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Abstract Since time immemorial, turmeric has been

widely marketed and consumed as dietary supplement due

to its diverse medicinal properties. Curcuminoids—com-

prising a mixture of curcumin (CUR), demethoxycurcumin

(DMC), and bisdemethoxycurcumin (BDMC)—are the

prime bioactive constituents of turmeric. However, the

usage of curcuminoids is limited by their chemical insta-

bility. The lack of information on comparative stability

profiles of curcuminoids (in pure and mixture form)

prompted us to study how pure curcuminoids and their

mixtures behave under different stress degradation condi-

tions. The order of stability of curcuminoids when exposed

to acidic, alkaline, and oxidative degradation was found to

be as follows: BDMC[DMC[CUR. While the pure and

mixture forms of curcuminoids were stable against heat,

they completely degraded upon exposure to sunlight. The

degradation extent of curcuminoids (in mixture form) was

substantially less as compared to their pure form; therefore,

this suggested the synergistic stabilizing influence of DMC

and BDMC in the curcuminoids’ mixture.

Keywords Bisdemethoxycurcumin � Curcumin �
Demethoxycurcumin � Stability � Stress degradation

Introduction

Turmeric is a most commonly used spice derived from the

dried rhizomes of Curcuma longa, a perennial herb

belonging to the Zingiberaceae family. In the literature,

turmeric has been widely acknowledged for various phar-

macological activities such as anti-inflammatory, anti-oxi-

dant, antimicrobial, anticancer, hepatoprotective, and

antidiabetic [1, 2]. The bioactivities of turmeric extract

have been attributed to the presence of three phenolic

compounds namely; curcumin (CUR), demethoxycurcumin

(DMC), and bisdemethoxycurcumin (BDMC). These phe-

nolic compounds are collectively known as curcuminoids

or a curcuminoid mixture. In general, it is believed that

CUR, one of the most extensively studied curcuminoids, is

responsible for the therapeutic success of turmeric in a

wide range of disorders [3]. However, the latest literature

has reported DMC and BDMC as having similar or higher

biological activities compared to the CUR. Furthermore, it

is well acknowledged that DMC and BDMC have syner-

gistically enhanced the bioactivities of CUR when they are

the part of curcuminoid mixture [4].

Despite of their wide range of bioactivities, the use of

curcuminoids has been limited by their stability concerns.

Curcuminoids undergo degradation by hydrolysis (acidic or

alkaline), oxidation and photodegradation [5–7]. The

degradation of CUR via a spontaneous autoxidation pro-

cess at physiological pH yields bicyclopentadione as the

major product, while the minor products include; vanillin,

ferulic acid, and feruloyl methane [8, 9]. In addition to this,

a study has shown that curcuminoids are sensitive to light;
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therefore, they are completely decolorized upon exposure

to ultraviolet and visible light. In this study, vanillin,

vanillic acid, ferulic acid, ferulic aldehyde, p-hydroxy

benzaldehyde, and p-hydroxybenzoic acid were identified

as the photodegradation products of curcuminoids [7].

A recent pharmacological study on curcuminoids con-

firmed that the degradation products of CUR are the main

bioactive molecules involved in the execution of biological

effects [10, 11]. As an additive in many different types of

processed food products, curcuminoids are exposed to

various processing conditions including different temper-

atures and pH. This certainly affects the stability and bio-

logical activities of curcuminoids [12]. Hence, it is of

utmost importance to understand degradation behavior of

curcuminoids by exposing them to different stress degra-

dation conditions.

The majority of earlier reported analytical methods have

mainly focused on the quantification of curcuminoids

rather than their stability profiling [13, 14]. To date, the

stability profiling of curcuminoids has largely been based

on high performance liquid chromatography (HPLC) by

using commercial grade curcumin, which is a mixture of

CUR, (75–80%), DMC (15–20%), and BDMC (3–5%) and

in some cases with other drugs [15, 16]. Since curcumi-

noids differ in their chemical structure and have distinct

activities, it is possible to assume that their relative sta-

bilities can vary under different conditions. The stability

studies on CUR, DMC, and BDMC are crucial for under-

standing the implications of the degradation products on

human health. Furthermore, the stability studies may pro-

vide valuable information, relating to the extent to which

these bioactive curcuminoids can retain their health pro-

moting effects. Despite the importance of the information

that could be gained from stability profiling compounds,

there has been limited research on the stability of CUR,

DMC, and BDMC. Therefore, we were prompted by this

realization to study mechanistic insights on how these

bioactive curcuminoids (CUR, DMC, BDMC) behave

under different stress degradation conditions (i.e., acidic,

alkaline, oxidative, photolytic, and thermal degradation).

