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a  b  s  t  r  a  c  t

Porphyrin  is able  to specifically  combine  with  phosphorus,  thus  a novel  bifunctional  sensing  platform  for
determination  of porphyrin  by  visual  colorimetry  and electrochemistry  was  demonstrated.  A pretreated
gold  sheet  (or  electrode)  with  2-mercatpoethanol  (2-ME)  was  chemically  modified  by  POCl3 to  obtain
the  surface  phosphate  active  sites.  The  different  stages  of  modified  electrode  were  characterized  by elec-
trochemical  impedance  spectroscopy  (EIS).  The  1:1  cationic  sitting-atop  (SAT)  complex  P(V)–porphyrin
was  formed  due  to  the  high  affinity  of  the modified  gold  sheet  (or  electrode)  towards  the  porphyrin,
resulting  in  electron  transfer  resistance  increase  of the  electrode  surface.  Meanwhile,  a  dramatic  color
changing  from  burgundy  to dark  green  of  porphyrin  solution  was  observed  with  the naked-eye  within  3  s.
orphyrin
isual colorimetry
lectrochemistry

What’s  more,  this  was  reflected  by the notable  change  of the  Soret  band  of  porphyrin  when using  UV–vis.
Two  sensing  systems  provide  different  sensitivity  for  porphyrin  analysis.  With  visual  colorimetry,  por-
phyrin can  be  detected  at  a level  of  1.0  × 10−6 M, whereas  the detection  limit  of  porphyrin  is  3.0  ×  10−8 M
using  the  EIS  method.  The  practical  application  of the  sensor  to determination  of  pheophytin  which
was  obtained  from  fresh  spinach  leaves  has  been  accomplished.  The  results  demonstrate  the  facility  and

ed  bi
effectivity  of  our introduc

. Introduction

The self-assembled monolayers (SAMs) have received extensive
ttention over the past decades (Schönherr et al., 1997; Stettner
nd Winkler, 2010; Sun et al., 2008). In particular, thiols on gold
ave been well studied and regarded as model systems for a
ariety of applications for elaborate designs of molecular-based
lectronics, tailored sensor surfaces, and nanopatterning (Carroll
nd Christopher, 2002; Chiu et al., 2009; Seitz et al., 2009). The
nterest in using these functional SAMs has led to the devel-
pment of chemical sensors for detection of biomolecules and
arious ions in vitro and vivo studies. For example, Fragoso et al.
repared SAMs of dithiolated aromatic scaffolds on gold for the

abel-free detection of prostate-specific antigen using EIS (Fragoso
t al., 2008). Rezaei and co-workers developed an electrochemi-
al impedimetric immunosensor for determination of insulin-like
rowth factor-1 based on SAMs (Rezaei et al., 2011). Impedimetric
iosensor for the monitoring of the clotting activity of rennet has
een investigated as well (Panagopoulou et al., 2010). Recently, our

roup developed a new type of receptor for dihydrogenphosphate
nion recognition through SAMs of thiol-derivatized porphyrins
n Au substrate (Zhi et al., 2009). However, specific phosphate-
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functional  biosensor  for  quantitative  analysis  of porphyrin.
© 2011 Elsevier B.V. All rights reserved.

based SAM sensor for detecting the porphyrin that exists widely
in nature is greatly needed due to SAMs’ flexible design, simple
operation, fast response, high sensitivity and selectivity as sen-
sors.

Porphyrin and its derivatives, such as chlorophyll, pheophytin,
vitamin B12, hemoglobin and myoglobin are expected to play
key roles in biological (cellular respiration, photosynthesis) and
biomimetic (solar cell) systems. Their excellent stability and unique
optical/electronic properties make them important in many fields
such as photodynamic therapy, sensor, storage, electronic devices,
molecular recognition and catalysis (Li et al., 2004; Martelli
et al., 2009; Melissa et al., 2001; Milanesio et al., 2002). Por-
phyrias are a group of rare diseases characterized by excessive
production and excretion of porphyrins caused by enzyme defi-
ciencies in the heme biosynthetic pathway (McCarroll, 1995; Wang
et al., 2008). Consequently, the study of porphyrin compounds
has been paid longstanding attention. However, determination of
porphyrins in biological materials has long been bedeviled. Tra-
ditional methods used for the detection of porphyrin included
spectrophotometry (Kufner et al., 2005), fluorometric method
(Huie and Williams, 1989), high performance liquid chromatog-
raphy (HPLC) (Bozek et al., 2005; Macours and Cotton, 2006), mass
spectrometry (MS) (Luo et al., 1997), gas chromatography–mass

