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a b s t r a c t

Fructus Psoraleae, a traditional Chinese medicine, is widely used for preventing and treating

various diseases such as vitiligo, osteoporosis and psoriasis. Coumarin, such as psoraleno-

side, isopsoralenoside, psoralen and isopsoralen, are important compounds in Fructus

Psoraleae. In our study, ultra performance liquid chromatography coupled with diode array

detector was employed for an excellent method validation for simultaneous quantification of

psoralenoside, isopsoralenoside, psoralen and isopsoralen, which was further applied in

performing general survey of Fructus Psoraleae from the different origins and chemical

identification of the roasted from raw Fructus Psoraleae in the light of illuminating the

transformed rule of psoralenoside and isopsoralenoside. There is a reciprocal relationship

between (iso)psoralenoside and (iso)psoralen, and the total content remains balance in

Fructus Psoraleae from the different origins. In addition, we found that (iso)psoralenoside in

the powder of the raw Fructus Psoraleae could be easily transformed into (iso)psoralen in

methanol aqueous solution, especially above 50% water, rather than the roasted one. Thus,

we proposed a hypothesis that transformation between (iso)psoralenoside and (iso)psoralen

was hindered by inactivation of b-glucosidase in the process of roasting Fructus Psoraleae,

which was further verified by observing transformation of (iso)psoralenoside under the

different conditions, such as temperature, pH and b-glucosidase. Therefore, we developed a

feasible method to distinguish the roasted from raw Fructus Psoraleae by observing con-

version from (iso)psoralenoside to (iso)psoralen in 50% methanol aqueous solution. In

summary, these results pave the way for elevating quality standard for Fructus Psoraleae

and distinguishing the salt-processed from raw Fructus Psoraleae.
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1. Introduction

Known as Buguzhi in China, Fructus Psoraleae (FP), the dried

and ripe fruit of Psoralea corylifolia L., which belongs to the

family Leguminous, is widely used in Asian country as a

traditional medicine. It has been employed for warming kid-

ney and activating yang, promoting inspiration and checking

diarrhea, according to Chinese pharmacopoeia (ChP) [1]. And

lots of its active components, including monoterpene phe-

nols, coumarins and flavonoids, have been demonstrated to

have unique effectiveness against coronary artery disease [2],

osteoporosis [3], bacterial infection [4] and vitiligo [5]. As

chemical markers for quality control of FP [1], psoralen (P) and

isopsoralen (IP) show various biological activities, such as

antibacterial, anti-inflammatory [6,7], antitumor [8,9],

estrogen-like effect [10,11] and antioxidant activities [12], and

so forth.

With the continuously expanded clinical application of FP,

toxicity problems, especially the liver toxicity, have been con-

cerned by researchers and doctors. Cheung et al. [13] claimed

that FPwas recognized as one of the emerging hepatotoxins, in

that P and its related chemicals may be responsible for the

hepatotoxicity. Kong et al. [14] demonstrated that rats given P

and IP (40 mg/kg) showedmodest liver injury. P and IP affected

hepatic microsomal cytochrome P450 and renal organic ion

transport system. Our previous study [15] suggested that a

significant increase of AUC and delayed elimination of P and IP

were found through conversion of psoralenoside (PO) and iso-

psoralenoside (IPO) to P and IP by intestinal flora, which

possiblyworsened the liver toxicity. And according toChP, only

P and IP were the index components in FP. But, in the light of

conversion between (I)PO and (I)P, we suggested that PO and

IPO should be used as important quality markers for FP,

together with the frequently used P and IP.

The ingredients of herbal medicines would be affected

significantly by environment, collecting time, storage condi-

tion and processing [16,17], as well as FP, which may affect

efficacy or even cause toxicity. Therefore, general survey of FP

from the different origins should be performed, including the

raw and salt-processed one. Furthermore, according to the

market surveys, it is challenging to differentiate the raw and

salt-processed FP, which have the different functions.

Extrinsic feature of ninety-six batches FP was shown in Fig. S1

of supporting information, which resemble each other. So far,

the salt-processed FP was only identified by morphological

identification, microscopic identification [1,18], leading to

erroneous judgment. In clinic, the salt-processed FP is used

commonly. Therefore, establishment of a more reliable and

simple method to identify the salt-processed FP is imperative.

Up to date, several methods including high performance

liquid chromatography (HPLC) [19e21], ultra performance

liquid chromatography (UPLC) [22], and high performance

liquid chromatographyemass spectrometry (HPLCeMS) [23],

were employed to determine the quantity of constituents in

FP. But, some of the methods mentioned above suffered from

limited compounds in FP except for PO and IPO [20,23] and

longer analytical time [19e21]. Therefore, it is necessary to

establish a simple and effective method to simultaneously

determine the contents of PO, IPO, P and IP, and distinguish

the salt-processed from raw FP.

In our study, a UPLC method was developed for the quan-

tification of PO, IPO, P and IP in FP, which was applied to

perform the general survey of ninety-six batches FP from the

different origins and chemical identification of the salt-

processed from raw FP in view of lighting transformed rule

of PO and IPO. The aim of this paper was to provide experi-

mental basis for improving quality standard for FP, and

distinguish the salt-processed from raw FP, guaranteeing the

safety and efficacy of clinic application of FP.

2. Materials and methods

2.1. Reagents and materials

The methanol was HPLC grade (Sigma Aldrich, St Louis, MO,

USA). Formic acid was obtained from Meridian Medical

Technologies (Columbia, MD, USA). Water used in the exper-

iment was purified by a Milli-Q water purification system

(Millipore, Billerica, USA). b-glucosidase was purchased from

SigmaeAldrich (St Louis, MO, USA). Phosphoric acid, disodium

hydrogen phosphate, potassium dihydrogen phosphate and

dipotassium hydrogen phosphate were bought from DAMAO

Chemical Reagent Factory (Tianjin, China). Reference com-

pounds (P and IP) were purchased from National Institute for

Food and Drug Control (Beijing, China). PO and IPOwith purity

above 98% were identified by NMR, LC/MS, IR and UV in our

lab.