We herein report the systematic stability studies of pure

and mixture form of curcuminoids by using a RP-HPLC

method with emphasis to understand the influence of

structural features on degradation pattern.

Materials and methods

Chemicals

Standards of CUR (purity 99.33%), DMC (purity 97.50%),

and BDMC (purity 99.36%) were obtained as gift samples

from Sami Labs Ltd. (Bangalore, India). The curcuminoid

mixture (95.14% total curcuminoid content) was also

obtained as gift sample from Kancor Ingredients Ltd

(Kerala, India). HPLC grade acetonitrile and formic acid

were purchased from Fisher Scientific (Mumbai, India).

Purified water was prepared by using Millipore Direct-Q�

3 water purification system (Molsheim, France).

Instrumentation and chromatographic conditions

The HPLC system consisted of Shimadzu LC-20AD

prominence system (Kyoto, Japan) equipped with a LC-

20AD pump, DGU-20A5 degassing unit, SPD-M20A diode

array detector, SIL-20AC HT auto sampler, CBM-20A

communication bus module and CTO-10AS VP column

oven. Data acquisition and analysis was performed by

using a Shimadzu LC solution (version 1.25) software

program. The chromatographic separation was achieved

using Luna C18(2) column (150 9 4.6 mm i.d., 5 lm

particle size, Phenomenex Inc., CA, USA) equipped with a

Phenomenex guard column. The mobile phase consisting

of acetonitrile: 0.1% formic acid (50:50 v/v), pumped at a

flow rate of 0.8 mL/min. The mobile phase was filtered

through 0.45 lm Millex HV� hydrophilic PVDF mem-

brane filters (Millipore, Bedford, USA) and degassed

before use. The column temperature was maintained at

40 �C and injection volume was 10 lL. CUR, DMC, and

BDMC were detected at 425 nm and their degradation

products were detected at 280 nm. The total chromato-

graphic run time was set to 12 min.

Preparation of standard solutions

Stock solutions were freshly prepared in methanol and

stored at 4 �C before HPLC analysis. The concentrations of

individual CUR, DMC, BDMC, and curcuminoid mixture

were 100, 240, 50, and 100 lg/mL respectively. All the

prepared solutions were stored in amber colored volumetric

flasks to protect from light.

Method validation

To ensure the validity of the developed RP-HPLC method,

validation parameters such as system suitability, linearity,

precision, accuracy, limit of detection (LOD), limit of

quantification (LOQ), and robustness was performed in

accordance with the International Conference on Harmo-

nization (ICH) guidelines [17].

Forced degradation studies

Forced degradation studies of CUR, DMC, BDMC, and

curcuminoid mixture were carried out as per ICH recom-

mended stress conditions such as acidic, basic, oxidative,
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thermal, and photolytic conditions [18]. For each degra-

dation study, four samples were prepared as follows: first

was the blank solution stored under normal conditions,

second was the blank subjected to degradation in the

similar manner as the drug solution, third was the zero

time sample containing the drug stored under normal

conditions and fourth was the drug solution subjected to

degradation.

Acid degradation

The acid degradation studies were carried out by transfer-

ring 1 mL of stock solution of CUR, DMC, BDMC, and

curcuminoid mixture to 10 mL amber colored volumetric

flask which contains 1 mL of 1 N hydrochloric acid (HCl)

solution. The flasks were sealed and solution was heated at

80 �C for 2 h. The resultant solutions were cooled to room

temperature, neutralized to pH 7 with 1 N sodium

hydroxide (NaOH) solution. Finally the volume was

adjusted to 10 mL with methanol, filtered through 0.2 lm

syringe filters before injecting into HPLC system for fur-

ther analysis.

