
Vol:.(1234567890)

Journal of Materials Science: Materials in Electronics (2018) 29:8380–8389
https://doi.org/10.1007/s10854-018-8849-y

1 3

Assembly of carboxylated zinc phthalocyanine with gold nanoparticle 
for colorimetric detection of calcium ion

Xuefei Zhou1 · Kun Jia1  · Xiaohong He1 · Shiliang Wei1 · Pan Wang1 · Xiaobo Liu1

Received: 31 December 2017 / Accepted: 1 March 2018 / Published online: 5 March 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
A series of water-soluble carboxylated zinc phthalocyanine (ZnPc-COOH) were obtained from a facile hydrolyzation of ter-
minating nitriles groups of zinc phthalocyanine synthesized via bisphthalonitrile based precursor. After the gold nanoparticles 
(Au NPs) with positively charged surfactant CTAB was added to as-prepared ZnPc-COOH solution, the electronic interaction 
between them would contribute to the tunable conjugate of Au NPs/ZnPc-COOH and lead to a red-shifted absorption peak 
in UV–Vis spectrum. Specially, both of the amount of phthalocyanine rings and concentrations of ZnPc-COOH would make 
a big difference in the interaction with Au NPs. In the presence of different metal ions, the ZnPc-COOH/Au NPs aqueous 
solution revealed selective response to  Ca2+, leading to an increased aggregation extent and the naked eye visualized color 
change. The further experiment revealed that the red-shift was accessible in a wide concentration range of  Ca2+, and the 
red-shift degree was proportional to the concentration of  Ca2+ in the range of 2–8 µM with a limit of detection defined as 
1 µM. Combing the photosensitivity of ZnPc-COOH and localized surface resonance plasmon of Au NPs, this label-free 
probe would provide a potential application in colorimetric detection and photosensitization under physiological environment.

1 Introduction

Phthalocyanine (Pc) and related derivatives containing the 
delocalized 18π-electron aromatic skeleton exhibited high 
structure stability [1], broad absorption band in the visible 
region and high excitations quantum yield [2], which lay 
the foundation for different applications in chemical sen-
sors [3], photodynamic therapy (PDT) [4], non-linear opti-
cal devices [5], photochemical catalysts [6, 7], etc. Particu-
larly, the inherent π–π stacking tendency of phthalocyanine 
(Pc) usually induces different aggregation states along with 
distinctive optical properties. Previously, we have sys-
tematically investigated the photophysical properties and 

intermolecular charge transfer of ZnPc in different struc-
tures and aggregation states, which revealed that both of 
the fluorescence emission intensity and wavelength of spe-
cific ZnPc could be modulated by changing the aggregation 
states based on ACQ and AIE-dominated framework [8, 9]. 
Nevertheless, their rigid and planer structure of phthalocya-
nine (Pc) would inevitably give rise to the low solubility 
in organic solvents and aqueous solution [10], while most 
biological and environment processes were proceed in aque-
ous medium and the low solubility of phthalocyanine would 
largely restricted their application [11, 12]. To relieve the 
inherent intermolecular aggregation property of Pc, the two 
strategies derived from tailorable structure of phthalocya-
nine inspired were employed to improve their solubility [13], 
namely the modification of substituent group into periph-
eral or axial position of the macrocycle and choosing proper 
coordinating metal ion to the central cavity [14, 15]. Gener-
ally, introducing hydrophilic substituents to the periphery 
of phthalocyanines would lead to a series of water-soluble 
phthalocyanine, including anionic (sulfonated or carboxy-
lated), cationic (quaternized), non-ionic (polyethylene glycol 
substituted, carbohydrate substituted) and even zwitterionic 
phthalocyanine [16, 17]. Accordingly, the bisphthalonitrile 
was considered as a suitable precursor for synthesizing solu-
ble phthalocyanine, due to the fact that cyano group in the 
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periphery of phthalocyanine (Pc-CN) could be hydrolyzed 
into phthalic acid based compounds in strong basic solution 
leading to a carboxylated phthalocyanine (Pc-COOH) [18, 
19]. Furthermore, the soluble Pc-COOH with peripheral car-
boxylate would be potential in combining more functional 
materials, such as metal ions and functional groups, for fur-
ther application [20, 21].