Ninety-six batches FP, numbered as B-1 to B-96 (the raw

and salt-processed FP) were purchased from the different

markets of medicinal materials and identified by Professor

Tianxiang Li, which were deposited in Tianjin State Key Lab-

oratory of Modern ChineseMedicine. Sample information was

summarized in Table S1 of supporting information.

The raw FP (B-5, B-51 and B-96) soakedwith 4% salt solution

at the ratio of 500 g:250 mL (m:v), according to ChP of 2015

edition, were divided into two parts separately. One moiety

was dried under the shade at room temperature for 2 days and

numbered as SK-5, SK-51 and SK-96, and others were pro-

cessed by stir-frying at 150 �C for 10 min and numbered SP-5,

SP-51 and SP-96, respectively.

2.2. Preparation of standard solutions

Four reference compounds were accurately weighted and

directly dissolved in methanol to obtain stock solution, sepa-

rately. Then, the combined standard solution containing 4

standards were prepared for constructing calibration curves.

The standard solution was stored at 4 �C for further analysis.

Working standard solutions for calibration curves were

obtained by diluting the combined standard solutionwith 30%

methanol (v:v, 1:1) to obtain a series of different concentra-

tions of these analytes, whose concentration ranges were

1.20e38.30 mg/mL for PO, 1.29e41.20 mg/mL for IPO,

3.17e101.40 mg/mL for P and 3.13e100.20 mg/mL for IP. All so-

lutions were stored at 4 �C until analysis.
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2.3. Sample preparation

For general survey of FP, every accurately weighed powder

(0.5 g) was transferred into 100 mL volumetric flask. Methanol

was added and sonicated for 30 min at 60 �C, then cooled to

room temperature. Methanol was added to reach the scale of

100mL andmixed. The solutionwas centrifuged at 14,000 rpm

for 10 min. The supernatant was diluted with 30% methanol

(v:v, 1:1) to obtain the sample solution.

For identifying the salt-processed from raw FP, the powder

of samples was deposited in 100 mL volumetric flask. 50%

methanol aqueous solution was added and sonicated for

30 min at 60 �C, then cooled to room temperature. 50%

methanol aqueous solution was added to reach the scale of

100mL andmixed. The solutionwas centrifuged at 14,000 rpm

for 10 min. The supernatant was diluted with 30% methanol

(v:v, 1:1) and injected immediately into UPLC system for

analysis.

For studying transformation between (I)PO and (I)P inwater

under the different conditions, the testing solution of PO and

IPO was prepared at a final concentration of about 50 mg/mL

which was subjected to the different impact factors, such as

temperatures (30 �C, 50 �C and 70 �C for 12 h), pH (2.0, 4.0, 6.0

and 8.0 for 12 h) and b-glucosidase (37 �C, pH at 5.0 for 19 h in

100 mM sodium acetate buffer). The aliquot of 2 mL solution

per hour was directly injected into UPLC system for analysis.

2.4. UPLC analysis

Analysis was performed on a Waters ACQUITY UPLC system.

The systemwas controlled by Empower Pro software (Waters).

Gradient elution was performed on an ACQUITY UPLC BEH

C18 column (2.1 � 50 mm, 1.7 mm) at 60 �C. The mobile phase

was composed of 0.1% formic acid aqueous solution (A) and

methanol (B). The gradient program applied was as follows:

0e6 min, 10e60% B. The wavelength employed was 246 nm.

The flow rate was 0.3 mL/min and injection volume was 2 mL.

2.5. Method validation

The analytic method established in this study was validated

for linearity, LOD, LOQ, precision (intra- and inter-day),

repeatability, stability and recovery. Calibration curves were

constructed based on the peak area of analytes (y) versus the

corresponding concentrations (x) at six different concentra-

tions in triplicate. The LOD and LOQ were determined by S/N

at about 3 and 10 using standard solutions, respectively. The

intra- and inter-day precisions were conducted with six

replicate injections of the same sample solution performed on

the same day and three consecutive days, respectively. To

confirm the repeatability, six sample of the same origin were

processed and analyzed. The stability of the sample solution

stored in UPLC autosampler at 10 �C was investigated by

replicate injection of the sample solution at 0, 1, 2, 4, 6, 8, 10

and 12 h. A recovery test was used to further evaluate the

accuracy of method. Accurate amount of the mixed standard

solution was added to 0.25 g sample powder, whose sample

solution was further prepared and analyzed with the method

described above.

2.6. Data processing

Contents of PO, IPO, P and IP obtained by utilizing different

methods of extraction were displayed by GraphPad Prism 5.01

software (Graphpad software Inc., USA). The ‘Spider-web’was

made by Excel 2016.Lnk software.

3. Results and discussion

3.1. Optimization of extraction conditions

To obtain the optimal condition of sample preparation, many

factors, including methods of extraction (soxhlet extraction

recorded in ChP, refluxing extraction, ultrasonic extraction

and ultrasonic extraction at 60 �C), the extraction solvents (0,

25, 50, 75 and 100% methanol in aqueous solution), the

extraction time (20, 30 and 40 min), and the material/solvent

ratio (1:100, 1:200 and 1:400 g/mL), were optimized by using

univariate analysis. The results were shown in Fig. 1.

An interesting phenomenon has happened, when the raw

and roasted FPwere treated by different extraction solvents (0,

25, 50, 75 and 100% methanol in aqueous solution) using the

four different methods of extraction described above except

for soxhlet extraction. Noticeably, for the raw FP, compared

with the contents of PO, IPO, P and IP obtained by soxhlet

extraction, the formal method regulated by ChP, the quanti-

tative results of selected compounds obtained by methanol

extraction of the other three methods were consistent with

that of soxhlet extraction. But, as methanol in aqueous solu-

tion decreased, the content of PO and IPO in the raw FP

declined obviously, and P and IP increased remarkably, espe-

cially when methanol was below 50% in extraction solvent.

