggrecan, and MMP-14 in culture supernatant with 0, 1.25, or 12.88 mM karacoline and 100 ng/mL TNF-a (*P < 0.05, **P < 0.01, ***P < 0.001).
(D) Western blotting results showing levels of phospho-p65, acetylated-p65, MMP-14, collagen II, and aggrecan in nucleus pulposus cells treated with 0, 1.25, or 12.88 mM karacoline
and 100 ng/mL TNF-a. (E) Column analysis diagram of Western blotting results (*P < 0.05, **P < 0.01, ***P < 0.001). (F, G, H) Immunofluorescence of rat nucleus pulposus cells treated
with 0, 1.25, or 12.88 mM karacoline and 100 ng/mL TNF-a.
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Fig. 4. Karacoline reduced TNF-a-induced apoptosis in rat nucleus pulposus cells.
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The clinical application of Aconitum kusnezoffii Reichb has previ-
ously been limited because of its potential toxicity. However, due to
its powerful analgesic effect, it is still widely used in the treatment
of diseases associated with pain symptoms. The efficacy of this
medicine is remarkable, and the key to its rational use is identifying
the balance between efficacy and safety [22]. Similarly, the
administration of karacoline must involve an appropriate dose. Our
experiments showed that a lowdose of karacolinewas better than a
high dose. In our experiment, we showed that karacoline effectively
inhibited the activation of the NF-kB pathway and thereby reduced
the production of MMP-14; this significantly reduced the degra-
dation of the ECM.

Prior to this study, the potential role of karacoline in disease
treatment had not been investigated; researchers have generally
ignored this medicine because of its toxicity. Our analyses were
innovative in this sense, because we initially used network phar-
macology predictions to identify the potential role of karacoline in
IDD treatment. Interestingly, our network predictions showed that
karacoline was not the only important drug, as multiple other
molecules were identified that are also worth exploring. This is not
the first time that network pharmacology has been used to screen
for drugs that could be used for the treatment of specific diseases.
In terms of Western medicine compounds, a previous study
compared the gene expression profiles of 100 diseases with the
gene expression profiles in response to 164 drug compounds,
which yielded predictions regarding their therapeutic potentials,
many of which were shown to have entirely new indications. For
example, an anti-ulcer drug, cimetidine, was predicted to be a
candidate therapeutic agent for lung adenocarcinoma; this pre-
diction was confirmed in vitro and in vivo using a mouse xeno-
transplantation model [23]. At present, the application of network
pharmacology in Chinese herbal medicine is more focused on the
further exploration of known medical compounds that can influ-
ence disease-related targets. For example, the plant-based combi-
nation therapy “Astragalus-Angelica” is used to treat traumatic brain
injury; the target for this Chinese herbal medicine was first pre-
dicted by network pharmacology, and the accuracy of this predic-
tion was then verified experimentally [24].

As described above, the value of this study lies not only in the
discovery of single compounds, but also in the fact that multiple of
these compounds can be mapped to traditional Chinese medicine
combinations to create multi-target treatments. In fact, multi-
target treatment is not a new concept. In the field of acquired im-
mune deficiency syndrome (AIDS) treatment, combinations of
drugs have been shown to be highly effective. For example, Atripla
is marketed as a “cocktail therapy” for HIV infection and is
composed of three drugs: efavirenz, emtricitabine, and tenofovir
disoproxil fumarate. It remains a commonly used treatment for
AIDS because it is tolerated well by patients and exhibits excellent
efficacy [25]. In the field of cancer therapy, the combination of
palbociclib and letrozole significantly increases the anti-tumor
activity of palbociclib [26]. This demonstrates the advantage of
multi-target combination therapy, which is an inherent strategy in
traditional Chinese medicine. We can see that a single compound
can exhibit good effects, but if multiple therapeutic compounds can
be sourced from Chinese herbal medicine and administered as
combination therapy, the efficacy may be much higher, which will
be a key focus of our future research.

Acknowledgments

This work was supported by the Pudong New Area Science and
Technology Committee of Shanghai (Grant No. PKJ2015-Y08).

Conflicts of interest

The authors declare that there are no conflicts of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jpha.2019.07.002.

References

[1] S.L. James, D. Abate, K.H. Abate, et al., Global, regional, and national incidence,
prevalence, and years lived with disability for 354 diseases and injuries for
195 countries and territories, 1990-2017: a systematic analysis for the Global
Burden of Disease Study 2017, Lancet 392 (2018) 1789e1858.

[2] K. Luoma, H. Riihim€aki, R. Luukkonen, et al., Low back pain in relation to
lumbar disc degeneration, Spine 25 (2000) 487e492.

[3] A.M. Wang, P. Cao, A. Yee, et al., Detection of extracellular matrix degradation
in intervertebral disc degeneration by diffusion magnetic resonance spec-
troscopy, Magn. Reson. Med. 73 (2015) 1703e1712.

[4] C. Wang, X. Yu, Y. Yan, et al., Tumor necrosis factor-a: a key contributor
to intervertebral disc degeneration, Acta Biochim. Biophys. Sin. 49 (2017)
1e13.

[5] N.V. Vo, R.A. Hartman, T. Yurube, et al., Expression and regulation of metal-
loproteinases and their inhibitors in intervertebral disc aging and degenera-
tion, Spine J. 13 (2013) 331e341.

[6] H. Xu, Q. Mei, J. He, et al., Correlation of matrix metalloproteinases-1 and
tissue inhibitor of metalloproteinases-1 with patient age and grade of lumbar
disk herniation, Cell Biochem. Biophys. 69 (2014) 439e444.

[7] Y. Tang, S. Wang, Y. Liu, et al., Microarray analysis of genes and gene functions
in disc degeneration, Exp. Ther. Med. 7 (2014) 343e348.

[8] H.V. Yuan, Y. Tang, Y.X. Liang, et al., Matrix metalloproteinase-3 and
vitamin d receptor genetic polymorphisms, and their interactions with
occupational exposure in lumbar disc degeneration, J. Occup. Health 52 (2010)
23e30.

[9] C.L. LeMaitre, A.J. Freemont, J.A. Hoyland, Human disc degeneration is
associated with increased MMP 7 expression, Biotech. Histochem. 81 (2006)
4e6.

[10] B. Bachmeier, A. Nerlich, N. Mittermaier, et al., Matrix metalloproteinase
expression levels suggest distinct enzyme roles during lumbar disc herniation
and degeneration, Eur. Spine J. 18 (2009) 1573e1586.

[11] S.M. Richardson, P. Doyle, B.M. Minogue, et al., Increased expression of matrix
metalloproteinase-10, nerve growth factor and substance p in the painful
degenerate intervertebral disc, Arthritis Res. Ther. 11 (2009) R216.

[12] H.E. Gruber, J.A. Ingram, M.D. Cox, et al., Matrix metalloproteinase-12
immunolocalization in the degenerating human intervertebral disc and sand
rat spine: biologic implications, Exp. Mol. Pathol. 97 (2014) 1e5.

[13] H.R. Li, Q. Cui, Z.Y. Dong, et al., Downregulation of miR-27b is Involved in
Loss of Type II collagen by directly targeting matrix metalloproteinase
13 (MMP13) in human intervertebral disc degeneration, Spine 41 (2016)
E116eE123.

[14] H. Xu, Q. Mei, B. Xu, et al., Expression of matrix metalloproteinases is posi-
tively related to the severity of disc degeneration and growing age in the east
Asian lumbar disc herniation patients, Cell Biochem. Biophys. 70 (2014)
1219e1225.

[15] W.L. Zhang, Y.F. Chen, H.Z. Meng, et al., Role of miR-155 in the regulation of
MMP-16 expression in intervertebral disc degeneration, J. Orthop. Res. 35
(2017) 1323e1334.

[16] J. Zhang, X. Sun, J. Liu, et al., The role of matrix metalloproteinase 14 poly-
morphisms in susceptibility to intervertebral disc degeneration in the Chinese
Han population, Arch. Med. Sci. 11 (2015) 801e806.

[17] B. Chen, A.J. Butte, Network medicine in disease analysis and therapeutics,
Clin. Pharmacol. Ther. 94 (2013) 627e629.

[18] J. Lamb, E.D. Crawford, D. Peck, et al., The Connectivity Map: using gene-
expression signatures to connect small molecules, genes, and disease, Sci-
ence 313 (2006) 1929e1935.

[19] J. Ru, P. Li, J. Wang, et al., TCMSP: a database of systems pharmacology for drug
discovery from herbal medicines, J. Cheminf. 6 (2014) 13, https://doi.org/
10.1186/1758-2946-6-13.

[20] S. Illien-Junger, F. Grosjean, D.M. Laudier, et al., Combined anti-inflammatory
and anti-age drug treatments have a protective effect on intervertebral discs
in mice with diabetes, PLoS One 8 (2013), e64302.

[21] Z. Sun, S. Zhao, C. Liu, et al., Effects of nuclear factor kappa B signaling pathway
in human intervertebral disc degeneration, Spine 40 (2015) 224e232.

[22] Z. Sui, Q. Li, L. Zhu, et al., An integrative investigation of the toxicity of Aconiti
kusnezoffii radix and the attenuation effect of its processed drug using a
UHPLC-Q-TOF based rat serum and urine metabolomics strategy, J. Pharm.
Biomed. Anal. 145 (2017) 240e247.

[23] M. Sirota, J.T. Dudley, J. Kim, et al., Discovery and preclinical validation of drug
indications using compendia of public gene expression data, Sci. Transl. Med.

X. Zhou et al. / Journal of Pharmaceutical Analysis 10 (2020) 13e22 21

https://doi.org/10.1016/j.jpha.2019.07.002
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref1
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref1
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref1
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref1
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref1
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref2
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref2
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref2
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref2
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref3
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref3
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref3
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref3
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref4
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref4
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref4
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref4
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref5
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref5
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref5
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref5
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref6
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref6
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref6
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref6
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref7
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref7
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref7
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref8
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref8
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref8
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref8
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref8
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref9
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref9
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref9
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref9
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref10
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref10
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref10
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref10
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref11
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref11
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref11
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref12
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref12
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref12
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref12
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref13
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref13
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref13
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref13
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref13
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref14
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref14
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref14
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref14
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref14
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref15
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref15
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref15
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref15
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref16
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref16
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref16
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref16
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref17
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref17
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref17
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref18
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref18
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref18
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref18
https://doi.org/10.1186/1758-2946-6-13
https://doi.org/10.1186/1758-2946-6-13
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref20
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref20
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref20
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref21
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref21
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref21
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref22
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref22
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref22
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref22
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref22
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref23
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref23


3 (2011) 96ra77.
[24] G. Xie, W. Peng, P. Li, et al., A network pharmacology analysis to explore the

effect of on traumatic brain injury, BioMed Res. Int. 2018 (2018) 3951783.
[25] E. Deeks, C. Perry, Efavirenz/emtricitabine/tenofovir disoproxil fumarate

single-tablet regimen (Atripla®): a review of its use in the management of HIV

infection, Drugs 70 (2010) 2315e2338.
[26] B. Warth, P. Raffeiner, A. Granados, et al., Metabolomics reveals that dietary

xenoestrogens alter cellular metabolism induced by palbociclib/letrozole
combination cancer therapy, Cell. Chem. Biol. 25 (2018) 1e10.

X. Zhou et al. / Journal of Pharmaceutical Analysis 10 (2020) 13e2222

http://refhub.elsevier.com/S2095-1779(19)30084-X/sref23
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref24
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref24
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref25
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref25
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref25
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref25
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref26
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref26
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref26
http://refhub.elsevier.com/S2095-1779(19)30084-X/sref26


Original Article

Comparing different domains of analysis for the characterisation of
N-glycans on monoclonal antibodies

Sara Carillo a, 1, Raquel P�erez-Robles b, 1, Craig Jakes a, c, Meire Ribeiro da Silva a,
Silvia Mill�an Martín a, Amy Farrell a, Natalia Navas b, Jonathan Bones a, c, *

a Characterisation and Comparability Laboratory, NIBRT e the National Institute for Bioprocessing Research and Training, Foster Avenue, Mount Merrion,
Blackrock, Co. Dublin, A94 X099, Ireland
b Department of Analytical Chemistry, Biohealth Research Institute (ibs.GRANADA), University of Granada, Granada, Spain
c School of Chemical and Bioprocess Engineering, University College Dublin, Belfield, Dublin 4, D04 V1W8, Ireland

a r t i c l e i n f o

Article history:
Received 10 August 2019
Received in revised form
27 November 2019
Accepted 28 November 2019
Available online 29 November 2019

Keywords:
N-Glycans
Biopharmaceuticals
Monoclonal antibodies
Intact mass analysis
Mass spectrometry
Native mass spectrometry
Glycan analysis
Peptide mapping
Glycopeptide analysis

a b s t r a c t

With the size of the biopharmaceutical market exponentially increasing, there is an aligned growth in
the importance of data-rich analyses, not only to assess drug product safety but also to assist drug
development driven by the deeper understanding of structure/function relationships. In monoclonal
antibodies, many functions are regulated by N-glycans present in the constant region of the heavy chains
and their mechanisms of action are not completely known. The importance of their function focuses
analytical research efforts on the development of robust, accurate and fast methods to support drug
development and quality control. Released N-glycan analysis is considered as the gold standard for
glycosylation characterisation; however, it is not the only method for quantitative analysis of glycoform
heterogeneity. In this study, ten different analytical workflows for N-glycan analysis were compared
using four monoclonal antibodies. While observing good comparability between the quantitative results
generated, it was possible to appreciate the advantages and disadvantages of each technique and to
summarise all the observations to guide the choice of the most appropriate analytical workflow ac-
cording to application and the desired depth of data generated.
© 2019 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

Therapeutic monoclonal antibodies (mAbs) are a major class of
biopharmaceuticals that have been used as autoimmune and
oncology therapeutics [1]. Over the last decade, three to five new
mAb products have been approved annually in Europe and/or the
US [2]. The market for mAbs is expected to continue to grow over
the coming years with over 300 mAb candidates currently in
development [2,3]. Chinese hamster ovary (CHO) cells are the most
commonly used expression system for mAbs, as they have the
ability to produce human-like post-translational modifications,
thereby reducing the potential for adverse reactions in humans [4].

Moreover, the use of CHO cell lines for over 30 years has established
a history of product safety, efficacy and improvements in cell en-
gineering, leading to high product titre and the capacity to adapt
their growth in adhesion and suspension cell cultures [5]. Glyco-
sylation, the most prominent post-translational modification
(PTM), occurs in endoplasmic reticulum and Golgi apparatus [4].
Glycans can be attached to either the mAb heavy chain constant
region (N-glycans) or serine or threonine (O-glycans) with the
former being the most prominent [6]. N-glycans are classified into
three main groups, i.e, oligomannose glycans, complex glycans and
hybrid glycans. The N-glycans on mAbs produced in CHO cells are
mainly asialylated core fucosylated complex glycans [7].

Glycosylation significantly impacts the stability and function of
mAbs, including mediation of antibody-dependent cell-mediated
cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC)
[7]. N-glycosylation stabilizes the structure of an mAb; therefore,
deglycosylation renders mAbs thermally less stable, more suscep-
tible to unfolding [8] and prone to aggregation [9]. Afucosylation of
mAb N-glycans can result in increased binding affinity of mAbs to
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receptors present on the surface of leukocyte effector cells, which
can enhance ADCC [10,11]. Several studies have suggested that
terminal sialic acid residues on glycans mediate anti-inflammatory
responses, reduce ADCC in vivo [12] and inhibit allergic reaction
[13]. Galactosylation does not affect ADCC; however, the presence
of galactose residues on N-glycans may lead to an increase in CDC
[14,15] or anti-inflammatory activity [16]. High-mannose N-glycans
have been shown to correlate with accelerated clearance of mAbs
from the blood, decreasing circulating half-life of the drugs [17e19].
Therefore, control of the glycosylation pattern is required to ensure
adherence to lot release specifications [20]. Characterisation of the
glycosylation present on mAbs is a regulatory requirement not only
for lot release but also for new drug applications and biosimilar
approval [21], as reported in International Council for Harmoniza-
tion (ICH) guideline Q6B. European Medicines Agency guidelines
suggest that particular attention should be paid to their degree of
mannosylation, galactosylation, fucosylation and sialylation and
that distribution of the main glycan structures should be deter-
mined [4].

Different strategies can be applied to analyse the N-glycan
moieties [22] with the gold standardworkflow involving enzymatic
release of oligosaccharides from the protein and chemical deriva-
tisationwith a label used for the detection technique of choice [23].
The most common separation techniques to analyse released N-
glycans are capillary electrophoresis and liquid chromatography
(LC) coupled to fluorescent detection and/or high resolution mass
spectrometry (HR-MS). N-glycans can also be analysed as glyco-
peptides after mAb proteolysis (e.g. tryptic digest), glycopeptide
enrichment and LC-MS/MS analysis, obtaining in-depth data on the
glycoforms present on the protein as well as site-specific infor-
mation. These two approaches require high levels of expertise and
training for both sample preparation and LC-MS data acquisition
and analysis, to ensure method robustness. Due to the recent ad-
vances in LC-MS technologies and the improvements in high res-
olution mass spectrometry of proteins, other analytical routes for
determining N-glycan profiles are now available. These include
characterisation of the glycoforms at intact protein level, using
denaturing or native conditions, sometimes supported by top-
down data, as well as the analysis of mAbs subunits via LC-MS
[4,24e27].

Intact mass analysis and top-down approaches facilitate the
analysis of glycosylation with minimal sample preparation and
represent rapid methods for the determination of glycoform pro-
files. However, if a more detailed analysis is required, it is necessary
to produce a complementary glycan map because the intact protein
glycan profile may not enable the detection of low abundant gly-
cans [4]. Middle-up analysis is applied to mAbs after digestion with
a proteolytic enzyme such as IdeS protease and allows the study of
individual domains yielding region specific N-glycan profiles
[28,29].

Intact and subunit analysis for the determination of N-glycans
relies on HR-MS analysis that is essential to distinguish near-
isobaric species generated by the intrinsic heterogeneity present
on monoclonal antibodies. This heterogeneity arises not only at the
N-glycan level but is also due to the presence of other PTMs, such as
methionine and tryptophan oxidation, asparagine and glutamine
conversion to succinimide intermediates, deamidation or C-term
lysine truncation.

Here, we performed an extensive Fc-glycosylation analysis
comparison using ten different methods to quantitatively charac-
terize the N-glycan profiles from biotherapeutics, i.e., bevacizumab
(BEV), infliximab (INF), rituximab (RIT) and trastuzumab (TRA). The
four mAbs were studied across different domains of analysis: intact
mass analysis using denatured and native conditions, reduced mAb
(heavy/light chain analysis), intact Fc region (gingipain digestion),

single chain Fc analysis (IdeS digested subunits), tryptic digestion
based peptide mapping and released N-glycan analysis. Due to its
wide acceptance, hydrophilic interaction liquid chromatography
(HILIC) of N-glycans after labelling with anthranilic acid (2-AA) or
2-aminobenzamide (2-AB) was used as a referencemethod. The ten
methodswere compared in terms of depth of information achieved,
level of expertise and instrumentation required for sample prepa-
ration and data analysis, relevance of the data obtained as well as
suitability for structural characterisation or batch-to-batch com-
parison to assist the choice of the most suitable technique for N-
glycan analysis.

2. Materials and methods

2.1. Chemicals and reagents

Rituximab, bevacizumab, infliximab and trastuzumab drug
products were kindly provided by the Hospital Pharmacy Unit of
the University Hospital of San Cecilio in Granada, Spain.

LC-MS grade solvents (0.1% (v/v) formic acid in water, 0.1% (v/v)
formic acid in acetonitrile, formic acid, acetonitrile, water) were
sourced from Fisher Scientific. TCEP and guanidine-HCl were ob-
tained from Pierce. IdeS (immunoglobulin-degrading enzyme of
Streptococcus pyogenes) (FabRICATOR™) and kgp (Lys-gingipain)
(GingisKHAN™) were purchased from Genovis. SMART Digest™
kit, magnetic resin optionwas obtained from Thermo Scientific and
PNGase F (CarboClip®) was obtained from Asparia Glycomics
(Gipuzkoa, Spain). All other reagents were purchased from Sigma-
Aldrich (Arklow, Ireland).

2.2. Analytical instrumentation

All LC-MS analyses were performed using a Vanquish™ Flex
Quaternary UHPLC (Thermo Scientific, Germering, Germany) and a
Q Exactive™ Plus Hybrid Quadrupole Orbitrap MS instrument with
extended mass BioPharma Option, equipped with an Ion Max
source with a HESI-II probe (Thermo Scientific, Bremen, Germany).
All data were acquired using Thermo Scientific™ Xcalibur™ soft-
ware 4.0.

2.3. Intact mass analysis under native conditions

For mAb analysis using native intact MS, 10 mg of mAb sample
was injected onto a MAbPac™ SEC-1 column, 5 mm, 300 Å,
4.0 mm � 300 mm (Thermo Scientific™, Cat# 074696) under iso-
cratic conditions of 50mM ammonium acetate buffer at 300 mL/min
for 20 min. The column temperature was at 30 �C. The MS method
consisted of full positive polarity MS scans only at 17,500 resolution
setting (defined at m/z 200) with the mass range set to
2500e8000 m/z and automatic gain control (AGC) target value of
3.0 � 106 with a maximum injection time of 200 ms and 10
microscans. In-source collision induced dissociation (CID) was set
to 150 eV. Runs were performed in HMR mode. MS instrumental
tune parameters were set as follows: spray voltage was 3.6 kV,
sheath gas flow rate was 20 arbitrary units (AU), auxiliary gas flow
rate was 5 AU, capillary temperature was 275 �C, probe heater
temperature was 275 �C and S-lens RF voltage set to 200 V.

2.4. Intact mass analysis under denaturing conditions

For mAb analysis under denaturing conditions, 10 mg of each
mAb was injected onto a MAbPac™ RP column, 4 mm,
2.1 mm � 50 mm (Thermo Scientific, Cat# 088648). The analysis
was performed using a binary gradient of 0.1% (v/v) formic acid in
water (A) and 0.1% (v/v) formic acid in acetonitrile (B). Gradient
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conditions were as follows: 25% B increased to 45% B in 2.5 min
with a further increase to 80% B in 0.5 min with a 1 min isocratic
hold. Initial conditions were restored in 0.2 min and held for an
additional 3.8 min to ensure column re-equilibration. The column
temperature was maintained at 70 �C throughout and flow rate was
sustained at 300 mL/min. The MS method consisted of full positive
polarity MS scans only at 17,500 resolution setting (defined at m/z
200) with the mass range set to 1500e4500 m/z and AGC target
value of 3.0� 106 with a maximum injection time of 100 ms and 10
microscans. In-source CID was set to 100 eV. Analysis was per-
formed using protein mode. MS instrumental tune parameters
were set as follows: spray voltage was 3.8 kV, sheath gas flow rate
was 35 AU, auxiliary gas flow rate was 10 AU, capillary temperature
was 275 �C, probe heater temperature was 175 �C and S-lens RF
voltage set to 80 V.

2.5. Analysis of reduced mAb

MAbs were treated with 50 mM tris(2-carboxyethyl)phosphine)
(TCEP) in 4 M guanidine-HCl, for 45 min at room temperature then
diluted to 100 ng/mL in water. 2 mL of mAb was injected onto a
MAbPac RP column, 4 mm, 2.1 mm � 50 mm (Thermo Scientific,
Cat# 088648) and analysis was performed using a binary gradient
of 0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic acid in
acetonitrile (B). Gradient conditions were as follows: 28% B initially
for 1 min, increased to 40% B in 15 min with a further increase to
80% B in 1 min and a final 1 min isocratic hold. Initial conditions
were restored in 0.5 min and held for an additional 9.8 min to
ensure column re-equilibration. The column temperature was
maintained at 80 �C throughout and flow rate was maintained at
300 mL/min.

The MS method consisted of full positive polarity MS scans only
at 17,500 resolution setting for heavy chain analysis and 140,000 for
light chain analysis (defined at m/z 200) with the mass range set to
600e2400 m/z and AGC target value of 3.0 � 106 with a maximum
injection time of 200 ms and 10 microscans. In-source CID was set
to 0 eV. Analysis was performed using protein mode. MS instru-
mental tune parameters were set as follows: spray voltage was
3.8 kV, sheath gas flow rate was 25 AU, auxiliary gas flow rate was
10 AU, capillary temperature was 320 �C, probe heater temperature
was 150 �C and S-lens RF voltage set to 60 V.

2.6. Middle up analysis of mAbs

For eachmAb, two populations of mAb sub-units were analysed,
one prepared following treatment with IdeS and the other with
kgp.

For IdeS digestion, 40 mg of each mAbwas combined with 0.5 mL
of the enzymatic digestion solution (67 units/mL in Optima grade
water) and incubated at 37 �C for 2 h at 500 rpm. Reduction of
disulphide bonds was achieved by incubation in 4 M guanidine
hydrochloride and 50 mM TCEP for 45 min at 56 �C. Following in-
cubation, samples were reduced to dryness via vacuum centrifu-
gation and reconstituted in 0.1% formic acid (1 mg/mL) prior of LC-
MS analysis. For kgp digestion, 50 mg of each mAb was treated as
recommended by the vendor and incubated for 2 h at 37 �C.

LC-MS analysis of mAb sub-units was performed on a MAbPac
RP column, 4 mm, 2.1 mm � 100 mm (Thermo Scientific, Cat#
088648). The mobile phases were 0.1% formic acid in water (90/10,
v/v, mobile phase A) and 0.1% formic acid in ACN/water (90/10, v/v,
mobile phase B). The LC gradient profile was as follows: 25% B for
1 min, then increased to 45% B in 15 min; % B was kept constant for
1 min, then a wash step at 80% B was performed for 2 min before
restoring initial conditions and column re-equilibration was per-
formed 6 min. Total runtime was 25 min. The column temperature

was maintained at 80 �C throughout and flow rate was sustained at
300 mL/min. For the kgp digest, the same column was employed,
using 0.1% formic acid in water (A) and 0.1% formic acid in aceto-
nitrile (B) as mobile phases. For Fc and Fab regions separation, the
gradient was 20% B for 2min, then increased to 45% B in 14min and
further increased at 80% B in 1 min, held for an additional minute
and starting conditions restored in 0.5 min and held for 6.5 min.
The MS method for both analyses consisted of full positive polarity
MS scans only at 140,000 or 35,000 resolution setting (defined at
m/z 200), for IdeS and kgp digest respectively, with the mass range
set to 600e2400 m/z and AGC target value of 3.0 � 106 with a
maximum injection time of 200 m s and 5 microscans. In-source
CID was set to 0 eV. The analysis was performed in protein mode.
MS instrumental tune parameters were set as follows: spray
voltage was 3.8 kV, sheath gas flow rate was 25 AU, auxiliary gas
flow ratewas 10 AU, capillary temperaturewas 320 �C, probe heater
temperature was 150 �C and S-lens RF voltage set to 60 V.

2.7. Peptide mapping

Samples were diluted to 2 mg/mL in water. For each sample
digest, sample and SMART Digest buffer were added to each lane of
a KingFisher Deepwell 96-well plate as outlined in Table S1. Trypsin
Bead “wash buffer” was prepared by diluting SMART Digest buffer
1:4 (v/v) in water. Bead buffer was neat SMART Digest buffer.
Digestion was performed using Kingfisher Duo Prime Purification
System with BindIt™ software (version 4.0). Samples were incu-
bated for 45 min at 70 �C at a medium mixing speed (to prevent
sedimentation of beads), with post digestion cooling to 10 �C.
Following digestion, disulphide bond reduction was performed
with 10mMDTT for 30min at 37 �C and subsequent alkylationwith
20mM IA (iodoacetamide) in darkness for 30min. The reactionwas
quenched with 15 mL of 100 mM DTT followed by 15 mL 10% TFA
(final concentration 11 mM DTT and 1% TFA). The tryptic peptides
were separated and monitored by LC-MS/MS analysis using an
Acclaim Vanquish C18, 2.2 mm, 2.1 mm � 250 mm (Thermo Sci-
entific, Cat#074812-V).

Analysis was performed using a binary gradient of 0.1% (v/v)
formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile
(B). Gradient conditions were as follows: 2% B increased to 40% B in
45 min with a further increase to 80% B in 1 min with 4 min iso-
cratic hold. Initial conditions were restored in 0.5 min and held for
an additional 15 min to ensure column re-equilibration. The col-
umn temperature was maintained at 25 �C throughout and flow
rate was sustained at 300 mL/min. The MS method consisted of full
positive polarity MS scans at 70,000 resolution setting (at m/z 200)
with the mass range set to 200e2000 m/z and AGC target value of
3.0 � 106 with a maximum injection time of 100 m s and one
microscan. In-source CID was set to 0 eV. MS2 settings were as
follows: a resolution setting of 17,500 (atm/z 200), AGC target value
of 1.0 � 105, isolation window set to 2.0 m/z, signal intensity
threshold of 1.0 � 104, normalized collision energy set to 28, top 5
precursors selected for fragmentation and dynamic exclusion set to
7 s.

MS instrumental tune parameters were set as follows: spray
voltage was 3.8 kV, sheath gas flow rate was 25 AU, auxiliary gas
flow ratewas 10 AU, capillary temperaturewas 320 �C, probe heater
temperature was 150 �C and S-lens RF voltage set to 60 V.

Glycopeptides identification and quantitation was performed
using BioPharma Finder 3.0 software using Full MS and MS/MS
data, mass deviation of 5 ppm and minimum confidence of 95%.

2.8. N-glycan release and labelling

N-glycans from 200 mg of each mAb were released and labelled
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as reported previously [30]. All the samples were reconstituted in
the starting gradient conditions and analysed on an Accucore 150-
Amide-HILIC 2.1 mm � 150 mm (Thermo Scientific) column using
both fluorescence and MS detection.

Analysis was performed using a binary gradient of 50 mM
ammonium formate, pH 4.4 (A) and acetonitrile (B). Gradient
conditions were as follows: 72% B decreased to 45% B in 40 min

with a further decrease to 40% B in 2.5 min with 0.5 min isocratic
hold. Initial conditions were restored in 0.1 min and held for an
additional 1.9 min to ensure column re-equilibration. The column
temperature was maintained at 50 �C throughout and flow rate
was sustained at 400 mL/min. Fluorescence detection was
acquired using the following settings: lex/em ¼ 330/420 nm for
2-AB and lex/em ¼ 350/425 nm for 2-AA. The MS method consisted

Fig. 1. (A) N-glycan profiles of bevacizumab (blue), trastuzumab (green), infliximab (orange) and rituximab (pink) drug products analysed via intact mass analysis in denaturing
(dark colour shade) and native (light colour shade) conditions. Relative abundancies were calculated on the basis of MS signal intensities obtained after raw data deconvolution and
averaged on triplicate analysis. Comparison of intact protein mass spectrometry in denaturing (B) and native (C) conditions.

S. Carillo et al. / Journal of Pharmaceutical Analysis 10 (2020) 23e3426



of full MS scans in negative polarity mode at 70,000 resolution
setting (defined at m/z 200) with the mass range set to 380e2000
m/z and AGC target value of 3.0 � 106 with a maximum injection
time of 50 ms and one microscan. In-source CID was set to 20.0 eV.
MS instrumental tune parameters were set as follows: spray
voltage was 3.5 kV, sheath gas flow rate was 50 AU, auxiliary gas
flow ratewas 13 AU, capillary temperaturewas 320 �C, probe heater
temperature was 400 �C and S-lens RF voltage set to 50 V.

2.9. Data processing

Released N-glycan analysis was performed using Xcalibur
QualBrowser 4.0 for signal integration and availing of GlycoWork
Bench for correct glycoform identification. All other data process-
ing, quantitation and identification were performed on BioPharma
Finder 3.0 software (Thermo Scientific) using the parameters
summarized in Tables S2 and S3.

Table 1
Experimental mass for the intact mAbs in native and denatured conditions. The relative abundances of proteoforms are also reported. Experimental mass, mass accuracy and
relative abundance were calculated as average of triplicate analysis. Theoretical masses were calculated considering 2 C-term lysine clipping and 16 disulphide bonds unless
stated otherwise.

mAbs Analysis Modifications/Glycoforms associated Experimental mass
(Da)

Theoretical average mass
(Da)

Mass difference
(ppm)

Relative abundance
(%)

BEV Denatured
conditions

A2G0F/unglycosylated 147752.6 147751.9 4.7 2.5
A2G0F/A1G0F 148995.5 148994.0 10.1 8.2
A2G0F/A2G0F 149198.0 149197.6 2.7 64.0
A2G0F/A2G1F 149359.9 149359.7 1.3 19.5
A2G0F/A2G2F or A2G1F/A2G1F 149521.6 149521.8 1.3 5.5

BEV Native conditions A2G0F/unglycosylated 147751.8 147751.9 0.7 4.3
A2G0F/A1G0F 148991.1 148994.0 19.5 2.9
A2G0F/A2G0F 149195.6 149197.6 13.4 70.8
A2G0F/A2G1F 149361.7 149359.7 13.4 17.2
A2G0F/A2G2F or A2G1F/A2G1F 149524.5 149521.8 18.1 4.3
A2G1F/A2G2F 149685.7 149684.0 11.4 0.5

TRA Denatured
conditions

A1G0F/A2G0F 147852.5 147853.4 6.3 4.0
A2G0/A2G0F 147911.7 147910.4 8.7 3.4
A2G0F/A2G0F 148058.6 148056.6 13.6 27.9
A2G0F/A2G1F 148219.2 148218.7 3.4 33.7
A2G0F/A2G2F or A2G1F/A2G1F 148380.1 148380.8 5.0 22.5
A2G1F/A2G2F 148541.9 148543.0 7.3 8.6

TRA Native conditions A2G0F/unglycosylated 146611.6 146610.9 4.7 0.8
A2G0/A2G0F 147910.7 147910.4 1.7 3.4
A2G0F/A2G0F 148058.1 148056.6 10.1 31.8
A2G0F/A2G1F 148220.5 148218.7 11.9 32.3
A2G0F/A2G2F or A2G1F/A2G1F 148382.3 148380.8 9.8 22.1
A2G1F/A2G2F 148544.8 148543.0 12.0 8.0
A2G2F/A2G2F 148704.4 148705.1 4.7 1.5

INF Denatured
conditions

1x C-term K, M5/M5 148185.6 148184.2 9.4 1.4
2x C-term K, M5/M5 148313.1 148312.4 4.5 5.6
A2G0F/A2G0F 148514.4 148512.6 12.4 21.6
1x C-term K, A2G0F/A2G0F 148643.4 148640.7 17.8 12.0
A2G0F/A2G1F 148677.7 148674.7 20.2 5.7
2x C-term K, A2G0F/A2G0F 148770.4 148768.9 10.2 27.7
2x C-term K, A2G0F/A2G1F 148932.4 148931.1 8.8 17.8
2x C-term K, A2G0F/A2G2F or A2G1F/
A2G1F

149094.6 149093.2 9.3 6.6

2x C-term K, A2G1F/A2G2F 149255.9 149255.3 3.5 1.6
INF Native conditions M5/M5 148058.3 148056.1 15.3 1.2

2x C-term K, M5/M5 148314.1 148312.4 11.6 3.9
A2G0/A2G0F 148367.4 148366.4 6.4 0.6
A2G0F/A2G0F 148512.9 148512.6 2.0 19.1
1x C-term K, A2G0F/A2G0F 148643.0 148640.7 15.4 10.0
A2G0F/A2G1F 148678.0 148674.7 22.2 10.5
2x C-term K, A2G0F/A2G0F 148770.0 148768.9 7.4 27.4
2x C-term K, A2G0F/A2G1F 148932.0 148931.1 6.7 19.3
2x C-term K, A2G0F/A2G2F or A2G1F/
A2G1F

149094.1 149093.2 6.0 8.0

RIT Denatured
conditions

A1G0F/A2G0F 146873.1 146872.1 6.6 2.7
A2G0F/A2G0F 147077.8 147075.3 17.0 24.3
A2G0F/A2G1F 147238.2 147237.5 4.5 36.0
A2G0F/A2G2F or A2G1F/A2G1F 147400.9 147399.6 8.4 26.4
A2G1F/A2G2F 147562.3 147561.8 3.5 9.6
A2G2F/A2G2F 147724.2 147723.9 2.1 1.0

RIT Native conditions A2G0/A2G0F 146927.4 146929.2 12.5 0.3
A2G0F/A2G0F 147078.4 147075.3 20.8 24.9
A2G0F/A2G1F 147240.1 147237.5 17.5 36.7
A2G0F/A2G2F or A2G1F/A2G1F 147403.0 147399.6 22.8 25.4
A2G1F/A2G2F 147563.8 147561.8 14.0 9.8
A2G2F/A2G2F 147722.5 147723.9 9.7 2.6
A2G2F/A2S1G1F 148019.1 148015.2 26.8 0.2
A2G2F/A2S2F 148308.2 148306.4 11.9 0.1
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3. Results and discussion

3.1. Intact mass analysis

Intactmass analysis was performed on the fourmAbs using both
denaturing and native conditions. Excellent MS data quality
allowed achievement of mass accuracies �10 ppm for the majority
of mAb proteoforms. In particular, proteoforms containing C-term
lysine truncation, N-terminal pyro-Glu formation and Fc N-glyco-
sylation were considered. The N-glycan profiles resulting for the
four mAbs are presented in Fig. 1 and Table 1.

Both intact mass analyses using native or denaturing condi-
tions show comparable N-glycan quantitative results (Figs. 1A, S1-
S4, Table S4) and allow minimum sample preparation, rapid
analysis and data processing (see Table 2). Nevertheless, some
minor differences could be observed between the two techniques
as some low abundant species (<3%) can be identified only using
native conditions, due to the greater spatial spectral resolution
obtained with native MS (Figs. 1BeC). In particular, sialylated
species were detected only when using native conditions, while
they were not revealed in any other analysis at the intact or
subunit level. However, the shift of the charge envelope to higher
mass ranges generates spectra in a region of reduced resolution,
causing a small decrease in the average mass accuracy (7.9 ppm in
denatured mode vs. 11.9 ppm in native mode) [31]. Since intact
mass analysis returns the mass of the N-glycoforms present on
both heavy chains, it is possible that this analysis will return an
underestimated or overestimated value for some N-glycans. As an
example, it is not possible to distinguish between proteoforms
presenting A2G1F N-glycans on both chains or presenting one
A2G0F and one A2G2F.