As a remarkable member of the nano-materials family, 
gold nanoparticles (Au NPs) possessed intriguing optical 
and electronic properties and have been widely used as sen-
sor [22, 23], catalysis [24, 25], drug delivery agent [26], etc. 
Due to the nanoscale confinement of electrons on the sur-
face, Au NPs exhibited extremely high extinction coefficient 
 (108–1010 M−1 cm−1) and obvious localized surface plasmon 
resonance (LSPR) band, which was dependent on the size 
of particles and dielectric constant of surrounding environ-
ment, and allowed selective detection to even small amount 
of analyte [27, 28]. In addition, the advantages of Au NPs, 
such as the large surface to volume ratio, facile synthesis and 
functionalization method also promoted the practicability of 
Au NPs-based sensors [29]. Especially, the well dispersed 
Au NPs in aqueous solution was red and the conventional 
SPR peak located at visible region around 530 nm, whereas 
the aggregated Au NPs solution would appear purple or blue 
with a red-shifted LSPR peak, and the visible color change 
made the Au NPs competent to act as colorimetric sensor 
[30]. Metal ions chemosensors has attracted enormous atten-
tion due to the crucial role in various biological and environ-
mental processes, like that  Ca2+,  Zn2+,  Mg2+ would help to 
prevent cytotoxicity while the accumulation of  Pb2+,  Cd2+, 
 Hg2+,  As2+ and  Al3+ can lead to serious disorder [31]. For 
instance, Li and co-workers utilized Au NPs as a probe for 
colorimetric detection of cysteine with the help of  Cu2+ act-
ing as cross-linking agent for cysteine-coated Au NPs [32]. 
Zhang and his co-worker used the conjugated mercaptosuc-
cinic (MSA) and Au NPs to interact with  Ca2+ via the car-
boxylic group of MSA, which resulted in color change and 
red shift of SPR peak [33]. Kim et al. functionalized Au NPs 
with a calcium-binding protein calsequestrin (CSQ), and was 
capable to work as colorimetric calcium sensor based on 
aggregation by interacting with  Ca2+ [34].Obviously, the Au 
NPs was quite sensitive to metal ions and capable to function 
as a colorimetric sensor.

In our previous work, a water soluble carboxylated zinc 
phthalocyanine (ZnPc-COOH) based on zinc phthalocyanine 
containing cyano groups (ZnPc-CN) was firstly synthesized, 
which was then assembled with the nanoscale template gold 
nanorods (Au NRs) to obtain water-soluble ZnPc-COOH/Au 
NR nanoconjugates with a recovered NIR fluorescence as 
well as improved singlet oxygen quantum yield [18]. Based 
on these work, we further explored the interaction between 
water-soluble zinc phthalocyanine and gold nanoparticles, 
and evaluated the optical response of Au NPs/ZnPc-COOH 

to different metal ions in this work. Firstly, three zinc phth-
alocyanine (ZnPc-CN) with different ring contents have been 
synthesized by adjusting annulation reaction time interval 
of 6, 10, 20 h, respectively. By hydrolyzing the peripheric 
nitrile group into carboxyl, the hydrophobic ZnPc-CN suc-
cessfully transformed into water-soluble zinc phthalocyanine 
(ZnPc-COOH). Moreover, the CTAB-stabilized Au NPs was 
assembled with ZnPc-COOH to obtain the ZnPc-COOH/Au 
NPs conjugate showing specific optical response to  Ca2+.

2  Experimental

2.1  Materials

4,4′-Bis(3,4-dicyanophenoxy)phenolphthalein was synthe-
sized according to our previous work [18], zinc chloride 
 (ZnCl2), ammonium molybdate, methanol, N,N-dimethyl-
formamide (DMF), tetrahydrofuran (THF), petroleum ether 
(C60–C90), silica gel, sodium hydroxide  (NaBH4), ascor-
bic acid (AA), chloroauric acid  (HAuCl4), calcium chloride 
 (CaCl2), aluminum chloride  (AlCl3), ,silver nitrate  (AgNO3), 
ferric chloride  (FeCl3), ferric chloride  (FeCl2), mercury 
chloride  (HgCl2), potassium chloride (KCl) ,sodium chloride 
(NaCl), copper chloride  (CuCl2),lead nitrate  (PbNO3), mag-
nesium chloride  (MgCl2) and nickel chloride (LiCl) were 
received from Sinopharm chemical reagent. Cetyltrimeth-
ylammonium bromide (CTAB) was received from Shanghai 
Aladdin biological technology Co. Ltd. Deionized water was 
used in the experiment. All the compounds were used as 
received without further purification.