Therefore we speculated that the conversion between (I)PO

and (I)P was performed by b-glucosidase naturally present in

plant [24,25], which was proved by releasing the powder of the

raw FP to the boiled 50% methanol to prevent the conversion.

In order to further verify this idea, the roasted grain of FP was

prepared by keeping the raw FP at 150 �C for 2.5 h in oven. For

the roasted FP, the outcomes obtained bymethanol extraction

using the three methods accorded with that by soxhlet

extraction, except for ultrasonic extraction with lower

extraction of PO and IPO. Along with the reduction of meth-

anol in aqueous extraction solvent, the conversion between (I)

PO and (I)P was not observed. Only the content of P and IP

decreased slightly because of the lipophilic property.

Given that high extraction rate and efficiency, the ‘Spider-

web’mode [26,27] was employed to choose the bestmethod by

taking six characteristics into account, including the extraction

efficiency of PO, IPO, P and IP, the extraction time, and the

dealing timebefore extraction. The contents of PO, IPO, P and IP

in the raw and roasted FP originated from different methods

were marked as Ck-m and C0
k�m, and the extraction time was

labeled as tk and t0k, and dealing time before extraction was

assigned as sk and s0k, respectively. The highest content of PO,

IPO, P and IP derived from the testedmethodwasmarked as Ck-

m (max) and C0
k�m (max) in the raw or the roasted FP, respec-

tively. The highest value of 1=tk and 1=t0k was respectively tag-

ged as 1=tk (max) and 1=t0k (max), whichwas also applied for the
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dealing time before extraction (DT). The contents of PO, IPO, P

and IP divided by their corresponding maximum, which was

badged as Rk-m and R0
k�m in the raw and roasted FP, and the in-

verse of dealing time and preparation time divided by their

corresponding maximum, which was tagged as Tk and T0
k, and

DTk and DT0
k, separately.

Calculation formulae were as follows. k represented the

methods of ultrasonic extraction at 60 �C (I), ultrasonic

extraction (II), refluxing extraction (III) and soxhlet extraction

recorded in ChP (Ⅳ);m represented the compounds of PO, IPO,

P and IP.

Rk�m ¼ Ck�m=Ck�mðmaxÞ R0
k�m ¼ C0

k�m

�
C0

k�mðmaxÞ

Tk ¼ 1
tk

�
1
tk
ðmaxÞ T0

k ¼
1
t0k

�
1
t0k
ðmaxÞ

Fig. 1 e The histograms of PO, IPO, P and IP, and ‘Spider-webs’ obtained by the different methods employed for extracting

the raw and roasted FP (SE, the soxhlet extraction method released by Chinese pharmacopoeia; B-50%Me, the boiled 50%

methanol aqueous solution; A, the histograms of PO, IPO, P and IP in the raw FP extracted by different methods; B, the

histograms of PO, IPO, P and IP in the roasted FP extracted by different methods; C, the ‘Spider-webs’ obtained by the

different methods employed for extracting the raw and roasted FP).
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DTk ¼ 1
sk

�
1
sk

ðmaxÞ DT0
k ¼

1
s0k

�
1
s0k

ðmaxÞ

Take the method of ultrasonic extraction at 60 �C (I) as

example, RⅠ-PO, RⅠ-IPO, RⅠ-P, RⅠ-IP, TⅠ, and DTⅠ were employed to

build six dimensions of the ‘Spider-web’ (pi) for the raw FP,

and R0
I�PO, R

0
I�IPO, R

0
I�P, R

0
I�IP, T

0
I and DT0

I were used to establish six

dimensions of the ‘Spider-web’ (p0
i) for the roasted FP. The

‘Spider-webs’ of the four methods were shown in Fig. 1. The

shaded areas of the ‘Spider-webs’were established to analyze

and determine the most appropriate method, calculating

formulae of which were employed for the raw (A) and roasted

FP (A0) were as follows. The angle between two dimensions

was marked as a and a0, respectively.

A ¼ 1
2
� sin a

�Xn�1

i¼1
pi � piþ1 þ pn � p1

�

A0 ¼ 1
2
� sin a0

�Xn�1

i¼1
p0
i � p0

iþ1 þ p0
n � p0

1

�

In general, the extraction method, ultrasonic extraction at

60 �C, did not discriminate against the raw or roasted FP,

which showed the balanced shaded area of the ‘Spider-web’

(A, 2.51 andA0, 2.48). Moreover, the highest value of the shaded

area demonstrated the perfect extraction rate and efficiency

compared with the other methods.

3.2. Transformation of psoralenoside and
isopsoralenoside under different conditions

As mentioned above, PO and IPO can be transformed into P

and IP in the raw FP rather than roasted FP, which suggested

that transformation between (I)PO and (I)P may be influenced

by the impacts of temperature, pH or b-glucosidase. There-

fore, we have systematically performed the effect of temper-

ature, pH, and b-glucosidase on conversion of PO and IPO

(Fig. 2). As shown in Fig. 2, the remaining concentration of PO

and IPO showed the steady level whether under effect of

temperature ranging from 30 �C to 70 �C or pH (2, 4, 6 and 8),

which proved that PO and IPOwere insensitive to temperature

and pH. A slight increase of PO and IPO was detected in the

light of evaporation of water in the reaction system.

As illustrated in Fig. 2, exposed to b-glucosidase at 0.84 U/

mL, POwas rapidly degraded into P in 6 h, the degradation rate

of which was 96.8%. Nevertheless, IPO was found to be more

obtuse, which decreased by 67% in 6 h and 94.1% within 18 h.

There was a reciprocal transformation between (I)PO and (I)P,

which suggested that b-glucosidase held an important role in

Fig. 2 e The dynamic variations of PO and IPO under different temperature (A1 and A2), pH (B1 and B2) and b-glucosidase at

0.84 U/mL (C1 and C2).
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the conversion between (I)PO and (I)P and exerted an signifi-

cant influence on the content of P and IP in FP.