spectrometry (GC–MS) (Ausió et al., 2000; Bu et al., 2003), capillary
electrophoresis–fluorescence (CE–FL) (Wu et al., 1994). Due to the
drawbacks of these techniques such as strenuosity, costliness, dis-
continuousness, complicated apparatus and usually requirement

dx.doi.org/10.1016/j.bios.2011.06.043
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:luxq@nwnu.edu.cn
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upon the application of the bias potentials in the frequency range
cheme 1. (a) Structures of Tetraphenylporphyrin (TPP) molecular. (b) Reaction ste
lectrochemical detection of porphyrin. (c) P(V)–porphyrin complex.

f radio-labeled substrates, it is an open question about how to
evelop sensitive, simple, and economical methods for porphyrin
etection.

In this work, a highly sensitively bifunctional sensor, a visual
olorimetry biosensor as well as an electrochemistry sensor,
iming to determine the porphyrin applying phosphate-based
elf-assembled monolayer, was developed. The designed sensor
as used to detect porphyrin with those two  methods, which
emonstrates some advantages: (i) it has fast response and high
ensitiveness that the dramatic color changes from burgundy to
ark green of porphyrin solution could be observed within 3 s.
ii) It is a stable fabric that can be used to detect porphyrin
ven after being stored for weeks in dichloromethane solution or
ir at 4 ◦C. (iii) This sensor with simple instrumentation is easy
o miniaturizate and owns potential commercial application. In
ur research, detailed mechanism of sensing porphyrin applying
hosphate-based self-assembled monolayer was proposed. Here,
etraphenylporphyrin (TPP) was selected in the research, and the
esigned sensor was successfully used for determination of pheo-
hytin obtained from fresh spinach leaves.

. Experimental

.1. Reagents and materials
The tetraphenylporphyrin (TPP) (Scheme 1(a)) was synthesized
nd purified according to the method of previous literature (Lindsey
t al., 1994; Zuo et al., 2006). Chlorophylls (Chls) from fresh spinach
 the preparation of the phosphatized gold sheet (or electrode), for colorimetric and

leaves was  isolated and purified as previously described (Quach
et al., 2004) and stored in the dark at 253 K.

Pheophytin was synthesized by adding acid to chlorophylls
solution (Pennington et al., 1964). They were dissolved in
dichloromethane. 2-Mercaptoethanol (2-ME) (Tianjin, China) and
POCl3 (Jiangsu, China) used without further treatment. Triethy-
lamine (TEA) and Tetrahydrofuran (THF) were dried according to
reported procedures (Becker et al., 2009). The reagents were of ana-
lytical grade and used as received. All solutions were prepared with
doubly distilled water.

2.2. Apparatus

UV–vis absorption spectra were taken by absorption mode
with a UV-1102 UV–vis spectrophotometer (Shanghai, China).
The spectra were recorded in the 250–750 nm region. Electro-
chemical characterizations were performed by cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) (VMP2
Multi-potentiostat, Princeton Applied Research, USA) using a con-
ventional three-electrode cell. Gold electrode (CHI101, Ø2 mm)  was
used as a working electrode, a platinum wire and an Ag/AgCl (KCl
saturated) electrodes were used as counter and reference elec-
trodes, respectively. The faradaic impedance spectra were recorded
from 10 kHz to 100 mHz, using an ac voltage of 0.005 V amplitude.
The data obtained were analyzed using the fitting program in ZSim-
pWin software. All the measurements were carried out at ambient
temperature (22 ± 2 ◦C).
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Fig. 1. (a) Cyclic voltammograms of bare Au electrode (curve 1), 2-ME–SAM
electrode (curve 2) and phosphatized modified electrode (curve 3) in 5.0 mM
Fe(CN)6