3.2. Reduced mAb/Heavy chain analysis

Intact analysis of reduced mAb allows monitoring N-glycan
abundance without the complexity caused by the presence of

glycans on the two chains. Analysed mAbs were reduced with TCEP
in HCl-Guanidine 8 M and injected for LC-MS analysis after a
relatively quick and easy sample preparation. The MS acquisition is
performed with different settings for heavy chain and light chain
due to the differences in molecular masses and the requirement for
different instrument settings [32]. Heavy chain spectra showed a
reduced complexity that enabled identification of a greater number
of features, including lower abundant glycoforms with respect to
the intact mass analysis level (Tables 2 and S5) as well as an
improved overall mass accuracy (average D ¼ 6.4 ppm) determi-
nation due to the lower mass of the fragment analysed.

3.3. Fc region

The four mAbs presented in this study were digested with
gingipain enzyme, which allowed the hydrolysis of the heavy chain
above the hinge region. As a consequence, disulphide bonds
remaining in place in the hinge region preserved both scFc (single

Table 2
Proteoforms obtained after heavy chain analysis on the 4 monoclonal antibodies analysed. Average experimental masses on triplicate analysis were reported together with
theoretical average masses and average mass accuracies for each proteoform. Relative abundances were calculated based on the MS signal intensities in the triplicate analysis.
Masses were calculated accounting for C-term lysine clipping unless stated otherwise.

mAbs Modifications/Glycoforms Experimental mass (Da) Theoretical average mass (Da) Mass difference (ppm) Relative abundance (%)

BEV Unglycosylated 49718.8 49718.7 1.3 1.5
A1G0F 50961.2 50960.8 6.7 2.1
A2G0 51017.5 51017.9 7.1 0.4
A2G0F 51163.8 51164.0 5.0 82.0
A2G1 51180.0 51180.0 1.3 1.4
A2G1F 51325.9 51326.2 4.8 12.0
A2G2F 51488.3 51488.3 1.3 0.4
A2S1G1F 51746.2 51745.6 12.1 0.2

TRA M5 50372.6 50373.2 12.5 0.7
A1G0F 50398.3 50398.3 1.3 0.6
A2G0 50455.0 50455.3 6.8 3.9
A2G0F 50601.2 50601.5 6.1 51.0
A2G1 50617.4 50617.5 1.6 0.6
A2G1F 50763.3 50763.6 6.5 38.1
A2G2F 50925.3 50925.8 8.2 5.1

INF M5 50605.5 50605.4 3.4 1.2
1x C-term lysine, M5 50734.1 50733.5 10.1 2.1
A1G0F 50758.2 50758.6 7.4 1.3
A2G0 50815.3 50815.7 7.2 1.1
A2G0F 50833.5 50833.6 1.8 17.8
1x C-term lysine, A2G0F 50962.0 50961.8 4.5 48.2
A2G1F 50995.3 50995.8 8.6 11.3
1x C-term lysine, A2G1F 51123.3 51123.9 12.3 16.2
A2G2F 51158.4 51157.9 9.4 0.8

RIT Gln– > Pyro-Glu, A2G0F 50513.9 50514.3 8.1 46.2
Gln– > Pyro-Glu, A2G1F 50676.1 50676.4 7.0 46.4
Gln– > Pyro-Glu, A2G2F 50838.1 50838.6 9.9 7.4

Fig. 2. Base Peak Chromatograms (BPCs) of the RP-MS analysis performed in triplicate
on Fc region from trastuzumab drug product after digestion with gingipain.
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chain Fc), reducing the complexity of the associated mass spectra
while keeping intact the information present at the same time on
both chains (Figs. 2 and S5). MS data were acquired with higher
resolution settings than intact mass spectra, allowing the confident

identification of a larger number of Fc variants (Tables 3 and S6),
especially for more complex drug products such as infliximab,
which presents, on top of the almost equally distributed C-term
lysine variants, a greater variety of the N-glycans present at the

Table 3
N-glycan analysis performed for the 4 mAbs analysed on the Fc region after digestionwith gingipain. Experimental average masses are reported as well as theoretical average
masses and average mass accuracies based on triplicate analysis. The relative abundances of fragments are also shown and were based on MS signal intensities averaged on
triplicate analysis. Both C-term lysine loss and 6 disulphide bonds were considered in the calculation of the theoretical average mass unless stated otherwise.

mAbs Modifications/Glycoforms associated Experimental mass (Da) Theoretical average mass (Da) Mass difference (ppm, n ¼ 3) Relative abundance (%, n ¼ 3)

BEV A2G0F/A2G0 53148.2 53149.3 20.7 4.1
A2G0F/A2G0F 53294.8 53295.4 11.4 61.7
A2G0F/A2G1F 53456.9 53457.6 12.3 20.6
A2G1F/A2G1F or A2G0F/A2G2F 53620.3 53619.7 11.1 11.2
A2G1F/A2G2F 53782.7 53781.8 16.6 2.4

TRA A2G0/A2G0F 53149.4 53149.3 1.7 6.4
A2G0F/A2G0F 53294.8 53295.4 10.9 27.3
A2G0F/A2G1F 53457.2 53457.6 7.4 33.1
A2G1F/A2G1F or A2G0F/A2G2F 53619.3 53619.7 7.7 24.1
A2G1F/A2G2F 53781.4 53781.8 7.5 8.9
A2G2F/A2G2F 53943.3 53944.0 13.5 0.2

INF 1x No C-term K A1G0F/A1G0F 52950.7 52953.1 45.1 0.6
A2G0F/A1G0F 53028.0 53028.1 1.1 0.2
A2G0F/A2G0F 53231.3 53231.3 0.1 27.7
1x C-term K, A2G0F/A2G0F 53358.5 53359.5 18.5 8.7
A2G0F/A2G1F 53393.2 53393.4 3.7 21.9
A1G0M5/A2G0F 53464.3 53463.5 13.7 0.3
2x C-term K, A2G0F/A2G0F 53487.3 53487.6 6.1 9.7
1x C-term K, A2G0F/A2G1F 53521.5 53521.6 1.4 7.2
A2G0F/A2G2F or A2G1F/A2G1F 53555.5 53555.6 1.1 10.8
2x C-term K, A2G0F/A2G1F 53649.6 53649.8 4.1 5.3
1x No C-term K A1G0M5/A2G2F 53658.6 53658.7 2.3 0.1
1x C-term K, A2G0F/A2G2F or A2G1F/A2G1F 53682.9 53683.8 15.1 2.7
A2Sg1G0F/A2G0F 53700.1 53699.8 5.6 0.2
A2G1F/A2G2F 53718.3 53717.7 9.9 1.0
2x C-term K, A2G0F/A2G2F or A2G1F/A2G1F 53811.8 53811.9 2.5 1.3
1x C-term K, A2G2/A2G2F 53862.1 53861.9 3.1 1.2
A2Sg1G1F/A2G0F 53862.7 53862.8 3.4 0.7
2x C-term K, A2G1F/A2G2F 53973.1 53974.1 17.9 0.3
A2Sg1G1F/A2G1F 54024.8 54025.0 3.9 0.1

RIT Gln– > Pyro-Glu, A2G0/A2G0F 53085.5 53085.2 7.0 0.4
Gln– > Pyro-Glu, A2G1F/A2G1F 53555.3 53555.6 5.9 27.5
Gln– > Pyro-Glu, A2G1F/A2G2F 53717.5 53717.7 4.3 11.3
Gln– > Pyro-Glu, A2G0F/A2G0F 53230.9 53231.3 7.5 25.3
Gln– > Pyro-Glu, A2G2F/A2G2F 53880.3 53879.9 8.9 1.0
Gln– > Pyro-Glu, A2G0F/A2G1F 53393.1 53393.4 6.8 34.5

Table 4
scFc analysis via RP-HRMS. Average experimental masses were determined based on triplicate analysis, as well as mass accuracies and relative abundancies. C-term lysine
clipping was considered in the theoretical mass calculation unless indicated otherwise.

mAbs Modifications/Glycoforms Experimental mass (Da) Theoretical monoisotopic mass (Da) Mass difference (ppm) Relative abundance (%)

BEV Unglycosylated 23775.974 23775.930 1.9 1.4
A2G0F 25220.485 25220.463 0.8 84.9
A2G1F 25382.504 25382.516 0.5 10.3
A1G0F 25018.436 25017.380 2.3 1.9
A2G0 25074.482 25074.410 2.9 1.5

TRA A2G0 25074.431 25074.405 1.0 4.3
A2G0F 25220.513 25220.463 2.0 52.0
A2G1F 25382.581 25382.516 2.6 36.2
A1G0F 25017.445 25017.380 2.6 1.8
M5 24992.715 24992.350 14.6 1.6
A2G2F 25544.569 25544.569 0.0 4.1

INF M5 24960.391 24960.380 0.4 1.6
A1G0F 24985.423 24985.412 0.4 2.4
1x C-term lysine, M5 25088.477 25088.475 0.1 1.8
1x C-term lysine, A2G0F 25316.594 25316.586 0.3 38.6
1x C-term lysine, A2G1 25332.552 25332.581 1.1 1.4
1x C-term lysine, A2G0 25170.536 25170.528 0.3 3.0
A2G0F 25188.488 25188.487 0.0 30.2
A2G1F 25350.558 25350.544 0.6 10.9
1x C-term lysine, A2G1F 25478.629 25478.639 0.4 10.1

RIT A2G0F 25188.541 25188.491 2.0 44.2
A2G1F 25350.583 25350.544 1.5 48.3
A2G2F 25512.604 25512.597 0.3 7.5
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glycosylation site of both heavy chains. This type of analysis pre-
sents similar ambiguity found in intact mass analysis where it is not
possible to distinguish between two isobaric species having
different N-glycan distribution.

3.4. IdeS digestion

IdeS digestion is awidely used enzymatic tool to obtain subunits
of the monoclonal antibody in a molecular mass range where high
resolution mass spectrometry is readily available. IdeS cleaves
monoclonal antibodies below the hinge region, driving the for-
mation of two identical scFc regions. If HR-MS data are needed for
Fab region as well, a reduction step facilitates the generation of a
free light chain and the Fd region, both with the samemass range of
approximately 25 kDa, making it possible to apply the same tuning
parameters for data acquisition, as well as high mass resolution
settings, returning isotopically resolved data that enable to obtain
monoisotopic mass information. The data analysis permitted the
identification of subunit proteoforms with average mass accuracy
�2 ppm (Tables 4 and S7, Figs. S6e9). Moreover, reverse phase
separation of the subunits is able to separate proteoforms con-
taining other types of modifications, such as C-term lysine trun-
cation, reducing the complexity of MS signal identification for near
isobaric variants arising from the combination of N-glycan and
lysine presence/absence (Fig. 3).

3.5. Peptide mapping

Peptide mapping analysis is a comprehensive tool for protein
characterisation using proteolysis of the biotherapeutic followed by
LC-MS/MS analysis of the peptides. Peptide mapping is widely used
in biopharmaceutical analysis to verify the primary sequence and
determine the types and locations of PTMs present. The higher
sensitivity of peptide mapping, together with the availability of MS/
MS data, provides accurate information on the N-glycans present as
well as site-specific information if multiple glycosylation sites are

present on the protein. Peptide mapping analysis has demanding
sample preparation that requires multiple steps and analyst
expertise to ensure reproducibility. MS/MS data analysis, although

Fig. 3. (A) BPC for RP-MS analysis of the IdeS digested infliximab drug product. (B) Zoom of charge state þ30 for scFc peaks containing (top) and missing (down) C-term lysine.

Table 5
N-glycan abundancies for the 4 analysed mAbs obtained through peptide mapping
analysis via LC-MS/MS. Abundancies are expressed as % respect to the total abun-
dance of the peptide EEQYNSTYR and/or TKPREEQYNSTYR containing 1 miscleavage
and were calculated on triplicate independent sample preparations.

Glycoform % Relative abundance (n ¼ 3)

Bevacizumab Trastuzumab Infliximab Rituximab

A1G0 0.84 2.30 2.47 0.34
A1G0F 6.61 6.98 8.78 5.06
A1G0M4 e e 1.70 e

A1G0M5 e e 3.87 e

A1G0M5F e e 1.83 e

A1G1 e 0.59 e e

A1G1F 0.76 2.18 3.91 1.80
A1G1M5 e e 1.36 e

A1G1M5F e e 0.52 e

A1S1 e 0.09 e e

A1S1F e 0.40 e 0.21
A1S1M5 (A1Sg1M4F) e e 0.51 e

A1Sg1 e e 0.32 e

A1Sg1F e e 2.10 e

A2G0 2.33 5.38 1.66 1.61
A2G0F 74.86 39.88 44.86 40.77
A2G1 e 1.94 0.37 0.63
A2G1F 10.77 32.28 18.60 39.80
A2G2 e 0.16 e e

A2G2F 0.73 5.19 2.40 7.51
A2S1G0F e 0.44 e 0.48
A2S1G1F e 0.65 e 1.00
A2S2F e 0.23 e 0.48
A3G1F e 0.16 e 0.16
A2Sg1G0F e e 0.76 e

M3 e 0.16 e e

M4 e 0.15 0.09 e

M5 0.87 2.87 7.33 1.45
M6 e 0.20 0.12 0.29
Unglycosylated 5.35 1.44 0.39 1.34
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improved by modern software tools, requires experienced analysts.
For these reasons, this technique is not yet considered suitable for a
regulated environment, even though it is an established gold
standard during product development and many research efforts
are directed towards standardisation and simplification of the
peptide mapping workflow to facilitate its introduction into quality
control laboratories [33]. Analysis performed on the four mAbs
returned a higher number of N-glycoforms than with any other
technique, reaching abundancies �0.1% (Tables 5 and S8), obtained
setting a mass accuracy threshold of 5 ppm during data analysis.
Glycopeptides separation could resolve isomers like A2G1F and
A2G10F (Fig. 4A) enabling their quantitation, although MS/MS data
did not provide fingerprint spectra to distinguish the two glyco-
forms (Fig. 4B). Performing peptide mapping analysis without
knowledge of pre-existing information from released N-glycans
may mislead glycopeptide identification, for example the identifi-
cation of a low abundant glycan in infliximab as A1S1M5 (Table 5).
It is known that infliximab drug product is characterized by the
presence of N-glycolyl neuraminic acid (NeuG) and that there is the
possibility of isobaric N-glycans where N-acetyl neuraminic acid
(NeuA) and one galactose are substituted by NeuG and one fucose.
The low abundance of this glycan and the absence of MS/MS data
relative to the loss of sialic acid or fucose (data not shown) caused
the software to incorrectly assign the glycopeptide, which could be

avoided by providing amolecule specific N-glycan database relative
to the drug product as determined using released N-glycan
analysis.

3.6. Released N-glycan

Released N-glycan analysis is the most established technique for
N-glycan profiling of glycoproteins. In this study, we evaluated
(Tables S9eS10) the performance, in terms of relative quantitation
of the N-glycans when labelling the sample with two of the mainly
used labels (2-AA and 2-AB) and compared the relative quantita-
tion results obtained using MS (Tables S9 and S11, Fig. 5A) and
fluorescence (FLR) signal integration (Tables S10 and S12, Fig. 5B).
The results show good comparability of the sample preparation
performedwith the two different labels and with the two detection
techniques (Fig. 5), while the overall mass accuracy was lower than
2 ppm.

3.7. Evaluation of the different approaches for N-glycan analysis

While assessing comparability of the quantitative results ob-
tained across the different techniques, a number of factors which
may drive the analyst to the choice of the right technique were
evaluated (Fig. 6), such as the time of the analysis from sample

Fig. 4. Extracted Ion Chromatogram (XIC) of the glycopeptide carrying A2G1F N-glycan from the peptide mapping analysis of rituximab drug product (A) and relative MS/MS
spectrum (B).
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preparation to final data analysis report, the depth of structural
identification obtained on the glycoforms with each technique,
data quality, accuracy and robustness of the results, sensitivity of
the technique, the amount of sample required and the need of
expertise to perform both sample preparation and data analysis.

Workflows using the information retained at intact or subunits
level will require little or no sample preparation, making it ideal for
routine analysis to assure robustness of the analysis; nevertheless,
the structural details obtained in this way are limited to the most
abundant glycoforms (Fig. 7) and they do not provide structural
details on the glycans; isomers relative abundance cannot be
assessed as well as ambiguity between some glycoforms when the
analysis is carried on both heavy chains at the same time (intact,
gingipain digest) or with other PTMs such as glycation. N-glycan

analysis at intact level is also strongly dependent on sample het-
erogeneity; when other PTMs strongly influence the complexity of
the mass spectra at intact level or there is an intrinsic complexity of
N-glycan profiles, the use of tools to simplify the data is strongly
recommended and the analysis of subunits can be helpful, as for
infliximab drug product analysed in this study.

Sample complexity and N-glycan abundance are also strictly
related to robustness of the analysis; while generally low %RSD
values were obtained, the presence of near-isobaric species or of
very low abundant species returned higher values (Tables S4-S8,
S11-S12).

While providing excellent data quality and additional structural
information, workflows such as peptide mapping and the analysis
of released N-glycans require more time and need for trained an-
alysts. These analyses are not yet robust enough to assure repro-
ducibility across analysts and laboratories as they require multiple
steps for the sample preparation and a high degree of expertise for
the data analysis without or with little support from bioinformatics
tools. In particular, it was possible to appreciate amarked difference
in the quantitative analysis in terms of %RSD values between
released N-glycan and peptide mapping analysis (Tables S8, S11,
S12). Released N-glycan involved a number of non-automated
steps for sample preparation while data processing required ef-
forts in terms of manual integration of the obtained chromato-
grams as there are few software tools that guarantee a fully
automated analysis of fluorescently labelled N-glycans. On the
contrary, the possibility to fully automate trypsin digestion and the
data analysis fully integrated into bioinformatics tools is probably
the main reason for the difference of reproducibility between the
two techniques. Even if efforts towards standardisation and
automatization of these methods are being made to transfer them
into the QC laboratories [33], a high level of knowledge in the MS
data interpretation is still required.

4. Conclusion

N-glycan analysis of biotherapeutics is a major critical attribute
influencing many functions of the drug product [4,34,35]. Their
assessment is required from ICH Q6B to assure biologics safety and
stability and it constitutes important criteria to assess biosimilarity
between originator and newly developed drugs. Although released
N-glycan analysis is considered as the gold standard, N-glycan
heterogeneity on the monoclonal antibodies can be assessed
through several analytical workflows.

In this study, we compared N-glycan analysis and quantitation
obtained through ten different methods on four different
commercially available monoclonal antibodies.

While assessing good comparability of the quantitative data
obtained with these techniques, several advantages and disad-
vantages were proved.

Recently, an interlaboratory study was published on the analysis
of NIST standard mAb glycosylation [36]. The results highlighted
the lack of standardisation of analytical methods for N-glycan
identification and quantitation. De Leoz et al. obtained 103 different
reports with a range of N-glycans identified spanning 4 to 48
structures. This variability was surely affected by the analytical
workflow applied, but proved to be mainly dependent on labora-
tory skills. Since the experiments reported herein were performed
in the same laboratory, from analysts with similar skills and using
the same equipment, the variability seen in quantitative results can
solely be dependent on the workflow and it was possible to
appreciate the differences between more direct or automated
methods, such as intact analysis or glycopeptides analysis, and
more lengthy and laborious techniques, such as released N-glycan
analysis. Furthermore, the choice of the analytical workflow can

Fig. 5. (A) Comparison of released 2-AB labelled N-glycan from trastuzumab drug
product. Quantitation was obtained integrating fluorescence trace (orange) and MS
signals from each N-glycan (blue). Quantitation is based on triplicate sample prepa-
ration. *In 2-AB trace coeluting A2G1 and A1G1F N-glycans were quantified as a single
peak. (B) Comparison of released N-glycan from trastuzumab drug product. Quanti-
tation was obtained from fluorescence trace after labelling with 2-AA (yellow) and 2-
AB (purple). Quantitation is based on triplicate sample preparation. **In 2-AB labelled
N-glycans M5 elutes at a different retention time, and relative percentage is only
relative to coeluting A2G1 and A1G1F species.

Fig. 6. Heat map of the factors leading to the choice of the right technique for N-glycan
analysis.
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strongly impact the in-depth of structural features detected.
It should also be considered that biotherapeutics analysis occurs

at different stages of the bioprocess, from early development to
lot-to-lot comparison for batch release and there is usually a
stronger need for structural details during drug development than
in the later stages. It is possible in this way to use the technique of
choice according to the specific application and information
required, justifying the lack of standardisation for this critical
workflow. All the consideration provided in this study, while
remaining strongly sample dependent, can surely constitute a
guide for the choice of the most appropriate technique for N-glycan
analysis of biotherapeutics.
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a b s t r a c t

Gandou decoction (GDD), a well-known traditional Chinese medicine (TCM) formula, has been widely
used for decades to treat Wilson's disease (WD) in China due to its remarkable clinical effects. However,
the chemical constituents of GDD still remain unclear because of their complexity. In this work, a reliable
and sensitive strategy based on ultra-performance liquid chromatography coupled with quadrupole
time-of-flight tandem mass spectrometry (UPLC-Q-TOF-MSE) and UNIFI informatics platform was
applied to investigate the chemical components in GDD. In total, 96 compounds including anthraqui-
nones, alkaloids, protostane triterpenoids, flavonoids, triterpenoid saponins, tannins, curcuminoids, etc,
were identified or tentatively characterized from GDD by comparing their retention time, accurate mass
within 5 ppm error and MSE fragmentation patterns. Among them, eleven compounds were confirmed
unambiguously with reference standards. Representative compounds in different chemical structure
types were analyzed in fragmentation patterns and characteristic ions. Moreover, to better understand
the chemical contribution of individual herbs to the whole decoction, the corresponding each herb in
GDD was also detected. This study developed a rapid method for characterizing the chemical constitu-
ents in GDD, which could not only be used for chemical standardization and quality control, but also be
helpful for further research of GDD in vivo.
© 2019 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

Traditional Chinese medicines (TCM) have been extensively
used for the prevention and treatment of complex and chronic
diseases in China [1,2]. TCM formulae, combination of medicinal
plants or animal materials, collectively exert therapeutic actions by
complex interactions among multiple components from different
herbal medicines. Based on TCM theories, these constituents in
formulae could play a multi-target, synergistic and harmless ther-
apeutic role [3]. As the components in TCM are rather complicated,
it is difficult to separate and identify multiple chemical constitu-
ents. Therefore, developing a rapid and reliable method for eluci-
dating the composition of TCM is necessary.

Wilson's disease (WD), also known as hepatolenticular

degeneration, is an autosomal recessive genetic disorder of copper
metabolism caused by ATP7B genemutation [4,5]. Excessive copper
accumulation in patients suffering from WD leads to liver disease,
neurological disorder, K-F rings, and osteoporosis [6]. Currently,
there are several chelating agents such as D-penicillamine, dimer-
captosuccinic acid, trientine, and tetrathiomolybdate for medical
therapy [7]. AlthoughWestern conventional medications are highly
effective, prevalent, and low-priced, a number of side effects have
been observed with chelation therapy [8]. Gandou decoction
(GDD), a classical TCM formula, has been used in clinics to treat WD
for decades in China [9,10]. It is composed of six crude drugs, i.e.,
Rheum palmatum L. (Da-Huang), Coptis chinensis Franch. (Huang-
Lian), Curcuma longa L. (Jiang-Huang), Lysimachia christinae Hance
(Jin-Qian-Cao), Alisma orientale (Sam.) Juzep. (Ze-Xie) and Panax
notoginseng (Burk.) F. H. Chen (San-Qi). The clinical studies have
been proven that GDD can promote urinary copper excretion,
ameliorate liver function and improve the patient's clinical symp-
toms [7,11]. Furthermore, GDD appears to be safe, effective, and
well tolerated and has fewer adverse effects than Western con-
ventional medications [12]. In our previous studies, we investigated
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the therapeutic effect and serum metabolic profiling of GDD in
copper-laden rats. It was found that GDD could reduce the hepatic
copper accumulation, and improve liver pathological characteris-
tics by restoring the impaired lipid metabolism, amino metabolism
and glucose metabolism [13]. However, due to multi-component
systems of TCM, the chemical constituents of GDD still remain
unclear. Therefore, a systematic chemical profiling research of GDD
is in an urgent need.

In recent years, UPLC-Q-TOF-MSE (where E represents collision
energy) has provided a powerful approach for the efficient sepa-
ration and structural characterization of TCMwith the advantage of
its high resolution, sensitivity and accuracy [14]. Q-TOF-MSE

capable of simultaneously acquiring accurate mass precursor ion in
MS full scan and fragment ions in MSE high-energy scan increased
the credibility of analysis results [15,16]. Additionally, UNIFI soft-
ware from Waters Corporation is a versatile and automated data
processing platform. The software incorporates scientific library
into a streamlined workflow to integrate data acquisition, library
searching, MS fragment matching and report generation, which
alleviates the workload from massive MS data and realizes rapid
analysis of chemical components [17]. This high throughput strat-
egy was innovatively used for screening and identification of
chemical components in herbal medicines [18,19] and TCM
formulae [20]. In the present study, an integrative strategy based on
UPLC-Q-TOF-MSE coupled with UNIFI informatics platform has
been applied to reveal the chemical profile of GDD. The aim of this
study is to develop an analytical method for elucidating the ma-
terial basis of GDD and provide valuable information for the quality
control and in vivo analysis.

2. Material and methods

2.1. Materials and reagents

Rheum palmatum L., Coptis chinensis Franch., Curcuma longa L.,
Lysimachia christinae Hance, Alisma orientale (Sam.) Juzep. and
Panax notoginseng (Burk.) F. H. Chen were purchased from Beijing
Tongrentang Co., Ltd. (Hefei, China) and authenticated by Doctor
Rongchun Han (College of Pharmacy, Anhui University of Chinese
Medicine, Hefei, China). All voucher specimens were deposited at
the authors' laboratory. The reference standards, including
berberine hydrochloride, physcion, emodin, alisol B 23-acetate,
quercetin and notoginsenoside R1, were obtained from the National
Institutes for Food and Drug Control (Beijing, China). Chrysophanol,
rhein, aloe-emodin and kaempferide were obtained from Beina
Chuanglian Biotechnology Research Institute (Beijing, China). Cur-
cuminwas isolated in our laboratorywith a purity of more than 98%
by HPLC, and its structure and molecular weigh have been identi-
fied by using several spectral analyses and MS, respectively.
Acetonitrile and methanol (LC-MS grade) were purchased from
TEDIA (Fairfield, USA). Formic acid was obtained from Tianjin
Guangfu Fine Chemical Research Institute (Tianjin, China). Ultra-
pure water was purified using a Milli-Q water purification system
(Millipore, Billerica, MA, USA).

2.2. Standards and sample preparation

GDD consisted of six ingredients, including Rheum palmatum L.
(20.0 g), Coptis chinensis Franch (20.0 g), Curcuma longa L. (20.0 g),
Lysimachia christinae Hance (24.0 g), Alisma orientale (Sam.) Juzep.
(24.0 g) and Panax notoginseng (Burk.) F. H. Chen (3.0 g). They were
mixed together and immersed in 0.8 L distilled water (1:8, w/v) for
0.5 h. Afterwards, they were decocted twice by extracting and
refluxing for 1 h each time. Finally, the two extractions were
combined and concentrated to 1.0 g crude drug per milliliter, and

then the solution was freeze-dried and stored in a vacuum desic-
cator before use. The accurately weighed 1.0 g freeze-dried powder
was dispersed in 30mL methanol and ultrasonicated in a water
bath for 30min to prepare solutions. The individual preparation of
six herbs was carried out according to the same procedures as that
of GDD. An aliquot of 5 mL filtratewas injected into the UPLC-Q-TOF-
MSE system for analysis after filtered through 0.22 mm filter
membrane.

11 reference standards were dissolved in methanol. Before
qualitative analysis, they were mixed together to make reasonable
concentration and filtered through 0.22 mm filter membrane.

2.3. Chromatography and mass spectrometry conditions

Chromatographic analysis was performed using a Waters Acq-
uity™ UPLC system (Waters Corporation, Milford, USA). Chro-
matographic separation was carried out at 30 �C, using an Agilent
Eclipse Plus C18 RRHD column (2.1mm� 100mm, 1.8 mm) with
mobile phases A (0.1% formic acid inwater) and B (acetonitrile). The
flow ratewas set at 0.3mL/min. The gradient profile was as follows:
0e1min, 10%e10% B; 1e4min, 10%e20% B; 4e10min, 20%e30% B;
10e15min, 30%e40% B; 15e18min, 40%e50% B; 18e23min, 50%e
75% B; 23e25min, 75%e85% B; 25e27min, 85%e100% B.

Mass spectrometric detection was carried out on Waters Xevo
G2 Q-TOF mass spectrometer (Waters Corporation, Milford, USA)
equipped with an ESI source. The full scan data were acquired from
50 to 1200 Da, using a capillary voltage of 3.0 kV for positive ion
mode and �2.5 kV for negative ion mode, sampling cone voltage of
40 V for positive ion mode and 50 V for negative ion mode,
extraction cone voltage of 4.0 V, source temperature of 120 �C
(ESIþ) or 110 �C (ESI�), cone gas flow of 50 L/h, desolvation gas (N2)
flow of 600 L/h and desolvation gas temperature of 350 �C. The
collision voltage was set as 6.0 eV for low-energy scan and
20e80 eV for high-energy scan. Data were centroided and mass
was corrected during acquisition using an external reference (Lock-
Spray™) consisting of a 200 pg/mL solution of leucineenk ephalin
infused at a flow rate of 10 mL/min via a lockspray interface,
generating a realtime reference ion of [MþH]þ (m/z 556.2771) in
positive ion mode and [M�H]� (m/z 554.2615) in negative ion
mode to ensure accurate MS analysis. All data collected in centroid
mode were obtained and used to calculate the accurate mass and
composition of relative target ions with MassLynx™ V4.1 software
(Waters).

2.4. Establishment of a chemical compounds library of GDD

The systematic information on chemical compounds isolated
from the six individual herbs in GDD was collected and sorted out
by retrieving databases such as China Journals of Full-text database
(CNKI), Medline, PubMed, Web of Science and ChemSpider. A self-
building library of chemical compounds was established by UNIFI
software, including compound name, molecular formula, chemical
structure, and accurate molecular mass. Among them, the infor-
mation of 356 compounds is listed in Table S1.

2.5. Data analysis by UNIFI platform

All MS data analysis was processed on the platform of UNIFI
software. Minimum peak area of 200 was set for 2D peak detection.
The peaks intensity of high energy over 80 counts and the peak
intensity of low energy over 200 counts were the selected param-
eters in 3D peak detection. A margin of error up to 5 ppm for
identified compounds was allowed and the matching compounds
would be generated predicted fragments from structure. We
selected positive adducts including Hþ, Naþ and negative adducts
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containing HCOO� and H�. They were allowed cross adduct
combinations.

3. Results and discussion

3.1. Identification and characterization of chemical compounds

The high resolution MS data of GDD were quickly acquired by
UPLC-Q-TOF-MSE method. The base peak intensity (BPI) chro-
matograms of GDD in positive and negative ion modes are depicted
in Fig. 1. The UNIFI screening platform was utilized to process and
analyze the MS data, and then automatically matched the fragment
information. After further manual verification, a total of 96 com-
pounds were identified or tentatively characterized in GDD,
including 21 anthraquinones, 14 alkaloids, 17 protostane triterpe-
noids, 10 flavonoids, 8 triterpenoid saponins, 10 tannins, 4 curcu-
minoids and 12 others. The detailed MS information of these
components is summarized in Table 1. Meanwhile, the chemical
structures were confirmed based on accurate mass, MSE data and
related literatures. The structures of main chemical constituents in
GDD are shown in Fig. 2.

3.2. Analysis of GDD by UPLC-Q-TOF-MSE

3.2.1. Anthraquinones
21 anthraquinones were detected from GDD and were also the

major bioactive constituents of Rheum palmatum L. In this study, 6
free anthraquinones, 13 anthraquinone glycosides and 2 anthrones
were determined based onMS database-matching. Anthraquinones
have a characteristic fragmentation behavior with successive or
simultaneous losses of CO, OH, CH3 and CO2 [21,22]. Peaks 64, 65,
76, 83 and 86 were exactly identified as aloe emodin, rhein,
emodin, chrysophanol and physcion by comparing retention time

and fragmentation patterns with reference standards. Rhein, the
main anthraquinone in GDD, was used to characterize the frag-
mentation pathways (Fig. 3). Rhein showed quasi-molecular ion
[M�H]� at m/z 283.0256 in negative ion mode, and yielded frag-
ment ions at m/z 239.0356 and 211.0403 by losses of CO2 and CO,
respectively. And then, the ion at m/z 211.0403 could further lose
one molecule of CO to generate ion at m/z 183.0439. Aloe emodin
and emodinwere isomers with the same [M�H]� ion atm/z 269. In
high energy MSE spectra, emodin revealed [M�H-CO]� ion at m/z
241.0507 and [M�H-CO-O]� ion at m/z 225.0559, while aloe
emodin could be differentiated by the characteristic ion [M�H-
CHO]� at m/z 240.0421. Physcion showed [M�H]� ion at m/z
283.0619, and the obvious fragments ions at m/z 255.0315 [M�H-
CO]� and 240.0359 [M�H-CO-CH3]� were further obtained.
Chrysophanol showed [M�H]� ion at m/z 253.0515, only one
product ion at m/z 225.0545 [M�H-CO]�.

For anthraquinone glycosides, aglycone ions were identified
based on the MS fragmentation behaviors of free anthraquinones.
Peak 47 exhibited [M�H]� ion atm/z 415.1045, which generated an
[M�H-162Da]� ion at m/z 253.0515 by eliminating the glucose
residue. The further loss of CO was in accordance with the char-
acteristic ion at m/z 225.0563 of chrysophanol. Thus, peak 47 was
assigned as chrysophanol-1-O-b-D-glc. Based on these fragmenta-
tion patterns, peaks 15, 17, 32, 35, 44, 45, 46, 47, 48, 51, 52, 53, and
60 were inferred as anthraquinones glycosides. In addition,
anthrones are an important type of anthraquinone. Sennosides
usually gave a significant ion at m/z 386 which originated from C-
10�C-100 cleavage. Peak 27 showed [M�H]� ion at m/z 861.1908,
which first produced ions at m/z 699.1358 and 655.1880 by
sequential loss of terminal glucose residue and CO2, followed by the
cleavage of C-10 and C-100 forming [M�H-Glc-CO2-C15H9O5]� ion at
m/z 386.1002. Its structure was identified as sennoside A or B. These
two isomers were not distinguished from each other only by their
MS spectra. Similarly, peak 25 displayed the same fragmentation
patterns as peak 27, so it was presumed as sennoside C or D.

3.2.2. Alkaloids
A total of 14 alkaloids were identified in positive ion mode and

came from Coptis chinensis Franch, including protoberberine alka-
loids, apomorphine alkaloids, and tetrahydroprotoberberine alka-
loids. As reported in the literature, the neutral losses like themethyl
radical (CH3∙), hydrogen radical (H∙) and CO are themain fragment
patterns of protoberberine alkaloids due to the successive cleavage
of substituted methoxyl or methylenedioxyl groups on the A- and
D-rings [23]. Peak 39 was unequivocally identified as berberine by
contrast with a reference standard. The MS spectrum and possible
fragmentation pathways of berberine are depicted in Fig. 4. Taking
berberine as an example, it produced fragment ions atm/z 321.0983
[M-CH3]þ, 320.0918 [M-CH3-H]þ, 306.0763 [M-2CH3]þ, 292.0969
[M-CH3-H-CO]þ and 278.0813 [M-2CH3-CO]þ. Peak 40 showed
[M]þ ion at m/z 352.1538 and yielded characteristic ions at m/z
337.1430 [M-CH3]þ, 336.0983 [M-CH3-H]þ, 322.1068 [M-2CH3]þ

and 308.1275 [M-CH3-H-CO]þ, which indicated that it was pre-
sumed as palmatine. Likewise, the other peaks 31, 33, 34, 38 and 67
could be tentatively identified as coptisine, jatrorrhizine, epi-
berberine, worenine and 8-oxoberberine, respectively.

Peak 10 gave [M]þ ion atm/z 342.1701 with a molecular formula
C20H24NO4. The predominant ions appeared at m/z 297.1123 [M-
(CH3)2NH]þ, 282.0876 [M-(CH3)2NH-CH3]þ, 265.0861 [M-
(CH3)2NH-CH3OH]þ, and 237.0908 [M-(CH3)2NH-CH3OH-CO]þ,
which is consistent with the common structure of apomorphine
alkaloids. Thus, peak 10 was considered as magnoflorine. Analo-
gously, peaks 8 and 11 were deemed as isocorydine and isoboldine.
Additionally, the tetrahydroprotoberberine alkaloids have retro-
Diels-Alder (RDA) reaction, resulting in the cleavage of the

Fig. 1. The base peak intensity (BPI) chromatograms of GDD from UPLC-Q-TOF-MSE

analysis. (A) Negative scan; (B) Positive scan.
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Table 1
Identification of chemical constituents of GDD by UPLC-Q-TOF-MSE.