3.3. Method validation

In view of the systematic study above, the method of ultra-

sonic extraction at 60 �C, which had high rate of extraction

and efficiency, was validated methodologically including the

linearity, LOD, LOQ, precision, repeatability, stability and ac-

curacy of the interesting compounds, PO, IPO, P and IP. All

calibration curves showed good linearity (r � 0.9999) across

the test ranges and the overall LOD and LOQ values were less

than 0.08 and 0.25 mg/mL, respectively. The RSDs of the intra-

and inter-day precisions, repeatability, and stability were all

below 3.0%. The average recoveries of the investigated targets

were in the range of 98.30%e101.44% with RSD value below

2.98%. These results demonstrated that the established

method was satisfactory for the simultaneous determination

of PO, IPO, P and IP in FP.

3.4. Quantitative analysis of the samples from the
different origins

The established method was applied in outlining the trends

on content of the interesting targets of FP from ninety-six

origins. Exhibited in Fig. 3A, the total content of P and IP

from 0.011 to 0.120 mmol/g was distributed in a scattered

form, however, the sum of PO, IPO, P and IP in the range of

0.111e0.170 mmol/g showed in narrow distribution. It could

be speculated that the different activity of b-glucosidase

contributed to the different degree of transformation between

(I)PO and (I)P in the course of cultivation or processing, leading

to the different level of P and IP from ninety-six origins.

Specifically, the distribution of total content of P and IP in

FP from ninety-six origins was presented in detail in Fig. 3B.

The total content of P and IP was divided into the following

stages: 0.01e0.024 mmol/g which accounted for 25.00%,

0.024e0.038 mmol/g which made up 31.25%,

0.038e0.052 mmol/g in the proportion of 20.83%,

0.052e0.066 mmol/g which shared 11.46%, 0.066e0.08 mmol/g

whose proportion was 8.33%, and 0.08e0.094 mmol/g,

0.094e0.108 mmol/g and 0.108e0.122 mmol/g only accounting

for 3.12%, respectively. Released by ChP, the total content of P

and IP must be no less than 0.70% (0.038 mmol/g) [1], which

qualified only about 43.75% FP. From the performed study, an

important clue can be conferred that the great attention

should be paid to the effect of b-glucosidase on the content of

P and IP. Many impact factors contributed to the activity of b-

glucosidase should be profoundly mined to improve the

quality of FP, including growth period, collecting season,

processing procedure and storage time.

3.5. Chemical identification of the roasted from raw FP

Based on the fact that PO and IPO extracted from the raw and

soaked FP can be rapidly and obviously transformed into P and

IP in 50% methanol aqueous solution or less methanol in so-

lution, which was not applicable to the roasted FP. But,

transformation between (I)PO and (I)P was not detected in

methanol extract of the raw, soaked or roasted FP. Making the

best of this phenomenon originated from the effect of b-

glucosidase, in order to prove the feasibility of identifying the

roasted from raw and soaked FP, we employed methanol and

50% methanol aqueous solution as the extraction solution to

extract the raw FP (B-5, B-51 and B-96), the dried FP under the

shade after being soaked with 4% salt solution (SK-5, SK-51

and SK-96) and the salt-processed FP, i.e. the roasted FP after

being soaked with 4% salt solution (SP-5, SP-51 and SP-96),

respectively. The determined results and representative

chromatograms of samples were shown in Table 1 and Fig. 4,

respectively. As displayed in Table 1, the content of PO, IPO, P

and IP in FP extracted by 50% methanol aqueous solution was

tagged as CPO, CIPO, CP and CIP, whose content of PO, IPO, P and

IP extracted by methanol was marked as C0
PO, C

0
IPO, C

0
P and C0

IP.

The ratio of content of PO, IPO, P and IP in FP extracted by 50%

methanol aqueous solution to that obtained by methanol was

assigned as NPO, NIPO, NP and NIP, respectively, which was

utilized to decide whether FP was roasted or not. Calculating

formulae were as follows.

NPO¼ CPO=C
0
PO NIPO¼ CIPO=C

0
IPO

NP¼ CP=C
0
P NIP¼ CIP=C

0
IP

As illustrated from the result of the studied sample, the

roasted FP (SP-5, SP-51 and SP-96) has given 0.9�NPO and

NIPO � 1.1 or NP and NIP� 1.1, and the unroasted FP (B-5, B-51

and B-96, and SK-5, SK-51 and SK-96) has shown NPO and

NIPO� 0.9 or NP and NIP � 1.1. Therefore, according to the value

of NPO, NIPO, NP and NIP, we can identify the roasted FP (the

salt-processed FP) fromunroasted FP (the raw FP and the dried

FP under the shade after being soaked with 4% salt solution).

Fig. 3 e The scattering diagram (A) and accumulative histogram (B) of interesting compounds of FP from the different

origins.
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4. Conclusion

In this study, a rapid and effective method based on UPLC has

been developed for the quantification of PO, IPO, P and IP in FP,

which was successfully applied in illustrating the important

role of b-glucosidase in transformation between (I)PO and (I)P,

surveying the quality of FP from the different origins, and

identifying the roasted from unroasted FP. The result could

pave the way for improving the quality and promoting the

quality standard of FP.
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Table 1 e The contents of PO, IPO, P and IP in FP extracted by 50% methanol aqueous solution and methanol (mmol/g) and
the value of NPO, NIPO, NP and NIP.

