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Curcumin  is  a widely  used  herbal  medicine  for various  human  diseases  including  inflammation  and
cancer.  The  demonstration  and  optimization  of  curcumin’s  activities  in  the  clinical  setting,  however,  have
been  compromised  by its poor  bioavailability  and  the  lack  of analytic  methods  to monitor  its  absorption.
In  this  paper,  we  report  the first validated  liquid  chromatography–tandem  mass  spectrometric  method
ey words:
urcumin
urcumin-O-glucuronide
iquid chromatography–tandem mass
pectrometry
harmacokinetics

for  simultaneous  quantification  of  curcumin  and  its  major  metabolite:  curcumin-O-glucuronide  (COG),  in
the  linear  range  of 2.0–2000  ng/mL  in  human  plasma.  The  intra-day  and  inter-day  accuracies  of  curcumin
and  COG  in  human  plasma  were  in  the range  of  91.3–111.5%  and  82.7–109.2%  and  their  co-efficiency
of variations  were  in  the  range  of  3.5–12.7%  and  3.1–11.3%,  respectively.  This method  was  capable  of
detecting  only  COG  in  human  plasma  samples  from  two healthy  volunteers  after  an  oral  ingestion  of
curcumin.
. Introduction

Curcumin is a natural polyphenol extracted from the rhizome of
urmeric (Curcuma longa) [1,2]. Curcumin possesses a wide range
f biological and pharmacological activities including anti-oxidant,
nti-inflammatory and anti-tumor effects, most of which have been
lucidated from preclinical studies [3].  Due to the lack of ana-
ytic methods to monitor its absorption, current application of
urcumin in clinical setting has not been optimized [4].  Pharma-
okinetic (PK) studies of curcumin in humans have consistently
eported low plasma curcumin levels (<50 ng/mL) after oral inges-
ion of curcumin up to 12 g/day [5,6]. Factors contributing to its low
ral bioavailability include its poor solubility and absorption, and
apid metabolism [4].  Metabolic studies have demonstrated that

rally ingested curcumin is extensively transformed to curcumin-
-glucuronide (COG) and curcumin-O-sulfate (COS) in both rodents

7,8] and human [6].  As the major metabolite, COG may  be explored
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as a potential marker for evaluating curcumin absorption and mon-
itoring the compliance of curcumin consumption. Up to date, the
plasma level of COG has been determined indirectly by quantify-
ing curcumin generated from glucuronidase hydrolysis of plasma
samples [6].  In this study, a sensitive LC–MS/MS method for direct
quantification of COG and curcumin has been established and val-
idated in human plasma.

2. Materials and methods

2.1. Reagents and chemicals

Curcumin (>98%) was  purchased from Acros Organics (Acros
Organics, Morris Plains, NJ) and used for developing a calibra-
tion curve without further purification. Curcumin-O-glucuronide
(COG) was  custom-synthesized from Cell Mosaic (Worcester, MA).
Curcumin C3 complex (CC3C) was purchased as a dietary supple-
ment from Ageless Inc. (Ann Arbor, MI). The internal standard (I.S.),

hesperetin, was  obtained as a white powder from the National
Cancer Institute (NCI) and used without further purification.
Analytical HPLC grade acetonitrile, methanol, ethyl acetate and
formic acid were obtained from Fisher Scientific (Waltham, MA).

dx.doi.org/10.1016/j.jchromb.2012.05.026
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:liu.550@osu.edu
dx.doi.org/10.1016/j.jchromb.2012.05.026
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eparin-treated human plasma was obtained from LAMPIRE Bio-
ogical Laboratories, Inc. (Pipersville, PA). A Barnstead E-pure water
urification system (Dubuque, IA) was used to obtain HPLC grade
ater (>18 m�).

.2.  HPLC chromatographic and mass spectrometric conditions

Liquid chromatography was performed on a Shimadzu HPLC
ystem (Shimadzu, Columbia, MD)  consisting of a CBM-20A sys-
em controller, an LC-20 AD pump, a SIL-20AC auto-sampler, and a
GU-20A5 degasser. Curcumin, COG and I.S. (hesperetin) were sep-
rated on a BetaBasic C8 column (2.1 mm × 50 mm,  5 �m,  Thermo
ypersil-Keystone, Bellefonte, PA) coupled with a Beta C8 guard
olumn (2.1 mm × 10 mm,  2 �m,  Thermo Hypersil-Keystone, Belle-
onte, PA) under an isocratic elution at a flow rate of 0.2 mL/min.
he mobile phase consisted of 50% acetonitrile in water containing
.1% formic acid.

