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Abstract We report on a flow injection chemiluminescence
assay for hydroquinone (HQ) using Fe3O4 magnetic nanopar-
ticles capped with oleic acid and coated with a polymer whose
surface was molecularly imprinted for HQ to act as the rec-
ognition element. Dispersed in an oil phase, the surface
imprinted particles display excellent adsorption capacity
(63 mg g‾1) and a rapid adsorption rate. Packed into a flow
cell, the addition of the reagents hexacyanoferrate(III),
luminol and chlorhematin generates chemiluminescence
whose intensity is linearly related to the concentration of HQ
in the range from 2×10−7 to 1.0×10−5 mg mL‾1, with a
detection limit of 7.9×10−8 mg mL‾1 and a relative standard
deviation of 2.3 % at 1.0×10−7 mg mL‾1 HQ (n=6). The
method was successfully applied to the determination of HQ
in spiked water samples.
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Hydroquinone (HQ) is scientifically known as 1, 4-
dihydroxybenzene. It is widely used as photographic devel-
opers, dye, antioxidant and so on [1], contained in cosmetics,
medicines, environment, and human diet [2]. Specially, for its
certain role of fading sunspots and lightening pigmented areas
of the skin, hydroquinone sometimes is overdosed in the

bleaching creams, absorbed through the skin and mucous
membranes and can produce reactive oxygen species through
redox cycle [3], resulting in DNA damage, mutation in cellu-
lar transformation and vivo tumourigenesis [4, 5]. Because of
the hazards of long-term treatments, the European Committee
and China have banned the use of HQ in cosmetics and
formulations, and it is available only through prescription by
physicians and dermatologists [6]. However, hydroquinone
has been being added to some cosmetics illegally by certain
manufacturers to increase the bleaching efficacy of the cos-
metics [7]. Obviously, it was vital to monitor and control the
harmful effects of hydroquinone. A number of methods for the
analysis of hydroquinone have been developed, including
spectrophotometry [8], liquid chromatography [9], and elec-
trochemical [10]. Those methods can offer accurate determi-
nation results. However, some of them need expensive equip-
ments and complex procedures for sample pretreatment, while
the other suffers from low selectivity. Hence, an innovative
method for rapid, sensitive detection of BPA in various sam-
ples is to be developed.

Flow injection chemiluminescence (FI-CL) is known to be
a powerful analytical technique that possesses high sensitivity,
rapid assay and inexpensive instrumentation in recent research
[11, 12]. However, the application and development of this
method are suffocated for its poor selectivity. To overcome
this difficulty, molecularly imprinted polymer (MIP) which
has high specificity recognition and capture capabilities is
introduced into CL for improving selectivity [13, 14]. This
problem could be overcome when CL is coupled with a
selective recognition element MIP.

A novel CL system with core-shell MIP as recognition
components has been developed in these years taking advan-
tage of the excellent adsorption ability and rapid binding
kinetics of core-shell MIP [15]. The detection results of this
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method are much more sensitivity and strong anti-interference
ability. SurfaceMIP can obtain a thin film of imprinted polymer
grafted onto the surfaces of beads. These nano-structured MIP
layer enable complete removal of templates, better site acces-
sibility, reduction of mass transfer resistance effect, and have a
well defined shape [16]. Recently, an innovative surface im-
printing technique based on magnetic polymer exhibits excel-
lent advantages in many aspects [17], for instance mechanical
stability and magnetic separation has received increasing atten-
tion. Specially, the oil based magnetic fluid (MF), which with a
layer of surfactant adsorbed on the surface and an oil base fluid,
has well dispersion in the oil phase.

We reported that surface molecularly imprinted polymer
was introduced into CL for improving selectivity. Based on
this MIP, an innovativeMIP-CL system for HQ determination
is developed. In the preparation ofMIP, OA@Fe3O4 was used
as supporters to improve the adsorption capacity and separa-
tion. Due to the special binding sites on the OA@Fe3O4-MIP,
the HQ could be adsorbed selectively, thus enhance the selec-
tivity of CL analysis. The system was successfully used in
determination of HQ in samples. Under optimal conditions,
the CL system showed very high sensitivity and selectivity to
HQ. Moreover, the reusability of the HQ MIP was studied.

Experimental

Materials and reagents

Hydroquinone was purchased from Shanghai Chemical Re-
agent Company (Shanghai, China); ethylene glycol
dimethacrylate (EGDMA, AR) was supplied from Aladdin
Reagent Co., Ltd.; Methacrylic acid (MAA, AR),
NH4Fe(SO4)2·12H2O, Fe(NH4)2(SO4)2·6H2O and were pur-
chased from Tianjin Chemical Reagent Co., Ltd.; 2,2-
azobisisobutyronitrile (AIBN, AR), oleic acid (OA,CP), ab-
solute ethanol (AR) and methylbenzene (AR) were purchased
from Sinopharm Chemical Reagent Co. Ltd. (China) and used
directly without any further purification.