No. tR (min) Idenfitication Neutral mass
(Da)

Formular Observed neutral
mass (Da)

Experimental mass (m/z) Error
(ppm)

MS and MSE data (þ or �) (m/z) Source

1 0.98 Gallic acid-O-glc 332.0743 C13H16O10 332.0743 331.0669 -0.5 331.0669[M�H]�

169.0141[M�H-Glc]�
a

2 1.05 Gallic acid 170.0215 C7H6O5 170.0214 169.0141 -0.8 169.0141[M�H]�

125.0244[M�H-CO2]�
a

3 1.39 Progallin A 198.0528 C9H10O5 198.0528 197.0455 -0.7 197.0455[M�H]�

124.0455[M�H-2CH2-COOH]�
a

4 1.50 (þ)-Catechin-5-O-b-D-glc 452.1319 C21H24O11 452.1318 451.1245 -0.7 451.1245[M�H]�

289.0717[M�H-Glc]�
a

5 1.71 Procyanidin B 578.1424 C30H26O12 578.1432 577.1359 1.4 577.1359[M�H]�

425.0873[MeH-C7H4O4]�

407.0763[MeH-C7H4O4-H2O]�

289.0712[M�H-catechin]�

a

6 2.71 Chlorogenic acid 354.0951 C16H18O9 354.0962 353.0889 3.1 353.0889[M�H]�

191.0899[M-C9H6O3]�
b,d

7 2.82 (-)-Epicatechin 290.0790 C15H14O6 290.0797 289.0724 2.3 289.0724[M�H]�

245.0821[M�H-CO2]�
a

8 3.16 Isocorydine 341.1627 C20H23NO4 341.1628 342.1707 0.1 342.1707[MþH]þ

296.1132[MþH-CH3-CH3O]þ
b

9 3.19 Procyanidin B-O-gallate 730.1534 C37H30O16 730.1544 729.1471 1.3 729.1471[M�H]�

577.1350[M�H-gallate]�
a

10 3.20 Magnoflorine 342.1705 C20H24NO4 342.1730 342.1701 -1.2 342.1701[M]þ

297.1123[M-(CH3)2NH]þ

282.0876[M-(CH3)2NH-CH3]þ

265.0861[M-(CH3)2NH-CH3OH]þ

237.0908[M-(CH3)2NH-CH3OH-CO]þ

b

11 3.42 Isoboldine 327.1471 C19H21NO4 327.1479 328.1552 2.7 328.1552[MþH]þ

297.1123[MþH-CH3O]þ
b

12 3.79 Isovitexin 432.1056 C21H20O10 432.1065 477.1047 1.8 477.1047[MþHCOO]�

431.0982[M�H]�

311.0567[M�H-CO2-C3H8O2]�

d

13 4.75 Tetradehydroscoulerine 322.1079 C19H16NO4 322.1055 322.1052 -6.6 322.1052[M]þ

307.0839[M-CH3]þ

279.0511[M-CH3-CO]þ

b

14 4.79 Procyanidin B-5,3,3'-di-O
-gallate

882.1643 C44H34O20 882.1685 881.1612 4.8 881.1612[M�H]�

729.1471[M�H-gallate]�

711.0735[M�H-gallate-H2O]�

559.1341[M�H-2gallate-H2O]�

a

15 4.86 Emodin-8-O-b-D-glc 432.1056 C21H20O10 432.1065 431.0992 1.9 431.0992[M�H]�

269.0461[M�H-Glc]�

241.0493[M�H-Glc-CO]� 225.0554[M�H-Glc-CO-O]�

a

16 4.88 Rutin 610.1534 C27H30O16 610.1555 609.1483 3.6 609.1483[M�H]�

463.0815[M�H-Rha]�

301.0487[M�H-Rha-Glc]�

a,d

17 5.09 Rhein-1-O-b-D-glc 446.0849 C21H18O11 446.0860 445.0787 2.4 445.0787[M�H]�

283.0256[M�H-Glc]�

239.0356[M�H-Glc-CO2]�

211.0403[M�H-Glc-CO2-CO]�

a

18 5.11 Isolindleyin or lindleyin 478.1475 C23H26O11 478.1483 477.1410 1.7 477.1410[M�H]�

313.0552[M�H-C10H12O2]�

169.0145[M�H-C16H20O6]�

d

19 5.14 (þ)-Catechin-3-O-gallate 442.0900 C22H18O10 442.0910 441.0838 2.4 441.0838[M�H]�

289.0722[M�H-C7H4O4]�

165.1245[M�H-C14H12O6]�

a
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20 5.20 Ferulic acid-O-b-D-glc 356.1107 C16H20O9 356.1113 355.1040 1.5 355.1040[M�H]�

193.1033[M�H-Glc]�
d

21 5.25 Isoquercitrin 464.0955 C21H20O12 464.0972 463.0899 3.7 463.0899[M�H]�

301.0038[M�H-C6H10O5]�
d

22 5.45 Isolindleyin or lindleyin 478.1475 C23H26O11 478.1482 477.1408 1.6 477.1408[M�H]�

313.0551[M�H-C10H12O2]�

169.0144[M�H-C16H20O6]�

a

23 5.61 Kaempferol-3-O-rutinoside 594.1585 C27H30O15 594.1599 593.1521 1.6 593.1521[M�H]�

447.1591[M�H-Rha]�

285.0832[M�H-Rha-Glc]�

d

24 5.65 Resveratrol-4'-O-b-D-(2''-O-galloyl)-glc 542.1424 C27H26O12 542.1431 541.1333 1.2 541.1333[M�H]�

313.0555[M�H-Res-H2O]�
a

25 5.70 Sennoside C or D 848.2164 C42H40O19 848.2177 847.2104 1.5 847.2104[M�H]�

685.1557[M�H-Glc]�
a

26 5.89 Tetrahydropalmatine 355.1784 C21H25NO4 355.1792 356.1865 2.4 356.1865[MþH]þ

192.1019[MþH-C10H12O2]þ
b

27 6.24 Sennoside A or B 862.1956 C42H38O20 862.1981 861.1908 2.8 861.1908[M�H]�

699.1358[M�H-Glc]�

655.1880[M�H-Glc-CO2]�

386.1002[M�H-Glc-CO2-C15H9O5]�

a

28 6.36 Homoorientin 448.1006 C21H20O11 448.1000 447.0927 -1.2 447.0927[M�H]� d

29 6.52 Thalifendine 322.1079 C19H16NO4 322.1069 322.1082 -0.4 322.1082[M]þ

279.0889[M-CH3-CO]þ
b

30 6.94 Hesperetin-5-O-glc 464.1319 C22H24O11 464.1313 463.1240 1.5 463.1240[M�H]�

301.1131[M�H-Glc]�
d

31 7.01 Coptisine 320.0923 C19H14NO4 320.0921 320.0921 0.6 320.0921[M]þ

292.0970[M-CO]þ
b

32 7.08 Rhein-8-O-b-D-(6"-O-acetyl)-glc 488.0955 C23H20O12 488.0949 487.0876 1.5 487.0876[M�H]�

283.0246[M�H-acetyl-Glc]� 239.0347[M�H-acetyl-Glc-CO2]�
a

33 7.15 Jatrorrhizine 338.1392 C20H20NO4 338.1384 338.1384 2.4 338.1384[M]þ

322.0997[M-CH3-H]þ

308.1309[M-2CH3]þ

b

34 7.35 Epiberberine 336.1236 C20H18NO4 336.1250 336.1250 -4.2 336.1250[M]þ

320.0935[M-CH3-H]þ

292.1314[M-CH3-H-CO]þ

b

35 7.47 Aloe emodin-8-O-b-D-glc 432.1056 C21H20O10 432.1068 431.0992 0.8 431.0992[M�H]�

269.0385[M�H-Glc]�

225.0562[M�H-Glc-CO2]�

a

36 7.48 Tetrahydroberberine 339.1471 C20H21NO4 339.1466 340.1544 -1.4 340.1544[MþH]þ

176.0705[MþH-C10H12O2]þ
b

37g 7.72 Notoginsenoside R1 932.5345 C47H80O18 932.5372 977.5354 2.8 977.5354[MþHCOO]�

931.5297[M�H]�

799.4856[M�H-Xyl]�

637.4314[M�H-Xyl-Glc]�

475.3782[M�H-Xyl-2Glc]�

f

38 8.09 Worenine 334.1079 C20H16NO4 334.1080 334.1080 -0.3 334.1080[M]þ

320.1093[M-CH2]þ

318.1092[M-CH2-2H]þ

292.0969[M-CH2-CO]þ

b

39g 8.46 Berberine 336.1236 C20H18NO4 336.1230 336.1231 1.8 336.1231[M]þ

321.0983[M-CH3]þ

320.0918[M-CH3-H]þ

306.0763[M-2CH3]þ

292.0969[M-CH3-H-CO]þ

278.0813[M-2CH3-CO]þ

b

40 8.51 Palmatine 352.1549 C21H22NO4 352.1543 352.1538 -1.7 352.1538[M]þ

337.1430[M-CH3]þ

336.0983[M-CH3-H]þ

322.1068 [M-2CH3]þ

308.1275 [M-CH3-H-CO]þ

b

(continued on next page)
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Table 1 (continued )

No. tR (min) Idenfitication Neutral mass
(Da)

Formular Observed neutral
mass (Da)

Experimental mass (m/z) Error
(ppm)

MS and MSE data (þ or �) (m/z) Source

41 8.53 Ginsenoside Rg1 800.4922 C42H72O14 800.4939 845.4921 2.0 845.4921[MþHCOO]�

799.4863[M�H]�

637.4321[M�H-Glc]�

475.3784[M�H-2Glc]�

f

42 9.23 Kaempferol 286.0477 C15H10O6 286.0479 285.0406 0.7 285.0406[M�H]�

229.0451[M�H-C2O2]�

169.0141[M�H-C3O5]�

a,d

43g 9.46 Quercetin 302.0427 C15H10O7 302.0432 301.0360 2.0 301.0360[M�H]�

151.0451[M�H-C8H6O3]�

121.0431[M�H-C8H6O3-CH2O]�

107.0162[M�H-C8H6O3-CH2O-CH2]�

d

44 9.61 Aloin 418.1264 C21H22O9 418.1267 417.1195 0.8 417.1195[M�H]�

255.0666[M�H-Glc]�

227.0718[M�H-Glc-CO]�

a

45 9.76 Aloe emodin-1-O-b-D-glc 432.1056 C21H20O10 432.1068 431.0995 2.7 431.0995[M�H]�

269.0452[M�H-Glc]�

225.0562[M�H-Glc-CO2]�

a

46 9.91 Aloe emodin-u-O-b-D-glc 432.1056 C21H20O10 432.1068 431.0995 2.7 431.0995[M�H]�

269.0463[M�H-Glc]�

225.0560[M�H-Glc-CO2]�

a

47 10.09 Chrysophanol-1-O-b-D-glc 416.1107 C21H20O9 416.1118 415.1045 2.6 415.1045[M�H]�

253.0515[M�H-Glc]�

225.0563[M�H-Glc-CO]�

a

48 10.91 Aloe emodin-8-(6"-O-malonyl)-glc 518.1060 C24H22O13 518.1076 517.1003 3.1 517.1003[M�H]�

473.1097[M�H-CO2]�

269.0463[M�H-malonyl-Glc]�

a

49 10.95 Calebin-A 384.1209 C21H20O7 384.1211 429.1193 0.5 429.1193[MþHCOO]� c

50 11.16 Naringenin 272.0685 C15H12O5 272.0689 271.0616 1.5 271.0616[M�H]�

151.0665[M�H-C8H8O]�
d

51 11.25 Aloe emodin-8-O-b-D-(6"-O-acetyl)-glc 474.1162 C23H22O11 474.1169 473.1096 1.5 473.1096[M�H]�

269.0451[M�H-acetyl-Glc]�

240.0410[M�H-acetyl-Glc-CHO]�

a

52 11.77 Physcion-8-O-b-D-glc 446.1213 C22H22O10 446.1219 445.1146 1.3 445.1146[M�H]�

283.0617[M�H-Glc]�

240.0433[M�H-Glc-CO-CH3]�

a

53 11.85 Chysophanol-8-O-b-D-(6"-O-acetyl)-glc 458.1213 C23H22O10 458.1221 457.1148 1.8 457.1148[M�H]�

253.0511[M�H-acetyl-Glc]�

225.0561[M�H-acetyl-Glc-CO]�

a

54 12.18 Notoginsenoside R2 770.4816 C41H70O13 770.4843 815.4825 3.3 815.4825[MþHCOO]�

769.4768[M�H]�

637.4335[M�H-Xyl]�

475.3786[M�H-Xyl-Glc]�

f

55 12.53 Ginsenoside Rb1 1108.6029 C54H92O23 1108.6105 1107.5967 6.6 1107.5967[M�H]�

945.5469[M�H-Glc]�

783.4917[M�H-2Glc]�

621.4361[M�H-3Glc]�

459.3824[M�H-4Glc]�

f

56 12.69 Cyclocurcumin 368.1260 C21H20O6 368.1258 367.1186 -0.4 367.1186[M�H]�

175.0401[M�H-C11H12O3]�
c

57 12.74 Ginsenoside Rg2 784.4973 C42H72O13 784.4999 829.4982 3.2 829.4982[MþHCOO]�

783.4922[M�H]�

637.4326[M�H-Rha]�

475.3789[M�H-Rha-Glc]�

f
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58 12.94 Ginsenoside Rh1 638.4394 C36H62O9 638.4414 683.4382 2.9 683.4382[MþHCOO]�

637.4321[M�H]�

475.3784[M�H-Glc]�

f

59 13.18 6-Methyl-rhein 298.0477 C16H10O6 298.0481 297.0408 1.1 297.0408[M�H]�

283.0251[M�H-CH2]�

239.0358[M�H-CH2-CO2]�

a

60 13.21 Physcion-8-O-b-D-(6"-O-acetyl)-glc 488.1319 C24H24O11 488.1323 487.1250 0.8 487.1250[M�H]�

283.0615[M�H-acetyl-Glc]� 255.0317[M�H-acetyl-Glc-CO]�

240.0432[M�H-acetyl-Glc-CO-CH3]�

a

61 13.51 Orientalol A 254.1882 C15H26O3 254.1907 299.1889 8.3 299.1889[MþHCOO]�

253.1905[M�H]�
c

62 14.13 16-Oxo-alisol A 504.3451 C30H48O6 504.3474 505.3223 4.3 505.3223[MþH]þ

487.3327[MþH-H2O]þ

469.3285[MþH-2H2O]þ

451.3318[MþH-3H2O]þ

415.2824[MþH-C4H10O2]þ

397.2783[MþH-C4H10O2-H2O]þ

e

63 14.41 Ginsenoside Rd 946.5501 C48H82O18 946.5581 991.5563 8.0 991.5563[MþHCOO]�

945.5563[M�H]�

783.4939[M�H-Glc]�

621.4398[M�H-2Glc]�

459.3851[M�H-3Glc]�

f

64g 14.52 Aloe emodin 270.0528 C15H10O5 270.0536 269.0462 3.0 269.0462[M�H]�

240.0421[M�H-CHO]�

211.0410[M�H-2CHO]�

a

65g 15.30 Rhein 284.0321 C15H8O6 284.0332 283.0256 4.0 283.0256[M�H]�

239.0356[M�H-CO2]�

211.0403[M�H-CO2-CO]�

183.0439[M�H-CO2-CO-CO]�

a

66 16.01 Notoginsenoside R3 962.5450 C48H82O19 962.5491 961.5418 4.2 961.5418[M�H]�

799.4889[M�H-Glc]�

637.4360[M�H-2Glc]�

475.3817[M�H-3Glc]�

f

67 16.70 8-Oxoberberine 351.1107 C20H17NO5 351.1108 352.1181 0.4 352.1181[MþH]þ

337.0948[MþH-CH3]þ

294.0764[MþH-2CH3-CO]þ

b

68 16.72 Alisol I 454.3447 C30H46O3 454.3460 455.3526 2.6 455.3526[MþH]þ

383.2943[MþH-C4H8O]þ
e

69 17.05 Alisol C 486.3345 C30H46O5 486.3368 487.3418 4.2 487.3418[MþH]þ

469.3265[MþH-H2O]þ

451.3215[MþH-2H2O]þ

415.2841[MþH-C4H8O]þ

397.2746[MþH-C4H10O2]þ

e

70 17.24 Ar-turmerone 216.1514 C15H20O 216.1516 217.1588 0.7 217.1588[MþH]þ

120.0935[MþH-C6H9O]þ

92.06212[MþH-C8H13O]þ

c

71g 17.34 Kaempferide 300.0634 C16H12O6 300.0628 299.0553 -2.1 299.0553[M�H]�

284.0489[M�H-CH3]�
d

72 17.46 Bisdemethoxycurcumin 308.1049 C19H16O4 308.1058 307.0984 2.9 307.0984[M�H]�

187.0406[M�H-C8H8O]�
c

73 17.93 Demethoxycurcumin 338.1154 C20H18O5 338.1161 337.1088 2.0 337.1088[M�H]�

217.0508[M�H-C8H8O]�
c

74g 18.38 Curcumin 368.1260 C21H20O6 368.1260 367.1192 -0.1 367.1192[M�H]�

217.0524[M�H-C9H10O2]�
c

75 18.94 Alisol M 23-acetate 488.3502 C30H48O5 488.3497 489.3480 -0.8 489.3480[MþH]þ

471.2696[MþH-H2O]þ
e

(continued on next page)
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Table 1 (continued )

No. tR (min) Idenfitication Neutral mass
(Da)

Formular Observed neutral
mass (Da)

Experimental mass (m/z) Error
(ppm)

MS and MSE data (þ or �) (m/z) Source

76g 19.25 Emodin 270.0528 C15H10O5 270.0533 269.0460 1.7 269.0460[M�H]�

241.0507[M�H-CO]�

225.0559[M�H-CO-O]�

a

77 19.54 Bisabolone oxide A 236.1776 C15H24O2 236.1776 237.1850 0.5 237.1850[MþH]þ c

78 19.65 Alisol C 23-acetate 528.3451 C32H48O6 528.3453 529.3535 1.0 529.3535[MþH]þ

511.3415[MþH-H2O]þ

469.3456[MþH-HAc]þ

e

79 19.71 Alisol F 488.3502 C30H48O5 488.3497 511.3391 -1.4 511.3391[MþNa]þ

471.2696[MþH-H2O]þ

453.2687[MþH-2H2O]þ

399.3129[MþH-C4H10O2]þ

381.3091[MþH-C4H10O2-H2O]þ

e

80 20.04 Alisol L 23-acetate 510.3345 C32H46O5 510.3350 511.3418 1.0 511.3418[MþH]þ

451.3201[MþH-HAc]þ

397.2739[MþH-C6H10O2]þ

e

81 20.59 Procyanidin 594.1373 C30H26O13 594.1382 593.1309 0.8 593.1309[M�H]� a

82 21.39 Neoalisol A 488.3502 C30H48O5 488.3505 489.3572 2.5 489.3572[MþH]þ

471.3571[MþH-H2O]þ
e

83g 21.71 Chrysophanol 254.0579 C15H10O4 254.0579 253.0515 3.3 253.0515[M�H]�

225.0545[M�H-CO]�
a

84 21.72 16,23-Oxido alisol B 470.3396 C30H46O4 470.3395 493.3287 -0.2 493.3287[MþNa]þ

453.3362[MþH-H2O]þ

339.2686[MþH-C6H10O2-H2O]þ

e

85 22.56 Gingerdione 292.1675 C17H24O4 292.1679 337.1661 1.4 337.1661[MþHCOO]�

291.1629[M�H]�
c

86g 22.80 Physcion 284.0685 C16H12O5 284.0692 283.0619 2.5 283.0619[M�H]�

255.0315[M�H-CO]�

240.0359[M�H-CO-CH3]�

a

87 22.90 Alisol A 23-acetate 532.3764 C32H52O6 532.3767 555.3749 0.6 555.3749[MþNa]þ

515.3516[MþH-H2O]þ

383.2797[MþH-C6H12O3-H2O]þ

e

88 23.05 11-Deoxy-alisol C 470.3396 C30H46O4 470.3398 471.3380 0.3 471.3380[MþH]þ

453.3515[MþH-H2O]þ

399.2874[MþH-C4H8O]þ

e

89 23.32 Stearic acid 284.2715 C18H36O2 284.2717 283.2645 0.7 283.2645[M�H]� d

90 23.54 Alisol A 490.3658 C30H50O5 490.3678 491.3661 3.8 491.3661[MþH]þ

473.3515[MþH-H2O]þ

455.3621[MþH-2H2O]þ

437.3415[MþH-3H2O]þ

383.2973[MþH-H2O-C4H10O2]þ

e

91 23.79 Alisol B 472.3553 C30H48O4 472.3558 473.3622 -0.7 473.3622[MþH]þ

455.3515[MþH-H2O]þ

437.3521[MþH-2H2O]þ

383.2943[MþH-H2O-C4H8O]þ

e

92 23.93 Alisol L 468.3240 C30H44O4 468.3238 469.3310 -0.4 469.3310[MþH]þ

451.3188[MþH-H2O]þ

397.2745[MþH-C4H8O]þ

e

93 24.47 Alisol O 512.3502 C32H48O5 512.3492 513.3581 0.3 513.3581[MþH]þ

495.3475[MþH-H2O]þ

453.3413[MþH-HAc]þ

435.3628[MþH-HAc-H2O]þ

e

94 24.65 Linolenic acid 278.2246 C18H30O2 278.2245 277.2164 -1.4 277.2164[M�H]� a,d

95 25.28 Alisol A 24-acetate 532.3764 C32H52O6 532.3761 555.3748 1.5 555.3748[MþNa]þ

515.3516[MþH-H2O]þ

497.3472[MþH-2H2O]þ

383.2797[MþH-C6H12O3-H2O]þ

e
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terminal chain, such as -CH3. Peak 26 gave a protonated ion at m/z
356.1865. The fragment ions at m/z 192.1019 and 165.0893 were
attributed to RDA cleavage at C- and B-rings. By further loss of a
methyl radical, two obtained ions generated characteristic ions at
m/z 177.0774 and 150.0663, respectively. Therefore, peak 26 was
tentatively identified as tetrahydropalmatine.

3.2.3. Protostane triterpenoids
17 protostane triterpenoids in GDD originated from Alisma ori-

entale (Sam.) Juzep. Protostane triterpenoids showed [MþH]þ ion,
adduct [MþNa]þ ion in positive ion mode and all possess a tetra-
cyclic carbon skeleton. During the collision-induced dissociation
(CID) process, the hydrogen rearrangement at C-23-OH resulting in
C-23�C-24 bond dissociation was proposed as a characteristic CID
fragmentation pathway, which can be used to further distinguish
certain positional isomers containing the acetyl unit at the C-23 or
C-24 position [23,24]. Such compounds usually occurred successive
losses of H2O, acetic acid group (HAc, 60 Da) and other complex
groups such as C4H8O (72 Da), C4H10O2 (90 Da) and C6H12O3
(132 Da). Peaks 96 was exactly identified as alisol B 23-acetate
based on retention time and fragment behavior of reference stan-
dard. The high energy MSE spectra and the proposed fragment
pathway of alisol B 23-acetate are depicted in Fig. 5. Alisol B 23-
acetate showed [MþH]þ and [MþNa]þ ions at m/z 515.3735 and
537.3554, which underwent several dehydrations or deacetylations
to form fragment ions at m/z 497.3629 [M þ H-H2O]þ, 479.3508
[M þ H-2H2O]þ, and 437.3415 [M þ H-H2O-HAc]þ, and then
dissociation of the C-23�C-24 bond and loss of H2O gave rise to
[MþH-C6H12O3]þ ion atm/z 383.2688. Peaks 87, 91, and 95 showed
the similar fragmentation behavior to alisol B 23-acetate, and were
identified as alisol A 23-actetate, alisol B, and alisol A 24-actetate,
respectively.

Peak 92 had a protonated ion [MþH]þ at m/z 469.3310 with a
molecular formula of C30H44O4, and formed characteristic ions at
451.3188 [Mþ H-H2O]þ andm/z 397.2745 [Mþ H-C4H8O]þ through
23-OH dehydration and C-23�C-24 dissociation. Thus, it was
assigned as Alisol L. Owing to similar cleavage patterns by loss of
C4H8O, peaks 69 and 88 were deduced to be alisol C and 11-deoxy-
Alisol C, respectively. Peak 62 exhibited [MþH]þ ion at m/z
505.3223. Three typical dehydration ions atm/z 487.3327, 469.3285
and 451.3318 were generated from the hydroxyl groups. The
dissociation of the C-23�C-24 bond via hydrogen rearrangement at
C-23-OH produced diagnostic ion at m/z 415.2824 [M þ H-
C4H10O2]þ, with further loss of H2O generating an ion at m/z
397.2783 [M þ H-C4H10O2-H2O]þ, so peak 62 was tentatively
identified as 16-oxo-alisol A. Peak 90, 14Da less than that of 16-oxo-
alisol A and similar to 16-oxo-alisol A, was further confirmed as
alisol A.

3.2.4. Flavonoids
Ten flavones and their glycosides have been screened and

identified in GDD using the UNIFI workflow. It is well known that
the main MS behavior of flavone aglycones was RDA fragmentation
pathway and losses of small molecules and/or radicals like CH3, CO
and CO2 [25]. For flavones glycosides, the cleavage at glycosidic
linkages could happen in both positive and negative ionmodes, and
162 Da (Glc), 146 Da (Rha) and 308 Da (rutinoside) were the char-
acteristic neutral loss of flavonoid-O-glycosides. The fragment ions
with low m/z were the same as that of their aglycones. Among
them, peaks 43 and 71 were ascertained to be quercetin and
kaempferide by contrast with reference standards. Here we took
quercetin and kaempferide as examples to describe the fragment
patterns of these components. Quercetin displayed a deprotonated
ion at m/z 301.0360 with a molecular formula of C15H10O7, and the
ions at m/z 151.0451 [M�H-C8H6O3]�, 121.0431 [M�H-C8H6O3-
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Fig. 2. Chemical structures of compounds identified in GDD.
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CH2O]� and 107.0162 [M�H-C8H6O3-CH2O-CH2]� resulted from
RDA cleavage. Kaempferide, with the parent ion [M�H]� at m/z
299.0553, exhibited a diagnostic ion [M�H-CH3]� at m/z 284.0489
and RDA cleavage ion at m/z 151.0055.

Peak 42 presented [M�H]� ion at m/z 285.0406, which was
14 Da less than that of kaempferide, showing the similar fragment
pathways as kaempferide. It was presumed as kaempferol. Peak 23
displayed [M�H]� ion at m/z 593.1521 and produced predominant
fragment ions at 447.1591 [M�H-Rha]�, 285.0832 [M�H-Rha-Glc]�

due to successive losses of glycoside fragments. Meanwhile, the ion
at m/z 285.0832 further generated the characteristic ions identical
to those of kaempferol, so the structure of this compound was
considered as kaempferol-3-O-rutinoside. Analogously, peaks 16
and 30 were identified as rutin and hesperetin-5-O-glc,
respectively.

3.2.5. Triterpenoid saponins
Eight triterpenoid saponins were detected from Panax noto-

ginseng (Burk.) F. H. Chen in negative ion mode. These compounds
offered the intense deprotonated ion [M�H]� and adduct ion
[M þ HCOO]�. The primary fragmentation pattern of triterpenoid
saponins was the successive losses of glycosidic unit at the site of C-
20, C-3 or C-6 of ginsenosides until the formation of [Aglycon�H]�

ions. The species and amount of glycosyl groups were observed
from MS data, in which the mass differences of 162Da, 132Da and
146Da indicated the presence of glucose (Glc), xylose (Xyl), and
rhamnose (Rha), respectively [26]. Peak 37 was definitely identified
as notoginsenoside R1 with a reference standard. To facilitate
characterization of these ginsenosides, the MS fragmentation
pattern of notoginsenoside R1 is investigated in detail (Fig. 6).
Notoginsenoside R1 gave [M�H]� ion at m/z 931.5297 and
[Mþ HCOO]� ion atm/z 977.5354, along with three major fragment
ions at m/z 799.4856 [M�H-Xyl]�, 637.4314 [M�H-Xyl-Glc]�, and
475.3782 [M�H-Xyl-2Glc]� observed in high energy MSE spectra.
Peak 55 showed deprotonated ion [M�H]� atm/z 1107.5967 with a
molecular formula of C54H92O23. The fragment ion at m/z 459.3824
[M�H-4Glc]� represented glycosidic cleavage by loss of four
glucose residues. Hence, it was tentatively characterized as ginse-
noside Rb1.

Peak 41 displayed [M�H]� and [M þ HCOO]� ions at m/z
799.4863 and 845.4921, respectively, and produced fragment ion at
m/z 475.3784 by loss of two glucose residues. Thus, it was tenta-
tively assigned to be ginsenoside Rg1. Peak 54 showed deproto-
nated ion at m/z 769.4768. The fragment ions at m/z 637.4335
[M�H-Xyl]� and 475.3786 [M�H-Xyl-Glc]� corresponded to suc-
cessive neutral losses of xylose residue and glucose residue, indi-
cating that peak 54 was notoginsenoside R2. Peak 57 gave [M�H]�

Fig. 3. The MS spectra and fragmentation pathway of rhein in negative ion mode.

Fig. 4. The MS spectra and fragmentation pathway of berberine in positive ion mode.
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at m/z 783.4922, which further fragmented into m/z 637.4326
[M�H-Rha]� andm/z 475.3789 [M�H-Rha-Glc]�, so their fragment
ions suggested that it was ginsenoside Rg2. According to the
cleavage of glycosidic linkages discussed above, peaks 58, 63 and 66
were tentatively identified as ginsenoside Rh1, ginsenoside Rd, and
notoginsenoside R3, respectively.

3.2.6. Others
Four curcuminoids were recognized as the major active com-

ponents in Curcuma longa L. Peak 74 was unambiguously identified
as curcumin by comparison with a reference standard. Curcumin
was taken as an example, which gave precursor ion atm/z 367.1192
[M�H]� and diagnostic ion at m/z 217.0524 [M�H-C9H10O2]� in
negative ion mode. Analogously, peaks 56, 72 and 73 were identi-
fied as cyclocurcumin, bisdemethoxycurcumin and demethox-
ycurcumin, respectively. The fragmentation behaviors were in
accordance with those previously reported in the literature [27].

In addition, there are small amounts of tannins in GDD, of which
10 components were identified as tannins or acylglucosides by
comparing with the data in library. Peak 2 showed [M�H]� ion at
m/z 169.0141 as base peak, and fragment ion of m/z 125.0244 cor-
responding to the loss of CO2 residues. So it was tentatively iden-
tified as gallic acid. Peak 5 gave [M�H]� ion at m/z 577.1359 with a
molecule formula of C30H26O12, which yielded characteristic ions at
m/z 425.0873 [M�H-C7H4O4]�, 407.0763 [M�H-C7H4O4-H2O]� and
289.0712 [M�H-catechin]�. Thus, it was tentatively deduced to be
procyanidin B. Peak 9 exhibited [M�H]� ion at m/z 729.1471 and
fragment ion at m/z 577.1350 [M�H-gallate]�, suggesting that it

had an additional gallate than procyanidin B. It was tentatively
identified as procyanidin B-O-gallate. Based on the similar frag-
ment pattern, peaks 1, 4 and 19 were determined as gallic acid-O-
glc, (þ)-catechin-5-O-b-D-glc and (þ)-catechin-3-O-gallate by
matching the data in library, respectively.

3.3. Contribution of individual herbs to GDD

The established method was subsequently applied to analyze
individual herbal decoctions by UPLC-Q-TOF-MSE, and the relative
sources of 96 compounds were also correspondingly confirmed. In
summary, 37 components were from Rheum palmatum L., 15 com-
ponents were from Coptis chinensis Franch., 9 components came
from Curcuma longa L., 15 components were from Lysimachia
christinae Hance, 17 components were from Alisma orientale (Sam.)
Juzep. and 8 triterpenoid saponins were from Panax notoginseng
(Burk.) F. H. Chen. The BPI chromatograms of six individual herbs in
positive and negative ion modes are shown in Fig. 7. But each in-
dividual herb undoubtedly contributed to chemical components in
GDD. Therefore, different sources and multiple types of pharma-
codynamic components can exert better therapeutic effect through
synergism or complementation.

4. Conclusion

In this study, an integrative strategy based on UPLC-Q-TOF-MSE

coupled with UNIFI informatics platform was applied for chemical
profile analysis of GDD. To the best of our knowledge, it was the first

Fig. 5. The MS spectra and fragmentation pathway of alisol B 23-acetate in positive ion mode.

Fig. 6. The MS spectra and fragmentation pathway of notoginsenoside R1 in negative ion mode.
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Fig. 7. The base peak intensity (BPI) chromatograms of six individual herbs in positive (A) and negative (B) ion modes. DH¼ Rheum palmatum L., HL ¼ Coptis chinensis Franch.,
JH¼ Curcuma longa L., JQC¼ Lysimachia christinae Hance, ZX¼ Alisma orientale (Sam.) Juzep. and SQ ¼ Panax notoginseng (Burk.) F. H. Chen.
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time to reveal the constituents in GDD comprehensively. By com-
parison with retention time, accurate mass, fragmentation
behavior, a total of 96 compounds were identified or tentatively
characterized from GDD, including anthraquinones, alkaloids,
protostane triterpenoids, flavonoids, triterpenoid saponins, tan-
nins, curcuminoids and other compounds. Additionally, the ESI-MS
fragmentation patterns of representative compounds in different
chemical structure types were investigated. Most of the high
response constitutions in individual herbs were also detected in
GDD. This approach provided a rapid method for high throughput
screening and characterization of constituents, and would be
available in other TCM formulae analysis. What is more, the results
could supply valuable information for the quality control and
further study of GDD in vivo.

Moreover, we found that most of the compounds have abundant
phenolic hydroxyl, especially the anthraquinones, curcumin and
flavonoids. The structures of these compounds tend to be easily
chelated by copper ions. Therefore, it is speculated that natural
small molecules in GDD that could selectively chelate copper are
able to form stable complexes to promote copper excretion. These
molecules with properties would serve as a promising alternative
to current treatments. This work has great guiding significance in
further research and application of GDD in clinical treatment.
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a b s t r a c t

Acetazolamide (molecular mass (MM), 222) belongs to the class of sulfonamides (R-SO2-NH2) and is one
of the strongest pharmacological inhibitors of carbonic anhydrase activity. Acetazolamide is excreted
unchanged in the urine. Here, we report on the development, validation and biomedical application of a
stable-isotope dilution GC-MS method for the reliable quantitative determination of acetazolamide in
human urine. The method is based on evaporation to dryness of 50 mL urine aliquots, base-catalyzed
derivatization of acetazolamide (d0-AZM) and its internal standard [acetylo-2H3]acetazolamide (d3-
AZM) in 30 vol% pentafluorobenzyl (PFB) bromide in acetonitrile (60 min, 30 �C), reconstitution in
toluene (200 mL) and injection of 1-mL aliquots. The negative-ion chemical ionization (NICI) mass spectra
(methane) of the PFB derivatives contained several intense ions including [M]‒ at m/z 581 for d0-AZM
and m/z 584 for d3-AZM, suggesting derivatization of their sulfonamide groups to form N,N-dipenta-
fluorobenzyl derivatives (R-SO2-N(PFB)2), i.e., d0-AZM-(PFB)2 and d3-AZM-(PFB)2, respectively. Quanti-
fication was performed by selected-ion monitoring ofm/z 581 and 83 for d0-AZM-(PFB)2 andm/z 584 and
86 for d3-AZM-(PFB)2. The limits of detection and quantitation of the method were determined to be
300 fmol (67 pg) and 1 mM of acetazolamide, respectively. Intra- and inter-assay precision and accuracy
for acetazolamide in human urine samples in pharmacologically relevant concentration ranges were
determined to be 0.3%e4.2% and 95.3%e109%, respectively. The method was applied to measure urinary
acetazolamide excretion after ingestion of a 250 mg acetazolamide-containing tablet (Acemit®) by a
healthy volunteer. Among other tested sulfonamide drugs, methazolamide (MM, 236) was also found to
form a N,N-dipentafluorobenzyl derivative, whereas dorzolamide (MM, 324) was hardly detectable. No
GC-MS peaks were obtained from the PFB bromide derivatization of hydrochlorothiazide (MM, 298),
xipamide (MM, 355), indapamide and metholazone (MM, 366 each) or brinzolamide (MM, 384). We
demonstrate for the first time that sulfonamide drugs can be derivatized with PFB bromide and quan-
titated by GC-MS. Sulfonamides with MM larger than 236 are likely to be derivatized by PFB bromide but
to lack thermal stability.
© 2019 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

Acetazolamide (N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)acet-
amide, MM 222.25; CAS number 216665-38-2; see Fig. S1) is one of

the oldest therapeutically used diuretic drugs. Acetazolamide is a
strong inhibitor of carbonic anhydrase (CA) which catalyzes the
reversible reaction between CO2 and H2O to form bicarbonate and
protons (CO2 þ H2O 4 HCO3� þ Hþ) [1]. Acetazolamide and other
sulfonamide (R-SO2-NH2) drugs (see Fig. S1) are widely used for the
treatment of glaucoma, mountain sickness, sleep apnea, epilepsy
and hypertension [1]. The pharmacological action of acetazolamide
and relatives in several organs such as eyes, brain and kidney is
based on the inhibition of CA activity. In glaucoma and epilepsy,
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inhibition of CA activity by acetazolamide results in reduction of
intraocular and cerebral pressure. Inhibition of CA activity in the
kidney results in enhanced excretion of HCO3

� and inorganic nitrite
(NO2

�) [2,3]. Acetazolamide-induced loss of nitrite may be of
particular importance because NO2

� is considered an abundant
reservoir of the endogenous potent vasodilator nitric oxide (NO).
The urinary nitrate-to-nitrite molar ratio, i.e., UNOxR, may be a
useful measure of renal CA-dependent reabsorption of urinary ni-
trite in humans [4]. Besides its therapeutic use, acetazolamide
gained importance as a potential performance-enhancing drug in
sport doping [5].

Several analytical methods based on liquid chromatography (LC)
[6e12] and gas chromatography (GC) [13e21] have been reported
for the determination of acetazolamide and related sulfonamides in
various biological samples including plasma and urine. For GC
analysis, sulfonamides such as acetazolamide require conversion of
their sulfonamide group to thermally stable and volatile de-
rivatives. The amine group of the sulfonamide group of acetazol-
amide and many other sulfonamides is the only functional group
that is accessible for chemical derivatization. Methylation of the
amine group of sulfonamides has been often performed using
methyl iodide (iodomethane, CH3I) [13e19]. Silylation of the amine
group of sulfonamides for GC has also been reported [20,21].

Pentafluorobenzyl (PFB) bromide (PFB-Br) is a versatile deriva-
tization reagent in chromatography (GC, LC) and mass spectrom-
etry (MS) [22]. It can be used for the derivatization of nucleophilic
substances and inorganic and organic anions both in aqueous phase
such as plasma and urine and in anhydrous organic solvents such as
acetonitrile [2,23e25]. Analogous to the derivatization of amine
groups such as those in creatinine with PFB-Br [24], we assumed
that PFB-Br may be useful as a derivatization reagent for the amine
group of acetazolamide and other sulfonamides in GC-based
analytical methods. The reaction of R-SO2-NH2 with PFB-Br may
lead to the formation of mono-PFB derivatives (R-SO2-NHPFB) and
di-PFB derivatives (R-SO2-N(PFB)2). To the best of our knowledge,
the derivatization of acetazolamide or other sulfonamides with
PFB-Br has not been reported thus far.

In the present work, we demonstrate that PFB-Br is useful for
the N-alkylarylation of the sulfonamide group of acetazolamide
representing the group of sulfonamides. We found that the deriv-
atization of acetazolamide is best performed in anhydrous aceto-
nitrile using N,N-diisopropylethylamine (i.e., Hünig base) as the
catalyst under very mild conditions (30 �C) (Fig. S1). As acetazol-
amide is excreted in the urine without metabolization, we devel-
oped and validated a GC-MS method for the quantitative
determination of acetazolamide in human urine using commer-
cially available [acetylo-2H3]acetazolamide as the internal standard
(IS). Negative-ion chemical ionization (NICI) of the PFB derivative of
acetazolamide provided the lowest limit of detection (LOD) thus far
reported for acetazolamide. We also tested the utility of PFB-Br for
the derivatization of other sulfonamide drugs. The applicability of
the method in clinical-pharmacologic settings was demonstrated
upon ingestion of a 250 mg acetazolamide tablet by a healthy
volunteer.