Base degradation

The base degradation studies were carried out by taking

1 mL of stock solution of CUR, DMC, BDMC, and cur-

cuminoid mixture in 10 mL amber colored volumetric flask

to which 1 mL of 1 N NaOH solution was added. The

flasks were wrapped and solution was heated at 80 �C for

2 h and cooled. The resultant solutions were then neutral-

ized with 1 N HCl solution and the volume was diluted to

10 mL with methanol. Subsequently, the solutions were

filtered with 0.2 lm syringe filters prior to their injection

into HPLC system.

Oxidative degradation

The hydrogen peroxide (H2O2) induced oxidative degra-

dation studies were performed by transferring 1 mL of

stock solution of CUR, DMC, BDMC, and curcuminoid

mixture to 10 mL amber colored volumetric flask which

contains 1 mL of 30% H2O2 solution. The flasks were

sealed and solution was heated at 80 �C for 2 h and cooled.

The resultant solutions were adjusted to 10 mL with

methanol, filtered through 0.2 lm syringe filters before

injecting into HPLC system for further analysis.

Thermal degradation

Thermal degradation studies were carried out by trans-

ferring 1 mL of stock solutions of CUR, DMC, BDMC,

and curcuminoid mixture to 10 mL amber colored

volumetric flask to which 2 mL of methanol was added.

The flasks were sealed and the solutions were heated at

80 �C for 2 h. Thereafter solutions were cooled; volume

was made up with methanol, filtered through 0.2 lm syr-

inge filters before injecting into HPLC system for further

analysis.

Photodegradation

For photodegradation studies, 1 mL of methanolic stock

solution of CUR, DMC, BDMC, and curcuminoid mixture

were diluted to 10 mL with methanol and transferred into

10 mL transparent volumetric flasks. The flasks were

sealed and exposed to direct sunlight for a time period of

6 h. Finally the solutions were filtered through 0.2 lm

syringe filters before injecting into HPLC system for fur-

ther analysis.

Statistical analysis

All the forced degradation studies were carried out in

triplicates and data were expressed as mean ± SD.

Microsoft excel was used to calculate mean, standard

deviation, % relative standard deviation (%RSD), slope

and correlation coefficient of the experimental data.

Results and discussion

Curcumin is a biphenolic compound having two hydroxyl-

methoxy substituted aromatic rings connected to one

another via a seven-carbon spacer that contains two a, b–

unsaturated carbonyl (or diketo) groups [21]. However, the

number of methoxy groups on phenyl rings in DMC and

BDMC differ with CUR. DMC contains one methoxy

group and BDMC is devoid of the methoxy group. This

difference in chemical structure of these curcuminoids is

not only responsible for their distinct bioactivities, but also

their varied chemical stabilities [4, 19].

An efficient RP-HPLC method was successfully devel-

oped for the determination of stabilities of pure CUR,

DMC, BDMC, and their mixtures under different stress

degradation conditions. The developed method was vali-

dated according to the ICH guidelines and all the validation

parameters were found to be within the acceptance criteria

(Table 1). Under these conditions, sharp and symmetrical

peaks with tailing factor less than 2% were obtained for

CUR, DMC, and BDMC. Moreover, the mixture of the

three curcuminoids was separated with good resolution.

This developed RP-HPLC method was further able to

separate both the curcuminoids and their degradation

products. The chromatograms of pure CUR, DMC, BDMC,

and their mixture at 425 and 280 nm are shown in Fig. 1.
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The retention times were around 7.34, 8.18, and 9.12 min

for pure samples of BDMC, DMC, and CUR respectively.

Almost similar retention times were also observed for these

compounds in a curcuminoids mixture.