2.2  Synthesis of ZnPc‑CN and ZnPc‑COOH

The zinc phthalocyanine (ZnPc-CN) was synthesized 
according to our previous work [20], which was obtained 
after a ref lux of 4,4′-bis(3,4- dicyanophenoxy)phe-
nolphthalein (2.28 g, 4 mmol), zinc chloride (0.136 g, 
1 mmol) and ammonium molybdate (10 mg) in 10 mL 
N,N-dimethylformamide (DMF) under vigorous stir-
ring for specific time. After a precipitation in  ddH2O and 
purification in boiling methanol, the raw product went 
through further purification using a mixture of tetrahy-
drofuran and petroleum ether (volume ratio of 3:1) as an 
eluent. Finally, the purified green powder was obtained 
via rotary evaporating and vacuum drying. Herein, three 
ZnPc-CN samples distinguished each other by different 
annulation reaction time of 6, 10, 20 h and were denoted 
as ZnPc-CN-6, ZnPc-CN-10 and ZnPc-CN-20, respec-
tively. The chemical structure of ZnPc-CN was character-
ized with 1H NMR (DMSO-d6, 400 MHz): 8.11 (1 H, d, 
J 8.7), 8.02–7.84 (4 H, m), 7.72 (1 H, t, J 7.5), 7.45 (5 H, 
dd, J 13.0, 5.5), 7.24 (3 H, d, J 8.6), 3.34 (7 H, s), 2.50 
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(7 H, s). (see Fig. S1 in the Supplementary Materials). 
The water-soluble zinc phthalocyanine were obtained by 
the following procedure, 100 mg ZnPc-CN was refluxed 
in 30 mL NaOH (1 mol L−1) aqueous solution at 100 °C 
with continuous stirring for 24 h. After the pH adjust-
ment by HCl solution and precipitation using methanol, 
the ZnPc-COOH was incubated at room temperature for 
12 h. The obtained ZnPc-COOH were denoted as ZnPc-
COOH-6, ZnPc-COOH-10 and ZnPc-COOH-20, which 
were consistent with the former denotation. The chemical 
structure ZnPc-COOH was characterized with 1H NMR 
(DMSO-d6, 400 MHz): 7.95 (1 H, t, J 13.3), 7.90–7.57 
(2 H, m), 7.41 (2 H, d, J 8.6), 7.17 (4 H, t, J 13.0), 3.34 
(4 H, s), 2.50 (3 H, s). (see Fig. S2 in Supplementary 
Materials). The thermal transition properties of ZnPc-CN 
and ZnPc-COOH were exhibited in Fig. S4, which certifi-
cated the microscopic H-type aggregates of ZnPc-COOH 
in aqueous solution.

2.3  Synthesis of gold nanoparticles

Gold nanoparticles (Au NP) were briefly prepared on the 
basis of seeding growth method which was developed by 
Nikoobakht and El-Sayed with a slightly modification [35]. 
The seed solution was achieved in a clean vial including the 
mixture of  HAuCl4 (2.5 mL, 1 mM), CTAB (5 mL, 0.2 M) 
and  H2O (2.5 mL), then, ice-cold  NaBH4 (0.6 mL, 10 mM) 
was injected to the mixture under magnetic stirring. The 
mixture turned to be brownish in 2–3 min and it would be 
stored at 25 °C for 2 h before use. Then, a dark yellow solu-
tion was prepared by mixing  HAuCl4 (1 mL, 10 mM) and 
CTAB (19 mL, 0.1 M), and it turned to be colorless after 
adding ascorbic acid (0.12 mL, 0.1 M), indicating the growth 
solution was achieved. Furthermore, the seed solution (320 
μL) was added to the growth solution, the final solution was 
incubated at 28 °C for 12 h. Finally, the Au NPs solution 
was centrifuged at 14,000 rpm for 10 min and washed by 
deionized water once to remove unreacted reagent and some 
uneven particles.