2. Experimental

2.1. Materials and chemicals

[acetylo-2H3]Acetazolamide (d3-AZM; declared amount, 1 mg)
was obtained from Hycultec (Beutelsbach, Germany) and was
diluted in dimethyl sulfoxide (DMSO) in the original flask. The
chemical and isotopic purity of d3-AZM had not been declared by
the supplier. 2,3,4,5,6-Pentafluorobenzyl bromide, N,N-diisopro-
pylethylamine, pentafluoropropionic anhydride (PFPA, >99%),

2,3,4,5,6-pentafluorobenzoyl chloride (>99%), unlabeled acetazol-
amide (d0-AZM; >99%) and all the other sulfonamides (>98%) used
in the present study were obtained from Sigma-Aldrich (Darm-
stadt, Germany). DMSO and acetonitrile (GC grade; dried over
molsieve) were purchased from Merck (Darmstadt, Germany).
Toluene (p.a.) was purchased from Baker (Deventer, The
Netherlands). The silylation reagent N,O-bis(trimethylsilyl)tri-
fluoroacetamide (BSTFA, >99%) was obtained fromMacherey-Nagel
(Düren, Germany).

2.2. Safety considerations

PFB-Br and PFPA are corrosive. PFB-Br is an eye irritant. Inha-
lation and contact with skin and eyes should be avoided. All work
should be performed in a well-ventilated fume hood.

2.3. Preparation of calibration standards

Acetazolamide is freely soluble in DMSO. Solutions and dilutions
of acetazolamide and all other sulfonamides were prepared in
DMSO. Stock solutions of d0-AZM (100 mM) and d3-AZM (50 mM)
and their working dilutions (each 10 mM) were stored at 8 �C
and �18 �C, respectively.

2.4. Biological samples and preparation of urine samples

Acetazolamide-free urine samples used inmethod development
and validation were obtained from healthy volunteers after con-
formed consent. These volunteers did not ingest acetazolamide at
least two weeks before. Samples (1 mL aliquots) were kept frozen
at �18 �C until analysis. Prior to sample derivatization, urine
samples were thawed and centrifuged (3350�g, 5 min).

In quantitative analyses, 50 mL aliquots of the clear urine su-
pernatants were placed in 1.8 mL glass vials and 5 mL aliquots of a
10 mM solution of d3-AZM in DMSO were added. Urine and DMSO
were evaporated to dryness under a stream of nitrogen gas. To
remove effectively remaining water, ethanol (100 mL) was added,
the vials were vortex-mixed for about 10 s and then ethanol was
evaporated to dryness under a stream of nitrogen gas.

2.5. Derivatization procedure with PFB-Br in water-free phase

Solid residues were dissolved in anhydrous acetonitrile (100 mL).
Then, 10 mL of N,N-diisopropylethylamine and 10 mL of 30 vol% PFB-
Br in anhydrous acetonitrile were added, the glass vials were tightly
sealed and vortex-mixed for about 10 s. Subsequently, the samples
were heated for 60 min at 30 �C on a thermostatic block model
MBT250-4 from Kleinfeld Labortechnik (Gehrden, Germany). After
cooling to room temperature the samples were evaporated again to
dryness under a stream of nitrogen gas and the residues were
reconstituted with 200 mL aliquots of toluene and vortexed for
2 min. Clear and particle-free aliquots (about 180 mL) of the toluene
phases were transferred into 1.8 mL autosampler glass vials
equipped with 200 mL microinserts for GC-MS analysis as described
below.

2.6. Validation of the method

The GC-MS method was validated for acetazolamide in urine
samples donated by three healthy humans. Pharmacologically
relevant concentrations ranges (0e1000 mM acetazolamide) were
used. Validation experiments included linearity, accuracy (recov-
ery, %) and precision (RSD, %). For the sake of clarity, the validation
experiments are described in detail in the sections Results and
Discussion.
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2.7. GC-MS conditions

GC-MS analyses were performed on a single-quadrupole mass
spectrometer model ISQ directly interfaced with a Trace 1310 series
gas chromatograph equipped with an autosampler AS 1310 from
ThermoFisher (Dreieich, Germany). The gas chromatograph was
equipped with a 15 m long fused-silica capillary column Optima 17
(0.25 mm I.D., 0.25 mm film thickness) from Macherey-Nagel
(Düren, Germany). In quantitative analyses, the following oven
temperature programwas usedwith helium (at a constant flow rate
of 1 mL/min) as the carrier gas: 1.0 min at 90 �C, then increased to
250 �C at a rate of 35 �C/min and to 320 �C at a rate of 35 �C/min,
respectively. The column was held at 320 �C for 6 min. Interface,
injector and ion-source were kept constant at 260 �C, 200 �C and
250 �C, respectively. Electron energy was set to 70 eV and electron
current to 50 mA.Methane (2.4mL/min) was used as the reagent gas
for NICI. Aliquots (1 mL from the toluene phase) were injected in the
splitless mode by means of the autosampler. Quantification of
acetazolamide was performed in the NICI mode by selected-ion
monitoring (SIM) the ions with m/z 581 and m/z 83 for d0-AZM
andm/z 584 andm/z 86 for d3-AZM (IS) with a dwell-time of 50 ms
for each ion. The electron multiplier voltage was set to 2025 V.
Deviations from the conditions described above are mentioned in
the sections Results and Discussion.

2.8. Data analysis and presentation

If not otherwise specified, quantitative analyses were performed
in triplicate. Unpaired t-test was used to check statistical signifi-
cance. Values are presented as mean ± SD.

3. Results

3.1. Testing derivatization methods for acetazolamide

Acetazolamide (Fig. S1) and methazolamide have a single
functional group that is accessible to chemical derivatizaton. This is
the amine group of the sulfonamide functionality; other sulfon-
amides such as dorzolamide possess additional derivatizable
functional groups. We tested the utility of several derivatization
agents for acetazolamide representing the group of sulfonamide
drugs for GC-NICI-MS analysis. These derivatization reagents
included pentafluorobenzyl bromide (PFB-Br), pentafluorobenzoyl
chloride (PFBzoyl-Cl) and pentafluoropropionic anhydride (PFPA).
Previously, we found these reagents to be useful for amine groups-
containing substances such as creatinine [24], dimethylamine
(DMA) [26] and amino acids [27], respectively.

We also tested BSTFA, which is a versatile reagent for different
functionalities including hydroxyl and amine groups. In our tests,
BSTFAwas found to be not suitable, because derivatization (60 min,
60 �C) resulted in loss of the acetyl group in d0-AZM and d3-AZM,
thus not allowing quantitative analysis of acetazolamide (data not
shown). Procedures previously reported for the derivatization of
methyl esters of amino acids [27] revealed that PFPA is not useful
for the derivatization of acetazolamide (data not shown). By using a
previously reported procedure for the extractive derivatization of
urinary DMAwith PFBzoyl-Cl [26], acetazolamide could also not be
derivatized (data not shown).

PFB-Br is a versatile derivatization reagent in nucleophilic sub-
stitution reactions [22]. Its utility in GC-MS has been demonstrated
for different classes of substances in aqueous and anhydrous sys-
tems [22]. We found that acetazolamide cannot be derivatized in
aqueous buffered solutions including phosphate and Tris buffer of
neutral pH value and in human urine (pH range, 5.5e7.8) (data not
shown). In contrast, acetazolamide was found to be readily

derivatized with PFB-Br in anhydrous acetonitrile using N,N-dii-
sopropylethylamine as the base catalyst under very mild conditions
and short derivatization times as has been reported for carboxylic
acids including prostaglandins [28], i.e., warming the derivatization
mixture for 60 min at 30 �C. Higher derivatization temperatures
tested (i.e., 40 �C, 50 �C, 60 �C) were found to provide yellow-to-
brownish colored derivatization solutions, most likely due to
decomposition reactions (data not shown). For these reasons we
selected PFB-Br derivatization of acetazolamide in anhydrous
acetonitrile and tested the utility of this derivatization for meth-
azolamide and other sulfonamide drugs.

3.2. GC-NICI-MS characterization of the PFB derivatives of
sulfonamides

Each 50 nmol of d0-AZM and d3-AZM were mixed, derivatized
with PFB-Br (60 min, 30 �C), the sample was evaporated to dryness
and the residue was reconstituted with toluene as described in
Experimental section. The appearance of the originally clear and
colorless solution did not change upon derivatization. GC-NICI-MS
mass spectrawere obtained by injecting 1 mL aliquots of the toluene
phases (180 mL) each corresponding to 250 pmol of d0-AZM and d3-
AZM (assuming quantitative derivatization). GC-NICI-MS analysis
of the sample in scan mode resulted in few GC peaks. The mass
spectrum obtained from the GC peak of the PFB derivatives of the
mixture of d0-AZM and d3-AZM eluting at about 8.35 min is shown
in Fig. 1. It contains five pairs of ions differing by 3 Da each, most
likely due to the presence of the intact acetyl groups in the PFB
derivatives of d0-AZM and d3-AZM.

The largest anions atm/z 581 andm/z 584 in the mass spectrum
can be assigned to the N,N-dipentafluorobenzyl derivatives of d0-
AZM (R-SO2-N(PFB)2; molecular mass, 582) and d3-AZM (R(d3)-
SO2-N(PFB)2; molecular mass, 585), respectively. The ions m/z 375
and m/z 357 are common to the d0-AZM and d3-AZM derivatives
and are likely produced from breaking of the derivatized sulfon-
amide groups. Presumably, m/z 357 derives fromm/z 375 by loss of
a water molecule (H2O, 18 Da). The ion m/z 167 is also common to
d0-AZM and d3-AZM and is due to [C6F5]‒. The ions m/z 83 and m/z
86 carry each one acetyl group and their structures are likely to be
[CH3CO-N-CN]‒ and [CD3CO-N-CN]‒, respectively. The most intense
and common ion in the mass spectra of d0-AZM-(PFB)2 and d3-
AZM-(PFB)2 ism/z 58 and is likely to be the negatively charged thio-
ethene epoxide [(CH]CH)S]‒.

It is worth mentioning that the retention time of the PFB ester-
methoxime (MO)-trimethylsilyl (TMS) ether derivative of prosta-
glandin E2 (i.e., PGE2-PFB-MO-(TMS)2; molecular mass, 705) under
the same GC-MS conditions was 8.32 min. This observation in-
dicates that the C34-species PGE2-PFB-MO-(TMS)2 is as volatile as
the C18-species d0-AZM-(PFB)2 and d3-AZM-(PFB)2, presumably
because of its two TMS ether functionalities.

The mass spectrum obtained from the GC peak of the PFB de-
rivative of methazolamide (retention time, 7.8 min) is shown in
Fig. 2. The ions at m/z 357 and m/z 375 in this mass spectrum
indicate that dorzolamide reacts with PFB-Br to form the N,N-
dipentafluorobenzyl derivative R-SO2-N(PFB)2 (molecular mass,
596) analogous to acetazolamide. However, the R-SO2-N(PFB)2
derivative of methazolamide ionizes quite differently than the R-
SO2-N(PFB)2 derivative of acetazolamide. The intense ion atm/z 415
is likely to be due to [M‒PFB]‒. The most intense ion at m/z 220 in
the mass spectrum of the N,N-dipentafluorobenzyl derivative of
methazolamide is likely to be due to [M‒NH(PFB)2]‒ which is ab-
sent in the mass spectrum of N,N-dipentafluorobenzyl derivative of
acetazolamide. The reason for this disparity could be the formation
of the electrically neutral [M‒NH(PFB)2] or radical species [M‒

NH(PFB)2]�. A likely explanation of the remarkable differences in
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the NICI mass spectra of the N,N-dipentafluorobenzyl derivatives of
the structurally closely acetazolamide and methazolamide and the
shorter retention time of the methazolamide derivative could be
the methyl group on the amidic N atom of methazolamide. This
methyl group makes the derivative more lipophilic, volatile, pre-
sumably more stable, and influences the NICI as well (see Fig. S2).

The mass spectrum obtained from the GC peak of the PFB de-
rivative of dorzolamide (retention time, 10.2 min) is shown in
Fig. S3. The ions at m/z 357 and m/z 375 in this mass spectrum
indicate that dorzolamide reacts with PFB-Br to form the N,N-
dipentafluorobenzyl derivative R-SO2-N(PFB)2 (molecular mass,
684) analogous to acetazolamide and methazolamide. Yet, in
contrast to the mass spectra of the PFB derivatives of acetazolamide
and methazolamide, the NICI mass spectrum of the dorzolamide

derivative does not contain the anion atm/z 58 ([(CH]CH)S]‒). This
could be due to the lack of the thiadiazo structure in dorzolamide.

3.3. GC-NICI-MS characterization and standardization of
[acetylo-2H3]acetazolamide (d3-AZM)

Declared amounts of commercially available stable-isotope
labelled analogs, especially of those delivered in very small, not
(accurately) weighable amounts, may differ from those obtained
experimentally. The chemical and isotopic purity of the d3-AZM
used in our study had not been declared by the supplier and was,
therefore, determined experimentally as follows.

Aliquots (5 mL) of separate 10 mM solutions of d3-AZM and d0-
AZM in DMSO were derivatized and analyzed separately. Aliquots

Fig. 1. GC-NICI-MS spectrum obtained from a mixture containing each about 250 pmol of unlabeled acetazolamide (d0-AZM) and [acetylo-2H3]-acetazolamide (d3-AZM) as pen-
tafluorobenzyl (PFB) derivatives eluting at about 8.35 min. Inserts indicate the proposed structures for the anions of the PFB derivatives of d0-AZM and d3-AZM. Mass fragments
differing by 3 Da are shown in blue and red. For simplicity the charge of the anions is not indicated.

Fig. 2. GC-NICI-MS spectrum obtained from unlabeled methazolamide (about 250 pmol) as pentafluorobenzyl derivative eluting at about 7.8 min. Insets indicate the proposed
structures for the PFB derivative of methazolamide and of mass fragments.
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(1 mL) of the toluene phases assuming to contain 250 pmol of d3-
AZM or d0-AZM were injected on three different days each in
triplicate per day and SIM of m/z 581, m/z 584, m/z 83 and m/z 86
was performed. The peak area ratio (PAR) values for d3-AZM in the
absence of synthetic d0-AZM were determined to be (mean ± SD,
n ¼ 9) 0.00257 ± 0.001 for the PAR m/z 581 to m/z 584 and
0.00477± 0.002 for the PARm/z 83 tom/z 86. These data indicate an
isotopic purity of the commercially available d3-AZM preparation of
about 99.7% at 2H and no appreciable contribution of d0-AZM to d3-
AZM in the commercially available d3-AZM. The PAR values for d0-
AZM in the absence of d3-AZM were determined to be (mean ± SD,
n ¼ 9) 0.0233 ± 0.001 for the PAR m/z 584 to m/z 581 and
0.00122 ± 0.0007 for the PAR m/z 86 to m/z 83, indicating no
appreciable contribution of d3-AZM to d0-AZM.

The standardization procedure of d3-AZM and the linearity of
the method were performed in matrix-free samples, i.e., by using
solutions of d3-AZM (10 mM) and d0-AZM (10 mM) in DMSO.
Standard curves were prepared on three different days by deriva-
tizing mixtures containing a fixed amount of d3-AZM (50 nmol;
5 mL) and different amounts of d0-AZM (0 nmol, 0 mL; 40 nmol, 4 mL;
80 nmol, 8 mL; 120 nmol, 12 mL; 160 nmol, 16 mL; 200 nmol, 20 mL)
and by analyzing the samples by GC-MS in the SIM mode: m/z 83,
m/z 86, m/z 581 and m/z 584 each a dwell-time of 50 ms. Triplicate
injections were performed for each concentration point. The con-
centration of d3-AZM in the toluene phases (each 200 mL) was
considered (assuming quantitative derivatization and extraction) to
be 250 mM. The concentrations of do-AZM in the toluene phases
(each 200 mL) were considered (assuming quantitative derivatiza-
tion and extraction) to be 0, 200, 400, 600, 800 and 1000 mM. These
concentrations were chosen in order to simulate pharmacologically
relevant concentrations for acetazolamide in human urine.

Linear regression analysis between the PAR of m/z 581 to m/z
584 (y1) measured on three days and the nominal acetazolamide
concentration (x1) yielded the regression equation
y1 ¼ 0.0581(±0.016) þ 0.0031(±0.00003)x1 (r ¼ 0.997). Linear
regression analysis between the PAR of m/z 83 to m/z 86 (y2)
measured and the nominal acetazolamide concentration derivat-
ized (x2) yielded the regression equation
y2 ¼ 0.1024(±0.0190) þ 0.0028(±0.00003)x2 (r ¼ 0.994). The
reciprocal slope values of the regression equations provide the
concentration of the internal standard d3-AZM. In this experiment,
the d3-AZM concentration was calculated to be 323 mM using the
PAR ofm/z 581 tom/z 584, and 357 mMusing the PAR ofm/z 83 tom/
z 86. Both values differ from the nominal d3-AZM concentration of
250 mM considering the delivered amount of d3-AZM. The con-
centration of the internal standard was corrected using the exper-
imentally observed data. Accuracy and precision data obtained
using the PAR of m/z 581 to m/z 584 (corrected d3-AZM concen-
tration, 323 mM) and the PAR ofm/z 83 tom/z 86 (corrected d3-AZM
concentration, 357 mM) are summarized in Table S1. GC-MS chro-
matograms from the analysis of acetazolamide (at 600 mM) in
DMSO and urine are shown in Fig. S4.

Linear regression analysis between the corresponding PAR
values of m/z 83 to m/z 86 (y) and the PAR values of m/z 581 to m/z
584 (x) resulted in the regression equation y ¼ 0.05(±0.02)þ
0.913(±0.009)x (r ¼ 0.995). The slope value of this regression
equation is very close to the ratio of the corrected concentrations of
d3-AZM, i.e., 323/357 ¼ 0.905. In method validation experiments
and in quantitative analyses of acetazolamide in urine samples, the
above mentioned corrected d3-AZM concentrations were used.

The retention time of the R-SO2-N(PFB)2 derivatives in the
standardization experiment described above was determined to be
(mean ± SD, n¼ 124) 8.33 ± 0.008min (RSD, 0.09%) for d3-AZM and
8.35 ± 0.007 min (RSD, 0.09%) for d0-AZM (paired t-test,
P < 0.0001). The ratio of the retention times of d0-AZM and d3-AZM

was calculated to be (mean ± SD) 1.002 ± 0.001 (RSD, 0.1%), indi-
cating a highly reproducible GC behaviour of the R-SO2-N(PFB)2
derivatives of AZM. The PFB derivative of d3-AZM eluted constantly
in front of the PFB derivative of d0-AZM, indicating an interaction of
the acetyl groups of the PFB derivatives of d3-AZM and d0-AZM
with the stationary phase of the GC column.

3.4. Accuracy and precision of the method for urinary
acetazolamide

Method validation was performed using urine samples from
three healthy volunteers. Native urine samples were used without
dilution, yet centrifugation was performed to remove solid mate-
rial. Aliquots (50 mL) of clear supernatants were used throughout.
The internal standard d3-AZMwas added to urine samples at a final
added concentration to cover a pharmacologically relevant con-
centration range (0e1000 mM). The method was validated on three
days in triplicate for each concentration using the SIM ofm/z 83,m/
z 86, m/z 581 and m/z 584. d0-AZM was calculated by multiplying
the PAR of m/z 581 to m/z 584 with the d3-AZM concentration of
323 mM and the PAR of m/z 83 to m/z 86 with the d3-AZM con-
centration of 357 mM (see above). The results from the validation of
the GC-MS method for acetazolamide in the human urine samples
from three healthy subjects are summarized collectively in Table 1.
In the urine samples spiked with d3-AZM only, the concentration of
d0-AZM was determined to be around 1 mM, likely originating from
unlabeled acetazolamide (d0-AZM) present in the commercially
available d3-AZM preparation (see above). The PAR values (y) were
linear in the entire concentration range of added AZM (x). Precision
(RSD) ranged between 5.3% and 12.9% for the spiked urine samples.
Accuracy (recovery) ranged between 97.8% and 109.1% for AZM
added to the urine samples. These data indicate that the GC-MS
method is precise and accurate for the measurement of AZM in
human urine.

3.5. Limit of detection (LOD) of the method for acetazolamide

For the determination of the LOD value of the GC-MS method,
50 nmol of d0-AZM and 50 nmol of d3-АΖМ (each 5 mL of two
separate 10 mM solutions in DMSO) were combined and derivat-
ized as described above. The residue was reconstituted in 200 mL
toluene aliquots corresponding to an amount of 250 pmol per 1 mL.
Subsequently, serial 1:1-dilutions (by volume) with toluene were
performed to construct samples containing 125, 62.5, 31.3, 15.6, 7.8,
3.9 pmol per 1 mL toluene. Each 1 mL of the samples was injected in
triplicate and analyzed by SIM of m/z 83, m/z 86, m/z 581 and m/z
584.

The PAR values of m/z 581 to m/z 584 and of m/z 83 to m/z 86
were determined to be (mean ± SD, n ¼ 21) 0.745 ± 0.011 and
0.797 ± 0.035 (P < 0.0001, Wilcoxon test), respectively. The ratio of
the signal-to-noise (S/N) value of the peak areas ofm/z 581 andm/z
584 was determined to be (mean ± SD, n ¼ 21) 1.33 ± 1.43. The S/N
values of the peak areas of m/z 83 and m/z 86 was calculated to be
(mean ± SD, n ¼ 21) 1.16 ± 0.57. The S/N values of m/z 581,m/z 584,
m/z 83 andm/z 86 were correlated with the injected amounts of d0-
AZM and d3-AZMderivatives (P< 0.0001 for all). The corresponding
Spearman correlation coefficients were 0.948, 0.916, 0.940 and
0.918. Linear regression analysis between the S/N values ofm/z 581,
m/z 584,m/z 83 andm/z 86 (y) and the injected amounts of d0-AZM
and d3-AZM (x, pmol) resulted in the regression equations
y¼�395þ 53x (r¼ 0.944), y¼ 601þ30x (r¼ 0.633), y¼ 68þ 2.1x
(r ¼ 0.876), and y ¼ 83 þ 1.98x (r ¼ 0.813), respectively.

The S/N values of the lowest injected amount (each 3.9 pmol of
d0-AZM and d3-AZM) were determined to be 38.7 ± 3.2 (RSD, 8.3%)
for m/z 581, 41.0 ± 8.0 (RSD, 19.5%) for m/z 584, 18.3 ± 4.55 (RSD,
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24.6%) for m/z 83, and 14.7 ± 6.7 (RSD, 45%) for m/z 86. These data
indicate that SIM ofm/z 581 andm/z 584 is associated with a higher
precision compared to SIM of m/z 83 and m/z 86 for very low AZM
concentrations. Extrapolation of the mean S/N value of 39 to an S/N
value of 3 (for m/z 581) yields an LOD value of about 0.3 pmol
(300 fmol, 67 pg) for the d0-AZM derivative (SIM of m/z 581, m/z
584, m/z 83 and m/z 86; 50 ms dwell-time for each ion).

3.6. Limit of quantitation (LOQ) for acetazolamide in human urine

The LOQ of the method for urinary acetazolamide was deter-
mined in the same urine samples (each three 50 mL aliquots) used in
the method validation. In this experiment, urine samples were
spiked with d0-AZM to reach final added concentrations of 0, 25,
50, 100, 150 and 200 mM. The concentration of d3-AZM added to the
urine samples was 250 mM. Each toluene extract was injected three
times and SIM of m/z 581, m/z 584, m/z 83 and m/z 86 with 50 ms
dwell-time for each ion was performed.

Plotting the PAR of m/z 581 to m/z 584 (y1) versus the concen-
tration of d0-AZM added to urine (x1, mM) yielded the regression
equation y1¼0.018þ 0.00381x1 (r¼ 0.9983). Plotting the PAR ofm/
z 83 to m/z 86 (y2) versus the concentration of d0-AZM added to
urine (x2, mM) yielded the regression equation
y2 ¼ 0.018 þ 0.0035x1 (r ¼ 0.9943). The reciprocal slope values
correspond to d3-AZM concentrations of 262 mM and 283 mM,
respectively, which are close to the nominal concentration of
250 mM. Acetazolamidewas determined in the urine samples of this
experiment with a precision ranging between 1.9% and 7%, and
with a recovery ranging between 101% and 120%. The lowest added
d0-AZM concentration of 25 mMwas determined with a precision of
5% (using m/z 581 and m/z 584) and 7% (using m/z 83 and m/z 86).
The corresponding recovery values were 120.5% and 120%. These
data suggest that the LOQ value for acetazolamide in 50 mL aliquots
human urine samples is 25 mM or lower using SIM of m/z 581, m/z
584, m/z 83 and m/z 86. The results of this experiment are sum-
marized in Table 2.

3.7. Stability of PFB derivatives of acetazolamide in toluene

The stability of the PFB derivatives of d0-АΖМ and d3-AZM in
toluene extracts from 50 mL aliquots of a human urine sample

spiked with 0, 250, 500, 750 and 1000 mM of d0-AZM and with the
fixed concentration of 250 mM of d3-АΖМ (see above) were
analyzed immediately after sample work up and after storage at
room temperature (about 18 �C) for 21 days.

Linear regression analysis between the PAR values of m/z 581 to
m/z 584 (y1) and d0-АΖМ concentration in urine (x1) resulted in the
regression equations y1 ¼ 0.074 þ 0.0036x1 (r ¼ 0.9950) for day 1
and y1 ¼ �0.006 þ 0.0039x1 (r ¼ 0.9969) for day 21. Linear
regression analysis between the PAR values ofm/z 83 tom/z 86 (y2)
and the d0-АΖМ concentration in urine (x2) resulted in the
regression equations y2 ¼ 0.135 þ 0.0034x2 (r ¼ 0.9877) for day 1
and y2 ¼ 0.011 þ 0.0037x2 (r ¼ 0.9965) for day 21. Considering the
data of all samples of this experiment, the peak area (arbitrary unit,
a.u.) of the d3-АΖМ derivative (m/z 584) decreased by a mean factor
of 2.6 (mean ± SEM; from 7,186,105 ± 71,508 a.u. on day 1 to
2,807,011 ± 98,903 a.u. on day 21). The corresponding values for the
peak area ofm/z 86 decreased by a mean factor of 1.5 (mean ± SEM;
from 4,379,094 ± 86,864 a.u. to 3,001,832 ± 183,046 a.u.). The PAR
of m/z 86 to m/z 584 was (mean ± SEM) 0.586 ± 0.022 on day 1
(PAR1d) and 1.096 ± 0.039 on day 21 (PAR21d), resulting in a PAR21d/
PAR1d ratio of 1.94 ± 0.16. These data indicate that the PFB de-
rivatives of d0-АΖМ (from urine samples spiked with
0e1000 mM d0-АΖМ) and d3-АΖМ (from the same urine samples
spiked at 250 mM) in toluene are relatively stable when stored for
21 days at 18 �C.

3.8. Biomedical application

We tested the usefulness of our GC-MS method in the setting of
a pilot study. One healthy volunteer (female, 29 years of age, 70 kg),
being an author of this article, ingested 250 mg acetazolamide (one
tablet Acemit® from medphano, Germany). Before (time zero) and
after (up to 5 h) drug administration urine samples were collected
in polypropylene bottles pre-cooled in an ice bath. The pH of the
urine samples was measured, the urine specimens were aliquoted,
and the samples were analyzed for nitrate, nitrite and creatinine
with previously reported GC-MS methods after acidification by
using a 20 vol % acetic acid solution to remove CO2/NaHCO3/Na2CO3
[2,3]. The urinary concentration of acetazolamide was measured in
50 mL aliquots as described in this article by SIM ofm/z 581,m/z 584,
m/z 83 and m/z 86. The concentration of the internal standard was

Table 1
Inter- and intra-day GC-MS validation data for acetazolamide in urine samples of three healthy volunteers (1, 2, 3) using SIM of m/z 581, 584, 83 and 86.

Sample PAR 581/584 PAR 83/86

Urine 1 Urine 2 Urine 3 Urine 1 Urine 2 Urine 3

Day 1 y ¼ 0.094 þ 0.00332x
r2 ¼ 0.9907

y ¼ 0.066 þ 0.00321x
r2 ¼ 0.9977

y ¼ 0.0084 þ 0.00341x
r2 ¼ 0.9952

y ¼ 0.064 þ 0.00313x
r2 ¼ 0.9916

y ¼ 0.166 þ 0.00276x
r2 ¼ 0.9773

y ¼ �0.058 þ 0.0033x
r2 ¼ 0.9953

Day 2 y ¼ �0.055 þ 0.00427x
r2 ¼ 0.9992

y ¼ 0.041 þ 0.00383x
r2 ¼ 0.9987

y ¼ �0.018 þ 0.00403x
r2 ¼ 0.9994

y ¼ �0.054 þ 0.00401x
r2 ¼ 0.9966

y ¼ 0.102 þ 0.00346x
r2 ¼ 0.9887

y ¼ �0.058 þ 0.00408x
r2 ¼ 0.9876

Day 3 y ¼ 0.088 þ 0.00365x
r2 ¼ 0.989

y ¼ 0.060 þ 0.00357x
r2 ¼ 0.9988

y ¼ 0.074 þ 0.00362x
r2 ¼ 0.9848

y ¼ 0.125 þ 0.00326x
r2 ¼ 0.9693

y ¼ 0.167 þ 0.0032x
r2 ¼ 0.968

y ¼ 0.133 þ 0.00319x
r2 ¼ 0.9652

All days y ¼ 0.049 þ 0.00369x
r2 ¼ 0.9968
1/slope ¼ 271 mM

y ¼ 0.056 þ 0.00354x
r2 ¼ 0.9992
1/slope ¼ 283 mM

y ¼ 0.009 þ 0.0038x
r2 ¼ 0.9999
1/slope ¼ 262 mM

y ¼ 0.051 þ 0.0034x
r2 ¼ 0.9971
1/slope ¼ 293 mM

y ¼ 0.145 þ 0.0031x
r2 ¼ 0.9821
1/slope ¼ 319 mM

y ¼ 0.006 þ 0.0035x
r2 ¼ 0.9959
1/slope ¼ 284 mM

y ¼ 0.032 þ 0.00368x, r2 ¼ 0.9993
1/slope ¼ 272 mM d3-AZM

y ¼ 0.067 þ 0.00336x, r2 ¼ 0.9944
1/slope ¼ 298 mM d3-AZM

AZM
(mM)

AZM measured (mM)
(mean ± SD, n ¼ 9)

Precision (RSD, %) Recovery (%) AZM measured (mM)
(mean ± SD, n ¼ 9)

Precision (RSD, %) Recovery (%)

0 1.11 ± 0.69 62.0 not applicable 1.7 ± 0.9 52.0 not applicable
200 206 ± 18 8.8 102.4 215 ± 22 10.4 106.7
400 417 ± 28 6.7 104.0 426 ± 26 6.1 106.1
600 626 ± 33 5.3 104.1 656 ± 64 9.7 109.1
800 803 ± 66 8.2 100.2 845 ± 104 12.3 105.4
1000 1002 ± 103 10.3 100.1 980 ± 127 12.9 97.8
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250 mM in all urine samples. Urinary excretion of nitrate, nitrite,
creatinine and acetazolamide was corrected for urinary creatinine
excretion and the creatinine-corrected excretion rates are
expressed as mmol analyte per mmol creatine (mmol/mmol).

After a lag-time of about 0.5 h, the creatinine-corrected excre-
tion of acetazolamide increased almost linearly within the subse-
quent 1.5 h to reach the value 96 mmol/mmol, which remained
almost unchanged for the next 3 h (Fig. 3A). SIM ofm/z 581 andm/z
584, and SIM of m/z 83 and m/z 86 resulted in closely correlating
acetazolamide concentrations using urine volumes of 50 mL
(r ¼ 0.929). Similar results were also obtained by using urine vol-
umes of 40, 30, 20, 10 and 5 mL from this study (Fig. S5). The
creatinine-corrected excretion rates of nitrite and nitrate increased
in parallel to reach their maximum values about 1 h after acet-
azolamide ingestion (Fig. 3B). The pH value of the urine samples
collected in this experiment increased from 7.10 before acetazol-
amide ingestion to 7.65 after 1.5 h (Fig. 3C). The highest concen-
tration of acetazolamide measured in the urine samples of this
experiment was 278 mM. GC-MS chromatograms from analyses of
urine samples from this experiment are shown in Fig. 4. The acet-
azolamide concentrations in the urine samples measured in the
present study are in agreement with previously reported data using
other analytical methods such as HPLC [7,8,29,30], indicating a
relatively constant and long-lasting excretion of acetazolamide. The
acetazolamide concentrations in blood of humans ingested acet-
azolamide have also been reported to be relatively constant for
many hours upon acetazolamide ingestion at therapeutical doses
[31,32].

The results with respect to urinary excretion of nitrite and ni-
trate collaborate with our previous observations, indicating
reversible acetazolamide-dependent inhibition of nitrite and ni-
trate reabsorption in the kidney [2,3].

4. Discussion

The sulfonamide group (R-SO2-NH2) is common to many classes
of drugs. Acetazolamide is one of the oldest and structurally
simplest and still therapeutically used sulfonamide drugs, admin-
istered for the treatment of many diseases [1], but also used as a
potential performance-enhancing drug in sport doping [5]. We
have recently shown that acetazolamide ingested at therapeutic
doses by healthy subjects enhanced excretion of HCO3

� and inor-
ganic nitrite (NO2

�) in urine [2e4], most likely by inhibiting nitrite-
dependent renal CA activity and by additional not yet well under-
stood mechanisms. This newly recognized pharmacological action
of acetazolamide may be of particular importance, since NO2

� is
considered an abundant reservoir of NO, one of the strongest
endogenous vasodilators. In order to better understand the effects
of acetazolamide on nitrite excretion in vivo in humans, reliable
analytical methods for the quantitative measurement of acetazol-
amide in urine are required.

Nowadays, liquid chromatography-tandem mass spectrometry
(LC-MS/MS) is one of the most efficient analytical techniques used
to measure numerous analytes in biological samples, commonly

with negligible labour and without analyte derivatization. This has
been recently demonstrated for the measurement of acetazolamide
in human plasma [6]. Historically, GC-MSwas the first instrumental
technique combining chromatographic with MS separation and

Table 2
Results of the experiment performed to determine the LOQ of the GC-MS method for acetazolamide (AZM) in human urine.

Added AZM (mM) PAR 581/584 Measured AZM (mM) Precision (RSD, %) Recovery (%) PAR 83/86 Measured AZM (mM) Precision (RSD, %) Recovery (%)

0 0.006 ± 0.004 1.57 ± 1.05 66.9 not applicable 0.008 ± 0.002 2.26 ± 0.57 25.2 not applicable
25 0.121 ± 0.006 31.7 ± 1.57 5.0 120.5 0.114 ± 0.008 32.3 ± 2.26 7.0 120
50 0.217 ± 0.007 56.9 ± 1.83 3.2 110.7 0.200 ± 0.004 56.6 ± 1.13 2.0 108.7
100 0.396 ± 0.010 103.8 ± 2.62 2.5 102.2 0.367 ± 0.019 103.9 ± 5.4 5.2 101.6
150 0.593 ± 0.011 155.4 ± 2.88 1.9 102.6 0.550 ± 0.015 155.7 ± 4.2 2.7 102.3
200 0.777 ± 0.019 203.6 ± 5.0 2.5 101.0 0.723 ± 0.047 204.6 ± 13.3 6.5 101.2

Fig. 3. Creatinine-corrected urinary excretion of (A) acetazolamide and (B) nitrate and
nitrite, and (C) urinary pH before (0 h) and after ingestion of a 250 mg tablet acet-
azolamide. The arrows indicate the time point of ingestion.
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gained a wide application area in various disciplines, notably
including pharmacology. Concerning acetazolamide and other
sulfonamides, derivatization of the amino group is indispensable in
GC-based methods. Alkylation (e.g., with iodomethane) and sily-
lation (e.g., with MSTFA) of the amine group of sulfonamides
including acetazolamide have been used for their analysis by GC-
MS and GC-MS/MS using electron ionization [14,21]. In GC-MS-
based methods using negative-ion chemical ionization (NICI),
incorporation of fluorine (F) atoms in the analytes by using F-
containing derivatization reagents such as PFB-Br, PFBoyl-Cl and
PFPA, enhances analytical sensitivity by several orders of magni-
tude. In the present work, we tested these derivatizations reagents
and the silylation reagent BSTFA for the GC-MS analysis of acet-
azolamide and other sulfonamides including methazolamide and
dorzolamide. For this we used derivatization procedures that have
been turned out to be very useful for some analytes including
creatinine [24], dimethylamine [26] and amino acids [27].

In the present work, the most useful derivatization reagent for
acetazolamide was found to be PFB-Br. PFB-Br is a versatile deriv-
atization reagent [22]. Derivatization reactions with PFB-Br can be
performed directly in aqueous solutions including human plasma
and urine, as has been demonstrated by us for carbonate [2], nitrite
and nitrate [23], and creatinine [24]. Derivatization reactions with
PFB-Br can also be performed indirectly in non-aqueous solutions
such as in anhydrous acetonitrile in the presence of a base serving
as the catalyst. This derivatization approach is most useful for long-
chain carboxylic acids including the eicosanoids [28]. In the present
study, we found that acetazolamide can be derivatized with PFB-Br
in anhydrous acetonitrile to form a di-PFB derivative [RSO2N(PFB)2]
under very mild derivatization conditions (60 min, 30 �C). For the
measurement of acetazolamide in urine, urine-water is completely
removed under a stream of nitrogen. The solid residue is then
reconstituted in anhydrous acetonitrile. After derivatization com-
plete removal of acetonitrile, remaining base and PFB-Br reagent is
performed under a stream of nitrogen gas; the remaining charge-
free PFB derivative of acetazolamide is reconstituted in toluene,
which is best suited as a solvent for PFB derivatives. We found that
methazolamide and dorzolamide can also be converted to their di-
PFB derivatives, suggesting the general use of PFB-Br for the
derivatization of the sulfonamide group of organic sulfonamides.
Using sulfonamides with larger molecular weights, we found that

this derivatization reaction is limited by the size of the sulfonamide
analyte rather than by the reactivity of the sulfonamide group to-
wards PFB-Br. To our knowledge this is the first work to report on
the derivatization of acetazolamide with PFB-Br.