Forced degradation studies

The chromatograms of the samples subjected to various

forced degradation conditions such as acid, alkali,

Table 1 Summary of

validation parameters for the

developed HPLC method

Parameter CUR DMC BDMC Acceptance criteria

Retention time (tR, min) 9.12 8.18 7.34 –

Theoretical plates (N) 12,497 11,700 11,133 N[ 2000

Tailing factor (T) 1.06 1.09 1.10 T\ 2.0

Linearity range (lg mL-1) 2–12 4–24 0.5–3 –

Correlation coefficient 0.9997 0.9996 0.9999 C0.990

Slope 101,689 95,773 120,134 –

Intercept -52,674 -66,144 -6386 –

LOD (lg mL-1) 0.22 0.57 0.05 –

LOQ (lg mL-1) 0.66 1.73 0.16 –

Intraday precision (RSD%) 0.13–0.22 1.24–1.39 0.83–1.12 %RSD\ 2.0

Inter day precision (RSD%) 0.24–0.39 0.70–1.38 0.75–1.10 %RSD\ 2.0

Accuracy (% recovery) 99.06–101.74 101.50–101.83 100.83–101.98 98.0–102.0%

Robustness Complies Complies Complies %RSD\ 2.0

Fig. 1 HPLC chromatogram of pure CUR, DMC, BDMC, and curcuminoids mixture at a wave length of (A) 425 nm and (B) 280 nm
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oxidation, heat and direct sunlight are presented in Figs. 2,

3, 4, 5, and 6 respectively. These chromatograms show

resolved peaks for pure CUR, DMC, and BDMC as well as

curcuminoids in their mixture along with some peaks of

degradation products at different retention times. To

identify the peaks due to degradation products, the chro-

matograms of the degraded samples were compared with

the similarly treated blank. The number of degradation

products with their retention times and the percent degra-

dation of pure CUR, DMC, and BDMC as well as their

mixture is highlighted in Table 2.

Acid degradation

The chromatograms of the acid degraded samples of CUR,

DMC, BDMC, and the mixture along with peaks of their

degradation products are shown in Fig. 2. The pure sam-

ples of CUR, DMC, and BDMC displayed percentage

degradations that were around 44.39, 38.75, and 36.84,

respectively. This was in contrast to the curcuminoids in

the mixture that showed 37.52, 21.19, and 20.18 percentage

degradations, respectively. Furthermore, it was observed

that, under acidic conditions, pure CUR undergoes a

slightly higher degradation when compared to DMC and

BDMC. Interestingly, we noticed that there is a decrease in

the percentage degradation of curcuminoids when they are

in a mixture in comparison to their respective pure sam-

ples. By comparing the percentage degradations, it can be

suggested that DMC and BDMC have a stabilizing effect in

curcuminoids mixture. The extent of degradation of cur-

cuminoids was also influenced by temperature. Congruous

to previous reports [20], in this study, the percentage

degradation (in acid) of pure CUR was found to be 44.39%

after 120 min of incubation at 80 �C.

The pH of the medium is one of major factors that

govern the stability of curcuminoids. The curcuminoids

Fig. 2 HPLC chromatograms of (a) blank (b) CUR (c) DMC (d) BDMC, and (e) curcuminoids mixture subjected to acidic degradation using

1 N HCl at 80 �C for 2 h at a wavelength of (A) 425 nm and (B) 280 nm. 1, 2, 3, and 4 represents degradation peaks
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exhibit pH dependent keto-enol tautomerism. In acidic and

neutral medium (i.e., pH 3–7) the keto form dominates and

makes the curcuminoids an extraordinary potent H-atom

donor. While in alkaline medium (i.e., pH[ 8) the enol

form predominates with electron donating property. In

solvated state, at pH\ 1, curcuminoids acquire fully

conjugated protonated form (H4A?), whereas, at acidic

conditions (1 B pH B 7) they are in the neutral form

(H3A). As pH is traversed through alkaline end (pH[ 9),

curcuminoids were in fully deprotonated form (A3-) to

generate highly negatively charged ions which degrade

more rapidly. In general, the extent of degradation of

curcuminoids depends upon the level of deprotonation and

the destruction of the conjugated diene system [21, 22]. In

this study, curcuminoids were in protonated state during

acid degradation studies (1 N HCl, pH\ 1), while they

became deprotonated in basic degradation conditions (1 N

NaOH, pH[ 13). Hence, curcuminoids degradation is

slow in acidic conditions and faster at basic conditions.

Base degradation

The base degraded chromatograms of pure CUR, DMC,

BDMC, and their curcuminoids mixture are shown in

Fig. 3. The percentage degradation of pure CUR (78.57%)

was almost similar to that of CUR in the mixture (78.81%).