2.4  Interaction between ZnPc‑COOH and Au NPs

The synthesized Au NPs aqueous solution was diluted about 
0.1 nM, then, 900 μL of the solution was added to a clean 
vial. Moreover, 100 μL ZnPc-COOH aqueous solution of 
definite concentration (0.0025, 0.005, 0.01, 0.02 mg mL−1) 
were respectively incubated with the former Au NPs solu-
tion at room temperature to allow the interaction between 
positively charged Au NPs and negatively charged ZnPc-
COOH. The interaction between ZnPc-COOH and Au NPs 
was monitored by UV–Vis spectrometer.

2.5  Procedure for colorimetric determination 
of cationic

According to the former experiment, the mixture containing 
ZnPc-COOH-10-2 (0.012 mg mL−1) and Au NPs (0.1 nM) 
were chosen for further colorimetric analysis. A typical col-
orimetric analysis was realized by following steps. Firstly, 
50 μL ZnPc-COOH and 900 μL Au NPs homogenized in 
a glass beaker. Then, 50 μL aliquots of aqueous  Ca2+ ions 
with different concentration were mixed with 900 μL ZnPc-
COOH/Au NPs solution in quartz cuvette. The final mix-
tures were stabilized for 5 min at room temperature before 
UV–Vis absorption measurements. The concentration of 
 Ca2+ was quantified by the red-shift degree of the charac-
teristic absorption peak of Au NPs in the ternary mixture. 
The selectivity of ZnPc-COOH/Au NPs towards  Ca2+ were 
evaluated by testing the response of other metal ions, includ-
ing  Al3+,  Fe3+,  Cu2+,  Fe2+,  Mg2+,  Pb2+,  Ag+,  K+,  Na+,  Hg+, 
 Li+ at a concentration of 0.1 M.

2.6  Characterization

Fourier transform-infrared spectra were characterized 
with a Shimadzu 8400S FTIR spectrometer. The chemi-
cal structures were characterized with a Bruker AV II-400 
spectrometer and the 1H NMR (400 MHz) chemical shifts 
were measured relative to DMSO-d6 (H:d = 2.50 ppm) as 
the internal references. Thermal gravimetric analysis (TGA) 
was conducted with a TA Instruments TGA-Q50 under 
nitrogen atmosphere with a heating rate of 20 °C·min−1.The 
thermal transition analysis were obtained on a differential 
scanning calorimetry Instrument (DSC, TA, Q100) under 
nitrogen atmosphere at a heating rate of 10 °C min−1. The 
UV–Vis absorption spectra of synthesized Au NPs, ZnPc-
COOH and ZnPc-COOH/Au NPs were characterized with 
a Persee TU 1901 UV–Vis spectrophotometer. The fluores-
cence spectra were recorded by using a conventional optical 
microscope (Motic, BA410E) coupled with a 405 nm laser, 
portable spectrophotometer. The morphology of synthesized 
Au NPs was characterized with transmission electron micro-
scope (TEM, JEOL, JEM-2100F operating at 200.0 kV). The 
scanning electron microscope (SEM, JEOL, JSM-5900LV) 
was used to record the surface morphology of ZnPc-COOH 
and ZnPc-COOH/Au NPs. The photos of sample vial under 
visible and UV light were captured using a Nikon D7000 
DSLR camera.