Sample CPO CIPO CP CIP C0
PO C0

IPO C0
P C0

IP
aNPO

aNIPO
aNP

aNIP

B-5 0.0194 0.0077 0.0485 0.0483 0.0524 0.0418 0.0207 0.0188 0.370 0.184 2.343 2.569

SK-5 0.0087 0.0034 0.0597 0.0530 0.0472 0.0379 0.0258 0.0225 0.184 0.090 2.314 2.356

SP-5 0.0464 0.0316 0.0226 0.0242 0.0478 0.0326 0.0246 0.0265 0.971 0.969 0.919 0.913

B-51 0.0147 0.0046 0.0523 0.0468 0.0563 0.0417 0.0156 0.0139 0.261 0.110 3.353 3.367

SK-51 0.0096 0.0039 0.0585 0.0492 0.0500 0.0374 0.0208 0.0179 0.192 0.104 2.813 2.749

SP-51 0.0511 0.0340 0.0185 0.0193 0.0525 0.0351 0.0199 0.0209 0.973 0.969 0.930 0.923

B-96 0.0139 0.0068 0.0524 0.0459 0.0326 0.0244 0.0352 0.0298 0.426 0.279 1.489 1.540

SK-96 0.0165 0.0085 0.0496 0.0437 0.0299 0.0229 0.0410 0.0334 0.552 0.371 1.210 1.308

SP-96 0.0291 0.0197 0.0387 0.0333 0.0289 0.0196 0.0398 0.0345 1.007 1.005 0.972 0.965

a NPO¼ CPO=C
0
PO NIPO¼ CIPO=C

0
IPO NP¼ CP=C

0
P NIP¼ CIP=C

0
IP.

Fig. 4 e The representative chromatograms of samples B-5 (A1 and A2), SK-5 (B1 and B2) and SP-5 (C1 and C2) extracted by

methanol and 50% methanol aqueous solution, respectively (1, PO; 2, IPO; 3, P; 4, IP).
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a b s t r a c t

A novel and sensitive assay for aflatoxin B1 (AFB1) detection has been developed by using

bio-bar code assay (BCA). The method that relies on polyclonal antibodies encoded with

DNA modified gold nanoparticle (NP) and monoclonal antibodies modified magnetic

microparticle (MMP), and subsequent detection of amplified target in the form of bio-bar

code using a fluorescent quantitative polymerase chain reaction (FQ-PCR) detection

method. First, NP probes encoded with DNA that was unique to AFB1, MMP probes with

monoclonal antibodies that bind AFB1 specifically were prepared. Then, the MMP-AFB1-NP

sandwich compounds were acquired, dehybridization of the oligonucleotides on the

nanoparticle surface allows the determination of the presence of AFB1 by identifying the

oligonucleotide sequence released from the NP through FQ-PCR detection. The bio-bar code

techniques system for detecting AFB1 was established, and the sensitivity limit was about

10�8 ng/mL, comparable ELISA assays for detecting the same target, it showed that we can

detect AFB1 at low attomolar levels with the bio-bar-code amplification approach. This is

also the first demonstration of a bio-bar code type assay for the detection of AFB1 in

Chinese herbs.

Copyright © 2017, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Aflatoxins (AFs) which belong to a closely related group of

secondary fungal metabolites, are toxic and highly carcino-

genic substances [1,2]. AFs types include B1, B2, G1, or G2. The

mould phenomenon occurred commonly in the cultivation,

processing and storage period of medicinal materials, which

may result in production of mycotoxins [3]. Mycotoxin con-

taminations caused by fungi are major issues related to the

quality and safety of herbal medicine. AFs exposure remains

an important aspect of herbal medicine safety which needs to

be paid great attention. Failure to control such contamination

may result in serious, even fatal, consequences for the con-

sumers. Thus, some countries have set a limit for the amount

of AFs that herbs may contain. In 2001, China promulgated

the “Green Industry Standard for Import and Export of Me-

dicinal Plants and Preparations” (WM2-2001), where AFs

content limit was set as 5 mg/kg [4]. In 2008, the Food and Drug

Administration of Korea issued a directive stipulating that
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Chinese herbs, including licorice, cassia, peach, Breit, Bozi,

areca, Semen, Zhiyuan, and safflower, should have a

maximumAFB1 amount of only 10 mg/kg [5]. In Italy a law sets

guide-values AFB1 5 mg/kg and total AFs 10 mg/kg [6]. “Chinese

Pharmacopoeia” 2015 version set the maximum limit of AFs

in Cassiae, Polygalae radix, Platycladi semen, Peach, Ziziphi

spinosae semen, etc, to 5 mg/kg [7]. As people are becoming

more aware of the hazards of AFs and of the safety and

quality of foods and drugs, the government has become

stringent in regulating the AFs content, and thus called for

the development of technology for the rapid detection of AFs.

At present the mainly methods of detecting AFs are spec-

trometry, chromatography, immunoassay and biosensors

[8e15]. However, these techniques produce limited sample

throughput because of the time-consuming data extraction

and cleansing.

The bio-bar code assay technology (BCA) was first intro-

duced in 2003 by Mirkin, as a promising analytical tool for

high sensitivity detection of proteins and nucleic acids [16].

The bio-bar code assay relies on a sandwich structure based

on specific biological interaction of a magnetic particles and

a nanoparticle with a defined biological molecule in a me-

dium [17]. The magnetic particle allows the separation of

reacted target molecules from unreacted ones. The nano-

particles aim at amplifying and detecting the target of in-

terest. It uses magnetic microspheres to coat the target anti-

proteins; these beads have a diameter of up to a few microns

[18]. BCA is a low-cost technology that exhibits high sensi-

tivity for it uses gold nanoparticles for signal amplification.

Each gold nanoparticle with a diameter of 30 nm can mark

about 400 DNA barcode detection regions. Magnetic field

causes the gold nanoparticles to form a complex with its

target and magnetic microspheres. Subsequently, the DNA

barcode chain is released from the gold nanoparticles, and

these chains are detected through a variety of methods

[19e23]. BCA exhibits the sensitivity of polymerase chain

amplification technique, although it does not require enzy-

matic amplification reaction. The outstanding feature of this

method is its high sensitivity, wherein it can detect antigenic

concentrations as low as a few hundred molecules, the

detection limit is lower than any existing methods [24,25].

Polymerase chain reaction was introduced in 1985 and has

revolutionized biology and molecular biology since then. Its

sensitivity allows the detection of 5e10 copies of DNA.