Curcumin, COG and the I.S. were monitored using a Finnigan
SQ Quantum EMR  Triple Quadrupole mass spectrometer (Thermo
isher Scientific Corp., San Jose, CA) equipped with an electro-spray
onization (ESI) source. Xcalibur software (Home Page Version 1.4
R1) was used for system control and data processing. The mass
pectrometer was operated in positive ESI mode with a collision gas
Argon) pressure of 1.5 mTorr, a typical electro-spray needle volt-
ge of 4900 V, a sheath nitrogen gas flow of 49 (arbitrary unit) and

 heated capillary temperature of 325 ◦C. Curcumin, COG and the
.S. were analyzed by the multiple reaction monitor (MRM)  mode
sing ion transitions at a proper collision energy as follows: cur-
umin m/z 369 >m/z 177 (E = 20%), COG m/z 545 >m/z 369 (E = 15%),
nd the I.S. m/z  303 >m/z 177 (E = 20%). The mass spectrometer was
uned to its optimal sensitivity by direct infusion of curcumin.

.3. Preparation of calibration standards and quality controls for
C–MS/MS analysis

For construction of the calibration curve, a 10 �L aliquot of
he appropriate standard working solutions of curcumin and COG
20–20,000 ng/mL) and 10 �L hesperetin (10 �g/mL) were added
o 100 �L human plasma to give plasma samples containing 2, 5,
0, 20, 50, 100, 200, 500, 1000 and 2000 ng/mL curcumin and COG,
espectively. Quality controls (QCs) were prepared separately at
, 5, 50 and 500 ng/mL concentrations. The solution was vortex-
ixed and diluted with 900 �L 0.15 M phosphate saline buffer

PBS). The resulting solutions were extracted with ethyl acetate and
he organic layer was collected and transferred to glass tubes. Ethyl
cetate was evaporated under a stream of nitrogen. The residue
as then reconstituted in 100 �L of mobile phase. The reconsti-

uted solution was centrifuged at 12,000 × g for 2 min  and a 25 �L
liquot of the supernatant was subjected to LC–MS/MS analysis.

.4. Stability and carry over evaluation of curcumin and COG in
uman plasma

The carry-over of curcumin and COG was evaluated at the high-
st test concentration of curcumin and COG (2.0 �g/mL) spiked in
uman plasma. To evaluate the stability of curcumin and COG in
uman plasma, an appropriate volume of curcumin or COG stock
olution was added to human plasma (2 mL)  to yield concentra-
ions of 0.5 and 2 �g/mL. The mixtures were then incubated in an
ce-water container (4 ◦C), room temperature (22–25 ◦C), and 37 ◦C

ater bath, respectively. A 200 �L aliquot of each sample was col-
ected at 0 and 30 min, and 1, 2, 4 h (for all temperatures), 8 and

4 h (for 37 ◦C only) and stored immediately at −80 ◦C till analysis.
o evaluate the two-week storage stability of curcumin and COG,
uman plasma samples were spiked with 50, 500, and 2000 ng/mL
urcumin and COG, respectively, was prepared on days 1, 7 and 13,
r. B 900 (2012) 89– 93

and then these samples were stored in an −80 ◦C freezer. On day 14,
all these samples were analyzed using the LC–MS/MS method. To
evaluate the freeze-thaw stability of curcumin and COG, the above
prepared human plasma samples were thawed at 4 ◦C for approxi-
mately 30 min  and were restored at −80 ◦C for the next freezing
cycle at 6 h intervals. To evaluate the stability of curcumin and
COG in the reconstituted solution of human plasma extract in the
auto-sampler, these samples were prepared from the reconstituted
solution of human plasma extract spiked with curcumin and COG
(10, 50, 500 ng/mL), and then subjected to LC–MS/MS analysis every
hour up to 6 h.