3−/4− with 0.1 M KCl as supporting electrolyte, with a scan rate of 50 mV/s.
(b)  Impedance measurements in the presence of 5.0 mM Fe(CN)6

3−/4− on (1) bare
Au electrode, (2) 2-ME–SAM electrode and (3) phosphatized modified electrode.
74 X. Lu et al. / Biosensors and 

.3. Substrate and SAMs preparation

The gold sheet (or electrode) was prepared and modified using
he procedures previously reported (Becker et al., 2009; Wang et al.,
009), but we increased the amount of phosphorus oxychloride to
btain the –CH2–O–P OCl2 and (–CH2–O–)2P OCl (Scheme 1(c)).
unctionalized gold sheet (or electrode) with phosphate groups
as rinsed in copious amounts of chloroform, anhydrous ethanol

nd deionized water, respectively.

. Results and discussion

.1. Principle of sensing porphyrin via phosphate-based
elf-assembled monolayer

Because porphyrin is capable of specifically combining with
hosphorus, herein, we utilize phosphate-based SAM sense por-
hyrin with two  detection means. Scheme 1(c) shows the reaction
teps of preparation of the phosphatized modified gold sheet (or
lectrode), which is easily prepared by simple and rapid synthetic
rocedure.

The first step involves the formation of a SAM of 2-ME on gold,
xposing the hydroxyl (–OH) group as the nucleophiles at the sur-
ace of the SAM and the second step comprises the modification of
he SAM with POCl3 to yield phosphate moieties (Bent et al., 1994;
chilling et al., 1993). The three chlorines of Cl3P O which could
e replaced by surface hydroxyls are responsible for three styles
f Cl3P O reacting with hydroxyl (Bertilsson and Liedberg, 1993).
hus, a question of prime interest is whether the Cl3P O molecule
eacts with one surface hydroxyl to form –CH2–O–P OCl2 species
r to forms bridges like (–CH2–O–)2P OCl or (–CH2–O–)3P O
etween neighboring hydroxyl terminals. The likelihood of bridg-

ng is dependent on the distance between OH groups on the surface
nd the amount of phosphorus oxychloride. It is of interest to note
hat, when the phosphatized modified gold sheet (or electrode)
mmerses into dichloromethane solution containing TPP, a solu-
ion color change of burgundy to dark green can be observed in
ew minutes. In order to demonstrate that this phenomenon is not

 protonation of TPP, triphenyl phosphate and triethyl phosphate
ere chosen and added to dichloromethane solution containing

.0 × 10−4 M TPP, respectively. The former could react with TPP
nd solution color changed to dark green was observed, but the
atter could not. We  deduce that phosphonates could coordinate

ith TPP only if the axial ligands on phosphorus were read-
ly removed, while triethyl phosphate could not react with TPP
ecause of the ethyl hard to be removed. Thus, it implied that
hen all the three chlorines of Cl3P O molecule were replaced by

urface hydroxyls no reaction occurred with TPP solution. In addi-
ion, terephthaloyl chloride, methyl chloride and thionyl chloride
ere added to dichloromethane solution containing 1.0 × 10−4 M

PP, respectively, all of them could react with TPP solution. Based
n above results, we conclude that only the first two  reactions
f functionalized gold sheet (or electrode) with phosphonates in
cheme 1(c) are attributed to the recognition of TPP and formed
:1 cationic sitting-atop (SAT) complex P(V)–TPP (Scheme 1(b))
Boeckl et al., 2000; Dehghani and Shaterian, 2008, 2009a,b; Inada
t al., 2000). Here, we use a large excess of phosphorus oxychloride
o reduce the formation of side product phosphoric acid anhydride
Spori et al., 2007).

.2. Phosphate-based self-assembled monolayer characterization
The stepwise assembly of the layered functionalized electrode
as traced by EIS. The electrochemical responses in each step were

nvestigated to confirm the layer-by-layer assembly process.
Inset: the equivalent circuit model used to obtain equations for Zre and Zim. Rs,
Rct, Cdl and Zw represent the resistance of electrolyte, the charge transfer resistance,
double-layer capacitance and the Warburg impedance, respectively.