Due to our interest in acetazolamide as a pharmacological
potent carbonic anhydrase (CA) inhibitor [1], we developed and
validated a straightforward GC-MS method for the precise and
accurate quantitative measurement of acetazolamide in 50 mL ali-
quots of human urine using a commercially available isotopically
labelled internal standard, [acetylo-2H3]acetazolamide (d3-AZM).
NICI of the PFB derivative of acetazolamide generates multiple ions,
fromwhich some are characteristic for acetazolamide. These anions
are m/z 581, m/z 83 and m/z 58. NICI of the PFB derivative of the
internal standard [acetylo-2H3]acetazolamide generates multiple
ions includingm/z 584,m/z 86 andm/z 58. The mass fragment atm/
z 58 is obtained from the PFB derivatives of both, unlabeled acet-
azolamide and [acetylo-2H3]acetazolamide. Therefore, the ion m/z
58 cannot be used for quantitative measurements using [acety-
lo-2H3]acetazolamide as the internal standard. The method vali-
dation demonstrated that SIM of m/z 581, m/z 584, m/z 83 and m/z
86 is specific for acetazolamide and provides closely comparable
results in human urine in a pharmacologically relevant concen-
tration range of acetazolamide.

We applied the method to measure acetazolamide in urine
samples collected before and for 5 h after ingestion of a 250 mg
acetazolamide (1.11 mmol) tablet by a healthy young volunteer.
Two hours after ingestion, the creatinine-corrected excretion rate
reached a relative constant plateau at the value of 96 mmol acet-
azolamide per mmol creatinine. This observation is in line with
observations from other studies, which used HPLC with ultraviolet
absorbance detection after solvent extraction of acetazolamide [5].
A similar pharmacokinetic behaviour has been reported for acet-
azolamide in human plasma by other groups [31,32], suggesting a
fairly constant long-term equilibrium between circulating and
excretory acetazolamide.

In the urine samples of the present study, we also measured the
concentration of nitrite and nitrate by GC-MS as PFB derivatives
[23] and the pH value of the urine samples. In confirmation of
previous findings of our group, we found that the creatinine-
corrected excretion rate of nitrite and nitrate reached temporary
maximum values. This observation suggests that acetazolamide
inhibited the CA-dependent reabsorption of nitrite and nitrate in
the kidney [2e4]. In the present study, urinary pH reached its
maximumvalue approximately 1.5 h post-ingestion. Previously, we
found that ingested acetazolamide increased the excretion of bi-
carbonate in the urine with a kinetics resembling that of nitrite and
nitrate [2,3]. All these observations suggest that excretion of nitrite
and nitrate in the urine partly depends upon the CA activity in the
proximal tubule of the kidney. Further, the different kinetics of
urinary (and circulating) acetazolamide compared to that of nitrite,
nitrate and bicarbonate suggests that acetazolamide inhibits renal
CA activity in two phases. First, acetazolamide inhibits acutely and
strongly the CA activity 1e2 h post-ingestion, resulting in tempo-
rary inhibition of the reabsorption of urinary nitrite, nitrate and
bicarbonate in the kidney. Consecutively, acetazolamide inhibits
weakly but sustainably the activity of CA; inhibition of the CA ac-
tivity in this phase is presumably not associated with nitrite and
nitrate reabsorption, but is apparently associated with inhibition of
urinary bicarbonate reabsorption in the kidney.

Table 3 summarizes main characteristics of our GC-MS method
in comparison with those of previously reported LC- and GC-based
methods for the measurement of acetazolamide in human urine
and other biological samples. For the quantification of acetazol-
amide in human urine by GC-MS, we used only 50 mL urine volume,
while others used up to 5mL urine in the GC-MSmethods (Table 3).

Fig. 4. GC-MS chromatograms from the analysis of acetazolamide in urine (50 mL)
collected 2 h after ingestion of a 250 mg acetazolamide tablet (Acemit®). SIM of m/z
83, 86, 581 and 584 was performed. The concentration of the internal standard was
250 mM. The retention time of 8.53 min is due to the use of a new GC column.
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Table 3
Reported liquid chromatographic (LC) and gas chromatographic (GC) methods for the quantification of acetazolamide in human urine, plasma or serum.

Method Matrix Column Derivati-zation Mobile phase Sample preparation LOD; LOQ Ref.

Liquid chromatography
LC-MS/MS Plasma Hypurity advance (50 mm � 4.6 mm) none MeCN þ 0.1% FA 100 mL plasma þ IS þ FA. SPE. Evaporation to dryness and

reconstitution with 500 mL MeCN þ0.1% FA
n.r.; 50 ng/mL [6]

HPLC-DAD Urine HP-Hypersil ODS-Cls
(250 mm � 4.0 mm)

none A: phosphate buffer;
B: MeCN

2 mL urine þ 0.5 g sodium phosphate þ 0.5 g NaCl. Extraction
with 4 mL EA, addition of 5% lead acetate to the organic phase.
Centrifugation, evaporation to dryness, reconstitution in 300 mL
MeOH; 10 mL injection

8 ng/mL [7]

HPLC-DAD Urine HP-LiChrospher 100 RP 18
(125 mm � 4.0 mm)

none MeCN-H2O native urine; column-switching technique 10 ng/mL [8]

LC-MS/MS Plasma (beagle) Shimadzu VP-ODS C18
(150 mm � 2.0 mm)

none A: H2O; B: MeCN 100 mL plasma þ IS. Protein precipitation with 600 mL MeCN. n.r.; 200 ng/mL [9]

UHPLC-HRMS Urine Zorbax SB-C8 (2.1 mm � 50 mm) none A: H2O þ 1 mM ammonium
acetate þ 0.001% AA;
B: MeOH þ 1 mM
ammonium
acetate þ 0.001% AA

100 mL urine þ IS; centrifugation 50 ng/mL; n.r. [10]

LC-MS/MS Urine Supelco Discovery
HS-C18 (50 mm � 2.1 mm)

none A: H2O þ 0.2% FA;
B: MeOH þ 0.2% FA

SPE. Evaporation to dryness and reconstitution with H2O þ 0.2%
FA. Filtration through a 0.45-mm membrane.

25 ng/mL; n.r. [11]

UHPSFC-MS/MS Urine Acquity UPC2 BEH (100 mm � 3.0 mm) none CO2 þ MeOH þ 10 mM FA
þ 2% H2O

100 mL urine and 10-fold dilution with H2O-MeCN 0.15 ng/mL; n.r. [12]

Gas chromatography
GC-ECD Serum Glass columns (150 cm � 0.18 cm) CH3I Nitrogen 100 mL serum þ IS þ 1 mL tetrapentylammonium þ 0.2 mL

NaOHþH2O. Addition of 1mL CH2Cl2 with 5% CH3I. Evaporation
of the organic phase, reconstitution with 1 mL toluene washing
with aqueous silver sulphate.

500 ng/mL [13]

GC-MS Urine HP Ultra 1 (25 m � 0.20 mm) CH3I Helium 1 mL urine þ 25 mL NaOH 6 M þ IS þ 150 mL
tetrahexylammonium hydrogensulphate þ 5 mL CH3I.
Extraction with toluene, centrifugation. Filtration through SM-7
resin, evaporation to dryness and reconstitution in 100 mL
toluene.

50 ng/mL; n.r. [14]

GC-MS Urine HP (25 m � 0.20 mm) CH3I Helium 5 mL urine þ IS, filtration through XAD-2 resin. Evaporation to
dryness and reconstitution with 200 mL Me2CO. Addition of
20 mL CH3I and K2CO3. Derivatization for 3 h at 60 �C.

n.r. [15]

GC-MS Urine DB1 MS (5 m � 0.10 mm) CH3I Helium 2 mL urine þ 80 mL NaOH þ 1 mL CH2Cl2-2-propanol.
Reconstitution with 50 mg K2CO3 þ 400 mL of Me2CO/CH3I.
Derivatization using microwaves for 10 min at 900 W.
Evaporation to dryness and reconstitution with 100 mL Me2CO.

3 ng/mL [16]

GC-MS Urine VF-DA (12 m � 0.20 mm) CH3I Helium 5 mL urine þ IS þ 200 mg Na2SO4 þ NaOH þ 5 mL organic
solvent. Evaporation to dryness and reconstitution with CH3I.

50 ng/mL; n.r. [17]

GC-MS Urine HP-1 (12 m � 0.2 mm) CH3I Helium 2mL urineþ 0.02 THAþ 6mL CH3I in toluene. Derivatization for
30 min at 50 �C. SPE. Evaporation to dryness and reconstitution
with 50 mL EA.

10 ng/mL; n.r. [18]

GC-MS Urine HP5 (18 m � 0.2 mm) CH3I Helium 5 mL urine þ IS. SPE. Evaporation to dryness. Derivatization
with CH3I in acetone þ50 mg K2CO3 under microwave
irradiation.

50 ng/mL [19]

GC-MS Urine Agilent Ultra 1 (17 m � 0.2 mm) MSTFA NH4I, PrSH Helium 2.5 mL urine þ acetate buffer þ IS þ Na2CO3. Extraction with
diethylether-2-propanol (5:1, v/v) þ Na2SO4. Evaporation to
dryness. Two-step silylation: 1) 50 mL MSTFA þ MeCN (10 min,
80 �C); 2) 50 mL MSTFA/NH4I/PrSH (10 min, 80 �C)

n.r. [21]

GC-MS Urine Optima 17 (15 m � 0.25 mm) PFB-Br Helium 50 mL urine þ IS, evaporation to dryness. Addition of 100 mL
EtOH, evaporation to dryness. Reconstitution with 100 mL
MeCN þ10 mL PFB-Br þ 10 mL Hünig base, 60 min at 30 �C.
Evaporation to dryness and reconstitution with 200 mL toluene.

0.3 pmol; 25 mM Present
study

Abbreviations. AA, acetic acid; EA, ethyl acetate; EtOH, ethanol; FA, formic acid/formate; IS, internal standard; MeCN, acetonitrile; MeOH, methanol; Me2CO, acetone; n.r., not reported; SPE, solid-phase extraction.
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In the vast majority of reported GC-based methods, acetazolamide
was analyzed after derivatization mostly using CH3I. In our GC-MS
method we used PFB-Br for derivatization of the sulfonamide
group. This allows for a highly sensitive measurement of acet-
azolamide with minimum urine volume and sample work up. The
LOQ value of our method may be reduced by increasing the urine
volume and by decreasing the toluene volume. For practical reasons
we used 200 mL aliquots of toluene for reconstituting the acet-
azolamide derivative. Reduction of the toluene volume is limited
for technical reasons. In our GC-MS system the minimum solvent
volume is about 50 mL in commercially available autosampler vials
including microinserts. In LC-based methods, acetazolamide is
generally analyzed without any derivatization step as they utilize
the UV absorbance of acetazolamide. In HPLC methods with UV
absorbance detection, endogenous compounds may interfere with
the measurement of acetazolamide in human urine, despite the use
of extraction steps such as solvent extraction with ethyl acetate [7].
By using an HPLC system previously reported for the analysis of
reduced glutathione (GSH) as o-phthaldialdehyde (OPA) derivative
[33], we observed co-elution of unknown endogenous com-
pound(s) with acetazolamide which may become important in the
lower mM-range (Fig. S6). As the extent of such interferences is
unpredictable, accurate measurement of low concentrations of
acetazolamide in human urine may be seriously compromised.

5. Conclusion

Acetazolamide, an organic sulfonamide drug (RSO2NH2) and a
potent CA inhibitor, can be derivatized with PFB-Br in anhydrous
acetonitrile using an organic base as the catalyst to form
RSO2N(PFB)2. Derivatization of acetazolamide of urinary origin is
performed under mild conditions (30 �C, 1 h) after evaporation of
the urine water to dryness without prior extraction from the urine.
In routine, acetazolamide can be analyzed quantitatively in urine
(50 mL urine; range, 0e1000 mM acetazolamide; 200 mL toluene) by
GC-MS in NICI mode using [acetylo-2H3]acetazolamide as the in-
ternal standard (250 mM). Ingestion of a 250 mg acetazolamide
containing tablet by a healthy volunteer resulted in constant
creatinine-corrected excretion rates of acetazolamide in the urine
and in reversible inhibition of the reabsorption of urinary nitrite
and nitrate after about 1.5 h. The PFB-Br derivatization procedure is
applicable to the measurement of methazolamide, another sul-
fonamide. The size of the organic moiety of the sulfonamide drug
rather than the reactivity of its sulfonamide group towards PFB-Br
limits the application of the GC-MS method to other larger
sulfonamides.
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a b s t r a c t

To ensure the safety of the commercially available chenpi, a convenient and fast analytical method was
developed for the determination of 133 pesticide residues in chenpi using gas chromatography-tandem
mass spectrometry (GC-MS/MS). In this study, different extraction solvents, redissolution solvents and
adsorbents were tested according to the recovery and purification effect to obtain a modified QuEChERS
method. The samples were extracted with acetonitrile. During the clean-up step, octadecyl-modified
silica (C18) and graphitized carbon black (GCB) were selected, and aminopropyl (NH2) was used instead
of primary secondary amine (PSA) because of its weaker ion exchange capacity which had little effect on
the recovery of ditalimfos. Samples were quantified by matrix-matched calibration with internal stan-
dards. All pesticides showed good linearity in the respective range, both with values of r2 4 0.99.
The average recoveries of the pesticides spiked samples ranged from 70.0% to 112.2% with the RSDs
of 0.2%–14.4%. The modified QuEChERS method was validated and applied to twenty real samples.
Five pesticides were found in eight batches, but no pesticide exceeded the maximum residue limits
(MRL, MRL reference to European commission).
& 2019 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

Pericarpium citri Reticulatae (chenpi), the dried pericarp of the
fruit of Citrus reliculate Blanco or its cultivars, is used in medicine
and food [1]. As a food, chenpi has the effect of strengthening the
spleen. As a traditional herb, chenpi is widely used to treat
indigestion and inflammatory respiratory tract conditions [2].

Pesticide residues are detected frequently in commercially avail-
able chenpi. Relevant literature shows that pesticides pollution in
chenpi is serious [3]. Pesticides are very toxic to humans and research
has shown that some pesticides have teratogenic, carcinogenic and
mutagenic effects [4,5]. In 2016, Peng et al. [6] used gas chromato-
graphy to determine organophosphorus pesticides in chenpi and
only 11 kinds of organophosphorus pesticides were determined by
this method. Therefore, it is extremely important to establish a set of
convenient and fast detection techniques for the determination of
multiple pesticide residues in chenpi.

Sample preparation is a crucial step in all analytical methods
and an appropriate clean-up method was developed for the

extraction of pesticide residues with high selectivity, and low
co-extraction. The most common sample preparation methods
include solid-phase extraction (SPE) [7,8], QuEChERS [9],
solid-phase micro extraction (SPME) [10,11] and gel permeation
chromatography (GPC) [12–14].

The QuEChERS (Quick, Easy, Cheap, Effective, Rugged, Safe)
method was developed by Anastassiades et al. in 2003 [15] and it
has become one of the most commonly used methods for the
determination of pesticides. A typical QuEChERS method involves
an extraction with acetonitrile (and water in dry commodities),
followed by a phase partitioning assisted by salting out and further
clean up by d-SPE. [16–19]. The method can be used to analyze
many compounds, including highly polar pesticides and highly
acidic compounds. It is suitable for the detection of samples with a
low fat content and a high water content. Furthermore, the
method has been applied to pesticide determination of many
different matrices like vegetables, fruits and tea [20–22].

In the clean-up step, sorbent C18 and primary secondary amine
(PSA) are used in most published methods, and florisil is used in
some, but NH2 is seldom used. NH2 has a similar adsorption per-
formance to PSA, while PSA contains two amino groups giving it a
higher ion exchange capacity than NH2. However, PSA sorbents
result in the pH value of the final extract solutions being more
than 8, which affects the stability of base-sensitive pesticides [23]
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and NH2 can be used when PSA affects the determination of
analytes.

In order to ensure food safety, in this study, a method was
developed for multi-residue determination of pesticides in chenpi
by GC-MS/MS and NH2 sorbent was used in a modified QuEChERS
method because of the pesticides influenced by PSA.

2. Experimental

2.1. Chemicals and other materials

Pesticide standards and the internal standard (IS), chlorpyrifos-
d10 with a purity 498%, were provided by Dr. Ehrenstorfer
(Augsburg, Germany). HPLC grade acetonitrile was obtained from
Omni Chem (Schaumburg, IL, USA). HPLC grade acetone, ethyl
acetate and n-hexane were obtained from Merck (Darmstadt,
Germany). Anhydrous magnesium sulfate (MgSO4) was obtained
from Sigma-Aldrich (St. Louis, USA). Analytical reagent grade an-
hydrous sodium chloride (NaCl) was obtained from Weichen
Chemical Reagent Co., Ltd (Tianjin, China). PSA, octadecyl-mod-
ified silica (C18), Florisil, graphitized carbon black (GCB) and
aminopropyl (NH2) were supplied by DIKMA Technologies (Beijing,
China).

2.2. Instruments

GC-MS/MS analyses were carried out with a Shimadzu GCMS-
TQ8030 (Japan). A Hitachi CF 16RN centrifuge (Japan) and an Ep-
pendorf centrifuge 5804 (Germany) were used for the 50mL and
10mL centrifuge tubes, respectively, along with a BUCHI rotary
evaporator (Switzerland), KQ-500DE numerical control ultrasonic
cleaner (China) and Eppendorf tube (EP, China).

2.3. Preparation of pesticide standards and internal standard
solutions

Individual stock standard solutions of each pesticide (1mg/mL)
were prepared by weighing pesticides and dissolving them in
n-hexane. Mixed solutions of multiple pesticides (2.5 μg/mL) were
prepared by combining appropriate volume of each stock standard
solution and stored in a freezer (�20 °C). A suitable amount of
mixed standard reserve solution was transferred into 10mL vo-
lumetric flask, and was diluted into matrix-matched standard
working solutions with concentrations of 1, 2, 5, 10, 20, 50, 100 and
200 ng/mL respectively by blank (pesticide-free) chenpi extract.
The internal standard solution, chlorpyrifos-d10, was prepared at a
concentration of 1mg/mL, and then diluted to 2 μg/mL.

2.4. Sample treatment and preparation

Each batch of chenpi was obtained from different markets in
China. Pesticide residues can be easily extracted from small par-
ticle samples, so before use, all samples were ground to a powder
mechanically, and passed through a no. 24 mesh sieve. (The par-
ticles retained in the sieve are not included for the analysis.)

2 g samples and 100 μL internal standard (2 μg/mL) were added
to 50mL polypropylene (PP) centrifuge tubes and then 10mL
acetonitrile was used for extraction. The ultrasonic extraction was
carried out for 5 min and 0.8 g anhydrous MgSO4 and 0.2 g NaCl
were added. Each mixture was shaken by hand for 1min and
centrifuged at 11,180 g (rcf) for 5min. Then, 7mL of the upper
acetonitrile layer was transferred to a 10mL EP tube containing
200mg C18, 200mg NH2, 200mg anhydrous MgSO4 and 30mg
GCB. The solution was subjected to vortex mixing for 1min, and
then centrifuged at 7155 g (rcf) for 5min, and 5mL of the upper

layer was transferred to a 50mL round-bottom flask and evapo-
rated to near dryness on a rotary vacuum evaporator at 40 °C. The
dry residue was redissolved in 2mL acetone for analysis by GC-
MS/MS.

2.5. GC-MS/MS conditions

GC separation was performed on a DB-5MS IU capillary column
(30m � 0.25mm � 0.25 mm; Agilent, America) and helium (pur-
ity Z 99.996%) was used as a carrier gas at a constant flow of
1.5mL/min. The inlet temperature was set at 250 °C; the mode of
inlet was splitless; the injection volume was 1 μL. The column
temperature program is as follows: the initial temperature was
maintained at 50 °C for 1min, increased to 125 °C at a rate of 25 °C/
min, raised to 230 °C at 4 °C/min, and then at 8 °C/min up to 310 °C,
and held there for 3min.

The mass spectrometer was operated with an electron impact
(EI) source in multiple reaction monitoring (MRM) mode. The
electron energy was 70 eV, and the ion and transfer line tem-
peratures were set at 200 °C and 250 °C, respectively. In order to
prevent instrument damage, the solvent delay was set at 3.5min.
Table 1 shows the optimized parameters of ion transition for 133
pesticide residues in chenpi.

3. Results and discussion

3.1. Optimization of extraction solvent

Acetonitrile, ethyl acetate and n-hexane are commonly used for
extraction of multi-pesticide residues [24–27]. Fig. 1 shows the TIC
chromatograms of negative samples extracted by different sol-
vents. Those extracted with n-hexane had the lowest matrix;
however, recoveries of dimethoate, metalaxyl, paraoxon, bromacil,
isocarbophos, E-chlorfenvinfos, fipronil, triadimenol, trans-chlor-
dane, cis-chlordane, fenthionsulfoxide, fensulfothion, fenthion-
sulfone, and azinphos-methyl were close to zero. When extracted
with ethyl acetate, the recovery of trans-chlordane and pyridaben
was less than 60%. Compared with n-hexane and ethyl acetate,
acetonitrile had the strong dissolving capability for the analytes,
meeting the recovery requirement. Therefore, in this study acet-
onitrile was used as the extraction solvent.

3.2. Selection of solvent for redissolution

Acetonitrile possesses many advantages for extraction, but the
polarity of acetonitrile is high, which can damage the gas chro-
matography column. For the protection of chromatographic col-
umns, before analysis, acetonitrile should be replaced. In this
study, n-hexane and acetone were selected as solvents for redis-
solution. The recoveries of pesticides obtained with these two
solvents are shown in Fig. 2.

Compared with that of acetone, the recoveries of some pesticides
were lower when redissolved with n-hexane, and approximately 42%
of pesticides were outside the range of 60%–120%. Dimethoate and
cis-chlordane were close to zero. When dissolved with acetone, most
of analytical pesticides satisfied the recovery requirement. So acetone
was chosen as the solvent for redissolution.

3.3. Optimization of adsorbents

The use of co-extraction leads to an unsatisfactory peak shape,
and an increased or inhibited response, which adversely affects
the quantification. The adsorbents PSA, C18, Florisil, GCB and NH2

were investigated to choose the most appropriate purification
method.
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Table 1
GC-MS/MS acquisition parameters for 133 pesticide residues in chenpi.

No. Pesticides Ion ratio (%) tR(min) Quantitative transition Qualitative transition

Precursor4product CE/V Precursor4product CE/V

IS Chlorpyrifos-D10 28.37 22.122 324.0 4 260.0 15 324.0 4 195.0 30
1 Dichlorvos 29.96 6.585 185.0 4 93.0 14 185.0 4 109.0 14
2 Mevinphos 25.09 9.585 127.0 4 109.1 9 192.0 4 127.0 9
3 Methacrifos 26.34 11.112 240.0 4 208.0 4 240.0 4 180.0 10
4 Isoprocarb 20.26 13.571 136.0 4 121.0 9 121.0 4 103.1 12
5 Propoxur 12.34 13.571 152.1 4 110.1 8 152.1 4 64.0 28
6 Ethoprophos 20.32 14.228 158.0 4 97.0 18 158.0 4 114.0 6
7 Dicrotophos 28.07 14.885 127.1 4 109.0 12 127.1 4 95.0 18
8 Phorate 28.61 15.591 260.0 4 75.0 8 260.0 4 231.0 18
9 α-hexachlorocyclohexane 21.02 15.640 218.9 4 182.9 8 218.9 4 144.9 20
10 Hexachlorobenzene 21.31 15.762 283.8 4 248.8 24 283.8 4 213.8 28
11 2,6-dichloro-4-nitroaniline 18.89 16.227 206.0 4 176.0 10 206.0 4 160.0 16
12 Dimethoate 29.65 16.276 125.0 4 47.0 14 125.0 4 79.0 8
13 β-hexachlorocyclohexane 29.41 16.794 218.9 4 182.9 8 218.9 4 144.9 20
14 Pentachloroanisole 30.00 16.917 265.0 4 237.0 15 280.0 4 265.0 10
15 Quintozene 22.09 16.917 294.8 4 236.8 16 294.8 4 264.8 12
16 γ-hexachlorocyclohexane 24.30 17.188 218.9 4 182.9 8 218.9 4 144.9 20
17 Fonofos 23.98 17.656 137.0 4 109.0 6 246.0 4 137.0 6
18 Pyrimethanil 23.67 18.050 198.0 4 183.0 12 198.0 4 156.1 24
19 Diazinon 23.34 18.075 304.1 4 179.1 10 304.1 4 162.1 8
20 δ-hexachlorocyclohexane 26.83 18.542 218.9 4 182.9 10 218.9 4 144.9 20
21 Isazofos 25.67 18.542 161.0 4 119.0 9 162.0 4 120.0 9
22 Etrimfos 23.67 18.786 292.1 4 181.1 8 292.1 4 153.1 20
23 Disulfoton 10.60 18.786 153.0 4 97.0 10 153.0 4 125.0 6
24 Tefluthrin 24.13 18.859 177.0 4 127.1 16 177.0 4 137.1 16
25 Iprobenfos 24.06 19.103 204.0 4 91.0 8 204.0 4 122.0 12
26 Pirimicarb 16.69 19.128 238.1 4 166.1 12 238.1 4 72.0 24
27 Pentachloroaniline 23.80 19.128 265.0 4 194.0 25 263.0 4 192.0 25
28 Fenchlorphos-oxon 23.63 19.372 269.0 4 254.0 20 269.0 4 224.0 25
29 Dichlofenthion 26.07 19.811 279.0 4 222.9 14 279.0 4 250.9 8
30 Chlorpyrifos-methyl 27.07 20.031 285.9 4 93.0 22 285.9 4 270.9 14
31 Acetochlor 20.12 20.031 223.1 4 132.1 22 223.1 4 147.1 10
32 Vinclozolin 29.39 20.275 285.0 4 212.0 12 285.0 4 178.0 14
33 Parathion-methyl 15.15 20.299 263.0 4 109.0 14 263.0 4 136.0 8
34 Tolclofos-methyl 20.41 20.348 264.9 4 249.9 14 264.9 4 93.0 24
35 Alachlor 29.58 20.421 188.1 4 160.1 10 188.1 4 132.1 18
36 Heptachlor 7.54 20.586 271.8 4 236.9 20 271.8 4 117.0 32
37 N-desethyl-pirimiphos-methyl 28.92 20.788 277.0 4 135.0 10 277.0 4 168.0 10
38 Metalaxyl 22.46 20.788 249.2 4 190.1 8 249.2 4 146.1 22
39 Fenchlorphos 22.29 20.788 284.9 4 269.9 16 284.9 4 93.0 24
40 Paraoxon 28.72 21.028 139.0 4 109.0 10 149.0 4 102.0 25
41 Prometryn 22.61 21.028 241.2 4 199.1 6 241.2 4 58.0 14
42 Pentachlorothioanisole 30.00 21.504 296.0 4 263.0 15 246.0 4 211.0 20
43 Fenitrothion 27.21 21.552 277.0 4 260.0 6 277.0 4 109.1 14
44 Pirimiphos-methyl 20.84 21.576 305.1 4 180.1 8 305.1 4 290.1 12
45 Bromacil 28.20 21.647 204.9 4 187.9 14 204.9 4 162.0 14
46 Metolachlor 23.38 22.172 238.1 4 162.1 12 238.1 4 133.1 26
47 Aldrin 13.34 2.195 262.9 4 193.0 28 262.9 4 203.0 26
48 Clorpyrifos 20.16 22.338 313.9 4 257.9 14 313.9 4 285.9 8
49 Dacthal 23.42 22.481 300.9 4 222.9 26 300.9 4 272.9 14
50 Fenthion 24.47 22.505 278.0 4 109.0 20 278.0 4 125.0 20
51 Parathion 25.33 22.672 291.1 4 109.0 14 291.1 4 137.0 6
52 Isocarbophos 26.63 22.863 289.1 4 136.0 10 289.1 4 113.0 14
53 Bromophos 29.87 23.244 330.9 4 315.9 14 330.9 4 285.9 28
54 Pirimiphos ethyl 23.99 23.544 304.0 4 168.0 10 318.0 4 166.0 15
55 Cyprodinil 26.30 23.891 224.1 4 208.1 16 224.1 4 197.1 22
56 E-chlorfenvinphos 29.22 23.960 323.0 4 267.0 16 323.0 4 295.0 6
57 trans-heptachlorepoxide 24.21 24.237 352.8 4 253.0 26 352.8 4 289.0 6
58 Fipronil 21.44 24.237 366.9 4 212.9 30 366.9 4 254.9 22
59 Z-chlorfenvinphos 27.49 24.422 323.0 4 267.0 16 323.0 4 295.0 6
60 Mecarbam 21.06 24.584 329.0 4 159.1 4 329.0 4 131.1 18
61 Quinalphos 25.62 24.630 298.0 4 156.0 5 298.0 4 190.0 10
62 Phenthoate 27.03 24.630 273.9 4 125.0 20 273.9 4 246.0 6
63 Procymidone 17.47 24.722 283.0 4 96.0 10 283.0 4 255.0 12
64 Triadimenol 9.37 24.791 168.1 4 70.0 10 168.1 4 112.1 4

12.67 25.161
65 Methidathion 22.20 25.161 145.0 4 85.0 8 145.0 4 58.0 14
66 Bromophos-ethyl 28.69 25.276 358.9 4 302.9 16 358.9 4 330.9 10
67 Methoprene 22.56 25.392 111.0 4 55.1 15 109.0 4 67.1 9
68 o,p'-DDE 15.41 25.415 246.0 4 176.0 30 246.0 4 211.0 22
69 Paclobutrazol 29.19 25.554 236.1 4 125.0 14 236.1 4 167.0 10
70 Trans-chlordane 19.56 25.754 374.8 4 263.9 28 372.8 4 336.8 10
71 Fenothiocarb KCO-3001 Panocon 7.55 25.843 160.1 4 72.0 10 160.1 4 106.1 12

(continued on next page)
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Table 1 (continued )

No. Pesticides Ion ratio (%) tR(min) Quantitative transition Qualitative transition

Precursor4product CE/V Precursor4product CE/V

72 Ditalimfos 20.77 25.977 130.0 4 102.1 12 148.0 4 130.1 12
73 N,N-Diethyl-2-(1-naphthyloxy)propanamide 22.18 26.266 128.0 4 72.1 6 271.0 4 128.1 6
74 Prothiofos 25.48 26.600 309.0 4 238.9 14 309.0 4 280.9 10
75 Cis-chlordane 27.66 26.823 374.8 4 338.8 8 372.8 4 265.9 22
76 Profenofos 24.54 26.823 336.9 4 266.9 14 336.9 4 308.9 6
77 Myclobutanil 21.15 27.179 179.0 4 125.0 18 179.0 4 90.1 27
78 Carboxin 29.42 27.290 235.0 4 143.1 12 235.0 4 87.0 21
79 Flusilazole 29.81 27.335 233.1 4 165.1 14 233.1 4 152.1 14
80 Buprofezin 21.48 27.380 172.1 4 57.0 14 172.1 4 131.1 6
81 p,p'-DDE 16.07 27.888 246.0 4 211.0 22 246.0 4 176.0 30
82 Dieldrin 22.21 27.888 262.9 4 193.0 34 262.9 4 228.0 24
83 Endrin 21.22 27.888 262.9 4 191.0 30 262.9 4 193.0 28
84 Nitrofen 27.28 27.995 282.9 4 162.0 24 282.9 4 253.0 12
85 Fenthionsulfoxide 20.42 28.509 279.0 4 109.0 20 294.0 4 279.0 10
86 Fensulfothion 29.20 28.595 293.0 4 125.0 14 293.0 4 153.0 8
87 Diniconazole 27.40 28.638 268.0 4 232.0 12 268.0 4 149.0 24
88 Fenthion-sulfone 24.24 28.766 310.0 4 105.0 15 310.0 4 109.0 20
89 o,p'-DDD 23.54 28.852 235.0 4 165.0 24 235.0 4 199.0 14
90 o,p'-DDT 23.54 28.766 235.0 4 165.0 24 235.0 4 199.0 16
91 Ethion 29.55 29.024 230.9 4 174.9 14 230.9 4 184.9 12
92 Fensulfothion sulfone 22.99 29.324 188.0 4 109.1 18 324.0 4 109.1 18
93 Famphur 18.34 29.902 218.0 4 109.0 16 218.0 4 79.0 24
94 Benalaxyl 24.19 29.981 148.0 4 77.1 27 148.0 4 105.1 18
95 Endosulfan sulfate 22.75 30.191 386.8 4 252.9 16 386.8 4 288.8 10
96 Propiconazole 26.54 30.325 259.0 4 69.0 14 259.0 4 191.0 8

29.43 30.593
97 p,p'-DDT 30.00 30.554 235.0 4 165.0 24 235.0 4 199.0 16
98 Tebuconazole 30.00 31.147 250.1 4 125.1 22 250.1 4 153.1 12
99 Piperonyl butoxide 27.48 31.739 176.1 4 131.1 12 176.1 4 117.1 20
100 Pyridaphenthion 26.92 32.223 340.0 4 199.2 9 199.0 4 77.1 30
101 Phosmet 25.23 32.332 160.0 4 77.0 24 160.0 4 133.0 14
102 Bromopropylate 23.50 32.612 340.9 4 182.9 18 340.9 4 184.9 20
103 Bifenthrin 5.87 32.736 181.1 4 166.1 12 183.1 4 153.1 8
104 Bifenazate 26.83 32.829 300.1 4 258.1 8 300.1 4 199.1 20
105 Methoxychlor 26.37 32.845 227.1 4 169.1 24 227.1 4 212.1 14
106 Fenpropathrin 12.20 33.016 265.1 4 210.1 12 265.1 4 172.1 14
107 Tebufenpyrad 24.61 33.187 333.0 4 171.1 21 318.0 4 131.2 21
108 Tetradifon 29.03 33.455 355.9 4 228.9 12 355.9 4 159.0 18
109 Phenothrin 24.35 33.522 183.1 4 153.1 14 183.1 4 168.1 14

29.11 33.736
110 Phosalone 21.89 33.682 182.0 4 111.0 14 182.0 4 138.0 8
111 Azinphos-methyl 21.74 33.736 160.1 4 132.1 6 160.1 4 77.0 20
112 Mefenacet 25.43 34.069 192.0 4 136.0 12 192.0 4 109.0 27
113 Mirex 13.20 34.216 272.0 4 237.0 15 270.0 4 235.0 5
114 Cyhalothrin 27.81 34.510 197.0 4 141.0 8 197.0 4 161.0 22

28.81 34.900
115 λ-Cyhalothrin 21.73 34.510 181.0 4 152.1 21 197.0 4 141.1 9
116 Fenarimol 28.56 34.550 251.0 4 139.0 14 251.0 4 111.0 26
117 Pyrazophos 223.60 34.710 221.1 4 193.1 12 221.1 4 149.1 14
118 Acrinathrin 24.36 34.900 289.1 4 93.0 14 289.1 4 77.0 26

24.67 35.206
119 Bitertanol 29.26 35.548 170.0 4 141.1 18 170.0 4 115.2 27
120 Permethrin 22.70 35.713 183.1 4 168.1 14 183.1 4 165.1 14

24.90 35.912
121 Coumaphos 23.63 35.759 362.0 4 109.0 16 362.0 4 226.0 14
122 Flusilazole 25.80 35.807 340.0 4 298.0 14 340.0 4 313.0 14
123 Pyridaben 20.10 35.889 147.1 4 117.1 22 147.1 4 132.1 14
124 Cyfluthrin 27.68 36.556 226.1 4 206.1 6 226.1 4 199.1 14

24.88 36.717
24.11 36.792
23.14 36.867

125 Boscalid 26.41 37.004 342.1 4 140.1 14 342.1 4 112.1 28
126 Cypermethrin 15.11 37.024 163.1 4 127.1 6 163.1 4 109.1 22

17.62 37.182
19.05 37.252
11.96 37.321

127 Quizalofop-ethyl 29.31 37.242 372.0 4 299.2 12 299.0 4 91.2 24
128 Flucythrinate 22.11 37.281 199.1 4 157.1 10 199.1 4 107.1 22

21.41 37.568
129 Ethofenprox 25.46 37.479 163.0 4 135.1 10 163.0 4 107.1 18
130 Phenvalerate 29.21 38.261 419.1 4 225.1 6 419.1 4 125.1 26

29.01 38.558
131 Tua-Fluvalinate 17.50 38.465 250.1 4 55.0 20 250.1 4 208.0 20

16.53 38.567

(continued on next page)
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If the extraction solution was injected into the GC-MS/MS
without adding adsorbents, there was clear interference of the
matrix for the pesticides bitertanol, cypermethrin, flucythrinate,
and difenoconazole.

The addition of Florisil for purification seemed to have no
effect. C18 can be used for the reduction of lipids and non-polar
interference. Because of the addition of C18, the matrices that
interfered with the determination of pesticides, such as bitertanol,
flucythrinate and difenoconazole, were removed.

PSA can adsorb fatty acids and pigments extracted from chenpi
to improve the chromatographic peak shape of cypermethrin
(Fig. 3). When the amount of PSA was 200mg, the chromato-
graphic peaks of cypermethrin isomers was free of interference
from impurities. However, PSA clearly had an effect on the
recovery of ditalimfos. This study compared the effect of the
addition of 50, 100, 150, 200mg PSA on the recovery of ditalimfos,
and the results obtained are shown in Fig. 4. When the adsorbent
amount was 50mg, the recovery of ditalimfos was about 73.1%,
while the recovery of ditalimfos decreased to 23.9% when the
amount of PSA reached 200mg. The main reason for this may be
that PSA may increase the pH value of the final extract solutions to
more than 8. According to the structure of ditalimfos (Fig. 5), di-
talimfos is unstable and decomposes easily in an alkaline

environment, so as the amount of adsorbent is increased, the
recovery of ditalimfos is reduced.

Fig. 5 shows the structures of NH2 and PSA. They had a similar
adsorption, while PSA contains two amino groups, which resulted
in a higher ion exchange capacity than NH2. Therefore, NH2 could
not only improve the chromatographic peak shape of cyperme-
thrin, but also have small effect on ditalimfos. When the dose of
NH2 reached 200mg, the recoveries of pesticides were all between
72.4% and 118.6%.

The solution extracted with acetonitrile contained more pig-
ments. GCB is widely used in the adsorption of pigments. The color
of the extraction solution changed with an increase in the amount of
GCB. In addition, GCB is well known for adsorbing pesticides with a
planar structure, leading to unsatisfactory recoveries and poor pre-
cision. This study compared the effect of the addition of 10, 20, 30
and 40mg GCB on the recovery of pesticides, and the results ob-
tained are shown in Fig. 6. As the amount of GCB increased, the
recoveries of some pesticides, such as hexachlorobenzene with a
planar structure, decreased but were still in an acceptable range.
Also, the extraction was improved when 30mg GCB was added. In
summary, 30mg GCB was used as the adsorbent.

3.4. Validation study

Under the modified QuEChERS method conditions, a validation
study was carried out to evaluate the performance characteristics
of the method for multiple pesticides in chenpi by estimating the
linearity, limit of quantification (LOQ), accuracy (expressed by re-
covery), precision and matrix effects. Validation was performed
following the European Union SANTE/11945/ 2015 guideline [28].