However some drawbacks such as its complexity, time

consuming procedure and narrow target have motivated the

findings of new technologies. BCA technology is currently

applied in the detection of nucleic acids and proteins; how-

ever, it is less applied in the detection of small molecules

compounds [26e29].

This study established a highly sensitive novel technology

for the rapid detection of AFB1. Similar to that of PCR, the

sensitivity of BCA allows for the detection of biological mole-

cules at a very low concentration. Thus, BCA may be used in

the determination of AFB1, which exists in trace amounts in

Chinese herbs. BCA may also be applied in the detection of

other small molecule compounds. The linearity, accuracy,

method precision, and system precision of BCA has already

been validated. This is the first demonstration of a bar code

type assay for the detection of AFB1.

2. Experimental

2.1. Materials and equipment

AFB1 polyclonal antibody and monoclonal antibody was pre-

pared in ourselves lab. Chloroauric acid and sodium citrate

from Sigma was used without further purification. Barcode

DNA chain and complementary probe NP chain were pur-

chased from Sangon Biotech (Shanghai). All reagents were

prepared using analytical grade reagents and doubly distilled

water. The gold nanoparticles were measured using trans-

mission electron microscope (Hitachi High Tech International

Trading Co. Ltd.). The magnetic microparticle MMP probes

were measured using scan electron microscope (type JSM-

7800F, JEOL Co.Ltd.). The barcode DNA chain was detected by

fluorescence quantitative polymerase chain reactor (type H-

7900, Biosystems Co., USA).

2.2. Preparation of gold nanoparticles

50 mL of boiling doubly distilled water was added to a 100 mL

round bottom flask, and 0.5 mL 1% chloroauric acid solution

was added quickly. With the high-speed stirring, 0.9 mL l%

sodium citrate solution was added. Continue to boil until the

solution turns red, and keep the red unchanged for 15 min.

After cooling, the solution was constant volume in 50 mL

volumetric flask, the products were stored in a dark place at

4 �C with 1% NaN3. The gold nanoparticles were diluted to a

certain concentration, and a small amount of them were put

on the support film. Themorphology of the gold nanoparticles

was observed under transmission electron microscope (TEM).

2.3. Preparation of NP probe

A total of 10mL of gold nanoparticles were collected, and their

pH was adjusted to the optimum level use 0.1 mol/L K2CO3.

About 1.3 mg of AFB1 polyclonal antibody was added, and

stirring for 10min. After 1mL of 11% BSAwas added dropwise,

themixturewas left to stand for 30minand thencentrifugedat

4 �C. The precipitate was suspended to the original volume

with 0.01mol/L pH 7.6 PBS containing 1% BSA. After balancing

overnight and centrifuging twice, the precipitate was sus-

pended in 1mLof PBS. A total of 1mLof goldnanoparticleswas

decorated with AFB1 polyclonal antibody, and 500 mL of com-

plementary probe NP chain with the concentration 2 mmol/L

was added. Themixture was left to stand for 16 h at 25 �C, PBS
solution was used to adjust the pH to 7.0, and ion concentra-

tion was increased use 0.1mol/L NaCl. The solution was left to

stand for 40 h at 25 �C. To obtain gold nanoparticles decorated

with complementary probe NP chain after centrifugation for

30 min at 10 000 r/min, the precipitate was washed using

0.1 mol/L NaCl and 0.01 mol/L PBS (pH 7.0) three times, and

then the unlabeled gold nanoparticles were deleted. A 500 mL

solution of barcode DNA chain (concentration 2 mmol/L) was

added to the above-mentioned gold nanoparticles decorated

with complementary probe NP chain to hybridize for 4 h at

25 �C, and then centrifugation was performed for 30 min at

14 000 r/min to obtain the NP probe. The precipitate was then

dissolved using 0.1 mol/L NaCl and 0.1 mol/L PBS (pH 7.0).
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2.4. Preparation of MMP probe

The magnetic beads were lightly shaken for 5 min, and then

200 mL of these beads were collected to prepare a re-

suspension with 2 mL of PBS, and 200 mL of PBS re-

suspension magnetic beads was saved for later use. A total

of 1.6 mL PBS was used to induce vigorous oscillation, and the

supernatant was discarded by magnetic separation. The

above steps were repeated four times. The solution was

vigorously oscillated after adding 0.8 mL of 5% glutaraldehyde

and then placed in a centrifugal tube in a nonmagnetic mixer

to induce reaction for 3 h. The solution was vigorously oscil-

lated again after adding 1.6 mL of PBS. The above steps were

repeated four times after discarding the supernatant through

magnetic separation.

A total of 60 mg of AFB1monoclonal antibody was dissolved

in 12 mL of PBS. The solution was vigorously oscillated after

adding active magnetic beads and then placed in a mixer for

mixing reaction of 20 h. The magnetic beads were re-

suspended in 24 mL of PBS and vigorously oscillated after

adding 12 mL of quenching agent (0.1 mol/L glycine). The so-

lution was then placed in a mixer to enable reaction for

30 min. After washing three times with PBS, the supernatant

was discarded through magnetic separation. Then, 1.6 mL of

solution was used to resuspend the magnetic beads, and

temperature was maintained at 4 �C.

2.5. Preparation of MMP-AFB1-NP sandwich structure

A total of 10 fg of AFB1 was added to 200 mL MMP probe with a

vigorous oscillation at 37 �C for 1 h. Then fixMMP probe with a

magnetic field and wash 4 times with PBS buffer solution in

order to remove disconnected AFB1 antigen and other impure

proteins. A total of 200 mL of gold nanoparticles decoratedwith

double chain DNA and AFB1 polyclonal antibody were added,

followed by vigorous oscillation for 30min to form a sandwich

structure. The MMP probe was fixed with magnetic field and

washed four times with 400 mL of PBS buffer solution to

remove disconnected NP probes.