Fig. 1 shows the faradaic impedance spectra presented as
Nyquist plots upon the assembly of the two layers on the elec-
trode. The bare Au electrode exhibits an almost straight line (curve
1) that is characteristic of a mass diffusional limiting electron-
transfer process. Compared with the response on a bare gold
electrode, Fe(CN)6

3−/4− exhibits better electron-transfer rate on
a 2-ME modified gold electrode due to the attractive electro-
static forces between the protonated hydroxyl groups of 2-ME and
Fe(CN)6

3−/4− (Hu et al., 1999). As the further reacting with Cl3P O,
electron transfer was  blocked, which is reflected by the appearance
of the semicircle part on the spectrum. The surface coverage of sat-
urated phosphate-based SAM was also estimated using a method
reported by Weisshaar et al. (Weisshaar et al., 1993) The charge
under a desorption wave was  used to provide a measure of the sur-
face coverage of SAMs. And the surface coverage � (mol/cm2) was
calculated, on the basis of the relationship � Q/nFA (where Q is
the total charge (C), A is the electrode surface area (cm2), and n and
F have their usual electrochemical meanings). By integrating the
charges (Q) passing on the cathodic wave, the estimated surface
coverage for the phosphate-based SAM was  2.43 × 10−11 mol/cm2.

3.3. Visual colorimetric detection of pophyrin

Visual colorimetry is a widely used way in biochemistry to
determine the concentration of colored compounds and to evaluate
the intensity of the color in solution (Brotto et al., 2010; Feng et al.,
2010; Li et al., 2010). Here, employing visual colorimetry to detect
porphyrin has advantages of rapidity, simpleness, inexpensiveness
and high sensitiveness. Different concentrations of TPP were ana-
lyzed via monitoring visible color change of the colored product
P(V)–TPP complex (Fig. 2(a)).

When phosphatized modified gold sheet (or electrode)
immerses into 0.5 mL  dichloromethane solution containing
1.0 × 10−4 M TPP, a solution color change from burgundy to dark
green could be observed within 3 s. With the increasing con-
centrations and volume of TPP solution, the more time will be

needed in the coordination between TPP and phosphate on gold
sheet (or electrode) which leads to lower change of TPP solu-
tion color. These results show that when phosphate binding sites
become saturated no color change of TPP solution occurs. The mod-
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ig. 2. (a) Different concentrations of TPP before and after reacting with functiona
rom  left to right. (b) Absorption spectra of TPP before (1) and after (2) reacting wit

fied gold sheet (or electrode) was washed carefully after each
ncubation step. The detection limit for TPP analysis with visual col-
rimetry is 1.0 × 10−6 M.  The above observations demonstrate the
hosphate-based self-assembled monolayer can serve as a novel
isual colorimetric sensor for sensitive porphyrin detection.

Fig. 2(b) shows a UV–vis spectrum of TPP and corresponding SAT
(V)–TPP complex which indicates complexation between TPP and
hosphate on electrode. The TPP solution shows a strong Soret band
t 419 nm and four weaker Q bands in the region between 500 and
00 nm,  which are typical bands of a free base porphyrin (Meot-Ner
nd Adler, 1975; Stone and Fleischer, 1968). These bands arise from
he �–�* transition of the macrocycle (Zhang et al., 1997). In the
ase of the corresponding SAT P(V)–TPP complex, the Soret band at

he 419 nm peak drastically decreased and appeared at 441 nm,  and
he Q band at the 650 nm increased. The red shift by 22 nm of the
oret band indicates that the interaction of phosphatized modified
lectrode with TPP causes distortion of the TPP plane and leads to

ig. 3. (a) Impedance response in the presence of 5.0 mM Fe(CN)6
3−/4− on functionaliz

oncentrations of TPP: 1.0 × 10−7 M,  5.0 × 10−7 M,  1.0 × 10−6 M,  5.0 × 10−6 M, 1.0 × 10−5 M
oncentration versus resistance value (Rct). Inset: the linear relation between TPP concen
gold sheet: 1.0 × 10−7 M,  1.0 × 10−6 M,  1.0 × 10−5 M,  1.0 × 10−4 M and 1.0 × 10−3 M
tionalized gold sheet (or electrode) in dichloromethane solution.

the resonance between aryl groups and TPP core increase, to form
the 1:1 cationic SAT complex (Dehghani and Shaterian, 2009b).