3  Results and discussion

To obtain the water-soluble zinc phthalocyanine, a bisph-
thalonitrile precursor was used to synthesize zinc phthalo-
cyanine by a facile cycloaddition method [8]. As shown in 



8383Journal of Materials Science: Materials in Electronics (2018) 29:8380–8389 

1 3

Scheme 1, three different cyano-terminated zinc phthalo-
cyanines (ZnPc-CN) denoted as ZnPc-CN-6, ZnPc-CN-10 
and ZnPc-CN-20 have been synthesized depending on the 
reaction time of bisphthalonitrile cycloaddition. After a one-
step hydrolysis reaction, the peripheral nitrile groups on 
ZnPc-CN could turn to carboxyl realizing the water-soluble 
carboxylated zinc phthalocyanine (ZnPc-COOH), which 
was negatively charged and capable to detect or interact 
with positively charged materials, the corresponding ZnPc-
COOH was obtained in the same method and denoted as 
ZnPc-COOH-6, ZnPc-COOH-10 and ZnPc-COOH-20, 
respectively. The ZnPc-CN in DMF solvent gave intense 
NIR fluorescence while the fluorescence of ZnPc-COOH 
disappeared in aqueous solution, as shown in Fig. S3.

The FTIR spectra corresponding to ZnPc-CN and ZnPc-
COOH were displayed in Fig. 1a, b, the absorption band 

at 1779 cm−1 was corresponded to C=O stretching vibra-
tion of lactonic ring, and the characteristic absorption of 
the alternant C=N in the phthalocyanine ring was located 
at 1604  cm−1. Besides, the bands at 1232–1390  cm−1 
ascribed to skeletal vibrations while the absorption band at 
2365 cm−1 belonged to –C≡N in the periphery of phthalocy-
anine ring, as shown in Fig. 1a. Specifically, more and more 
–C≡N has participated in zinc phthalocyanine ring as the 
cycloaddition time increased along with a decreased absorp-
tion band at 2365 cm−1 in the FTIR spectra. Moreover, the 
Fig. 1b indicated that the active –C≡N of ZnPc-CN got dis-
appeared after the hydrolyzation in a strong base solution, 
which suggested that the peripheral cyano of ZnPc-CN has 
been completely hydrolysed to carboxyl. The TGA curves of 
all ZnPc-CN and ZnPc-COOH were collected under nitro-
gen atmosphere. As shown in Fig. 1c, the 5% weight loss 

Scheme 1  The chemical structures of ZnPc-CN  (R1) and ZnPc-COOH  (R2)
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temperatures varied from 420 to 449 °C as the increase of 
cycloaddition time of ZnPc-CN, proving that the extended 
phthalocyanine structure exhibits better thermostability. It 
is well known that the two characteristic absorption bands 
of phthalocyanines are highly dependent on their molecular 
aggregation states. Given that phthalocyanine has character-
istic conjugated π-electron aromatic structure, which would 
present an intense absorption band at near-infrared region, 
thus all of the three kinds of ZnPc-CN were dissolved at 
DMF solvent with the same concentration of 0.01 mg mL−1 
for absorbance detection. As expected, the ZnPc-CN solu-
tion in DMF possessed good solubility and gave two typical 
absorption bands, namely the Soret band cantered at 355 nm 
and the main Q-band at 678 nm in combination with a weak 
vibronic shoulder at 610 nm, as shown in Fig. 1d. The lin-
ear relationship between concentration and absorbance in 
Fig. S5 indicated that the ZnPc-COOH in aqueous solution 
existed as H-type aggregates with high purity. On the basis 
of the absorption intensity at 678 nm, three ring contents 
of ZnPc in different cycloaddition times were calculated to 
be 36.61, 49.54 and 51.82% (see Supporting Information), 
respectively, and revealed that the ring contents gave an 
obvious increase with the cycloaddition times raise from 3 

to 6 h, while a relatively slow increase was obtained with 
a prolonged cycloaddition time of 20 h. Furthermore, the 
increased absorption band at 678 nm in UV–Vis spectra 
was in accordance with the decreased absorption band at 
2365 cm−1 in FT-IR spectra of Fig. 1a, both of which were 
due to the formation of extend phthalocyanine unit.