The EGDMAwas distilled to remove inhibitors. AIBN is
re-crystallized prior to its use.

Apparatus

The IFFM-E flow injection CL analyzer (Xi’an Remex Elec-
tronic Instrument High-Tech Ltd., China) is equipped with an
automatic injection system and a detection system.
Polytetrafluoroethylene tube (0.8 mm i.d.) is used to connect
all of the components in the flow system. The tube filling with
MIP positioned on the FI-CL analyzer. A valve is used to
change the flow direction. The CL signal is analyzed with a
computer. The schematic diagram of the MIP-CL system used
is shown in Fig. 1.

Preparation of OA-coated Fe3O4 nanoparticles

The oleic acid Fe3O4 particles were prepared by co-
precipitation method, according to a synthesis route described
by Yang et al. [18]. Typically, NH4Fe(SO4)2 · 12H2O
(0.045 mol) and Fe(NH4)2(SO4)2·6H2O (0.03 mol) were dis-
solved under nitrogen protection into 50 mL of ultrapure
water. The intermixed solution was heated to 40 °C while
stirring vigorously. Then, 25 mL of absolute NH4OH was
added into the solution. The resulting suspension was vigor-
ously stirred for 3 min and then 2 mL of OAwas added into
the suspension. After reacting for 30 min, 50 mL of
methylbenzene was added and the suspension was quickly
heated to 90 °C. After curing reaction for 4 h, the black
precipitates were extracted to the supernatant oil phase. The
organic phase magnetic fluid was collected with the help of a
magnet and washed repeatedly with deionized water.

Preparation of OA@ Fe3O4-MIP particles of HQ

HQ (0.2 mmol) and MAA (0.8 mmol) were dissolved in
acetonitrile (30 mL). The intermixed solution was shaken in
a water bath at room temperature for 12 h. And then, 4 mL of
homemade organic phase magnetic fluid was added into
the system with shaking for another 3 h. Furthermore,
4 mmol of EGDMA and 60 mg of AIBN were added
into the system and the mixture was treated with the
ultrasonic wave in a water bath for 0.5 h. After sealing,
shaking, and purging, the polymerization reaction was
induced under nitrogen protection at 65 °C, reacting for
24 h. After polymerization, the obtained products were
washed three times with chloroform to remove the
unreacted reagents and separated by the external mag-
netic field. Then the template molecule (HQ) was re-
moved by Soxhlet extraction using methanol-acetic acid
(9:1, v/v) as eluent, and the eluent was replaced every
8 h. The template had been removed completely when
no HQ was detected in eluent by an UV–vis spectro-
photometer at 221 nm. The obtained products (MIPs) were
dried at 40 °C under vacuum for 12 h. For comparison, NIP
was prepared and processed in the same way, but in the
absence of any template.

Fig. 1 The schematic diagram of the MIP-CL system
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Characterization

The phase purity and crystal structure of the obtained samples
were examined by X-ray diffraction (XRD) using D8
Advance X-ray diffraction (Bruker AXS Company, Ger-
many) equipped with Cu-KR radiation (λ) 1.5406 (Å),
employing a scanning rate of 0.02° s−1 in the 2θ range
from 10 to 80°. Fourier transform infrared (FTIR) spectra
were collected by FTIR spectrometer (Nicolet Nexus 470)
with the KBr method. The morphology and microstructure
were identified by transmission electron microscopy (TEM,
Philips Tecnai-12).

MIP and NIP particles rebinding performance

MIPs and NIPs (20 mg) were dispersed in eight centrifuge
tubes respectively, in which there were 10 mL of HQ of
various concentrations (0.05 to 1.2 mg mL‾1). These centri-
fuge tubes were performed in a water bath at 30 °C with
oscillation for 10 min. Then, MIPs and NIPs were isolated
by an external magnetic field and the remained HQ in solution
was measured by UV–vis spectrophotometer at 221 nm. The
experimental data was presented as the adsorption capacity (Q
(mg g‾1)) per unit mass (g) of the nanoparticles, and calcu-
lated from Eq. (1):

Q ¼ C0−Ceð ÞV
m

ð1Þ

c0 (mg mL‾1) is the initial concentration of HQ solution, ce
(mg mL‾1) is the HQ concentration of the supernatant solu-
tion, V (mL) is the volume of the initial solution and m (g) is
the mass of MIPs or NIPs.