3.4. EIS detection of porphyrin

The EIS is a powerful technique for studying electric and
dielectric behavior of electrode materials and is superior to other
electrochemical techniques (Boubour and Lennox, 2000; Love et al.,
2005; Peng et al., 2006). It has been employed in many biosensing
(Eugenii and Itamar, 2003; Gao et al., 2011) and immunosensing
(Bourigua et al., 2010; Mantzila et al., 2008) systems as a trans-
duction technique. Likewise, quantitative TPP analysis utilizing

phosphate-based self-assembled monolayer is also performed by
the EIS method. Fig. 3(a) shows the faradaic impedance spectra
were obtained on phosphate functionalized electrode in the dif-
ferent concentrations of TPP solution for fixed incubation time,

ed Au electrode before and after incubation of the electrode for 3 min in various
, 5.0 × 10−5 M,  1.0 × 10−4 M,  and 5.0 × 10−4 M from bottom to top. (b) Plot for TPP

trations and the resistance value (Rct).
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Table 1
Results of porphyrin in pheophytin sample.

Sample Results by proposed method Results by UV

Found (�mol  L−1) Added (�mol  L−1) Total (�mol  L−1) Recovery (%) RSD (%) (n = 4) Found (�mol L−1)

Pheophytin 0.24 0.12 0.35 91.7 2.07 0.22
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0.23  0.24 0.46 

0.22  0.36 0.60 

0.23  0.48 0.68 

 min. The resistance value (Rct) gradually increased along with the
ncrease of TPP concentration in certain range (Fig. 3(b)).

The Rct is linearly dependent on the logarithm of TPP concen-
ration in the range from 1.0 × 10−7 M to 5.0 × 10−5 M (R = 0.9984).
hat Rct reaches a saturation value at high TPP concentration indi-
ates that the binding sites become saturated, and there is no more
hosphate site for further TPP. This result is consistent with the
olorimetry described above.

. Application

To demonstrate the application potential of our bifunctional
ensor probe in practical analysis, we applied phosphate-based
elf-assembled monolayer to detect pheophytin obtained from
pinach leaves. The measured pheophytin contents are listed in
able 1. The results obtained by using the proposed method were
n good agreement with results obtained by using the method of
pectrophotometry, and the recovery was from 91.7 to 105.6%. The
eveloped sensor was free of interferences of carotenol, carotene,
hlorophyll and vitamins.

. Conclusions

In summary, the ability of phosphate groups to form strong
onds with porphyrin has provided a strategy to detect porphyrin
tilizing SAMs. Herein, a feasible method of fabricating porphyrin
ensor was developed by 2-mercaptoethanol (2-ME) SAM modi-
ed gold sheet (or electrode) then functionalized with phosphate
roups, and porphyrin combining with phosphorus formed 1:1
ationic SAT type of P(V)–porphyrin complex. Excellent detectabil-
ty and selectivity achieved in our experiment demonstrated the
ossibility of using phosphate-based self-assembled monolayer for
etection of porphyrin by visual colorimetry and electrochem-

cal methods. The modified gold sheet (or electrode) retained
table for analysis of porphyrin after being stored for weeks in
ichloromethane solution or air at 4 ◦C. The practical application by
sing the designed sensor to determine pheophytin obtained from
resh spinach leaves received satisfactory results. Compared with
he traditional method to detect porphyrin, the proposed method
an be very easily operated and less costly. Such an efficient bifunc-
ional biosensor offers great potential in quantitative of porphyrin
evels in biological and medical systems, and development of an
llochroic product, likewise pH test paper is promising.
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95.8 2.56 0.20
105.6 1.98 0.23
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Supplementary data associated with this article can be found, in
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