2.5. Recovery and matrix effects

A post-extraction spike experiment was performed to evaluate
the recovery and matrix effects of hesperetin, curcumin and COG
in human plasma as follows: three separate groups of curcumin
and COG samples at concentrations of 5, 50 and 500 ng/mL, and
the I.S. at 1000 ng/mL, were prepared as follows: Group A, the I.S.,
curcumin and COG were prepared directly in mobile phase; Group
B, blank human plasma was acidified with PBS and then extracted
with ethyl acetate, the residue of the ethyl acetate layer was  recon-
stituted in mobile phase, then, the I.S., curcumin and COG  were
spiked into the reconstituted solution; and Group C, blank human
plasma spiked with the I.S., curcumin and COG was acidified with
PBS and then extracted with ethyl acetate, the residue of the ethyl
acetate layer was  reconstituted in mobile phase. The recovery of the
I.S., curcumin and COG were calculated by the ratio of peak areas
of the I.S., curcumin and COG of the Group C samples to those of
Group B samples. Their matrix effects were evaluated by the ratio
of peak areas of Group B to that of Group A samples.

2.6. LC–MS/MS assay validation

The intra-day validation was  determined in six replicates at con-
centrations of 2, 5, 50 and 500 ng/mL curcumin and COG and the
inter-day validation was determined across these concentrations
in triplicates on three different days. The mean concentrations and
the coefficient of variation (CV) of intra-day were calculated as the
relative standard deviation (%) from these replicates and the CV
of inter-day was  calculated as the relative standard deriviation (%)
of the respective mean concentrations on each individual day for
three days. The accuracy of the assay was  determined by comparing
the corresponding calculated mean concentrations with the nom-
inal concentrations. The lower limit of quantification (LLOQ) was
defined as the lowest concentration with a signal/noise ratio of the
analyte peak >10.

2.7. Analysis of curcumin and COG in human plasma samples

Two healthy human subjects provided written informed con-
sent for study participation in accordance with the protocol
(2010H0189) approved by the Institutional Review Board of the
Ohio State University. A 100 �L aliquot of human plasma collected
from healthy volunteers after an oral ingestion of curcumin C3 com-
plex was  mixed with 10 �L I.S. solution (10 �g/mL) and the mixture
was extracted with ethyl acetate as described in Section 2.3. An
aliquot of 25 �L reconstituted solution was  injected for LC–MS/MS
analysis.

3. Results and discussions
3.1. Mass spectrometric characterization of curcumin and COG

The chemical authenticity and mass and tandem mass spec-
tra of curcumin have been reported [9].  Chemical authenticity
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Fig. 1. Full scan mass spectrum (A, 200–700 Th) of COG and tandem mass spectrum (B) of the protonated molecular ion of COG at m/z 545. The putative fragmentation
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athways of curcumin and COG are inserted as an inset in A.

f COG was confirmed on a TSQ quantum triple quadruple mass
pectrometer. Under a positive ion mode, standard solutions of
0 �g/mL COG in 50% acetonitrile containing 0.1% formic acid were

nfused with an LC flow of 0.2 mL/min into a TSQ mass spectrom-
ter electro-spray ion (ESI) source. The full scan mass spectrum
Fig. 1A) of COG showed a predominant ion at m/z  545, correspond-
ng to its [M+H]+ ion. The [M+H] + ion of COG was  subjected to
ollision induced dissociation at appropriate collision energy. The
arent ions underwent significant fragmentation to yield the most
bundant fragment ion at m/z  369 (Fig. 1B), corresponding to the
rotonated molecular ion of curcumin. This fragment is formed by
lycosidic cleavage of COG by removal of dehydrated glucuronic
cid. Therefore, the following transitional channel: m/z 545 → 369
as selected for monitoring COG

.2. Optimization of extraction conditions of curcumin and COG
rom human plasma

COG is relatively hydrophilic compared to curcumin due to its
onjugation to glucuronic acid. We  predicted therefore, that COG
ould elute ahead of curcumin on a reversed-phase column. As

hown in Fig. 2, there were peaks at 1.40, 2.94, 1.86 min  in the
xtracted ion chromatograms representing COG (A1), curcumin
B1) and I.S. (C1), respectively. Although COG and I.S. eluted within