However, we have witnessed a sharp decrease in the per-

centage degradation of DMC (61.91%) and BDMC

(50.0%) in mixture when compared to DMC (70.96%) and

BDMC (64.35%) in their respective pure forms. From these

results, it is evident that in both pure and mixture forms,

BDMC was more resistant to alkaline degradation than

CUR and DMC.

The enhanced alkaline degradation of CUR and DMC

could be attributed to the presence of one or more methoxy

groups [6]. The reminiscent mechanism and the role of

methoxy groups in alkaline degradation can be explained

as follows. The alkaline degradation of curcuminoids is

initiated by the deprotonation of one of the three hydroxyl

Fig. 3 HPLC chromatograms of (a) blank (b) CUR (c) DMC (d) BDMC and (e) curcuminoids mixture subjected to base degradation using 1 N

NaOH at 80 �C for 2 h at a wavelength of (A) 425 nm and (B) 280 nm. 1, 2, 3, 4 and 5 represents degradation peaks
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groups followed by their auto-oxidation, thus yielding the

degradation products [23]. The curcuminoids exhibit

almost same extent of deprotonation which is largely due to

hydroxyl groups on the phenyl ring. However, degree of

auto-oxidation may vary depending upon the number of

methoxy groups on phenyl ring. The phenyl methoxy group

not only opens the epoxide but also found to be decisive for

the ability of CUR, DMC, and BDMC to undergo oxidative

transformation [19]. Several previously reported studies

revealed that hydrogen bonding of o-methoxy phenolic

functionality was responsible for the structure, configura-

tion, and its ability to undergo auto-oxidation. The electron

releasing behavior of methoxy group facilitates the easy

transfer of electrons (hydrogen abstraction) from phenolate

anion due to formation of an intramolecular hydrogen bond

between o-methoxy group and phenolic hydrogen. There-

fore, theoretically the auto-oxidation is faster for CUR (two

methoxy groups), slower for DMC (one methoxy group)

while BDMC resistant to auto-oxidize due to lack of

methoxy groups [24]. Oxidative transformation of BDMC

requires catalysis by horseradish peroxide and H2O2 or

potassium ferricyanide. Interestingly, we observed that

there was a moderate degradation for pure BDMC, which

could be attributed due to higher temperature (80 �C for

120 min) employed in this study. However, the percentage

degradation of DMC and BDMC in the mixture was con-

siderably decreased as compared to their pure forms. From

these findings, it is clear that the presence of DMC and

BDMC in curcuminoids mixture might have reduced their

percentage degradation by their synergistic stabilizing

effect [19].

Oxidative degradation

The hydrogen peroxide (H2O2) induced oxidative degraded

chromatograms of pure CUR, DMC, BDMC, and their

curcuminoids mixtures are presented in Fig. 4. The per-

centage degradation of CUR in mixture (79.82%) was

moderately decreased as compared to its pure form

(89.12%). A similar trend was also observed for DMC in

Fig. 4 HPLC chromatograms of (a) blank, (b) CUR, (c) DMC, (d) BDMC and (e) curcuminoids mixture subjected to oxidative degradation

using 30% H2O2 at 80 �C for 2 h at a wavelength of (A) 425 nm and (B) 280 nm. 1, 2, 3, and 4 represents degradation peaks
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mixture (65.86%) in comparison with its pure form

(68.52%). However, there was a significant change in

percentage degradation when pure BDMC was compared

to its mixture form. These results revealed that out of three

curcuminoids tested, BDMC (both pure and mixture)

exhibited more stability for H2O2 induced degradation. The

degradation pattern of curcuminoids (both pure and mix-

ture form) in oxidative (H2O2) degradation studies was

found to be dependent on their anti-oxidant nature. Par-

ticularly, the anti-oxidant property and hydrogen donation

ability of curcuminoids may be due to the presence of

bulky alkyl group at ortho position with respect to phenolic

hydroxyl group [25]. The hydrogen donation in curcumi-

noids occurs at three sites viz., one active methylene group

and two phenolic –OH groups ortho to electron releasing –

OCH3 group. As compared to CUR, DMC possess less

potential for proton donation because it has only one

phenolic –OH group ortho to electron donating –OCH3

group. The proton donation ability of BDMC is least due to

the lack of –OCH3 groups [26]. Moreover, Masuda et al.