2.6. Release of barcode DNA

A total of 100 mL of sterilized water was added to the sandwich

structure, which was vigorously oscillated at 60 �C for 45 min

to remove the hybrid from the barcode DNA chain. The MMP

probe was then fixedwithmagnetic field, and the supernatant

containing barcode DNA chainwas collected. The bio-bar code

assay allows for the amplification of the protein signal. Two

binding events create a sandwich molecule. Bar-code DNA is

released with the addition of water. The number of oligonu-

cleotides released is proportional to the number of sandwich

complexes formed. Here, the AFB1 isolated from the assay is

detected, significantly amplifying the signal (Fig. 1).

2.7. FQ-PCR detection of barcode DNA chain

A Super Real Fluorescent quantitative premixed reagent

detection kit (Tiangen Company) was used in this paper. The

obtained barcode DNA chain was used as the template to

enable FQ-PCR detection. FQ-PCR detection was performed

using a two-step technique.

Primer 1: 50-CGC ATT CAG GAT TGC ATG AT-30

Primer 2: 50-TAC GAC TTG ACA CCG TTA AG-30

Barcode DNA chain: 50-CGC ATT CAG GAT TGC ATG ATT

GCC TCG TCT TAA CGG TCT CAA CTC GTA-30

Complementary probeNP chain: 50-TACGAGTTGAGACCG

TTA AGA CGA GGC AAT CAT GCA ATC CTG AAT GCG A10-

(CH2)6-SH-30

2.8. Method validation

Themethod developedwas validated for the detection of AFB1

in Chinese herb samples, including (Casslae semen, Polygalae

Fig. 1 e a: Interaction between MMP and target. b: Recognition between target and particles in complex biological medium:

sandwich MMP-target-NP. c: Magnetic separation of MMP. d: Redispersion of sandwiches in distilled water causes

dehybridization of bio-bar codes. e: Removal and analysis of bio-bar codes using FQ-PCR methods.
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radix and Platycladi semen). Each sample was accurately

weighed after drying into 10mL centrifuge tubes and 2.5mL of

75% methanol in water then added to extract AFB1 from the

sample. After extraction, the solution was centrifuged 12000 g

for 12 min with Beckman Coulter XPN100 centrifuge (USA).

The supernatant was filtrated and concentrated to 0.5 mL

under a nitrogen steam. The residue was redissolved with

1 mL aqueous methanol solution and ready for FQ-PCR

detection.

3. Results and discussion

3.1. Identification of gold nanoparticles

The colloidal gold was prepared by citrate sodium reduction

method. The prepared gold nanoparticles were diluted to a

certain concentration, and took a small amount added to the

support film. After air drying, the gold nanoparticles, which

were not muddy and had no sediment and flotsam, were

observed under a transmission electron microscope. Obser-

vation through the transmission electron microscope

revealed that the gold nanoparticles were round or oval with

the same diameter, about 30 nm. UVevis scanning was per-

formed to prepare colloidal gold within the range of

200e800 nm. The highest absorption occurred at 520 nm. The

results of TEM identification of gold nanoparticles, as shown

in Fig. 2a, the morphology of gold nanoparticles are round or

oval, the particle size is basically the same, the size is about

30 nm.

3.2. Purification and identification of NP probe

Excess electrolyte in the protein solution lowered the zeta

potential of the colloid gold particles and affected protein

absorption. Therefore, salt should be thoroughly removed

before marking. Protein was dialyzed with low concentration

saltwater (0.005 mol/L NaCl, pH 7.0) for 3 d, and the dialysate

was changed every 6 h. The solution was then placed in a

centrifuge at 12 000 r/min for 30 min at 4 �C, to remove the

polymer. The unbalanced pH made the gold nanoparticles

unstable. The optimal pH range was 7e8. To determine the

optimal protein amount, >20% of the lowest stabilized

amount obtained in the actual experiment was used because

gold nanoparticles cannot be stabilized by an insufficient

amount of AFB1 polyclonal antibody. Accordingly, 26 mg of

polyclonal antibody was used in this experiment.

UVevis scanning revealed that the lmax of the NP probe

was 528 nm. TEM revealed a gray black corona ring around the

gold nanoparticles, showing that polyclonal protein was

absorbed onto the particle surfaces (Fig. 2b). Previous studies

have shown that the concentration of gold nanoparticles was

about 0.106 � 10�11 mol/L.

3.3. Preparation and determination of MMP probe

Glutaraldehyde cross-linking method was used to activate

the magnetic beads and examine the MMP probe using scan

electron microscope (SEM). Before and after coupling reaction

of the magnetic beads, the surface transformed from smooth

to rough (Fig. 3). Magnetic bead coupling entirely proceeded

Fig. 2 e The TEM scan spectrum of gold nanoparticles (a) and NP probe (b).

Fig. 3 e The SEM scan spectrum of magnetic beads and MMP probe. Note: Leftdmagnetic beads; RightdMMP probe.
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in a mild environment. Changes in the surface indicated that

coupling occurred between magnetic beads and AFB1

monoclonal antibodies. The entire process required a high

magnetism for the beads. Therefore, washing was very crit-

ical to the process of activating and marking the beads, as

well as to the formation of a sandwich structure and DNA

release. Contaminated magnetic beads in any step can

crucially affect the results. Only under high-temperature and

low-salt conditions that double-chain DNA can be released.

Therefore, the temperature should be controlled to obtain the

DNA chain.

3.4. Establishment of BCA detection system

FQ-PCR amplification was conducted for the control sample

diluted in a 10-fold gradient (1015e100 copies/mL). The stan-

dard amplification plot of FQ-PCRwas showed on Fig. 4a. After

the reaction was complete, the linear correlation between the

Ct value and the copy number of the corresponding starting

templatewas based to screen out five points (1015e1011 copies/

mL) within the linear range. At the same time, a better linear

relationship was observed between them, and the standard

curve was y ¼ �2.9054x þ 54.581 (r ¼ 0.9991).

Fig. 4 e (a) The standard amplification plot of FQ-PCR. From left to right the copy numbers are 1015, 1014, 1013, 1012 and 1011.