 similar time frame, their mass chromatograms could be clearly
istinguished since they have a different protonated molecular ion
nd corresponding fragment ion. There were no interference peaks
t their corresponding retention times as shown in Fig. 2A2, B2, and
2 in the reconstituted residue from blank human plasma, which
emonstrates the specificity of this method for the detection and
uantification of curcumin and COG in human plasma. To extract
urcumin and COG from human plasma, an established extrac-
ion method for curcumin in mouse plasma was tested using ethyl
cetate [9].  A consistent recovery rate of curcumin (∼40%) from

uman plasma at neutral pH was observed. However, at neutral
H, the recovery of COG was extremely low (<10%) and fluctuated
ignificantly. This could be due to its higher hydrophilicity when
ompared to curcumin. Additionally, COG is a weak acid and the
pKa value of COG is much smaller than curcumin. Therefore, the
major form of COG is deprotonated anion and exists as a metal ion
adduct under neutral condition, which could limit its extraction
from plasma. Hence, acidification of human plasma could decrease
the ionization form of COG and facilitate its extraction from aque-
ous solution using organic solvents. Previous studies have shown
that curcumin has greater stablility in a weakly acidic environment
(pH 3.0–6.5) [1,6]. After several attempts for pH optimization, we
found that the recovery of both curcumin and COG reached an opti-
mal  yield at pH 3.2. Next, matrix effects and extraction recoveries
were evaluated for curcumin and COG at concentrations of 5, 50
and 500 ng/mL and for I.S. at 1000 ng/mL in each matrix. The matrix
effects and recovery of I.S. were determined to be approximately
86–93% and 73–75%, respectively. The matrix effects of curcumin
and COG were determined to be about 99–116 and 80–105%
and its recovery was  about 49–57% and 35–48%, respectively
(Table 1).

3.3. Method development and validation

Using the aforementioned extraction method and LC conditions,
the linearity of the method was tested over the concentration
range of 2.0–2000 ng/mL for both curcumin and COG. Linear-
ity was  found with a linear regression coefficient greater than
0.99. The method was  validated for both curcumin and COG
at concentrations of 2, 5, 50 and 500 ng/mL with six replicates
per concentration. The intra-day and inter-day accuracies along
with percentage relative standard derivation values for human
plasma are presented in Table 1. As shown, the accuracy val-
ues of curcumin and COG were in the range of 91.3–111%
and 82.7–109%, respectively. The CVs of curcumin and COG
were in the range of 3.5–12.7% and 3.1–11.3%, respectively. All
the intra-day and inter day precision and accuracy values are

acceptable according to the FDA criterion of a GLP analytic
method validation (Guidance for Industry Bioanalytical Method
Validation, p. 5, http://www.fda.gov/downloads/Drugs/Guidance
ComplianceRegulatoryInformation/Guidances/ucm070107.pdf).

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070107.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm070107.pdf
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ig. 2. Extracted ion chromatograms of COG (545 > 369, A1), curcumin (369 > 177, B
000  ng/mL I.S. A2, B2 and C2 are the corresponding extracted ion chromatograms o
nd  I.S. are 1.40, 2.94, 1.86 min, respectively. RT: Retention time, SN: signal to noise

.4. The carry-over and stability of curcumin and COG in human
lasma

The carry-over and stability of curcumin and COG in human
lasma were evaluated under several conditions as detailed in Sec-
ion 2.4. No carry-over of curcumin and COG was noticed at the
ighest test concentration of curcumin and COG.

For their stability at 4 ◦C, room temperature, and 37 ◦C, it
as found that >90% curcumin and COG (0.5–2.0 �g/mL) remains
nchanged in human plasma in 2 h at 37 ◦C (Fig. 3) and >85%
urcumin and COG remains unchanged in human plasma at 4 ◦C
nd room temperature. These data suggested that both curcumin
nd COG are quite stable in human plasma for the first 2 h at
7 ◦C, and 4 h at room temperature and 4 ◦C. Therefore, no special
reatment and precautions are needed for clinical samples pro-

ess for future clinical pharmacokinetic studies of curcumin and
OG. Kinetics analysis of the concentration–time profile of COG
nd curcumin at 37 ◦C demonstrated that the half-lives of cur-
umin at 0.5 and 2.0 �g/mL in human plasma were 36.9 ± 15.9 h

able 1
ssay validation parameters of curcumin (A) and COG (B) in human plasma.