have also reported the detailed mechanistic oxidative

degradation of curcuminoids which proceeds via involve-

ment of resonance stabilized radicals. Accordingly, the

intermediate radical formed in case of BDMC degradation

was found to be more stable due to the absence of both –

OCH3 groups [27]. Therefore, among the curcuminoids

BDMC resist the degradation while CUR readily undergoes

oxidative degradation. These observations were in agree-

ment with our experimental results. Furthermore, in the

mixture form of curcuminoids, degradation of CUR was

partially counteracted by the collaborative stabilizing effect

of DMC and BDMC.

Thermal degradation

The pure samples of CUR, DMC, BDMC, and their cur-

cuminoids mixture were subjected to thermal degradation

and the resultant chromatograms are presented in Fig. 5.

Interestingly, we observed the absence of degradation

peaks or no change in the peak area accounting for CUR,

Fig. 5 HPLC chromatograms of (a) blank, (b) CUR, (c) DMC, (d) BDMC and (e) curcuminoids mixture subjected to thermal degradation by

heating at 80 �C for 2 h at a wavelength of (A) 425 nm and (B) 280 nm
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DMC, and BDMC, which clearly suggest that both pure

and mixture forms of curcuminoids were thermally stable.

Generally, curcuminoids were reported to be stable to

heating. However, the degree of their degradation depends

upon the temperature and duration of heating. Several lit-

erature reports indicated that CUR and curcuminoids

mixture could tolerate temperatures ranging from 80 to

85 �C [15, 20]. Nevertheless, the b-diketone linkage in

curcuminoids has been found to be more vulnerable for

thermal degradation at temperatures beyond 100 �C [28].

In our work, both pure and mixture forms of curcuminoids

were stable for thermal degradation at 80 �C for 2 h.

Photo degradation

The pure samples of CUR, DMC, BDMC, and their cur-

cuminoids mixture were exposed to photo degradation

(direct sunlight for 6 h), and the respective chromatograms

are presented in Fig. 6. The results reveal the disappear-

ance of the peaks corresponding to individual and mixture

form of curcuminoids in their respective chromatograms

confirming susceptible character of curcuminoids toward

light. This evidently suggests that the presence or absence

of phenolic (OH) or methoxy (OCH3) groups on phenyl

ring does not have significant influence in degradation.

However, the photo degradation mainly proceeds through

the cleavage b-diketone linkage, which eventually gets

fragmented into smaller phenolic compounds as depicted in

Fig. 7 [21].

In conclusion, the research findings reported herein are

the first ever attempt to understand the relative degradation

behavior of pure curcuminoids in comparison with their

curcuminoid mixture under different forced degradation

conditions. Our research findings suggest that the degrada-

tion pattern among the curcuminoids (both pure and mixture

form) varies with conditions used in forced degradation

studies. It was observed that in both cases of curcuminoids,

CUR was vulnerable for degradation (least stable) while

BDMC was most resistant to degradation (more stable). The

order of stability of curcuminoids to acidic, alkaline, and

oxidative degradation was found to be as follows:

BDMC[DMC[CUR. Both pure and mixture forms of

Fig. 6 HPLC chromatograms of (a) blank, (b) CUR, (c) DMC, (d) BDMC and (e) curcuminoids mixture subjected to photodegradation by

exposing to sunlight for 6 h t at a wavelength of (A) 425 nm and (B) 280 nm. 1, 2, and 3 represents degradation peaks
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curcuminoid were stable against heat while they completely

degraded upon exposure to sunlight. Besides, from this study

it is evident that the presence of DMC and BDMC are

responsible for enhanced stability of curcuminoid mixture as

compared to their pure forms. The precise synergistic sta-

bilizing mechanism of these curcuminoids with more

emphasis on the role of structural elements (diketone moiety,

methoxy groups, and hydroxyl groups) of the curcuminoids,

which are responsible for distinct degradation behavior,

warrants further investigations.
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