3.4.1. Linearity
The linearity for each pesticide was assessed in matrix-mat-

ched standard solution. The calibration curves of the compounds
were obtained by plotting the pesticide/IS peak area ratios against
the concentration of the corresponding calibration standards at
eight different levels (1, 2, 5, 10, 20, 50, 100, 200 ng/mL). The lin-
earity results are shown in Table 2. The linearity of the method for
all the pesticides was satisfactory, with correlation coefficients (r2)
higher than 0.99.

3.4.2. LOQ
The LOQ for each pesticide was defined as the lowest validated

spiked level satisfying the requirement of recovery ranging from
70% to 120% and a relative standard deviation (RSD) less than 20%.
Samples were spiked at two different concentrations: 0.005 and
0.01mg/kg (6 replicates per level). The LOQ values are presented
in Table 2.

3.4.3. Accuracy and precision
Recovery was evaluated at three different spiked levels of 0.05,

0.1 and 0.2mg/kg by spiking six blank samples at each level.
Precision was expressed as the relative standard deviation (RSD)

Table 1 (continued )

No. Pesticides Ion ratio (%) tR(min) Quantitative transition Qualitative transition

Precursor4product CE/V Precursor4product CE/V

132 Difenoconazole 15.30 38.846 323.0 4 265.0 14 323.0 4 202.0 28
19.56 38.927

133 Deltamethrin 26.41 39.015 252.9 4 93.0 20 251.0 4 172.0 10
27.14 39.278

Fig. 1. Full scan chromatograms of negative samples extracted with (A) n-hexane,
(B) ethyl acetate and (C) acetonitrile.
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and was obtained from the six spiked samples at three spiking
levels. Table 2 shows the recoveries and RSDs of all pesticides at all
concentrations. The recovery of all the pesticides met the re-
quirements of the pesticide residue determination.

3.4.4. Matrix effects (ME)
In this study, some pesticides, such as mevinphos, propoxur,

dicrotophos and carboxine, have better chromatographic peak
shapes in matrix-matched blank solutions than in pure solvent
solutions because of the ME.

The ME was evaluated by the slope of the solvent calibration
curve and the matrix-matched blank extract calibration curve
according to the equation: ME (%) ¼ [(slope in matrix/slope in
solvent)�1] * 100 [29]. The ME results were grouped into 3 clas-
ses: a high ME (less than �50% or higher than þ50%), a medium
ME (between �50% and �20% or þ20% and þ50%) and a low ME
(between þ20% and �20%). Fig. 7 shows the ME of each pesticide.
Among 133 pesticides, 53% showed low ME, 32% showed medium
ME and 16% showed high ME. In order to avoid the ME, matrix-
matched calibration standards were used for quantification to
compensate for the ME.

3.5. Application to real samples

Once the analytical methodology was validated, it was used for
monitoring pesticides in chenpi samples. The established method
was used for the simultaneous determination of the pesticides in
twenty real samples and the results are summarized in Table 3.
Chlorpyrifos, isocarbophos, methidathion, profenofos and fenpro-
pathrin were found in eight batches, most of which were in-
secticides and fungicides. Insecticide clorpyrifos and methidathion
were frequently detected pesticides, but no pesticide exceeded the
maximum residue limits (MRL, the values of MRL for orange were
taken as reference) prescribed by Regulation (EC) no. 396/2005
[30]. Clorpyrifos and methidathion are low toxicity pesticides, but
the others are moderately or highly toxic pesticides, which are

Fig. 2. Recoveries of pesticides obtained using (A) n-hexane and (B) acetone for
redissolution.

Fig. 3. Chromatogram of cypermethrin with (A) PSA adsorbent and (B) without
adsorbent.

Fig. 4. Recoveries of ditalimfos with different amounts of PSA.

Fig. 5. The structure of (A) ditalimfos, (B) PSA and (C) NH2.

Fig. 6. Recoveries of pesticides with different amounts of GCB.
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Table 2
Validation results of the developed method for determination of multiple pesticides in chenpi.

No. Pesticide Linear range (ng/mL) r2 Recovery (%RSD)( %, n ¼ 6) LOQ (mg/kg) ME(%)

0.05mg/kg 0.1mg/kg 0.2mg/kg

1 Dichlorvos 1–200 0.9992 84.0(1.4) 90.3(2.3) 90.5(3.6) 0.005 4.3
2 Mevinphos 1–200 0.9988 85.6(2.3) 94.1(2.9) 97.2(2.3) 0.005 56.2
3 Methacrifos 1–200 0.9989 88.1(1.0) 98.9(3.0) 103.5(2.9) 0.005 21.7
4 Isoprocarb 1–200 0.9988 92.8(3.9) 92.6(1.8) 93.9(2.0) 0.005 2.5
5 Propoxur 1–200 0.9989 90.7(2.0) 93.3(2.2) 93.5(1.7) 0.005 18.8
6 Ethoprophos 1–200 0.9987 92.1(3.7) 86.5(2.0) 85.4(1.7) 0.005 14.5
7 Dicrotophos 1–200 0.9986 93.9(4.0) 87.6(3.3) 92.1(2.3) 0.005 44.0
8 Phorate 1–200 0.9981 86.6(1.2) 93.4(2.2) 93.0(1.7) 0.005 18.6
9 α-hexachlorocyclohexane 1–200 0.9989 93.4(6.4) 91.8(2.2) 94.1(2.3) 0.005 �15.5

10 Hexachlorobenzene 1–200 0.9990 71.9(2.9) 73.0(2.2) 72.0(2.5) 0.005 �19.9
11 2,6-dichloro-4-nitroaniline 2–200 0.9970 84.2(2.4) 93.0(3.8) 97.7(2.4) 0.01 62.1
12 Dimethoate 1–200 0.9984 90.7(1.6) 91.4(2.7) 91.9(1.4) 0.01 46.9
13 β-hexachlorocyclohexane 1–200 0.9988 95.5(5.2) 94.1(2.4) 95.3(2.0) 0.005 �13.2
14 Pentachloroanisole 2–200 0.9974 85.4(4.9) 78.0(2.9) 69.8(3.2) 0.005 17.5
15 Quintozene 2–200 0.9977 79.9(1.3) 84.5(1.6) 85.5(2.0) 0.005 32.7
16 γ-hexachlorocyclohexane 1–200 0.9995 92.3(7.6) 90.0(5.3) 92.0(1.7) 0.01 �7.8
17 Fonofos 1–200 0.9988 88.0(1.5) 95.5(2.8) 98.4(2.0) 0.005 11.0
18 Pyrimethanil 2–200 0.9988 77.6(1.5) 78.1(3.2) 80.7(1.8) 0.005 9.1
19 Diazinon 1–200 0.9986 92.1(1.7) 89.7(1.4) 87.9(1.7) 0.01 �0.8
20 δ-hexachlorocyclohexane 1–200 0.9986 92.8(5.9) 92.2(2.3) 94.7(2.0) 0.005 �9.3
21 Isazofos 2–200 0.9982 89.8(0.4) 96.6(3.1) 99.8(2.0) 0.005 1.3
22 Etrimfos 1–200 0.9980 93.7(5.2) 89.9(2.0) 93.4(2.2) 0.01 �18.3
23 Disulfoton 1–200 0.9976 88.1(2.4) 92.5(2.5) 95.0(2.1) 0.01 �6.9
24 Tefluthrin 1–200 0.9982 87.3(0.8) 94.1(2.5) 97.1(1.8) 0.01 �4.2
25 Iprobenfos 1–200 0.9973 85.5(3.9) 98.9(3.2) 103.0(1.9) 0.01 26.9
26 Pirimicarb 1–200 0.9980 90.0(2.3) 94.4(2.8) 97.2(2.2) 0.01 �10.5
27 Pentachloroaniline 1–200 0.9982 87.0(7.0) 71.4(3.2) 70.9(2.3) 0.005 �19.9
28 Fenchlorphos-oxon 1–200 0.9978 93.4(3.5) 91.3(3.2) 96.4(2.6) 0.005 2.2
29 Dichlofenthion 1–200 0.9983 91.3(1.1) 88.1(1.5) 87.3(2.0) 0.005 0.9
30 Chlorpyrifos-methyl 1–200 0.9981 86.6(0.6) 90.3(2.0) 90.1(2.2) 0.005 2.0
31 Acetochlor 5–200 0.9980 89.6(1.6) 98.3(3.2) 102.0(1.8) 0.01 5.4
32 Vinclozolin 1–200 0.9984 93.8(4.0) 89.5(1.2) 88.4(1.7) 0.005 �4.9
33 Parathion-methyl 1–200 0.9953 85.8(5.5) 85.5(1.2) 86.8(1.6) 0.01 70.7
34 Tolclofos-methyl 1–200 0.9984 90.0(1.9) 98.5(3.0) 103.0(2.2) 0.005 �11.3
35 Alachlor 2–200 0.9980 88.4(1.0) 97.7(2.6) 101.5(1.9) 0.01 2.2
36 Heptachlor 1–200 0.9980 83.2(1.5) 76.2(2.3) 74.5(1.8) 0.005 �10.3
37 N-desethyl-pirimiphos-methyl 2–200 0.9981 86.9(1.9) 99.7(3.7) 104.4(1.9) 0.005 9.6
38 Metalaxyl 2–200 0.9978 93.5(5.4) 89.1(1.7) 89.2(1.3) 0.005 �12.1
39 Fenchlorphos 1–200 0.9984 87.4(1.6) 92.5(2.0) 91.7(1.2) 0.005 �4.0
40 Paraoxon 5–200 0.9934 91.1(3.8) 89.7(4.2) 92.9(3.2) 0.01 79.7
41 Prometryn 1–200 0.9984 91.3(1.6) 88.4(1.4) 86.7(1.9) 0.005 0.2
42 Pentachlorothioanisole 2–200 0.9988 77.5(7.8) 74.0(3.3) 76.4(4.4) 0.005 �20.1
43 Fenitrothion 1–200 0.9917 82.4(4.4) 84.2(0.9) 84.4(1.5) 0.01 67.3
44 Pirimiphos-methyl 2–200 0.9980 91.6(2.2) 86.9(1.7) 86.5(1.9) 0.01 �6.5
45 Bromacil 2–200 0.9990 89.2(2.0) 93.7(2.3) 94.4(2.6) 0.01 28.7
46 Metolachlor 1–200 0.9986 89.4(1.1) 100.1(3.3) 104.6(2.1) 0.005 3.3
47 Aldrin 2–200 0.9984 92.7(6.1) 87.5(2.4) 89.7(3.0) 0.005 �20.7
48 Chlorpyrifos 1–200 0.9985 88.3(3.5) 105.5(4.9) 107.3(2.4) 0.005 1.8
49 Dacthal 1–200 0.9989 97.7(6.9) 92.0(2.1) 94.3(1.7) 0.005 �21.2
50 Fenthion 1–200 0.9986 89.8(0.8) 94.1(1.5) 92.6(1.5) 0.01 1.2
51 Parathion 2–200 0.9926 88.6(2.1) 96.2(5.0) 103.6(2.2) 0.01 69.3
52 Isocarbophos 2–200 0.9979 92.5(2.2) 96.6(3.8) 102.0(2.4) 0.005 18.5
53 Bromophos 1–200 0.9986 92.2(2.9) 90.6(1.6) 94.0(2.2) 0.005 0.3
54 Pirimiphos ethyl 1–200 0.9986 86.4(1.8) 99.4(3.8) 104.9(2.6) 0.005 6.1
55 Cyprodinil 1–200 0.9978 73.3(2.0) 70.0(5.6) 73.4(2.0) 0.005 �2.1
56 E-chlorfenvinphos 5–200 0.9980 95.8(5.8) 92.8(3.1) 90.6(3.0) 0.01 24.8
57 trans-heptachlorepoxide 5–200 0.9974 99.2(12.0) 101.1(5.0) 97.2(3.1) 0.01 �8.7
58 Fipronil 2–200 0.9970 86.5(4.1) 96.1(2.1) 95.5(1.8) 0.01 49.1
59 Z-chlorfenvinphos 1–200 0.9988 90.1(1.9) 88.5(1.3) 87.9(1.9) 0.01 17.3
60 Mecarbam 2–200 0.9966 86.7(6.3) 102.4(3.3) 103.2(2.4) 0.01 24.8
61 Quinalphos 2–200 0.9966 86.4(3.8) 98.5(2.7) 101.5(1.3) 0.01 4.9
62 Phenthoate 1–200 0.9976 86.4(1.0) 97.1(3.0) 102.0(2.4) 0.01 �4.4
63 Procymidone 1–200 0.9983 91.5(1.5) 92.0(1.2) 90.4(1.3) 0.01 �8.4
64 Triadimenol 1–200 0.9975 86.4(3.5) 95.3(3.5) 99.5(2.4) 0.01 29.0
65 Methidathion 1–200 0.9977 91.3(2.4) 100.4(3.4) 102.6(1.6) 0.01 29.2
66 Bromophos-ethyl 1–200 0.9984 86.9(1.4) 85.3(1.9) 84.6(1.4) 0.01 �10.1
67 Methoprene 1–200 0.9924 74.1(2.5) 96.5(4.2) 95.6(8.3) 0.01 13.0
68 o,p'-DDE 1–200 0.9984 87.7(2.6) 95.2(3.1) 97.2(1.7) 0.005 �14.6
69 Paclobutrazol 1–200 0.9979 84.9(2.8) 96.9(2.1) 97.7(1.4) 0.01 28.6
70 Trans-chlordane 5–200 0.9960 100.4(7.3) 90.1(5.5) 88.4(4.0) 0.01 �11.4
71 Fenothiocarb 1–200 0.9978 88.5(0.7) 94.1(1.9) 94.2(1.6) 0.01 51.7
72 Ditalimfos 1–200 0.9981 72.7(1.0) 83.5(4.0) 84.5(1.4) 0.005 2.5
73 Napropamid 1–200 0.9986 92.7(5.4) 92.9(2.5) 94.3(1.3) 0.005 3.6
74 Prothiofos 1–200 0.9989 90.3(2.8) 86.6(1.6) 86.1(1.7) 0.005 14.3

(continued on next page)
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harmful to human health. Therefore, it is important to pay atten-
tion to the appropriate use of pesticides.

4. Conclusions

A modified QuEChERS method for the determination of multi-
ple pesticides by GC-MS/MS was developed. Several sorbents were
evaluated in order to reduce the ME as much as possible. C18 and
PSA were mainly used in the Original QuEChERS method. In our

Table 2 (continued )

No. Pesticide Linear range (ng/mL) r2 Recovery (%RSD)( %, n ¼ 6) LOQ (mg/kg) ME(%)

0.05mg/kg 0.1mg/kg 0.2mg/kg

75 Cis-chlordane 5–200 0.9914 89.9(8.9) 97.9(13.1) 102.7(3.7) 0.01 24.5
76 Profenofos 1–200 0.9991 88.9(2.5) 102.1(3.9) 105.3(2.1) 0.005 34.6
77 Myclobutanil 1–200 0.9986 88.8(1.6) 96.3(2.9) 99.6(2.0) 0.01 15.8
78 Carboxin 1–200 0.9984 92.0(3.5) 93.9(2.3) 95.4(1.6) 0.01 25.4
79 Flusilazole 1–200 0.9982 88.7(1.9) 97.4(3.0) 97.8(0.9) 0.01 7.6
80 Buprofezin 1–200 0.9985 89.0(2.0) 96.8(3.5) 98.5(1.9) 0.005 1.4
81 p,p'-DDE 2–200 0.9992 100.0(12.3) 83.9(3.4) 79.0(2.5) 0.01 �6.7
82 Dieldrin 5–200 0.9980 92.6(6.3) 86.0(1.7) 88.2(2.8) 0.01 �9.3
83 Endrin 5–200 0.9983 94.0(7.6) 84.6(4.4) 87.0(1.3) 0.01 �8.0
84 Nitrofen 2–200 0.9933 84.6(3.2) 91.1(4.4) 97.7(2.7) 0.01 44.3
85 Fenthionsulfoxide 2–200 0.9931 89.1(1.8) 84.1(2.3) 84.2(2.2) 0.01 21.6
86 Fensulfothion 1–200 0.9997 79.2(3.6) 79.4(1.5) 81.1(2.1) 0.01 79.8
87 Diniconazole 1–200 0.9981 84.2(1.1) 83.7(2.0) 83.5(1.5) 0.005 50.0
88 Fenthion-sulfone 2–200 0.9973 90.9(2.2) 88.4(2.1) 86.3(1.4) 0.01 54.7
89 o,p'-DDD 1–200 0.9993 96.7(8.4) 110.8(5.1) 112.2(3.8) 0.01 69.8
90 o,p'-DDT 1–200 0.9964 78.8(1.1) 72.6(2.5) 77.7(1.8) 0.005 �17.8
91 Ethion 1–200 0.9971 88.9(1.6) 91.0(2.7) 92.2(1.6) 0.01 16.9
92 Fensulfothion sulfone 1–200 0.9970 88.8(1.1) 97.7(3.8) 101.6(1.9) 0.01 34.9
93 Famphur 1–200 0.9977 90.7(2.9) 92.8(3.0) 95.4(2.0) 0.005 99.3
94 Benalaxyl 1–200 0.9978 90.4(3.5) 90.6(2.2) 91.3(1.9) 0.005 8.7
95 Endosulfan sulfate 5–200 0.9979 93.4(4.9) 91.7(2.0) 87.0(1.6) 0.01 10.3
96 Propiconazole 1–200 0.9975 84.3(2.6) 96.2(3.9) 98.0(1.9) 0.005 39.9
97 p,p'-DDT 1–200 0.9948 75.3(4.7) 71.6(2.3) 74.6(1.7) 0.01 �9.6
98 Tebuconazole 1–200 0.9980 88.3(3.1) 90.5(2.4) 89.9(1.4) 0.005 49.1
99 Piperonyl butoxide 1–200 0.9980 85.1(2.6) 94.8(3.1) 96.7(1.8) 0.01 45.6

100 Pyridaphenthion 1–200 0.9964 83.9(4.7) 99.6(3.3) 102.7(2.0) 0.01 49.2
101 Phosmet 1–200 0.9952 85.2(1.3) 91.6(3.6) 96.1(2.2) 0.01 �2.8
102 Bromopropylate 1–200 0.9983 89.5(1.7) 90.8(1.8) 91.7(1.6) 0.005 27.1
103 Bifenthrin 1–200 0.9983 86.0(1.8) 96.8(3.8) 99.2(1.8) 0.005 26.3
104 Bifenazate 1–200 0.9962 83.3(2.9) 94.6(2.8) 95.9(1.8) 0.01 50.3
105 Methoxychlor 1–200 0.9941 78.0(3.3) 72.4(2.5) 75.2(1.7) 0.01 �10.9
106 Fenpropathrin 1–200 0.9973 91.3(2.4) 88.1(3.4) 89.8(2.0) 0.01 6.7
107 Tebufenpyrad 1–200 0.9975 88.4(1.2) 91.1(2.6) 92.9(1.9) 0.01 13.5
108 Tetradifon 2–200 0.9974 92.5(4.8) 90.1(2.8) 94.5(1.6) 0.005 �3.9
109 Phenothrin 1–200 0.9979 83.0(2.5) 91.8(4.2) 95.3(2.9) 0.01 48.3
110 Phosalone 1–200 0.9959 84.9(2.2) 94.3(3.5) 98.7(2.1) 0.01 51.8
111 Azinphos-methyl 1–200 0.9945 84.9(1.8) 80.5(1.9) 82.4(1.9) 0.01 �28.7
112 Mefenacet 1–200 0.9982 85.6(1.4) 97.2(3.8) 101(1.7) 0.005 72.8
113 Mirex 1–200 0.9985 85.0(4.9) 88.2(9.4) 86.6(4.1) 0.005 �16.1
114 Cyhalothrin 1–200 0.9950 82.5(0.2) 88.8(3.7) 93.2(1.5) 0.01 26.4
115 λ-Cyhalothrin 1–200 0.9943 81.8(2.3) 86.8(3.6) 91.2(2.3) 0.01 35.6
116 Fenarimol 1–200 0.9979 84.7(0.8) 94.0(2.5) 94.6(1.8) 0.01 23.8
117 Pyrazophos 1–200 0.9965 81.7(2.3) 86.4(4.6) 92.1(2.3) 0.01 60.3
118 Acrinathrin 2–200 0.9922 83.0(2.7) 83.0(2.4) 88.0(1.3) 0.01 �50.9
119 Bitertanol 1–200 0.9977 85.6(1.7) 90.0(3.3) 93.1(1.8) 0.01 88.7
120 Permethrin 1–200 0.9988 86.7(3.4) 94.3(4.5) 97.7(3.3) 0.005 �47.8
121 Coumaphos 1–200 0.9974 83.8(2.1) 79.4(3.6) 80.8(1.8) 0.01 59.4
122 Fluquinconazole 1–200 0.9984 86.8(2.1) 90.5(2.1) 90.2(2.0) 0.005 29.3
123 Pyridaben 1–200 0.9976 83.0(1.8) 91.6(3.2) 94.1(1.9) 0.005 28.4
124 Cyfluthrin 2–200 0.9960 80.4(2.0) 92.0(4.7) 98.6(2.6) 0.01 �49.4
125 Boscalid 1–200 0.9973 82.9(1.3) 92.3(2.2) 89.0(1.0) 0.005 64.4
126 Cypermethrin 1–200 0.9938 88.6(1.8) 92.8(5.0) 97.7(1.7) 0.01 �22.7
127 Quizalofop-ethyl 1–200 0.9964 82.7(0.9) 91.3(4.9) 95.4(2.6) 0.01 56.4
128 Flucythrinate 1–200 0.9945 81.3(1.4) 90.6(4.0) 96.4(2.0) 0.01 �39.5
129 Ethofenprox 1–200 0.9948 74.4(14.4) 85.2(10.8) 93.9(3.4) 0.01 1.3
130 Phenvalerate 2–200 0.9935 79.0(2.6) 82.8(2.7) 80.9(2.0) 0.01 �46.7
131 Tua-Fluvalinate 1–200 0.9911 79.5(0.9) 78.8(2.2) 80.1(1.4) 0.01 �36.4
132 Difenoconazole 1–200 0.9979 72.2(10.5) 90.2(7.2) 85.2(2.0) 0.01 �68.5
133 Deltamethrin 1–200 0.9905 75.5(3.8) 82.6(2.8) 86.6(2.2) 0.01 �34.3

Fig. 7. Matrix effect of pesticides in chenpi.
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study, PSA had an effect on the pesticide ditalimfos, which showed
an unsatisfactory recovery on increasing the amount of PSA. NH2,
with a similar adsorption performance to PSA, is a substitute
product of PSA for base-sensitive pesticides or pesticides which
could be affected by PSA. The addition of GCB can remove pigment
extracted with acetonitrile. A validation procedure was performed,
which showed good results for suitability, recovery and repeat-
ability. The developed method was applied to the determination of
real samples, and some pesticides were detected, which demon-
strated that it is essential to constantly monitor pesticide residues
in chenpi.
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Pesticide residues found in different batches of chenpi samples and their concentrations (mg/kg).

No. Pesticide found (mg/kg)

Chlorpyrifos Isocarbophos Methidathion Profenofos Fenpropathrin

2 oLOQ n.d. 0.016 n.d. n.d.
5 n.d. n.d. 0.014 n.d. n.d.
10 oLOQ n.d. 0.016 n.d. oLOQ
14 0.007 oLOQ n.d. n.d. n.d.
16 0.008 oLOQ oLOQ 0.007 0.221
17 0.007 0.009 0.017 0.006 0.025
18 oLOQ oLOQ 0.013 oLOQ 0.117
20 oLOQ oLOQ oLOQ n.d. 0.042
MRL 0.01 0.01 0.02 0.01 2

Note: n.d.: no residues detected. MRL: maximum residue limit.
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a b s t r a c t

An analytical methodology based on an O-[2-(methacryloyloxy)-ethylcarbamoyl]-10,11-
dihydroquinidine (MQD)-silica hybrid monolithic column was developed for the enantioseparation of
9-fluorenylmethoxycarbonyl (FMOC) derivatized amino acids by nano-liquid chromatography. The mo-
bile phase was optimized including the apparent pH, content of ACN, and concentration of the buffer to
obtain a satisfactory enantioresolution performance. 27 FMOC derivatized amino acids including 19
protein and 8 non-protein amino acids were tested, and 19 out of them were enantiomerically
discriminated obtaining baseline separation for 11 of them. Analytical characteristics of the method were
evaluated for norvaline and tryptophan in terms of linearity, precision, accuracy, limits of detection (LOD)
and quantitation (LOQ) showing good performance to be applied to the enantiomeric determination of
these amino acids in dietary supplements. LOD and LOQ values were 9.3 and 31 mM for norvaline en-
antiomers and 7.5 and 25 mM for tryptophan enantiomers, respectively. The contents of D-norvaline and
D-tryptophan were below their respective LODs in all the analyzed samples. Quantitation of L-tryptophan
and L-norvaline showed good agreement with the labeled contents except for one sample which did not
show presence of L-norvaline, contrary to the label indication.
© 2019 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

Amino acids are essential and ubiquitous compounds playing a
vital role in many living organisms. Differences in the properties of
D- and L-enantiomers have been widely reported, both for protein
and non-protein amino acids [1]. For instance, the L-enantiomer of
the non-protein amino acid norvaline enhances the nitric oxide

production, which is an important regulator and mediator in
physiological and pathophysiological events such as vasodilatation
[2]. Moreover, it can be used to treat artificial metabolic syndrome
in a rat model [3], and it has been proven to be effective in Alz-
heimer’s disease (AD) [4,5]. However, to the best of our knowledge,
D-norvaline has not been reported as an effective substance. On the
other hand, L-tryptophan is a protein amino acid which is the
precursor of important neurotransmitters, hormones and other
relevant biomolecules [6]. The level of L-tryptophan in humans has
been reported to act as a biomarker of certain diseases [7,8]. At the
pharmacological level, L-tryptophan is used as antidepressant agent
[9], whereas D-tryptophan is considered as an impurity because of
its low biological activity [10,11]. In addition, only the L-enantiomer
of tryptophan is involved in the synthesis of proteins and, addi-
tionally, it can cross the blood-brain, being the precursor of the
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important neurotransmitter serotonin [12]. Amino acids can be
used as ingredients in dietary supplements where the presence of
the D-enantiomer is not allowed by legal regulations [13]. There-
fore, the enantiomeric determination of DL-amino acids in real
samples remains a very important challenge.

In order to obtain satisfactory chiral separation of amino acids,
various chiral stationary phases (CSPs) have been developed,
including those based on cyclodextrins [14], polysaccharides [15],
3,5-dinitrobenzamide-naphthylglycine derivatives [16], macrocyclic
antibiotics [17] and cinchona alkaloids [18e21]. Cinchona alkaloids,
especially quinine and quinidine have attracted much attention
owing to their excellent enantioselectivity for amino acids. Usually,
because of the low detection sensitivity and weak interaction be-
tween the chiral selectorandanalytes, differentderivatizationgroups
were used to react with the amino acids, such as 4-fluoro-7-nitro-
2,1,3-benzoxadiazole (NBD-F) [22e24], 9-fluorenylmethoxycarbonyl
(FMOC) fluoride [25,26], 2,4-dinitrofluorobenzene (DNFB) [27],
dansyl chloride (DNS-Cl) [28], and carbazole-9-carbonyl chloride
(CCeCl) [18]. Among the different derivatization reagents, FMOC not
onlyallows the aminoacids to achieve satisfactoryenantioresolution,
but also has the advantage of reacting with primary and secondary
amines in just 3min.

Over the past several decades, monolithic columns have
exhibited high separation efficiency and sensitivity, low sample and
elution solvent consumption, as well as the ease of coupling to MS
[29e32]. So far, the use of quinine or quinidine functionalized
monolithic columns has been reported in the enantioseparation of
amino acids in capillary electrochromatography (CEC) and nano-
liquid chromatography (nano-LC). For instance, L€ammerhofer
et al. [18,33] separated some N-derivatized amino acid standards
with high efficiency and enantioresolution on the quinine and
quinidine silica-based monolithic column by CEC. On the other
hand, Wang et al. [25,29] developed several quinidine polymer-
based monolithic columns which were also successful in enantio-
separating N-derivatized amino acid standards by nano-LC. How-
ever, the silica or polymer based monolithic columnwas limited by
the cumbersome and multi-step preparation method, or low me-
chanical strength and poor stability. On the other hand, they
focused on the development of the novel monolithic columns, but
their application in the real sample was not reported.

Silica-hybrid monolithic columns offer great advantages such as
high surface, little shrinkage, excellent pH stability and good
permeability [34e36]. However, they have scarcely been employed
for the enantioseparation of amino acids. Thus, Tran et al. [19] only
separated dinitrobenzoyl-leucine on the quinidine-silica/zirconia
hybrid monolithic column by CEC and Kato et al. [37] tried to
enantioseparate DL-tryptophan on a new-type bovine serum al-
bumin (BSA)-encapsulated hybrid monolithic column. Unfortu-
nately, the enantioresolution was very limited. In a previous work,
our research group prepared an O-[2-(methacryloyloxy)-ethyl-
carbamoyl]-10,11-dihydroquinidine (MQD)-silica hybrid mono-
lithic column and the enantiomeric separation of protein and non-
protein amino acids was investigated using up to 8 different
derivatization reagents including 3,5-dinitrobenzoyl chloride, 3,5-
dichlorobenzoyl chloride, p-nitrobenzoyl chloride, 3,5-
dimethoxybenzoyl chloride, m-chlorobenzoyl chloride, p-chlor-
obenzoyl chloride, benzoyl chloride, and FMOC chloride [38].
Nevertheless, from the 8 FMOC-amino acids tested, only 2 of them
were baseline separated in the reversed phase mode (valine (Rs
1.55) and isoleucine (Rs 1.71)) and none of them was baseline
separated in the polar organic phase mode [38]. Moreover, the
applicability of quinidine silica-hybrid monolithic column to the
quantitative analysis of amino acids in real samples has not been

demonstrated yet. In this work, the enantiomeric separation of
protein and non-protein FMOC derivatized amino acids was ach-
ieved by nano-LC using the above-mentioned MQD-silica hybrid
monolithic column. In order to obtain satisfactory enantior-
esolution performance in the reversed phased mode, the mobile
phase was systematically optimized, including the apparent pH,
content of ACN, and buffer concentration. Under the optimized
conditions, 27 FMOC-derivatized amino acids consisting of 19
protein and 8 non-protein amino acids were tested. Finally, the
analytical characteristics of the developed method were evaluated
for norvaline and tryptophan and the method was applied to the
quantitation of L-norvaline and L-tryptophan in dietary
supplements.

2. Materials and methods

2.1. Reagents and samples

All reagents were of analytical grade. Methanol (MeOH),
acetonitrile (ACN), and acetic acid (HAc) were acquired from
Scharlau Chemie (Barcelona, Spain). Triethylamine (TEA) and 9-
fluorenylmethoxycarbonyl (FMOC) chloride were obtained from
Fluka (Buchs, Switzerland). Ammonium hydroxide (NH3$H2O),
boric acid (H3BO3) and pentane were from Sigma (St. Louis,
Missouri, USA), and ammonium acetate was from Merck (Darm-
stadt, Germany). 10,11-dihydroquinidine, 2,2’-azobisisobutyroni-
trile (AIBN), 3-(trimethoxysilyl)-propylmethacrylate (g-MAPS),
vinyltrimethoxysilane (VTMS), cetyltrimethylammonium bro-
mide (CTAB), tetramethoxysilane (TMOS) and ethylene glycol
(EG) were acquired from Aladdin Chemicals (Shanghai, China). DL-
arginine, DL-histidine, DL-lysine, DL-serine, DL-threonine, DL-aspar-
agine, DL-glutamine, DL-cysteine, DL-proline, DL-alanine, DL-valine,
DL-leucine, DL-methionine, DL-phenylalanine, DL-tyrosine, D-tryp-
tophan, L-tryptophan, DL-ornithine, DL-citrulline standards were
from Fluka (Buchs, Switzerland), while DL-isoleucine, DL-carnitine,
DL-aspartic acid, DL-glutamic acid, DL-norvaline, L-norvaline, DL-
norleucine, DL-DOPA, DL-pyroglutamic acid and DL-methionine
sulfone were obtained from Sigma (St. Louis, Missouri, USA).
FMOC-amino acids were synthesized as reported previously
[29,30]. The dietary supplements were obtained in capsule form
from online sources.

2.2. Instrumentation

All nano-LC experiments were conducted on a laboratory self-
assembled nano-LC instrument. The system consisted of a Shi-
madzu LC-20AD pump (Kyoto, Japan), a Linear Instruments UVeVis
200 detector (California, USA), and a Valco four-port injection valve
with 20 nL internal loop (Houston, USA). In order to reduce the flow
and pressure, a stainless-steel tee (Cheminert, Valco Instruments
Houston, Texas, USA) with flow split capillary (150mm� 25 mm
I.D.) was employed before the injection valve. The data acquisition
and data handling were performed using the software Chroma-
tostation N200 (Zhejiang University, China). All chromatograms
were converted to a text file and redrawn using Microcal Origin 8.5.
pH values of buffer solutions were measured in a 744 pH meter
(Herisau, Switzerland).

2.3. Chromatographic conditions

Mobile phase was prepared by mixing the 3mM ammonium
acetate solution with ACN (35/65, v/v), and adjusting the apparent
pH to the desired value (pH 4.8) with acetic acid. In the beginning,
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the mobile phase was subjected to filtration through a 0.22 mm
membrane and sonication degas prior to be employed. The total
flow rate was 10 mL/min, total backpressure was 23 bar, injection
volume was 20 nL, and the UV detection wavelength was 254 nm.

2.4. Preparation of the MQD-silica hybrid monolithic column

Synthesis of the MQD-silica hybrid monolithic column was
conducted as previously reported [38]. Briefly, anchoring sites for
the bulk polymer on the inner capillary walls were generated using
g-MAPS/MeOH (50/50, v/v). The pre-polymerizable mix for the
MQD column was prepared as follows: MQD (6.0mg), MeOH
(100 mL), EG (30 mL), CTAB (1.6mg), H2O (30 mL), NH3$H2O (0.02M,
30 mL), TMOS (60 mL), VTMS (80 mL), and AIBN (1mg) were mixed in

a 2mL vial and sonicated during 5min at room temperature. The
obtained homogeneous solution was introduced into the 30 cm
pre-treated capillary. Both ends of the capillary columnwere sealed
using GC septa and capillary was placed in a water bath at 40 �C
during 12 h first, then at 60 �C for another 12 h. Non-reacted CTAB
and other waste products were rinsed out by flushing the column
with MeOH. The monolithic column was cut to 15 cm for further
use.

2.5. Preparation of the standard and dietary supplements solutions

FMOC-amino acids standard solutions were prepared by dis-
solving the corresponding amino acid standards into 1mL of
200mMH3BO3 (pH 9.0) to obtain a 10mM solution, and were

Table 1
Effect of the mobile phase composition and pH on the enantioseparation data for FMOC derivatized amino acids.

Mobile phase Sample k1 k2 a Rs N1 (m) N2 (m)

Apparent pHa

pH¼4.3 FMOC-methionine 0.83 1.00 1.21 0.73 14700 13600
FMOC-valine 0.52 0.69 1.33 0.93 17200 17000
FMOC-methionine sulfone 0.88 1.08 1.22 0.76 14000 12000
FMOC-norvaline 0.53 0.64 1.20 0.54 14900 12800

pH¼4.8 FMOC-methionine 1.65 2.00 1.21 1.20 14200 13000
FMOC-valine 1.11 1.47 1.33 1.45 14500 14300
FMOC-methionine sulfone 1.54 1.90 1.23 1.10 11900 11500
FMOC-norvaline 1.13 1.37 1.21 0.97 14700 14200

pH¼5.3 FMOC-methionine 3.42 4.06 1.19 0.84 13200 8900
FMOC-valine 2.57 3.35 1.30 1.55 12000 9700
FMOC-methionine sulfone 1.91 2.33 1.22 0.81 13400 8500
FMOC-norvaline 2.56 3.14 1.23 0.88 11000 8200

Buffer concentrationb

1.0mM FMOC-methionine 7.85 9.52 1.21 1.58 7500 6000
FMOC-valine 5.25 7.12 1.36 1.87 5600 4600
FMOC-methionine sulfone 8.01 10.16 1.27 1.46 5800 4800
FMOC-norvaline 5.77 7.09 1.23 1.46 5900 4600

3.0mM FMOC-methionine 4.26 5.15 1.21 1.52 13200 12700
FMOC-valine 2.82 3.78 1.34 1.74 12500 11800
FMOC-methionine sulfone 4.06 4.99 1.23 1.46 10100 9600
FMOC-norvaline 2.85 3.48 1.22 1.44 12500 11200

5.0mM FMOC-methionine 2.59 3.16 1.22 1.44 13600 13100
FMOC-valine 1.75 2.32 1.33 1.56 13500 12800
FMOC-methionine sulfone 2.58 3.20 1.24 1.44 12000 11000
FMOC-norvaline 1.89 2.28 1.21 1.37 15800 15000

10mM FMOC-methionine 1.65 2.00 1.21 1.20 14200 13000
FMOC-valine 1.11 1.47 1.33 1.45 14500 14300
FMOC-methionine sulfone 1.54 1.90 1.23 1.10 11900 11500
FMOC-norvaline 1.13 1.37 1.21 0.97 14900 14200

ACN contentc

60% FMOC-methionine 8.78 10.75 1.23 1.61 12500 11000
FMOC-valine 6.07 8.05 1.33 1.95 12100 11800
FMOC-methionine sulfone 6.46 7.91 1.23 1.54 12300 11000
FMOC-norvaline 6.24 7.58 1.21 1.52 11700 10200

65% FMOC-methionine 6.11 7.40 1.21 1.58 13000 11800
FMOC-valine 4.13 5.54 1.34 1.92 12400 11500
FMOC-methionine sulfone 4.95 6.07 1.23 1.52 8400 7100
FMOC-norvaline 4.26 5.25 1.23 1.52 14400 11500

70% FMOC-methionine 4.26 5.15 1.21 1.52 13200 12700
FMOC-valine 2.82 3.78 1.34 1.74 12500 11800
FMOC-methionine sulfone 4.06 4.99 1.23 1.46 10100 9600
FMOC-norvaline 2.85 3.48 1.22 1.44 12500 11200

75% FMOC-methionine 2.98 3.60 1.21 1.45 13600 13300
FMOC-valine 1.99 2.63 1.32 1.59 12700 11700
FMOC-methionine sulfone 3.27 4.01 1.23 1.39 11700 10100
FMOC-norvaline 1.99 2.41 1.22 1.41 12500 11100

80% FMOC-methionine 1.89 2.27 1.20 1.24 15800 15100
FMOC-valine 1.21 1.60 1.32 1.51 15400 14200
FMOC-methionine sulfone 2.48 3.01 1.21 1.29 13200 12800
FMOC-norvaline 1.21 1.46 1.21 1.01 16100 15800

Experimental conditions as in Fig. 1.
a 10mM ammonium acetate/ACN (30/70, v/v) (at the desired apparent pH values).
b Ammonium acetate/ACN (at the desired concentration of the buffer) (30/70, v/v) (apparent pH¼4.8).
c 3mM ammonium acetate/ACN (at the desired ratio of ACN and buffer, v/v) (apparent pH¼4.8).
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sonicated for 2min. Then, 1mL of a 220mM FMOC-Cl solution in
acetonitrile was added and it was made to react at room temper-
ature for 3min. Afterwards, 2mL of pentane was added into the
solution and it was vortexed. After 5min of resting, the lower layer
solution was diluted at the desired concentration using the mobile
phase.