Procedure for determination of HQ

The schematic for the CL system was shown in Fig. 1 and the
determination could be summarized in four steps as follows,
showing in Fig. 2:

Step 1: recognize and adsorb HQ. The pump 2 was started
only and the valve was positioned on the left. HQ
sample solution was delivered to flow through MIPs
column, and HQ in the sample solution was
adsorbed selectively.

Step 2: washout the not adsorption materials. Plug line into
the water and start the pump 2 only for 2 min.

Step 3: chemiluminescence detect of the adsorption hydro-
quinone. The pump 1 was started while the pump 2
was stopped and the valve position was changed to
right. The merged stream of K3Fe(CN)6, luminol
and chlorhematin was flowed to react with the HQ
in MIP tube to produce relative light intensity.

Step 4: purify the MIPs tube. The pump 2 was started to
deliver the water until no relative light intensity was
detected.

Results and discussion

Characterization of OA@ Fe3O4 and MIP particles

The structural properties of synthesized MIPs were analysed
by XRD. As can be observed in Fig. 3, the XRD patterns of
the synthesized MIPs displayed several relatively strong re-
flection peaks in the 2θ region of 20~80°, which is quite
similar to those of Fe3O4. The discernible six diffraction peaks
(2θ = 30°, 35°, 43°, 53°, 57° and 63°) match well with the
database of magnetite in JCPDS (JCPDS Card: 19–629) file.
The result shows that the structure of Fe3O4 has been not
damaged in the MIP preparation process.

Figure 4 showed the FTIR spectra of OA@ Fe3O4 and
MIP. The absorption bands at 595 cm−1 was attributed to Fe-O
stretch vibrations which confirm the existence of Fe3O4 and
the band at 775 cm−1 was attributed to the rocking vibration of
–(CH2)n-groups of OA in the two samples. In addition, on the

Fig. 2 Schematic diagram of the procedure for determination of
hydroquinone: step 1 recognize and adsorb hydroquinone; Step 2:
washout the not adsorption materials; Step 3: chemiluminescence detect
of the adsorption hydroquinone; Step 4: purify the MIPs tube

Fig. 3 XRD patterns of Fe3O4 and MIPs
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spectrum (a) of MIP, the peaks of 1636, 1258, 957 cm−1

exhibited the presence of the –COOH. And it was clear that
the bands at 1722, 1164 cm−1 which ware refer to the -COOR
of ethylene glycol dimethacrylate (EGDMA). All those indi-
cated that the polymerization reaction completed successfully
and the functional group (−COOH) of the functional mono-
mer was retained.

Representative SEM images of the obtained OA@ Fe3O4

and MIPs were shown in Fig. 5. The images suggested that
Fe3O4 and MIP particles present a more regular morphologi-
cal feature. The diameters of MIPs were approximately
500 nm and Fe3O4 was about 200 nm. So, the thickness of
imprinting layer was estimated to be about 150 nm. The
features that nano-sized particles and thin imprinting layer of
MIPs mentioned above could increase the adsorption capacity
of polymers and improve the mass transfer rate for releasing
and rebinding the HQ [19].

MIPs and NIPs rebinding performance

The adsorption results ofMIPs and NIPs were calculated from
Eq. (1) and plotted according to the binding isotherm, show-
ing in Fig. 6. It was directly perceived through the senses that
the adsorptive capacity of MIPs toward to HQ was much
higher than that of NIPs. The results demonstrated that the
MIPs was suitable for using in the CL system.

To estimate the maximum binding properties of the MIP
and NIP, the data were further processed with Scatchard
analysis according to the Scatchard equation, Eq. (2) [20].

Q

Ce
¼ Qmax−Q

Kd
ð2Þ

In Eq. (2), Q is the amount of hydroquinone bound to the
polymers at equilibrium; ce is the free hydroquinone concen-
tration at equilibrium; Kd is the dissociation constant and Qmax

is the apparent maximum binding amount. The values of Kd

and the Qmax can be calculated from the slope and intercept of
the linear line plotted in Q/ce versus Q. The Scatchard plot for
MIPs is not a single linear curve, but consisted of two linear
parts with different slopes. It indicated two kinds of binding
sites existed in MIPs. The linear regression equation for the left
part of the curve wasQ/ce=33.959−1.264Q (r=0.9518) and the
right part of the curve Q/ce=14.69−0.204Q (r=0.9708). The
Qmax was calculated to be 63.05 mg·g‾1. The binding of
hydroquinone to NIPs was also analyzed by Scatchard method.
The linear regression equation was Q/ce=4.058−0.490 Q (r=
0.9801). The maximum adsorption was 15.28 mg·g‾1. The
maximum adsorption of MIP is 4.12 times of NIPs.