(b) The specificity test of FQ-PCR. a to h are AFB2, AFG1, AFG2, AFB1, Zearalenone, Vomitoxin, Fumonisins and Ochratoxin A

respectively. (c) The sensitivity of FQ-PCR. The concentration of AFB1 are 10¡3 ng/mL, 10¡4 ng/mL, 10¡5 ng/mL, 10¡6 ng/mL,

10¡7 ng/mL, 10¡8 ng/mL, 10¡9 ng/mL and 0 (a to h).
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3.4.1. Repeatability
To evaluate the practical applicability and accuracy of this

method, it was validated for detection of AFB1 in Chinese

herbs samples, which were spiked with AFB1 at 2 ng/mL, 1 ng/

mL and 0.2 ng/mL concentrations levels. There recoveries

were in the range of 90.6e107.5%. To calculate intra-assay and

inter-assay repeatability, all measurements were done in

triplicate. FQ-BCA detection results for different copy

numbers showed that both of intra-assay and inter-assay CV

valueswere <10%. The RSDs of the intra-daywere in the range

of 2.69e5.84%. Inter-day precision for each compound was

also investigated with RSDs in the range of 3.45e8.63%. All

these data revealed that the established method had an

acceptable precision (Table 1).

3.4.2. Specificity
Seven mycotoxins were selected as interferences to deter-

mine the specificity of this method. 1 mg/mL of other six my-

cotoxins including zearalenone, vomitoxin, ochratoxin A,

AFB2, AFG1, and AFG2 and 0.1 mg/mL AFB1 were examined

respectively. Depends on the specificity of the monoclonal

and polyclonal antibodies, AFB1 had no cross-reaction with

zearalenone, vomitoxin, or ochratoxin A, AFB2, AFG1, and

AFG2. The results indicated that the probes would not interact

with other mycotoxins besides AFB1 (Fig. 4b).

3.4.3. Sensitivity
Following extensive experimentation with the FQ-PCR detec-

tion method, we were able to detect AFB1concentrations

down to 10�8 ng/mL using the bio-bar code assay (Fig. 4c). FQ-

PCR detection was performed for the barcode DNA chain ob-

tained from release. This technique had high sensitivity for

polymerase chain reaction, did not require enzyme amplifi-

cation, and was able to detect antigenic substances with a

wide concentration range, which have not been achieved by

any existing quantitative immunoassay.

3.5. Sample determination

This method can be used for the trace determination of AFB1

in medicinal materials. FQ-PCR detection was performed for

DNA released from the preparation of sandwich by using

Chinese herb samples. As shown in Table 1, Casslae semen,

Polygalae radix, Platycladi semen had cycles of 21.23, 21.62,

and 21.11, respectively. Using the standard curve, the obtained

copy numbers were 1011.48, 1011.38, and 1011.18, respectively,

equal to AFB1 containing 0.302 ng/mL, 0.240 ng/mL, and

0.151 ng/mL. Accurate dropping of each reagent was very

important; any tiny error can cause a large deviation through

PCR magnification. To the best of our knowledge, this assay

presents no serious hazards, though caution should be taken

to avoid skin and eye contact with the AFB1 solution. In

addition, when the assays are used in conjunction with un-

known biological samples or known AFs samples, all proper

government safety protocols should be followed. A highly

sensitive method for detecting AFB1 through a nonenzymatic

nanomaterials-based amplification method, the bio barcode

assay is established. Compared with the currently available

Table 1 e Determination of AFB1 spiked into Chinese herb samples.

Samples Spiked concentration
(ng/mL)

Mean recovery (%) Intra-day
repeatabilitya

Inter-day
repeatabilityb

Casslae semen 2 94.3 3.26 3.28

1 107.5 4.17 5.65

0.2 93.2 5.84 7.26

Polygalae radix 2 92.5 2.90 3.45

1 96.7 4.86 5.01

0.2 104.5 4.34 6.52

Platycladi semen 2 90.6 2.69 4.33

1 92.8 3.57 5.28

0.2 95.1 5.38 8.63

a Intra-day repeatability was estimated by analysis of six replicate samples at two concentration level on the same day.
b Intra-day repeatability was estimated by analysis of six replicate samples at two concentration level in three day.

Table 2 e Comparison of the available methods for the detection of AFB1.

Method Detection limit
(ng/mL)

Sample
Meana ± SDb (ng/mL)

Reference

Cassiae Polygalae radix Platycladi semen

FQ-BCA 10�8 0.302 ± 0.024 0.240 ± 0.017 0.151 ± 0.004 This work

HPLC 0.12 0.355 ± 0.047 0.297 ± 0.081 0.204 ± 0.053 c

ELISA 1.98 Not detected Not detected Not detected d

a The mean of three experiments.
b SD ¼ standard deviation.
c The results were obtained by HPLC using Pharmacopoeia of China method with modifications.
d The results were obtained using ELISA method with Wang TY, 2017.
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instrumental and rapid screening methods, this method is

more sensitive than ELISA [14,28] and HPLC [29] (Table 2). The

experimental results demonstrate that the bio-bar code

method can be used for rapid AFB1 detection.

4. Conclusions

A rapid and sensitive bio-bar code method for determination

of AFB1 in Chinese herbs was well developed and validated,

with the LOD at 10�8 ng/mL. This new method has been suc-

cessfully applied to three different Chinese herbs. It is com-

parable to many PCR-based approaches without the need for

enzymatic amplification. Because this method approach is a

pseudohomogeneous system with both MMP and NP in solu-

tion, the probes can be used to very efficiently bind target,

thereby reducing the time required for high sensitivity

detection experiments. The results have laid important

foundation for further improvement of detection standards

for AFs in Chinese herbs and provided a new vision for the

trace determination of other small molecular compounds.

Indeed, an advantage of the method approach over conven-

tional microarray sandwich assays is that the entire assay can

be carried out in 3e4 h, regardless of target concentration. In

consequence, the suggested technique could be a powerful

method for AFB1 detection in the future.
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