FMOC-dietary supplement solutions were prepared by dissolv-
ing the powder within the capsules (200mg norvaline or 2mg
tryptophan) into 1mL of 200mMH3BO3 (pH 9.0) and were soni-
cated for 2min, then theywere filtered and 1mL of 220mM FMOC-
Cl in acetonitrile was then added into the filtrate. Reaction took
place for 3min at room temperature. Afterwards, 2mL of pentane
was added into the solution and it was vortexed. Finally, after 5min
of resting, the lower layer solution was diluted at the desired
concentration using the mobile phase.

3. Results and discussion

3.1. Enantioseparation of FMOC-amino acids by nano-LC using a
MQD-silica hybrid monolithic column

The MQD-silica hybrid monolithic column was prepared as
detailed in Section 2.4. In a previous work from our research group,
the enantiomeric separation of protein and non-protein amino
acids was investigated using up to 8 different derivatization re-
agents [38]. However, when using FMOC as derivatizing reagent,
from the eight amino acids tested, only two of them were baseline
separated in the reversed phase mode (10mM ammonium acetate/
ACN (30/70, v/v)(apparent pH 5.3))(valine (Rs 1.55) and isoleucine
(Rs 1.71)) and none of them was baseline separated in the polar
organic phasemode (0.055% HAc, 0.005% TEA in ACN/MeOH (60/40,
v/v)) [38]. As shown in Fig. S1, when comparing the polar organic-
phase and reversed-phase modes for some FMOC-amino acids, the
latter enabled obtaining better peak shapes [38]. Thus, the reversed
phase mode was selected in order to obtain a good

enantioresolution for the FMOC derivatized amino acids. With this
aim, in this work, the mobile phase was optimized using four FMOC
derivatized amino acids, i.e. two protein amino acids (methionine
and valine) and two non-protein amino acids (methionine sulfone
and norvaline).

First, the effect of apparent pH on the retention factors (k1 and
k2), enantioselectivity (a), enantioresolution (Rs) and efficiency (N1

and N2). As shown in Table 1, the apparent pH values were evalu-
ated from 4.3 to 5.3 in themobile phase 10mM ammonium acetate/
ACN (30/70, v/v), while other conditions were kept constant. On the
one hand, when increasing the apparent pH value from 4.3 to 5.3,
the enantioselectivity kept constant but the retention factors
increased for the four analytes. This can be explained that the chiral
selector is positively charged when the pH of the mobile phase is
between 4.3 and 5.3, while the four FMOC-derivatized amino acids
are negatively charged, thus leading to a stronger electrostatic
interaction between the analytes and the CSP. On the other hand,
the enantioresolution significantly increased when the apparent
pH value changed from 4.3 to 4.8, while the efficiency gradually
decreased. Further increasing in the apparent pH value to 5.3 led to
similar values of enantioresolution, while the efficiency decreased
significantly. Considering the retention factors, enantioresolution
and efficiency, an apparent pH of 4.8 was selected for the following
experiments.

Second, the influence of the buffer concentration was investi-
gated while keeping constant the mobile phase apparent pH at 4.8
and composition as ammonium acetate/ACN (30/70, v/v). As shown
in Table 1, the retention factors, analysis time and enantioresolution
values decreased when increasing the concentration of the
ammonium acetate buffer from 1 to 10mM, meanwhile the effi-
ciency increased. Comparing the efficiency, analysis time, and
enantioresolution obtained in 1 and 3mM of ammonium acetate
buffer, the efficiency was significantly higher when the buffer
concentration increased, but the analysis time increased from
35min to 60min (such as in the case of methionine andmethionine

Fig. 1. Enantioseparation of some FMOC-derivatized amino acids. Experimental conditions: column dimensions: 15 cm� 100 mm I.D.; mobile phase: ACN/3mM ammonium acetate
(65/35, v/v) (apparent pH¼4.8); UV detection wavelength: 254 nm; flow rate: 10 mL/min; backpressure: 23 bar; injection volume: 20 nL.
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sulfone), whereas the enantioresolution did not significantly
change. Hence, a buffer concentration of 3mM was selected as a
compromise between the analysis time and efficiency.

Third, the ACN content was investigated by varying its per-
centage from 60 to 80%. As can be seen in Table 1, the retention
factor and enantioresolution decreased when increasing the ACN
content from 60 to 80%, while apparent pH¼4.8 and 3mM
ammonium acetate were kept constant. The hydrophobic interac-
tion between the FMOC derivatized amino acids and MQD-silica
hybrid monolithic column is weakened when the organic solvent
content in the mobile phase is increased because the elution ability
of the mobile phase increases. Considering the analysis time,
enantioresolution and efficiency, 65% ACN was selected as the op-
timum condition in the mobile phase.

Finally, using a 3mM ammonium acetate/ACN (35/65, v/v)
(apparent pH¼4.8) mobile phase, 27 FMOC-labeled amino acids (19
protein and 8 non-protein) were assayed. Chiral discrimination for
19 amino acids was observed and a total of 11 FMOC-derivatized
amino acids (9 protein and 3 non-protein) were baseline or
almost baseline enantioseparated (Rs 1.46 was obtained for tryp-
tophan) (see Table S1). Fig. 1 displays the chiral separation of some
representative amino acids.

3.2. Application of the developed method to the enantiomeric
determination of tryptophan and norvaline in dietary supplements

Based on the interest of tryptophan and norvaline as ingredients
in dietary supplements, the developed method was applied to the
enantiomeric determination of these two amino acids in different
dietary supplements. With this aim, the analytical characteristics of
the method were evaluated in terms of selectivity, linearity, preci-
sion, accuracy and limits of detection (LOD) and quantitation (LOQ)
both for norvaline (Table 2) and for tryptophan (Table 3). The
selectivity was suitable for tryptophan and norvaline enantiomers
because they were separated and there were no interfering peaks
which originated from the sample matrices. The linearity results
were obtained from six standard solutions at different concentration
levels, injected in triplicate. As shown in Tables 2 and 3, the linearity
for the two analytes was demonstrated to be adequate in all cases as
R2 values were�99.0%, and confidence intervals for the slope did not
include the zero value, meanwhile confidence interval for the
intercept included the zero value for a 95% confidence level. In order
to assess whether there were matrix interferences, slopes of the
calibration curves obtained from the external standard and standard
additions calibration methods were compared using analysis of
variance (ANOVA) test. Both for tryptophan and norvaline, the p-
values of ANOVA were above 0.05 which means that there were no
matrix interferences for a 95% confidence level. Therefore, the
external standard calibrations method was considered appropriateTable 2

Analytical characteristics of the developed method for the enantiomeric determi-
nation of norvaline in dietary supplements.

Method and parameter L-norvaline
First
enantiomer

D-norvaline
Second
enantiomer

External standard calibration methoda

Range 0.031e12.5 0.031e1.25
Slope± t$Sslope 479786± 5243 478792± 7646
Intercept± t$Sintercept 20902± 24051 �363± 4295
R2 0.9993 0.9991
Standard addition calibration methodb

Study of matrix interferences (P-value of
ANOVA)

0.625 0.779

Accuracyc

Mean recovery (%) 109± 3 105± 6
Precision
Instrumental repeatabilityd

t,RSD (%) 0.45 0.38
A,RSD (%) 0.91 1.10
Method repeatabilitye

t,RSD (%) 1.01 1.14
A,RSD (%) 4.86 5.74
Intermediate precisionf

t,RSD (%) 2.14 2.03
A,RSD (%) 5.68 5.45
LODg 9.3 mM
LOQh 31 mM

Experimental conditions as in Fig. 1.
a Six standard solutions at different concentration levels injected in triplicate

(Concentration of L-norvaline: 12.5, 5.0, 2.5, 1.25, 0.5 and 0.25 mM; concentration of
D-norvaline: 1.25, 0.5, 0.25, 0.125, 0.05, and 0.025 mM).

b Addition of six known amounts of D- and L-norvaline (Concentration of added L-
norvaline: 0.167, 0.250, 0.333, 0.417, 0.500, and 0.583 mM; concentration of added
D-norvaline: 0.033, 0.050, 0.067, 0.083, 0.100, and 0.117 mM) to a dietary supple-
ment sample 1 containing a constant concentration of L-norvaline.

c Accuracy was evaluated as the recovery obtained from three dietary supple-
ments spiked with standard D,L-norvaline at three different percentages (80, 100,
and 120 %) of the labeled content (n ¼ 3).

d Consecutive injections of a D,L-norvaline standard solution (0.125 mM) (n ¼ 6).
e 200 mg dietary supplement sample 1 containing 1 mg of L-norvaline (as labeled

amount) spiked with 2 mg of L and 2 mg of D-norvaline (n ¼ 6).
f 200 mg dietary supplement sample 1 containing 1 mg of L-norvaline (as

labeled amount) spiked with 2 mg of L-norvaline and 2 mg of D-norvaline in three
days (n ¼ 9).

g LOD obtained for a S/N equal to 3.
h LOQ obtained for a S/N equal to 10.

Table 3
Analytical characteristics of the developed method for the enantiomeric determi-
nation of tryptophan in dietary supplements.

Method and parameter L-tryptophan
First
enantiomer

D-tryptophan
Second
enantiomer

External standard calibration methoda

Range 0.025e12.5 0.025e1.25
Slope± t$Sslope 599205± 1696 598197± 16093
Intercept± t$Sintercept 7267± 7782 3259± 9041
R2 0.9995 0.9996
Standard addition calibration methodb

Study of matrix interferences (P-value of
ANOVA)

0.821 0.887

Accuracyc

Mean recovery (%) 98± 2 101± 3
Precision
Instrumental repeatabilityd

t,RSD (%) 0.48 0.56
A,RSD (%) 0.50 1.11
Method repeatabilitye

t,RSD (%) 1.10 1.30
A,RSD (%) 4.71 4.00
Intermediate precisionf

t,RSD (%) 4.15 4.44
A,RSD (%) 6.15 6.69
LODg 7.5 mM
LOQh 25 mM

Experimental conditions as in Fig. 1.
a Six standard solutions at different concentration levels injected in triplicate

(Concentration of L- and D-tryptophan same as norvaline in Table 2).
b Addition of six known amounts of D- and L-tryptophan (Concentration of added

L-tryptophan: 0.139, 0.167, 0.208, 0.278, 0.417, and 0.833mM; concentration of
added D-tryptophan: 0.028, 0.033, 0.042, 0.056, 0.083, and 0.167mM) to a dietary
supplement sample 1 containing a constant concentration of L-tryptophan.

c Accuracy was evaluated as in Table 2.
d Consecutive injections of a D,L-tryptophan standard solution (0.333mM)

(n¼ 6).
e 2mg dietary supplement sample 1 containing 2mg of L-tryptophan (as labeled

amount) spiked with 2mg of D-tryptophan (n¼ 6).
f 2 mg dietary supplement sample 1 containing 2mg of L-tryptophan (as labeled

amount) spiked with 2mg of D-tryptophan in three days (n¼ 9).
g LOD obtained for a S/N equal to 3.
h LOQ obtained for a S/N equal to 10.
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to perform the quantitation of the analytes in the dietary supple-
ments. Accuracy was evaluated as the recovery obtained from both
spiked solutions of norvaline and tryptophan at different labeled
content percentages (80, 100 and 120%) injected in triplicate. As
shown in Tables 2 and 3, recovery values for the two analytes were
satisfactory as all of them were near the 100%. Precision was evalu-
ated as the instrumental repeatability, method repeatability and
intermediate precision. As Tables 2 and 3 show, regarding the
instrumental repeatability, the RSD values (%) for areas and retention
times were lower than 1 and 2%, respectively. For the method
repeatability, the RSD values (%) for areas and retention times were
also adequate, with values lower than 2 and 6%, respectively.

Moreover, in the case of intermediate precision, the RSD values (%)
were lower than 10% for both the areas and retention times.

Regarding LOD and LOQ values, as can be seen in Tables 2 and 3,
these values were 9.3 and 31 mM for norvaline enantiomers, and 7.5
and 25 mM for tryptophan enantiomers. Figs. 2A and B, and 3A and
3B display the chromatograms corresponding to the enantiomeric
separation of norvaline and tryptophan, respectively, at concen-
trations corresponding to their LOD and LOQ.

Fig. 2. Chromatograms corresponding to (A) the LOD (9.3 mM) and (B) the LOQ (31 mM)
of D-norvaline; (C) FMOC-derivatized racemic norvaline standard solution (0.5M) and
analyzed dietary supplements whose label indicated presence of L-norvaline (samples
1 and 2). Experimental conditions: 15 cm� 100 mm I.D.; mobile phase: ACN/3mM
ammonium acetate (65/35, v/v) (apparent pH¼4.8); UV detection wavelength:
254 nm; flow rate: 10 mL/min; backpressure: 23 bar; injection volume: 20 nL.

Fig. 3. Chromatograms corresponding to (A) the LOD (7.5 mM) and (B) the LOQ (25 mM)
of D-tryptophan; (C) FMOC-derivatized racemic tryptophan standard solution and
analyzed dietary supplements whose label indicates presence of L-tryptophan (sam-
ples 1e4). Experimental conditions: 15 cm� 100 mm I.D.; mobile phase: ACN/3mM
ammonium acetate (65/35, v/v) (apparent pH¼4.8); UV detection wavelength:
254 nm; flow rate: 10 mL/min; backpressure: 23 bar; injection volume: 20 nL.
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Once the developed method was proven to be adequate for the
enantiomeric determination of tryptophan and norvaline, it was
applied to the analysis of four dietary supplements containing L-
tryptophan and two containing L-norvaline. As can be seen in
Fig. 2C, D-norvaline content was below the LOD (9.3 mM) in samples
1 and 2, while the content of L-norvaline in sample 2 was above the
LOQ value and the amount quantified by the standard external
calibration method was in agreement with the labeled content
(Table 4). Regarding sample 1, content of L-norvaline did not match
the labeled content, since it was below the LOD. Preconcentrating 4
times sample 1 still led to no detection of L-norvaline. Spiking
sample 1 with 125 mM of L-norvaline resulted in the detection of
this peak being the calculated concentration equal to the added
one. A second batch of sample 1 was also injected (data not shown)
and the outcome was the same as with the first batch that L-nor-
valine could not be detected. Consequently, it could be concluded
that L-norvaline was not present in this sample in spite of the fact
that the label declared its presence.

As in the case of L-norvaline dietary supplements, the content of
D-tryptophan in the four supplements analyzed was below the LOD
value (Fig. 3C). Content of L-tryptophan was in agreement with the
label in all cases (Table 4).

4. Conclusions

The enantiomeric separation of FMOC-derivatized protein and
non-protein amino acids was achieved by nano-LC using an MQD-
silica hybridmonolithic column. First, the FMOCwas selected as the
derivatization reagent which has the simplest sample preparation
and satisfactory enantioresolution. Second, the effect of the
apparent pH, buffer concentration and content of the ACN in the
mobile phase was investigated for a group of FMOC-derivatized
amino acids. Third, under the optimized conditions, the MQD-
silica hybrid monolithic column provided good enantior-
ecognition for 19 analytes, enabling baseline enantioseparation for
11 out of 27 assayed FMOC-amino acids. Finally, the method was
proven to be adequate in terms of selectivity, linearity, precision,
accuracy and LODs and LOQs for the enantiomeric determination of
L-norvaline and L-tryptophan in dietary supplements. From the
analyzed dietary samples, none of them presented detectable
amounts of the D-enantiomers while the content of the L-enantio-
mers was in agreement with the label content in all cases, except
for one L-norvaline samplewhose presencewas completelymissing
although the label indicated its presence. This demonstrates the
applicability of the developed strategy in the quality control of
dietary supplements in a fast and accuratemanner. It is also the first
report showing the application of theMQD silica-hybridmonolithic
column to analysis of real samples.
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a b s t r a c t

An understanding of the thermodynamics of the complexation process utilized in sustaining drug release
in clay matrices is of great importance. Several characterisation techniques as well as isothermal calo-
rimetry were utilized in investigating the adsorption process of a model cationic drug (diltiazem hy-
drochloride, DIL) onto a pharmaceutical clay system (magnesium aluminium silicate, MAS). X-ray
powder diffraction (XRPD), attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) and optical microscopy confirmed the successful formation of the DIL-MAS complexes. Drug
quantification from the complexes demonstrated variable behaviour in the differing media used with DIL
degrading to desacetyl diltiazem hydrochloride (DC-DIL) in the 2 M HCl media. Here also, the authors
report for the first time two binding processes that occurred for DIL and MAS. A competitor binding
model was thus proposed and the thermodynamics obtained suggested their binding processes to be
enthalpy driven and entropically unfavourable. This information is of great importance for a formulator
as care and consideration should be given with appropriate media selection as well as the nature of
binding in complexes.
© 2019 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

Minerals have a variety of applications in the pharmaceutical
industry and in medicine which date back since prehistory [1].
Minerals have desirable physicochemical properties such as
chemical inertness, high adsorption capacity and specific area,
swelling, water solubility and dispersivity, plasticity, acid-
absorbing capacity, as well as colour, opacity and low or no
toxicity in patients, which makes them suitable for medical and
pharmaceutical applications [1,2]. In the formulation of pharma-
ceutical dosage forms, minerals are used as excipients as carriers of
active ingredients to achieve modified release, or as binders, fillers,
disintegrants, lubricants, thickening agents, anticaking agents, fla-
vouring correctors and emulsifying agents [2].

Magnesium aluminium silicate (MAS or VEEGUM®) is a mixture
of natural smectitemontmorillonite and saponite clays (Fig.1). MAS
has a layered silicate structure, formed of one alumina or magnesia
octahedral sheet, sandwiched between two tetrahedral silicate
sheets [3,4]. The high surface area and good affinity with cationic
drugs, as well as its non-toxic properties make MAS a suitable
material for use in drug formulation. MAS has previously been
shown to be able to adsorb cationic drugs such as propranolol hy-
drochloride and form complexes that are able to retard drug release
[5e7]. Controlling drug release is of high interest as it has been
demonstrated to show many benefits compared with conventional
drug release. By maintaining a constant drug-plasma concentration
for extended periods of time, it is possible to achieve optimal effi-
cacy in chronic conditions where medication must be administered
at constant levels, and reduce the side effects [8]. The use of a
model drug such as diltiazem hydrochloride (DIL), in combination
with magnesium aluminium silicate to achieve controlled drug
release, adds value to the importance of using clay minerals as drug
carriers [5,6,9].
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DIL is a non-dihydropyridine calcium channel blocker. It inhibits
the calcium channels in the blood vessels, which leads to vasodi-
latation and, hence, to a lower blood pressure. Furthermore, DIL
inhibits calcium channels in the heart, leading to a reduced cardiac
contractility and a slower atrioventricular conduction velocity
[10,11]. Therefore, DIL represents an efficient treatment for patients
suffering from stable chronic angina, due to its ability to reduce
myocardial oxygen demand, as it lowers blood pressure, heart rate
and cardiac contractility. The drug can also be efficiently used in
treating arterial fibrillation due to its ability to control heart rate
through its capability to reduce atrioventricular node conduction.
DIL’s critical drawbacks include an elimination half-life of
3.2 ± 1.3 h following oral administration, and a bioavailability of
(42 ± 18)% following first pass metabolism [12]. Therefore, in order
to acquire its therapeutic effects and to maintain adequate drug
plasma levels, it needs to be administered frequently (3e4 times/
day) [13,14]. This model drug therefore represents a suitable target
for an extended release formulation. Using clay, instead of the
traditionally adopted polymers to control drug release, brings
multiple benefits such as overall reduced costs and antibacterial
effects, as well as improved kinetics of drug release. This study
therefore aims to understand and fully characterise the complexes
that are formed between the MAS and DIL that provide the
controlled release effect as well as using complex software in un-
derstanding the thermodynamics associated with this process.

2. Experimental

2.1. Materials

VEEGUM F EP® (MAS) was a kind gift from R. T. Vanderbilt
Company, Norwalk, CT (USA). DIL (MW ¼ 450.98, pKa ¼ 7.8 ± 0.4)
was purchased from TCI (Tokyo Chemical Industry), Tokyo. Aceto-
nitrile (HPLC grade) and sodium phosphate, dibasic hydrate, 99þ%
(HPLC grade), 2 M sodium hydroxide and 2 M hydrochloric acid
were purchased from Fisher Scientific, UK.

2.2. Methods

2.2.1. Microscopy studies and formulation of MAS-DIL complex
particles

Digital microscopy was used to observe the formation of flocs
upon the addition of dilute DIL solution to dilute MAS dispersion
(ratio 0.5:1, w/v). The drug to clay ratio used in this study was
chosen based on the assay studies presented in Section 3.1. This
showed the amount of DIL adsorbed onto the clay was maximum
0.26 g DIL/1 g of MAS. Studies were performed using a VHX2000
Digital Microscope from KEYENCE using a blue daylight filter to
enhance the contrast between the flocculated particles and the
dispersion media. Pictures were recorded at different mixing time

points (2 min, 30 min, 60 min, 120 min,180min and 24 h) and were
compared. Images of the MAS dispersion prior to DIL additionwere
also acquired.

For the formulation process, MAS-DIL complex particles were
prepared by loading the MAS with DIL twice in order to ensure a
high drug adsorption. For the first drug loading, separate DIL so-
lution (2%, w/v) andMAS dispersion (2%, w/v) were prepared under
continuous stirring for 24 h at 500 rpm (25 �C). The pH of the
prepared MAS dispersion and DIL solution was adjusted to pH 5
using 2 M hydrochloric acid and 2 M sodium hydroxide. After 24 h,
theMAS dispersion and DIL solutionwere combined (1:1, w/w) and
the mixture was incubated at 37 �C with shaking for 24 h. Floccu-
lates were observed in the mixture. The MAS-DIL complex disper-
sions obtained were then filtered using a Buchner filtration
apparatus with vacuum. For the second drug loading, previously
filtered single drug loaded MAS-DIL complex particles were redis-
persed into a fresh DIL solution (2%, w/v) and incubated at 37 �C
with shaking for 24 h. The MAS-DIL flocculated complexes formed
were filtered and dried in the oven at 50 �C for 48 h. The dried
double drug loaded MAS-DIL complex particles were ground
(10 min) using a Retsch® PM 100 ball mill set at 350 rpm to particle
sized at 123e65 mm. The use of the ball mill led to a faster break-
down of the hard particulates to the desired particle size.

2.2.2. Characterisation of MAS-DIL complex dispersions and
particles
2.2.2.1. Attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR). ATR-FTIR was used to study the interaction
betweenMAS and DIL at themolecular level. MAS, DIL andMAS-DIL
complex particles were analysed from 4000 to 400 cm-1 on a Smart
Orbit ATR-FTIR machine, using diamond as the ATR crystal.

2.2.2.2. Powder X-ray diffractometry (PXRD). Experiments were
performed on a D2 PHASER XRD from BRUKER and sample prep-
aration involved the placement of sample powder onto a trans-
mitter holder and conducted using a similar methodology as
reported [15]. Analysis was performed at an angular range 2.5e70�

(2q) and a step angle of 0.02� (2q) s-1. The X-ray source was
generated as a Cu radiation at 30 kV and 10 mA. Experiments were
performed in triplicate for reproducibility.

2.2.3. High performance liquid chromatography (HPLC)
An HPLC method was developed and validated for the deter-

mination and quantification of both DIL and its main degradant,
desacetyldiltiazem (DC-DIL) which was observed in samples.
Linearity range, precision, limit of quantitation (LOQ) and limit of
detection (LOD) were separately determined for both compounds
(DIL and DC-DIL) to validate the method used. The peak area of the
standards along with the corresponding drug concentration was
used to generate a calibration graph to evaluate linearity (slope,

Fig. 1. Montmorillonite (A) and saponite (B) clay structure showing the magnesia or alumina octahedral sheet trapped between two tetrahedral silicate sheets: adapted from [4].
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intercept and coefficient of determination R2) and determine LOD
and LOQ. All experiments were conducted in triplicate. An assay of
freshly prepared standard DIL and DC-DIL solutions at four different
concentrations (1.00, 10.00, 50.00 and 100.00 mg/mL and 0.83, 8.25,
41.26, 82.52 mg/mL respectively) repeatedly run on the same day or
on three different days was used to evaluate the intra- and inter-
day precision in terms of standard deviation RSD %.

DIL stock solution and standard solutions in the range 100 to
0.1 mg/mL were prepared in purified water. DC-DIL was formed
from DIL via hydrolysis (Fig. 2). DIL stock solution was prepared in
dilute acid (2 M HCl) and standard solutions in the range 75 to
0.1 mg/mL were prepared from the stock solution using purified
water. Samples were left for 72 h at room temperature until com-
plete hydrolysis occurred (confirmed by HPLC). The concentration
of DC-DIL present in the standards was determined from the
equilibrated hydrolysis reaction assuming that 100% of the drug
hydrolysed was observed, as no traces of the parent drug were
observed in solution.

The calibration graphs generated for DIL and DC-DIL were found
to be linear over the concentration range studied (1.00, 10.00, 50.00
and 100.00 mg/mL and 0.83, 8.25, 41.26 and 82.52 mg/mL, respec-
tively) (R2 � 0.9999 and R2 � 0.9998, respectively). Linearity was
defined by an equation that was further used in the recovery
studies. The method was shown to be precise for the detection of
both DIL and DC-DIL, the intermediate and intra-assay precision at
four different concentrations on three different days being lower
than 2% RSD (Table 1) which complies with the acceptable criteria
for quality control of pharmaceutical preparations [16,17]. LOQ (the
lowest drug concentration that can be recovered within acceptable
limits of precision and accuracy) was found to be 1.72 mg/mL for DIL
and 1.65 mg/mL for DC-DIL, indicating the high sensitivity of the
proposed method at low concentrations of DIL and DC-DIL. LOD
(the lowest detectable amount of drug distinguishable from the
blank) was 0.57 mg/mL for DIL and 0.55 mg/mL for DC-DIL, con-
firming the sensitivity of the method proposed.

2.2.4. Isothermal titration calorimetry (ITC)
ITC was used to investigate the binding between MAS and DIL.

Single injections experiment (SIM) and multiple injection experi-
ments (MIM) were performed. The fast titration and versatile SIM
experiments were used to initially confirm binding and determine
the nature of the interaction, while MIM experiments were used
further to characterise the reaction in detail and determine the
thermodynamic parameters. Studies were carried out on aMicrocal
VP ITC micro-calorimeter. The instrument was used in high-gain
mode, applying a reference power of 20 mcal s-1 whilst stirring
the sample cell contents at 307 rpm. TheMAS dispersionwas added
into the sample cell and DIL solution into the syringe for all the
experiments.

SIM experiments were performed at three different pH values,
i.e., 5, 7 and 9 (25 �C). DIL solution was added in one injection into

the sample cell. The SIM experiments were fast titration experi-
ments and the real time binding isotherm observed was analysed
using Origin 7.0 (MicroCal, Inc) by comparing the reaction rate at
the pH values studied [18].

0.010% (w/v) MAS dispersion was prepared under continuous
stirring for 24 h, at 25 �C and 200 rpm and was used to fill the
sample cell. A 1 mM DIL solution was also prepared separately
under stirring for 30 min at 25 �C and 200 rpm prior to the ex-
periments and was independently used to fill the syringe. The drug
solution was added as 1 injection of 250 mL into the sample cell
containing MAS. The pH of the prepared solutions and dispersions
were adjusted using 2 M hydrochloric acid and 2 M sodium hy-
droxide to 5, 7 and 9. All experiments were conducted in triplicate.

MIM ITC studies were carried out at 25 �C and pH 5, at two
different DIL and MAS concentrations. The binding isotherm was
studied in 120e140 injections of 2 mL each into the sample cell
every 260 s. MAS dispersion (0.036% and 0.010%, w/v) and DIL so-
lution (3.2 mM and 0.45 mM) were prepared. A competitor binding
model (Fig. 3) was fitted to the data to get thermodynamic pa-
rameters which best reproduce the experimental data using
AFFINImeter (AFFINImeter, Spain). The total molar concentration of
MAS was estimated and the relative molar fractions of each kind of
clay (rb, rm) were considered unknown and set as fitted parameter
in the analysis.

rb$[B] þ rm$[M] ¼ [MAS]

3. Results and discussion

3.1. Observation of floc formation and drug content analysis from
MAS-DIL double drug loaded complex particles

The initial analysis of the MAS dispersion using digital micro-
scopy (Fig. 4) allowed the observation of small clay particles
dispersed in water forming a colloidal structure, described in
literature as the ‘house of cards’ [4] through the attraction between
the negatively charged faces and the partially positive edges of the
clay platelets (Fig. 4 A). Following the addition of DIL, the initially
monodispersed particles started aggregating as flocs (forming after
only 2 min) (Fig. 4 D). With time, flocs were observed to increase in
size, became more porous and spread out as the particles clustered
together (Figs. 4EeG). After 24 h, a decrease in the size of the
flocculated clustered particles was observed as loosely bound ag-
gregates separated away and reattached to other aggregates in a
more stable form (Figs. 4HeJ) [19]. This process allows the inter-
calation process to occur after which drug entrapment can be
determined.

Determination of drug content in the MAS-DIL double drug
loaded complex particles prepared as described in Section 2.2.1
showed discrepancies between the different media used for the
dispersion of the complex particles (Table 2). The difference can be
related to the behaviour of DIL andMAS in the dissolutionmedia, as
well as to the mechanism of adsorption of DIL onto MAS. Results
showed that only DC-DIL was recovered by dispersing the MAS-DIL
particles in 2 M HCl (Table 2). The degradant was identified
following a shift in the retention time on the chromatograms from
approx. 7 min (DIL standard solution), to approx. 3.8 min (recov-
ered DIL) (Fig. 5). This behaviour was attributed to the hydrolysis of
DIL under acidic conditions and the peak was identified as being
DC-DIL, the main degradant of DIL [16,20,21]. A reduction in the
exposure time of the MAS-DIL complex to the acid solution from
24 h to 30 min allowed the observation of the two peaks belonging
to DIL and DC-DIL on the same chromatogram (Fig. 5B).Fig. 2. DIL undergoing dilute acid hydrolysis and product desacetyldiltiazem.
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Further studies evaluating DIL content in MAS-DIL double drug
loaded complex particles by dispersing the particles in ultra-pure
water (pH 5) and phosphate buffer (pH 6.8) showed a consider-
able reduction of DIL degradation. The results showed less than 10%
of DIL recovered from the complexes hydrolysed over 24 h in water
and phosphate buffer, hence confirming the effect of 2 MHCl on DIL
leading to degradant DC-DIL.

3.2. Solid state characterisation

3.2.1. ATR-FTIR
ATR-FTIR was used to study the adsorption of DIL onto MAS

based on the vibration of chemical bonds formed (Fig. 6). Charac-
teristic peaks were observed on the spectrum of MAS such as the
hydroxyl group belonging to SieOH at 3625 cm-1 and the SieOeSi
stretching at 980 cm-1, as well as peaks related to water residues
(OeH stretching 3415 cm-1) and water of crystallisation (OeH
group bending at 1640 cm-1) [6,7].

The spectrum of MAS-DIL double drug loaded complexes was
very different from that of DIL alone, but similar to that of MAS. The
presence of the SieOeSi stretching belonging to the clay was still
observed as a broad peak at 980 cm-1. A peak attributed to the
hydroxyl stretching of the SieOH group was observed at 3631 cm-1.
The C]O carbonyl groups belonging to DIL at 1680 cm-1 and
1740 cm-1 and C]C aromatic ring stretching belonging to DIL at

Table 1
HPLC method validation for DIL and DC-DIL showing intermediate and intra assay precision at four different concentrations.

Compound Concentration (mg/mL) Intermediate precision (RSD, %) Intra-assay precision (RSD, %)

DIL 1.00 5.32 1.67
10.00 0.85 0.48
50.00 0.65 0.17
100.00 0.55 0.16

DC-DIL 0.83 1.26 0.63
8.25 0.52 0.91
41.26 0.25 0.39
82.52 0.38 0.63

Fig. 3. Competitive ligand binding where A is the ligand in the syringe (DIL) (A), and M
and B are the macromolecule and competitive ligand respectively (montmorillonite
and saponite making up the MAS), both present in the sample cell (B) and (C) proposes
the how ligand A binds to receptors B and M.

Fig. 4. Scheme of the ‘house of cards’ formed upon MAS dispersion in water: adapted from Ref. [4] (A); Digital microscopy images of MAS (B); Chemical representation of DIL
structure (C); and complexes formed between MAS and DIL at different time points of aggregation (DeJ).

Table 2
DIL and DC-DIL content in double drug loaded MAS-DIL complex particles.

Media Recovered DIL (% w/w) Recovered DC-DIL (% w/w)

2 M HCl n/a$ 25.78 ± 0.32*
Ultra-pure water 16.48 ± 0.42* 1.31 ± 0.03*
pH 6.8 phosphate buffer 17.61 ± 0.22* 1.55 ± 0.02*

Note: $DIL completely degraded, hence only degradant DC-DIL recovered.
*values are reported as mg of drug per g MAS.
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1511 cm-1 were still observed but all became smaller. The peak
belonging to the amine group on the DIL structure observed at
1217 cm-1 was still present but became broader. The peaks attrib-
uted to ReOeR stretching at 1026 cm-1 and CeO ester stretching at
1059 cm-1 on DIL structure were not observed on the spectrum of
MAS e DIL complex particles. The change and disappearance of
some of the peaks characteristic to both DIL andMAS demonstrated
the potential interaction between them by the formation of
hydrogen bonds between the silanol groups of MAS with the amine
and hydroxyl groups of DIL [6,7].

3.2.2. PXRD
The diffractogram acquired for MAS (Fig. 7) displays a distinctive

reflection at 6.87034� (2q) representing the thickness of the basal
spacing between the platelets, calculated using Bragg’s Law as be-
ing 1.28 nm, a value similar to those suggested in the literature
[6,9]. The prepared MAS-DIL complex particles were shown to be in
amorphous form and did not follow the PXRD pattern of DIL or MAS
alone. The amorphous characteristic of the MAS-DIL sample

suggests the molecular dispersivity of the drug in the prepared
complexes. Furthermore, the reflection at 6.87034� (2q) on theMAS
diffractogram representing the basal spacing was shifted to
4.382592� (2q) on the MAS-DIL diffractogram and showed a
reduced intensity. The peak shift means an increase in basal spacing
of MAS from 1.28 nm up to z2.016 nm upon intercalation of DIL
into the clay platelets, hence confirming the complexation [6,22].

3.3. ITC

3.3.1. Binding between MAS and DIL: single injection experiments
SIM experiments confirmed that binding occurred between

MAS and DIL. The binding isotherm between MAS and DIL was
shown to be highly exothermic at the pH values studied (Fig. 8). The
power signal returned to baseline faster at pH 9 compared with pH
5 and 7, indicating therefore a more rapid interaction. Considering
the ionisation of DIL, a more favourable interaction at pH 9 implies
that DIL is more readily adsorbed onto MAS via hydrogen bonding

Fig. 5. Typical HPLC chromatograms of DIL standard solution at 25 �C (A) and DIL recovered from MAS-DIL complex using 2 M HCl (24 h exposure) (B), 2 M HCl (30 min exposure)
(C), ultra e pure water (D) and pH 6.8 phosphate buffer (E) showing the presence of DIL (1) and degradant desacetyl diltiazem (2).

Fig. 6. ATR-FTIR for DIL, MAS and MAS-DIL double drug loaded complex.
Fig. 7. PXRD patterns of MAS, DIL and MAS-DIL double drug loaded complexes.
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and water bridging, the drug being mainly present in solution in its
unionised form at this pH. This may be explained by the increased
length of the alkyl ammonium chain and large molecular weight of
DIL, which were shown to result in a greater contribution to
adsorption onto the clay via van der Waals forces in previous
studies [23,24].

3.3.2. Binding between MAS and DIL: multiple injection
experiments

The binding between MAS and DIL was further explored using
MIM stepwise experiments at pH 5 and 25 �C. The working pH was
chosen based on drug ionisation, DIL being mostly ionised in so-
lution at pH 5 (pKa 7.8) and hence, expected to interact with the
negatively charged faces of MAS platelets [4,25]. Experiments
confirmed the binding and showed the presence of more than one
binding event at both higher and lower concentrations (Figs. 9 A
and B). The experiment at low concentration (Fig. 9 B) allowed the

Fig. 8. Titration of DIL solution (pH 5) into MAS dispersion (pH 5) (black), pH 7 (red)
and pH 9 (green) at 25 �C.

Fig. 9. ITC raw data showing: titration of 3.2 mM DIL into 0.036% MAS and blank titrations (water into MAS 0.036% (w/v) and DIL 3.2 mM into water) (A); titration of 0.45 mM DIL
into 0.010% (w/v) MAS (B). All experiments were undertaken at pH 5 and 25 �C.

Fig. 10. Species distribution plot showing the binding between ligand A (DIL) and macromolecules M and B (MAS mixture of montmorillonite and saponite) reaching saturation
point (A); Thermodynamic profile through a competitive curve fitting model for adsorption of DIL solution (3.2 mM) pH 5 onto MAS dispersion (0.036%, w/v) pH 5 at 25 �C (B).
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highly detailed observation of the binding events, confirming that
there were no other additional processes taking place. Control
binding experiments showed no interaction between MAS disper-
sion and water, and between DIL solution and water at pH 5 and
25 �C. The presence of multiple binding events following MAS-DIL
binding was not observed in the ITC SIM experiments, hence
emphasising the importance of MIM stepwise experiments in
describing chemical interactions in detail.