Choice of materials

The optimization of MIP-CL reagents was important. In order
to choose the optimum concentrations for the MIP-CL

Fig. 4 FTIR spectra of OA@ Fe3O4 (b) and MIPs (a)

Fig. 5 SEM images of the
obtained Fe3O4 (a) and MIPs (b)

Fig. 6 The Static adsorption curves of MIPs and NIPs

946 Y. Chao et al.



experiment, a series of concentration of each reagent and
pump speed were examined. Considering the factors such as
sensitivity, stability and MIP-CL intensity (ΔI=I0–I is the
luminous intensity reduction), the optimal experimental con-
ditions were that luminol at concentration of 7×10−5 mol L‾1,
Hemin at 7.0 × 10−6 g mL‾1, K3Fe(CN)6 at 5.0 ×
10−4 mol L‾1, NaOH at 0.1 mol L‾1, pump 1 speed at 30 r
min‾1 and adsorption time was 2 min. These concentrations
were used for the further work.

The analytical performance of the system

Under the optimum conditions, the analytical performance of
the method was obtained. The relative CL intensity (ΔI) was
linear to concentration (c) of hydroquinone from 2×10−7 to
1.0×10−5 mg mL‾1. The regression equation was ΔI
=114.0+11.0×107·c (mol L‾1) (R=0.997).

The numerical values of the analytical performance were
obtained as following: the detection limit was 7.9×
10−8 mg mL‾1 (calculated as 3σ/S) and relative standard
deviation was 2.3 % at 1.0×10−7 mg mL‾1 of HQ (n=6).
The results showed that the CL system using MIPs as recog-
nition material exhibited high sensitivity and accuracy.

Interferences study

To evaluate the selectivity of this system, the influences of
some potentially interfering inorganic and organic with HQ
were investigated. The tolerable limit of potentially interfering
ions was taken as a relative error not greater than ±5 % in the
recovery at a concentration of 4.0×10−6 mg mL‾1 standard
solution. The results indicated that the MIP-CL intensity of

progesterone was not affected by the foreign species com-
pared with CL which were shown in Table 1.

Application of MIP-CL system

In order to evaluate the applicability and reliability of the
method, it was applied to determine the content of HQ in
drugs of hydroquinone cream samples.

0.2504 g of hydroquinone cream samples were dispersed in
50 mL of methanol aqueous solution (1:4, v:v) and extracted
by ultrasonic wave (power:400W) for 30 min, then the turbid
solution was filtered by 0.45 nm organic membrane filter and
only the liquid passed into the container. 25 mL of the liquid
was pipetted into 100 mL volumetric flask and bring to
volume by methanol aqueous solution. The getting sample
reserve liquid was diluted 10, 000 times with double distilled
water for analysis. At the same time recovery was estimated
by addition of known amounts of HQ to the samples. Sample
2 was prepared under the same procedure. All the analysis
results were shown in Table 2. The percentage content of HQ
in sample was 2.14 % and 2.09 %, while the amount of it
determined by HPLC was 2.10%. The recoveries for different
concentration varied from 99 to 105 %. These results showed
that the system had good accuracy for the determination of
HQ in hydroquinone cream samples.

Conclusions

AMIP-CL system fabricated by using theMIPs as recognition
element was described and the high selectivity and sensitivity

Table 1 The tolerable ratio of
interfering species to HQ Species MIP-CL system FI-CL method Species MIP-CL system FI-CL method

resorcinol 120 1 Fe2+ 800 3

ascorbic acid 300 5 Na+ 1500 100

glucose 900 200 Zn+ 800 7

sucrose 800 250 Ca2+ 900 3

triethanolamine 1000 400 Mg2+ 900 5

Fe3+ 700 1 Cl− 1000 600

Table 2 Results for the
determination of HQ in samples Sample Added

(10−6 mg mL‾1)

Found

(10−6 mg mL‾1)

Recovery

(%)

Percentage content

(%,mg mg‾1)

RSD

(n=7, %)

1 0.00 2.67 – 2.14 2.01

1.00 3.69 102 – 2.02

2.00 4.77 105 – 2.32

2 0.00 2.61 – 2.09 2.33

1.00 3.65 104 – 2.30

2.00 3.98 99 – 1.22
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was obtained. Due to the special binding sites on the
surface of molecularly imprinted polymeric micro-
spheres, the hydroquinone could be absorbed selectively,
which improved the selectivity and sensitivity of the CL
analysis. The CL system was applied to determinate the
hydroquinone in samples directly without sample purifi-
cation step. Since the MIPs could get rid of the inter-
ferences effectively. The CL system provided a sensitive
and fast method for determination of quercetin with
satisfactory results.
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