Curcumin (ng/mL) Recovery (%) Matrix effects (%) Intra-day 

Mean 

(A)
2 ND ND 2.23 

5  48.8 116 4.98 

50  54.6 99.2 45.7 

500  57.1 99.8 506 

COG  (ng/mL) Recovery (%) Matrix effects (%) Intra-day 

Mean C

(B)
2 ND ND 1.65 9
5 47.9  105 4.63 4

50  37.5 80.2 48.9 6
500 35.3 82.0 511 3

D, not determined.
d I.S. (303 > 173, C1) in human plasma spiked with 2 ng/mL curcumin and COG and
nalytes in blank human plasma, respectively. The retention time of COG, curcumin

.

and 23.1 ± 2.8 h, respectively (Fig. 3A), and the half-lives for COG
at 0.5 and 2.0 �g/mL were 27.2 ± 6.07 h and 34.6 ± 6.87 h, respec-
tively (Fig. 3B). The half-lives of curcumin and COG at these two
concentrations were not significantly different (p > 0.05, paired
test). Therefore, curcumin and COG had similar stability profiles
in human plasma. Notably, the degradation half-life of curcumin
in human plasma (23–36.9 h) was  much longer than that in mouse
plasma (3.1 h) [9].

For freeze-thaw stability, after three freeze-thaw cycles,
104, 91, and 111% of curcumin and 120, 110, and 108% of
COG remained unchanged at concentrations of 50, 500, and
2000 ng/mL, respectively. This result indicated that curcumin and
COG are relatively stable in human plasma over three freeze-thaw
cycles.

For the storage stability of curcumin and COG at concentrations
◦
of 10, 50 and 500 ng/mL in a −80 C freezer was evaluated in human

plasma for 8 and 15 days. It was  found that 103.3, 101.9, and 95.5%
of curcumin, 105.5, 127.9, and 117.4% of COG were retained at con-
centrations of 10, 50, and 500 ng/mL, respectively, when compared

Inter-day

C.V. (%) Accuracy (%) Mean C.V. (%) Accuracy (%)

8.32 112 1.99 11.1 99.5
7.03 99.6 4.99 5.18 99.9
3.45 91.3 50.7 6.93 101
5.61 101 503 12.7 101

Inter-day

.V. (%) Accuracy (%) Mean C.V. (%) Accuracy (%)

.73 82.7 2.17 11.3 109

.14 92.6 5.26 6.08 105

.44 97.9 53.8 6.26 107

.12 102 546 8.21 109
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o freshly prepared samples. This indicated that curcumin and COG
re relatively stable in human plasma over two weeks. A long-term
tability study up to 1 year is ongoing.

Last, we have evaluated sample stability on the reconstituted
olution of human plasma extract in an auto-sampler (4 ◦C), it was
ound that 6 h storage in an autosampler 93% of curcumin and
1% of COG remained unchanged. This indicates that extracted
urcumin and COG are quite stable in the auto-sampler over

 h.

.5. Quantification of curcumin and COG plasma levels in healthy
olunteers after an oral administration of curcumin C3 complex
With the afore-described method for quantification of curcumin
nd COG in human plasma, the curcumin and COG levels in plasma
amples collected from two healthy volunteers (S1 and S2) after an

[

r. B 900 (2012) 89– 93 93

oral ingestion of 4 g curcumin as curcumin C3 complex were deter-
mined. No curcumin was detected in all plasma samples from these
two subjects. COG was detected from 30 min (10.6 and 10.9 ng/mL)
up to 24 h (2.1 and 8.7 ng/mL) with peak plasma levels of 35.3 and
167.5 ng/mL at 45 or 60 min  in S1 and S2, respectively. This result
is consistent with non-detectable level of curcumin at the low dose
and low levels of curcumin at high dose of curcumin C3 complex
(8–10 g) in human subjects [6,10].

4. Conclusions

An LC–MS/MS method for direct quantification of COG and cur-
cumin was developed in human plasma and this method is capable
of detecting COG in human plasma up to 24 h after an oral adminis-
tration of 4 g curcumin as curcumin C3 complex. This direct method
is more efficient in COG quantification when compared with cur-
rently used indirect methods through avoiding repeat sampling
and analysis, and the pretreatment of the biological matrices with
�-glucuronidase. Therefore, this method provided a convenient
translational tool for the future clinical pharmacological study of
curcumin.
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