A competitor binding model (Fig. 10) was fitted to the data to
determine the thermodynamic parameters of the reaction. For this
analysis it was assumed that the two different types of clay within
MAS (montmorillonite and saponite) placed into the sample cell
may potentially interact differently upon the addition of DIL. This
assumption was made based on the isomorphic substitution of a
limited amount of octahedral Al3þ with Mg2þ in montmorillonite
and the substitution of a limited amount of tetrahedral Si4þ by Al3þ

in saponite, naturally balanced by exchangeable Naþ ions that can
be easily displaced and replaced, giving the clay the ability to act
like a reservoir. Initially the concentrations of both clays were
considered equal to total MAS, that is, [B] ¼ [M] ¼ [MAS] and
AFFINImeter was used to fit the data with the competitive model
using rb and rm (the correction of the nominal concentration of the
compounds in the cell) as fitted parameters with the following
constraint rb þ rm ¼ 1. The fitting of rb and rm allows the calcu-
lation of the real concentration of both kinds of clay. The analysis
revealed that approximately 24% of the MAS interacts strongly with
DIL (Ka ¼ 2.54 Eþ7 ± 1.10 Eþ6 M) and 76% of MAS interacts weakly
with DIL (Ka¼ 4.80 Eþ5 ± 7.59 Eþ3M) (Table 3). The binding events
had similar negative enthalpies (�6.71 Eþ3 ± 1.29 Eþ1 cal/mol
and �8.94 Eþ3 ± 2.18 Eþ1 cal/mol) and negative
entropies �9.28Eþ2 cal/mol and �1.02Eþ3 cal/mol (Table 3), sug-
gesting that in both cases the binding was enthalpy driven and
entropically unfavourable, as high energy resulted from broken and
created hydrogen bonds as well as electrostatic van der Waals in-
teractions. This implies that montmorillonite and saponite are able
to adsorb DIL through a similar mechanism due to their similar
structure. The presence of the two binding events upon the
adsorption of a cationic compound ontoMAS has not been reported
in the literature before.

4. Conclusions

DIL and MAS complexes which can be used in providing oral
controlled release formulation or strategies were successfully made
and characterised. The process of binding revealed two binding
processes that are being reported for the first time for DIL andMAS.
The thermodynamics suggested that the binding processes for
these two events were enthalpy driven and entropically unfav-
ourable. The quantification of these complexes also revealed vari-
able behaviour in the various media tested which can inform a
formulator decision in appropriate media for testing due to drug
degradation in acidic media.
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a b s t r a c t

Enrichment of trace bioactive constituents and metabolites from complex biological samples is chal-
lenging. This study presented a one-pot synthesis of magnetic polydopamine nanoparticles (Fe3O4@-
SiO2@PDA NPs) with multiple recognition sites for the magnetic dispersive solid-phase extraction
(MDSPE) of ginsenosides from rat plasma treated with white ginseng. The extracted ginsenosides were
characterized by combining an ultra-high-performance liquid chromatography coupled to a high-
resolution mass spectrometry with supplemental UNIFI libraries. Response surface methodology was
statistically used to optimize the extraction procedure of the ginsenosides. The reusability of Fe3O4@-
SiO2@PDA NPs was also examined and the results showed that the recovery rate exceeded 80% after
recycling 6 times. Furthermore, the proposed method showed greater enrichment efficiency and could
rapidly determine and characterize 23 ginsenoside prototypes and metabolites from plasma. In com-
parison, conventional methanol method can only detect 8 ginsenosides from the same plasma samples.
The proposed approach can provide methodological reference for the trace determination and charac-
terization of different bioactive ingredients and metabolites of traditional Chinese medicines and food.
© 2019 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

Many traditional Chinese medicines (TCMs), which are homol-
ogous to food and medicine, have been widely used in daily food
and disease treatment [1]. However, their pharmacodynamic ma-
terial basis or food nutrients remain unclear. The matrix effect of
complex biological samples seriously limits the research on active
ingredients and metabolites of TCMs [2,3]. Thus, trace bioactive
constituents and metabolites from biological samples with highly
abundant endogenous interference should be enriched to better
investigate the pharmacodynamic material basis. At present, the
ultra-high-performance liquid chromatography coupled with high-
resolution mass spectrometry (UPLC-MS) has been widely used to

enrich and detect the complex biological samples [4,5]. In addition,
new acquisition modes that can obtain good data of all precursors
and fragment ions for the determination of targeted molecules are
developed by the development of data-dependent acquisition
(DDA) and data-independent acquisition (MSE) [6,7]. Moreover, the
analytical sensitivity and capacity are remarkably enhanced [8].
Thus, these superiorities have provided an advanced analytical
platform to gain comprehensive information for the separation and
characterization of metabolites.

Despite the presence of advanced analytical instrumental plat-
forms, there is an urgent need to develop pretreatment methods in
conjunction with UPLC-MS for better analysis. At present, tradi-
tional solvent extraction methods [9e13], liquideliquid extraction
(LLE) and solid-phase extraction (SPE) [14] are widely used to
extract ginsenosides. But these methods require high temperature,
long hours, and lots of efforts and solvent. And SPE method needs
expensive commercial cartridges and fussy procedures. Although
our previously proposed eco-friendly deep eutectic solvent (DES)
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[2] for extraction of ginsenosides showed high efficiency and sol-
ubility, sample concentration is still limited by negligible volatility
of DES. The development of magnetic solid-phase extraction
(MSPE) and magnetic dispersion solid-phase extraction (MDSPE)
[15] has provided a new potential value for the efficient extraction
of ginsenosides, but it is a challenge to synthesize functional ad-
sorbents. Table S1 summarizes the advantages and drawbacks of
extraction techniques for ginsenosides.

Recently, magnetic nanoparticles (MNPs) have attracted
considerable attention due to their outstanding properties, such as
good dispersion, controllable core-shell structure, fast and efficient
separation, sustainable usage and no need to pack columns. MNPs
have beenwidely used as adsorbents for enriching small molecules
[16,17]. However, MNPs cannot form other interactions except for
hydrogen bonds betweenmost TCMs or food bioactive constituents
due to the lack of specific functional groups. Moreover, the syn-
theses of materials require complex procedures and harmful sol-
vents in the preparation process, and few are applied to complex
biological samples.

Dopamine (DA), a small molecule that mimics the adhesive
proteins of mussels, has been confirmed to play a unique role in the
interfacial adhesion of numerous material surfaces by self-
polymerization under sufficient mild conditions (weak alkaline
medium) [18e20]. For example, self-polymerization of DA has been
used for the extraction of estrogenic compounds from cow, goat,
sheep and humanmilk [21]. Unfortunately, the reported core-shell-
based polydopamine NPs (PDA NPs) still have some limitations. The
first limitation is that PDA possesses strong interfacial adhesion,
which results in blocking cavities of buried substance in molecular
imprinted materials (MIPs). Moreover, few studies report the
detection of targeted molecules from complex matrix samples.

In this study, a novel strategy was developed to enrich and
detect ginsenosides from complex biological samples by intro-
ducing UNIFITW libraries assisted with Fe3O4@SiO2@PDA NPs as
adsorbents of MDSPE. The strategy incorporated the advantages of
the three approaches: (1) MDSPE with Fe3O4@SiO2@PDA NPs for
fast and efficiently capturing trace bioactive constituents from
biological samples without packing column; (2) UPLC-MS tech-
nology for fast and accurate detection of trace constituents; (3)
Supplemental UNIFI libraries for fast, high-throughput and auto-
matic match of data and identification of compounds. This strategy
achieved a promote platform including pre-treatment, sample
analysis based on MS and data analysis. For experiments, the con-
ditions were statistically optimized by response surface method-
ology (RSM) with total ginsenosides to obtain the best extraction
process. Subsequently, the strategy was applied for the fast detec-
tion and determination of metabolites from rat plasma, which
eliminated the interference of several endogenous substances.
Moreover, the synergetic strategy was accomplished in compliance
to 9 of the 12 green chemistry principles with green analytical
chemistry's (GAC) [22]. The proposed method was proven to be a
promising strategy to improve the enrichment capability and
sensitivity of MS for tracing the targeted molecules in biological
samples.

2. Experimental

2.1. Chemicals

White ginseng (WG), total ginsenosides (extract of WG) and all
the standards of ginsenosides Rb1, Rb2, Rb3, Rc, Rd, Re, Rg1, PPD, Rf,
Rg2, Rg3, Rh1, Rh2 and compound K were obtained from the Col-
lege of Pharmacy, Jilin University. Dioscin as an internal standard
(IS) was purchased from National Institutes for Food and Drug
Control (Beijing, China). HPLC-grade acetonitrile and methanol

were acquired from Fisher Scientific (Loughborough, UK). Ultrapure
water was prepared by a Milli-Q water (18.2MU) purification sys-
tem (Milford, MA, USA). Tris (hydroxyl methyl amino methane)
(Tris), dopamine hydrochloride (DA$HCl), heparin, ammonium
sulfate (NH4)2SO4, aminopropyl triethoxy silane (APTES), tetrae-
thoxysilane (TEOS) and Fe3O4 nanoparticles (20e30 nm) were ob-
tained from Aladdin Industrial Corporation (Shanghai, China). HCl,
acetic acid and methanol were provided by Sinopharm Chemical
Reagent Co(Shenyang, China). A 5mM Tris-HCl buffer solution (pH
7e9) was prepared by us.

2.2. Instrumentations

The morphology and Energy Dispersive X-Ray (EDX) spectros-
copies of MNPs were obtained by the scanning electron microscopy
(SEM, JSM-6460LV, Japan). Fourier transform infrared spectroscopy
(FT-IR, IFS 66 V/S, Germany) was performed to identify the mate-
rials with KBr. Other characteristics were measured by vibrating
sample magnetometry (VSM, MPMS XL, USA) at room temperature
and a D8 advance X-ray diffractometer (XRD, D8, Germany) with Cu
Ka radiation (l¼ 1.5406 Å). The UPLCeMS/MS analyses were per-
formed by a Waters ACQUITY UPLC system (Waters Corp., Milford,
USA) coupled to a triple quadrupole (TQ) mass spectrometer
equipped with the electrospray ionization (ESI) source in multiple
reactions monitoring (MRM) mode. A Q-TOF SYNAPT G2-S High
Definition Mass Spectrometer coupled to ESI (Waters Crop., Man-
chester, UK) was adopted for detection of ginsenosides metabolites
before and after treatment with Fe3O4@SiO2@PDA NPs. The C18
column (50mm� 2.1mm, 1.9 mm; Thermo scientific) was
employed in the entire experiments. MassLynxV4.1 and Marker-
Lynx Application Manager (Waters Corporation, Milford, USA) and
UNIFI 1.8 (Waters, USA) were carried out to process the collected
data. And all detailed steps of mass spectrometry analyses were
described in Supplementary data (Methods section), including
UPLCeMS/MS analysis, Q-TOF analysis and mass spectral data
analysis with UNIFITW.

2.3. Synthesis of the Fe3O4@SiO2, Fe3O4@SiO2@APTES and
Fe3O4@SiO2@PDA NPs

The Fe3O4@SiO2 NPs were synthesized by the previous method
[23]. The Fe3O4@SiO2@APTES NPs were synthesized through the
modified method [24]. The synthesis strategy of Fe3O4@SiO2@PDA
NPs based on the modified method [25] through one-pot synthesis
is as follows: briefly, the Fe3O4 NPs (100mg) were dispersed into an
ethanol solution (95% ethanol : water, v/v). Then, ammonium hy-
droxide was added into themixture solvents (pH¼ 8.5). Ultrasound
10min later, 0.2mL of TEOS was added dropwise into the system
for 6 h at 40 �C. After that, 90mg of DA$HCl was added into the
bottle, followed by stirring for 1 h. Subsequently, the obtained
product was isolated by the external magnetic field and washed by
water and ethanol. Eventually, the product was dried under vac-
uum at 40 �C for 24 h.

2.4. Animals

Six male rats, weighting 200± 20 g, were obtained by Jilin
Medical University (Jilin, China). After a week of adjustable feeding,
they were administered WG (7 g/kg) once a day for 5 days. The rats
were sacrificed 2 h after the last gavage, and the blood was
collected and centrifuged. The supernatants were stored at �80 �C.
All animals’ experiments and the procedures followed the Guide for
the Care and the Use of Laboratory Animals of Jilin University.
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2.5. Enrichment of ginsenosides from total ginsenosides

During MNPs screening and tailoring, 5mg of the MNPs were
mixed with 1mL of the total ginsenosides in water (500 mg/mL).
The mixture was vortexed and shaken for 2 h. Later, the MNPs were
isolated by external magnetic field, followed by ultrasound-assisted
cleaning with 1mL of methanol-acetic acid (9:1, v/v) and then
direct mass spectrometry analysis.

The adsorption capacity of Fe3O4@SiO2@PDA NPs for ginseno-
sides was investigated at different concentrations of total ginse-
nosides while other conditions remained unchanged. Meanwhile,
the dynamic adsorption capacity was evaluated by varied time from
10min to 360min. Desorption time was estimated at varied time
from 10min to 120min. The adsorption amounts (Q, mg/g) of MNPs
were calculated according to Eq (1) [26].

Q ¼ðCo �CeÞ � V
m

(1)

where, Co (mg/mL), Ce (mg/mL), V (mL) andm (g) represent the initial
and equilibrium concentration of ginsenosides, the volume of the
total ginsenosides solutions and the mass of the MNPs, respectively.

To investigate the maximum adsorption properties of Fe3O4@-
SiO2@PDA NPs, the adsorption isotherm was calculated by using a
series of total ginsenosides solutions with different concentrations.
The kinetic tests were calculated by varied different adsorption
time. The Langmuir and Freundlich isotherm models, and the
pseudo-first-order and pseudo-second-order models were adopted
to evaluate the equilibrium and kinetic data, respectively [27].

2.6. Experimental design and statistical analysis for total
ginsenosides

The screening experiments, including synthetic species of
magnetic materials, content of dopamine, pH of the solvent system,
concentrations of the total ginsenosides, enrichment time and
desorption time were carried out. According to the above obtained
result of single factor experiments, the appropriate variable range
in extraction process (shown in Table S2) was employed for
experimental design using RSM. The Box-behnken design (BBD)
combined with RSM was performed as follows: pH (7e9), con-
centrations of the total ginsenosides (100e700 mg/mL), enrichment
time (30e80min), and elution time (10e80min) at levels (-1, 0, 1).
Here, the reason for choosing such pH rangewas that the extraction
efficiency was better at weak alkalinity for ginsenosides [15]. The
extraction recoveries of ginsenosides in 29 experiments (three
replicates) were estimated by BBD in Table S3.

Design-Expert 8.0.6 software [28] was operated to evaluate the
statistical significance in design experiment. Based on analysis of
variance (ANOVA), the quadratic multiple regression models were
built to investigate model quality according to the square of cor-
relation coefficient (R2) and the lack of fit which evaluated the
failure of the model.

2.7. Real samples extraction procedure

The real plasma samples after lavage WG were analyzed by our
synergetic strategy in Scheme 1. The 200 mL plasma samples were
divided into conventional methanol group and Fe3O4@SiO2@PDA
NPs enrichment group (six replicates). First, all plasma samples
were dealt with 3 folds methanol. After centrifugation, the super-
natants were dried under nitrogen in methanol group. However, in

Fig. 1. SEM images of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES and Fe3O4@SiO2@PDA
NPs.

Scheme 1. Schematic presentation of the proposed strategy for capture and characterization of ginsenosides by Fe3O4@SiO2@PDA NPs based on UPLC-MS method.

Fig. 2. The EDX spectrum and element compositions of Fe3O4@SiO2@PDA NPs.
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the PDA group, 5mg Fe3O4@SiO2@PDA NPs were added into 1mL
Tris-HCl buffer system containing the supernatants of the same
volume (final pH¼ 8.78). After vortexing for 2min, the systemwas
shaken for 80min. Later, the obtained supernatant was removed by
external magnetic field. And the MNPs were eluted with 1mL of
methanol-acetic acid (9:1, v/v) by ultrasound for 68.25min. Finally,
the eluted solvents were also dried under nitrogen. All both dried
samples were re-dissolved with 50 mL methanol for TOF analysis.

2.8. Method validation and measurement uncertainty

A series of working solutions of Rb1, Rb2, Rb3, Rc, Rd, Re, Rg1,
PPD, Rf, Rg2, Rg3, Rh1, Rh2 and compound K were obtained by
stepwise dilution of the stock solutions in methanol. The calibra-
tion was created in the form of y¼ ax þ b. The limits of detection
(LODs) and limits of quantification (LOQs) were recognized at a
signal-to-noise ratio (S/N) of 3 and 10 times. For quality control
(QC) samples, fourteen ginsenosides were operated at low, me-
dium, and high concentrations in WG powder and plasma,
respectively. The IS was prepared at a concentration of 0.1 mg/mL in
each sample. Intra- and inter-day accuracy and precision were
assessed by QC samples at concentration levels of low, middle and
high for 14 ginsenosides in 3 days. The relative standard deviation
(RSD) and relative error (RE) represented the precision and accu-
racy, respectively. To investigate the matrix effect, the analyses of
total ginsenosides and drug-free plasma samples spiked with the
14 analytes were carried out. To further estimate the extraction
recovery, the samples ofWG powder and drug-free plasma samples
spiked with the 14 analytes were directly analyzed using our pro-
posed method.

Proper quality assurance/quality control (QA/QC) procedures are

vital for the measurement results, which provide reliable analytical
information. According to Konieczka and Namie�snik [29], amount
of sample, analyte concentration, calibration step, repeatability of
results and recovery determination (trueness) of the uncertainty
components were estimated. The uncertainty of results was
calculated based on Karimi et al. [30] and Borecka et al. [31].
Expanded uncertainty was determined by the Eq (2).

U¼k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðurðsampleÞÞ2þðurðcalÞÞ2þðurðtrueÞÞ2þðurðrepÞÞ2þðurðMDLÞÞ2

q
,100½%�

(2)

The meaning of each element in the Eq (2) is as follows:
Ueexpanded uncertainty (%), kecoverage factor (k¼ 2 for P¼ 95%),
ur(sample)erelative standard uncertainty of sample, ur(cal)erelative
standard uncertainty of calibration step, ur(true)erelative standard
uncertainty of trueness, ur(rep)erelative standard uncertainty of
repeatability, and ur(MDL)erelative standard uncertainty of MDL
determination. Meanwhile, ur(cal), ur(true), ur(rep) and ur(MDL) were
calculated by the following Eqs (3)e(6), respectively.

The sensitivity of the method is expressed by method detection
limit (MDL) and method quantitation limit (MQL) for the entire
procedure. And theMDL andMQLwere calculated by the Eq (7) and
Eq (8).

urðcalÞ ¼
SDxy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
p þ 1

m þ ðXsample�XmÞPn

i¼1
ðXi�XmÞ

r

b,Xsample
(3)

Fig. 3. (A) X-Ray diffraction patterns of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES and Fe3O4@SiO2@PDA NPs. (B) FT-IR spectra of all the NPs. (C) VSM magnetization curves of all the
NPs. (D) VSM magnetization curves of synthetic Fe3O4@SiO2@PDA NPs at different reaction times.
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urðtrueÞ ¼ RSDR (4)

urðrepÞ ¼
RSDresultsffiffiffi

n
p (5)

urðMDLÞ ¼
MDL
cm

(6)

MDL ¼ 3:3SDxy

b
(7)

MQL ¼ 10 SDxy

b
(8)

where SDxy is the standard deviation of the calibration curve, p is
the repetition number of measurements for a given sample,m is the
total number of standard samples used for plotting the calibration
curve, Xsample is the concentration of sample, Xm is the mean value
of all concentrations of a standard solution for which the mea-
surement was made to plot a calibration curve, Xi is the calculated
concentration, b is the slope of the calibration curve, RSDR is the
RSD derived from the recovery, RSDresults is the RSD in real samples
and Cm is the mean concentration of analyte. The analytical result is
expressed as mean± expanded uncertainty.

3. Results and discussions

3.1. Characterization of the magnetic nanoparticles

3.1.1. SEM and EDX characterizations
All MNPs were characterized through SEM. As shown in Fig. 1,

the diameters of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@PDA and
Fe3O4@SiO2@APTES NPs were about 25 nm, 130 nm, 180 nm, and
220 nm, respectively. The results revealed that the size of particles
increased with the layer-by-layer modification on the Fe3O4 core,
and the order is expressed as follows: Fe3O4 NPs< Fe3O4@SiO2
NPs< Fe3O4@SiO2@PDA NPs< Fe3O4@SiO2@APTES NPs. In addition,
the enrichment capability of different MNPs for ginsenosides was
also estimated through MS analysis (MRM conditions, calibration
curves and analytical results are shown in Tables S4 and S5 and
Fig. S1). The order of enrichment capability was in consistent with
the order of MNPs size. Although the specific surface areas of Fe3O4
and Fe3O4@SiO2 NPs were larger than the other two, the enrich-
ment capabilities of bare MNPs and hydroxyl-containing Fe3O4@-
SiO2 NPs were weaker than the other two amino-containing MNPs.
It is obvious that the effect of amino groups was greater than hy-
droxyl groups, and the effect of functional groups was relatively
more important than specific surface area in this experiment.
Moreover, the higher enrichment capability for Fe3O4@SiO2@PDA
NPs compared with Fe3O4@SiO2@APTES NPs was obtained due to
two reasons: (1) PDA possessed multiple recognition sites, such as

Fig. 4. RSM response surface plots of the model for extraction of ginsenosides.
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amino and hydroxyl groups; (2) Fe3O4@SiO2@PDA NPs with small
size had relatively high surface areas.

Furthermore, the EDX spectrum and main elemental composi-
tion analysis for Fe3O4@SiO2@PDA NPs are presented in Fig. 2. The
contents of N elements were further validated the existence of PDA.
All the results suggested that PDA was successfully grafted to the
Fe3O4@SiO2 NPs.

3.1.2. XRD characterization
The XRD patterns are shown in Fig. 3A. It was obviously

observed that six major characteristic diffraction peaks of Fe3O4
NPs appeared at 2q¼ 30.2� (220), 35.5� (311), 43.2� (400), 53.4�

(422), 57.2� (511), and 62.9� (440). Although the Fe3O4 NPs were
gradually modified, the spectra of modified MNPs were similar to
the XRD spectrum of Fe3O4 NPs at the six major peaks, revealing
that the modification had not been destroyed on the crystal
structure of Fe3O4 particles. The peaks attributed to SiO2 and PDA
were not observed, because SiO2 or PDA coating on the surface of
Fe3O4 mainly existed as amorphous forms [32].

3.1.3. FT-IR characterization
The Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2@APTES and Fe3O4@-

SiO2@PDA NPs were further validated by FT-IR (Fig. 3B). The typical
peaks located at approximately 576 cm�1 and 1090 cm�1 were
attributed to the stretching vibration of FeeO and SieO bonds,
respectively [33]. The peak at approximately 1626 cm�1 was
assigned to the NeH vibration in APTES [34]. The peaks for PDA at
approximately 1621 cm�1 and 1508 cm�1 were assigned to C]C
stretching vibrations in the aromatic ring and NeH bending vi-
bration, respectively [35]. Moreover, in the entire spectrum, a broad
band at approximately 3420 cm�1 corresponded to the eNH or
eOH stretching vibration [32]. These results reaffirmed the for-
mation of PDA shell on Fe3O4@SiO2@PDA NPs.

3.1.4. VSM analysis
As observed in Fig. 3C, the saturation magnetizations of Fe3O4

and Fe3O4@SiO2 NPs were 53.08 emu/g and 42.40 emu/g, which
reduced to 33.07 and 37.71 emu/g after coating with APTES and
PDA, respectively. Although the saturation magnetization declined
clearly, the MNPs still met the experimental requirements. The
saturation magnetization of Fe3O4@SiO2@PDA NPs was stronger
than that of Fe3O4@SiO2@APTES, which proved its efficient sepa-
ration in the adsorption of ginsenosides. As shown in Fig. 3D,
saturation magnetization reduced with the increase of polymeri-
zation time. And the intensity was the highest when the poly-
merization time was 60min. This optical condition demonstrated
the existence of critical values for polymerization time.

3.2. Effect of content of DA

The content of DA was estimated for the synthesis of Fe3O4@-
SiO2@PDA NPs to improve their enrichment capability (Q). As
shown in Fig. S2A, Q was the strongest when DA$HCl was 90mg.
Excess amounts of DA$HCl caused the decrease of extraction ca-
pacity for ginsenosides. The results showed that superfluous
DA$HCl promoted self-aggregation of DA, or the shell of MNPs
thickened and resulted in the decrease of specific surface area [36].

3.3. Effect of reaction time

The polymerization time was also estimated for the synthesis of
Fe3O4@SiO2@PDA NPs. As displayed in Fig. S2B, Fe3O4@SiO2@PDA
NPs exhibited the highest extraction efficiencies of ginsenosides
when the polymerization timewas 60min, which resulted from the
increasement of recognition sites, a stepwise suitable thickness and Ta
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the above-mentioned strong saturation magnetization. However,
the enrichment effect became relatively low with long polymeri-
zation time. The low enrichment effect was caused by the reduction
of magnetism and specific surface area due to the thickened shell of
the MNPs as time went by, and this finding was consistent with the
characterization data in Fig. 3D.

3.4. Optimization for ginsenosides extraction using RSM

Single-factor experiments were implemented to obtain the
suitable value ranges for statistical analysis (Fig. S3). In Fig. S3A,
when pH ranged from 7 to 9, the values of adsorption capacities
increased. It is confirmed that the adsorption capacities for ginse-
nosides were better at weak alkalinity for the following two rea-
sons: (1) ginsenosides formed more hydrogen bonds with the
multiple recognition sites of PDA at weak alkalinity; (2) hydro-
phobic interaction was better at weak alkalinity. For the isotherm
test, Langmuir model (R2¼ 0.94) was more successful and suitable
than Freundlich model (R2¼ 0.89) at 10e1000 mg/mL (Total ginse-
nosides solutions), and the fitting Qwas greater by Langmuir model
(Fig. S3B). For the adsorption kinetic test (Fig. S3C), the Q was
coincided with the pseudo-first-order model, and the pseudo-first-
order model (R2¼ 0.99) was more suitable than pseudo-second-
order model (R2¼ 0.86). As shown in Fig. S3D, the desorption ca-
pacity remained unchanged after about 60min. All those results
suggested that the single-factor experiment could provide certain
ranges for RSM analysis. Furthermore, Design-Expert 8.0.6 was
used to evaluate the statistical relevance in the suitable range
(Fig. 4). Second-order polynomial quadratic equations between
extraction yields (Y) and coded variables (A, B, C and D) were
calculated and expressed as follows:

Y ¼ 21.25 þ 2.21A þ 8.94B þ 5.19C þ 4.45D þ 1.83AB þ 1.93A
þ 1.94AD þ 2.08BC þ 2.25BD þ 0.48CD � 2.30A2� 7.59B2� 5.84C2

� 6.02D2

The data of ANOVA analysis and 3D response plots indicated the
relevant variables for Y of ginsenosides and the interaction effect
between the variables (Table S6). In the model, extraction

concentrations (B), enrichment time (C), and elution time (D)
exhibited significant difference at p< 0.05. pH displayed an insig-
nificant efficiency (p¼ 0.0856). The results indicated that B, C and D
presented remarkable effects, and no obvious interactions with
each other were observed during the enrichment process. A pre-
dicted optimal Y of 29.63mg/g was obtained when the extraction
system pH was 8.78, concentration was 576.32 mg/mL, enrichment
time was 80min, and elution time was 68.25min. Meanwhile, the
highest Yof 28.32± 0.82mg/gwas achieved and the result reflected
the repeatability of the model obtained. Generally, a good meth-
odological result was obtained. In addition, the recovery exceeded
80% after recycling Fe3O4@SiO2@PDA NPs 6 times (data are shown
in Fig. S4), and this finding revealed that the MNPs were efficient
and sustainable for the enrichment of ginsenosides.

3.5. Application to plasma samples and metabolite identification

From BBD experiments, the best extraction process was opti-
mized and the recovery was extremely close to predicted values.
The LODs and LOQs of analytes were obtained through the verifi-
cation of methodology, and good linearities were higher than 0.99
and wide linear ranges were obtained. In Table S7, the accuracy and
precision of all the analyteswere evaluated. All values conformed to
methodological standard. In Table S8, mean accuracies of extraction
recoveries and matrix effects of all the analytes ranged from 85% to
115% at three QC levels (n¼ 6). The high extraction recovery and
lessmatrix effect of 14 analytes indicated that the Fe3O4@SiO2@PDA
NPs extraction method was viable. The method was feasible when
ginsenosides were enriched from blank plasma spiked with stan-
dard mixtures of ginsenosides (in methanol) by the Fe3O4@-
SiO2@PDA NPs. In addition, the QA/QC procedures were
successfully applied to the measurement and analytical results.
Finally, uncertainties of all measurement and analytical results
were calculated and the final expanded uncertainty results are
shown in Table 1. To further evaluatewhether the proposedmethod
has high sensitivity for Q-TOF MS analysis in real complex samples,
the proposed approach was implemented to the rat plasma-
administered WG, and UNIFI™ libraries were supplemented to
automatically assist the separation and characterization of

Fig. 5. The BPI chromatograms acquired by conventional methanol extraction method (A) and Fe3O4@SiO2@PDA NPs enrichment method (B).
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compounds. The base peak ion (BPI) chromatograms of conven-
tional methanol group and Fe3O4@SiO2@PDA NPs enrichment
group are summarized in Fig. 5. As shown in BPI chromatograms,
ion suppressions from plasma had a severe effect on the mass
spectrum of ginsenosides, although the signal intensity was slightly
high for the conventional methanol method.

Compound 3 (recognized as ginsenosides Re) was taken as ex-
amples to illustrate the structural identification of ginsenosides
based on mass spectral fragmentation pathways [15] and UNIFI™
libraries. As shown in Fig. 6, characteristic ions of compound 3were
m/z 945.5379 [M�H]� and 991.5471 [M þ HCOOHeH]� in the
negative ion mode. For the high-energy function, the main frag-
mentation ions were at m/z 799.4739, 783.4918, 637.4239,
475.3763, 391.2855 and 161.0451, which corresponded to
[MeRha]�, [MeGlc]�, [MeGlceRha]�, [MeGlceRhaeGlc]�,
[MeGlceRhaeGlceC6H12]� and [C6H9O5]�, respectively. These
fragmentation ions were identical to those of Re in the UNIFI™ li-
braries. Moreover, the liquid retention time of compound 3 was the

same as the Re in UNIFI™ libraries. So, compound 3 was identified
to ginsenoside Re through constant comparison and confirmation.
All the prototypes and metabolites in vivo were matched through
the above characterization and confirmation steps, the results are
listed in Table 2. The combination of MSE and UNIFI showed a huge
potential in the separation and determination of compounds.

3.6. Comparison of the proposed method with other methods

Table S9 shows the distribution information of each ginsenoside
in the biological samples detected by different enrichment
methods. Surprisingly, 23 compounds were detected and deter-
mined using our proposed method, whereas only 8 ginsenosides
were determined by the methanol method. For the proposed
enrichment method, the ion signal enhancement effect of targeted
compounds was obvious. Moreover, the proposed strategy can
rapidly separate and identify many targets in the spectrum, which
avoided several endogenous substances. This finding proved that

Table 2
The major prototypes and metabolites of enrichment and identification using Fe3O4@SiO2@PDA NPs extraction method in the biological samples in the negative ion mode.

NO. RT
(min)

Molecular
formula

Neutral mass
(Da)

Observed
m/z

Mass
error
(ppm)

MS/MS (�) Identified

1 4.02 C48H82O18 946.5501 991.5466 �1.2 945.5379, 341.1087, 339.1293, 161.0456, 149.0452 Gypenoside XDII
2 4.04 C42H72O14 800.4922 845.4857 �5.0 799.4792, 637.4305, 619.4229, 475.3728, 391.2855, 179.0540, 161.0461 Ginsenoside Rg1
3 4.05 C48H82O18 946.5501 991.5466 �1.2 945.5379, 783.4918, 765.4668, 637.4239, 619.4229, 475.3763, 457.3649, 391.2855,

179.0540, 161.0451
Ginsenoside Re

4 7.39 C42H72O14 800.4922 845.4857 �5.0 799.4792, 619.4229, 475.3824, 457.3679, 391.2855, 161.0461 Ginsenoside Rf
5 9.33 C36H62O9 638.4394 683.4355 �2.3 637.4387, 619.4215, 437.3419, 389.2689 Ginsenoside Rh1(s)
6 9.63 C42H72O13 784.4973 829.4974 2.9 783.4918, 637.4305, 619.4229, 475.3824, 161.0461 Ginsenoside Rg2
7 11.57 C54H92O23 1108.6029 1153.5989 �1.5 1107.5934, 945.5379, 783.4918, 621.4341, 459.3784, 323.0989, 179.0540 Ginsenoside Rb1
8 13.05 C53H90O22 1078.5924 1123.5879 �2.0 1077.5831, 915.5270, 783.4917, 311.0969, 293.0834, 149.0437, 131.0334 Ginsenoside Rc
9 14.78 C53H90O22 1078.5924 1123.5880 �1.9 1077.5831, 915.5270, 783.4918, 311.0967, 293.0834, 149.0437, 131.0330 Ginsenoside Rb2
10 15.16 C53H90O22 1078.5924 1123.5877 �2.1 1077.5831, 783.4918, 765.4789, 621.4341, 603.4291, 459.3878, 149.0435,

131.0331
Ginsenoside Rb3

11 15.55 C56H92O25 1164.5928 1163.5871 1.8 1119.5947, 1029.5271, 929.5473, 897.5217,781.4746,769.4740,753.4785 MaleGinsenoside Rc
12 15.79 C56H92O25 1164.5928 1163.5873 1.9 1119.5951, 1059.5742, 1047.5737, 1029.5640, 927.5334, 835.4485, 783.4904,

765.4787
MaleGinsenoside
Rb2

13 16.31 C48H82O18 946.5501 991.5446 �3.2 945.5379, 783.4918, 621.4341, 459.38478, 179.0440, 161.0441 Ginsenoside Rd
14 16.62 C36H62O10 654.4343 653.4253 �1.8 493.3555, 477.3589, 391.2877 Compound Kþ2O

e2H2

15 17.12 C42H72O13 784.4973 829.4969 2.3 783.4919, 621.4372, 537.3433, 475.3793, 375.2905, 159.0299 Ginsenoside F2
16 18.02 C36H60O11 668.4136 667.4039 �2.9 387.2613, 305.1830, 303.1609, 297.2203 Ginsenoside F1þ2O

eH2

17 18.37 C42H72O13 784.4973 829.4969 2.3 783.4917, 621.4341, 537.3466, 459.3784, 161.0461 Ginsenoside Rg3
18 18.62 C36H60O11 668.4136 667.4074 2.4 489.2759, 463.3458, 457.3338, 407.2841, 391.2879 Compound Kþ3O

eH2

19 18.99 C30H52O4 476.3866 475.3795 1.4 445.3646, 439.3549, 293.2081, 373.2738, 407.3216 Protopanaxadiol þ O
20 19.51 C30H52O5 492.3815 491.3749 2.4 473.3639, 387.3271, 361.2752, 347.2959, 245.1548 Protopanaxadiolþ2O
21 20.25 C30H52O5 492.3815 491.3752 3.1 475.3433, 443.3533, 441.3736, 403.3221, 401.3063 Protopanaxadiolþ2O
22 22.25 C30H50O5 490.3658 489.3589 1.8 437.3058, 423.3264, 393.3013, 371.2183, 343.2645, 331.2283, 305.2491 Protopanaxadiolþ2O

eH2

23 22.81 C30H50O5 490.3658 489.3593 2.7 475.3463, 427.3569, 387.2906, 375.2903, 373.2743, 361.2386, 343.2983, 331.2632 Protopanaxadiolþ2O
eH2

Fig. 6. The major fragmentation pathways of ginsenoside Re.
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Fe3O4@SiO2@PDA NPs had a huge potential for the enrichment of
ginsenosides from a wide range of samples.

As shown in Table 3, the proposed strategy was compared with
previous extraction methods for the determination of ginsenosides
[2,9e15]. The proposed strategy had several advantages over
normal methods. Compared with conventional solvent extraction
and LLE, MDSPE did not require centrifugation and can perform
rapid separation. Moreover, the adsorption capability of Fe3O4@-
SiO2@PDANPs for ginsenosideswas the highest (28.32mg/g in total
ginseng and 24.56mg/g in plasma). All these results demonstrated
that the proposed method was a fast, sensitive and reusable tech-
nique that could be used for the enrichment and determination of
ginsenosides in biological samples.

As for green aspects, the above-mentioned techniques for the
enrichment of ginsenosides are comprehensively assessed in
Table S10. The proposed strategy was accomplished in compliance
to 9 of the 12 GAC principles, which stood for reduction of the use of
chemical substances and the recycle of them. All other methods
met nomore requirments of the principles than the one used in this
work.

4. Conclusions

In summary, Fe3O4@SiO2@PDA NPs with multiple recognition
sites in PDA were synthesized through a green one-pot procedure.
It is easy to synthesize and there is no need to pack columns for
sample analysis. Importantly, the materials could recycle at least 6
times, conforming to the GAC principles. Moreover, the fast sepa-
ration and characterization of 23 ginsenoside prototypes and me-
tabolites from plasma were achieved by combining UPLC-MS with
UNIFI libraries. In comparison, conventional methanol method can
only detect 8 ginsenosides from the same plasma samples. This
new synergetic strategy for the accurate characterization of trace
ginsenosides using an easy, fast, economical, automated and eco-
friendly way shows potential applications. The integration of
facile and one-pot materials, advanced analytical platforms and
automatically high-throughput post data-processing softwares will
promote the research on the pharmacodynamic material basis of
related food and TCMs.
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Table 3
Comparison of adsorption capability of pre-concentration methods for determination of ginsenosides.

Pre-concentration method Analytes Techniques Separation Temperature Capacity (mg/g) LOQ (ng/mL) Matrix Reference

70% aqueous methanol Ginsenosides UAE Centrifugation 7.48# Panax ginseng [9]
Methanol Ginsenosides Refluxing Centrifugation 60e65 �C 6.46# American ginseng [10]
Methanol Ginsenosides Refluxing Centrifugation 60e65 �C 7.26# Panax quin-quefolius [11]
MeOH-ACN Ginsenosides Vortex Centrifugation 0.12e8.12 Plasma [12]
Acetonitrile Ginsenosides Vortex Centrifugation 1e5 Plasma [13]
Methanol Ginsenosides LLE Centrifugation 19.37* 0.25e1 Plasma This work
DES Ginsenosides LLE Centrifugation 36.65# 0.4e40 White ginseng [2]
MIPs Rg1 SPE Centrifugation 27.74* Total ginsenosides [14]
PDA-MMIPs Anemoside B4 MSPE Magnetic separation 5.65* Feces [15]
PDA-MNPs Ginsenosides MDSPE Magnetic separation 28.32* 0.25e1 Total ginsenosides This work

24.56* 1e2 Plasma

UAE: Ultrasound-assisted extraction.
# mg of extracted ginsenosides from per g of white ginseng powder.
* mg of extracted ginsenosides from per g of adsorbent.
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