After a facile one-step hydrolysis of previously syn-
thesized ZnPc-CN in NaOH solution, a new absorption 
spectra of ZnPc-COOH with a 14 nm blue-shifted and 
increased vibronic shoulder peak at 624 nm and obviously 
decreased Q band at 678 nm were detected, as shown in 
Fig. 2a. As mentioned previously, the absorption spec-
trum was closely related to molecular state, the alternation 
of absorption band should be attributed to the significant 
intermolecular interaction in the self-assembled nanostruc-
ture. On the other hand, the SEM image in Fig. 2b certifi-
cated that ZnPc-COOH exhibited the microscopic H-type 
aggregates in aqueous solution and the average diameter 
of the aggregates was detected around 250 nm, which lay 
a foundation for further sensing application in aqueous 
solution on the basis of specific morphology features. With 
this in mind, the gold nanoparticles (Au NPs) with CTAB 
as stabilizer were selected to modulate ZnPc-COOH for 

Fig. 1  FTIR (a, b), TGA (c) of ZnPc-CN and ZnPc-COOH, and UV–Vis spectra (d) of ZnPc-CN in DMF solvent
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further application, for that the high sensitivity of Au 
NPs to microenvironment could be directly detected from 
UV–Vis spectra and the cationic surfactant CTAB would 
help Au NPs to assemble with ZnPc-COOH by electro-
static interaction. As displayed in Fig. 2a, the localized 
surface plasmon resonance (LSPR) wavelength of Au 
NPs was 534 nm, corresponding to the monodispersed 
and spherical Au NPs with a diameter of 50 ± 10 nm in 
size, as shown in Fig. 2c. Then, the monodispersed Au 
NPs was added to ZnPc-COOH aqueous solution under 
homogeneous mixing, resulting in prompt variation from 
microscopic morphology to detectable absorption spec-
tra. The ZnPc-COOH/Au NR hybrid complex in Fig. 2d 
clearly exhibited the ZnPc-COOH H-type aggregates can 
be further assembled together via the electrostatic interac-
tion with Au NPs. In addition, a red shift of the Au NPs 
absorption band from 534 to 553 nm also certificated the 
interaction between ZnPc-COOH and Au NPs, as the UV 
absorption spectra presented in Fig. 2a and it was believed 

that the high molar excitation coefficient of Au NPs has 
contributed to the detectable spectra variation.

To select appropriate Au NPs/ZnPc-COOH hybrid com-
plex for further application, the ZnPc-COOH aqueous solu-
tion with different ring contents and concentrations were 
prepared and the interaction with Au NPs have been traced 
by UV–Vis spectrophotometer in detail, as shown in Fig. 3. 
On account of that the absorbance of phthalocyanine was in 
consistent with its ring content, herein ZnPc-COOH aqueous 
solution with different concentrations has been prepared on 
the basis of ring content. As shown in Fig. 3a, four groups 
of ZnPc-COOH-6 were denoted according to their increased 
concentration as ZnPc-COOH-6-1 (0.0045  mg  mL−1), 
ZnPc-COOH-6-2 (0.009  mg  mL−1), ZnPc-COOH-6-3 
(0.018 mg mL−1), ZnPc-COOH-6-4 (0.036 mg mL−1), and 
different aggregation extent were contrasted after they were 
separately mixed with Au NPs (0.1 nM). The localized 
surface plasmon resonance (LSPR) peak of Au NPs was 
located at 534 nm, and a red shift to 541 nm was observed 

Fig. 2  The UV–Vis absorption spectra of synthesized Au NPs, ZnPc-COOH and ZnPc-COOH/Au NPs hybrid complex (a), and the SEM mor-
phology of ZnPc-COOH (b), ZnPc-COOH/Au NPs (d) and TEM morphology of Au NPs (c), respectively
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after adding the ZnPc-COOH aqueous solution in a concen-
tration of 0.018 mg mL−1. On the contrary, the electronic 
absorption spectra of Au NPs almost unchanged after mix-
ing with ZnPc-COOH in other concentration. Therefore, it 
was believed that the positively charged Au NPs was capa-
ble to interact with negatively charged ZnPc-COOH under 
electrostatic interaction, but the ZnPc-COOH aggregate in 
low concentration would be in relatively monodisperse state, 
which would be difficult for Au NPs to realize the capture 

or interaction process. On the other hand, ZnPc-COOH 
in high concentration would inevitably lead to aggrega-
tion owing to the π–π interaction between phthalocyanine 
rings, which would compete with the electrostatic interac-
tion between ZnPc-COOH and Au NPs and the unchanged 
absorption peak at 534 nm was detected as a result of rela-
tive weak electrostatic interaction. The same phenomenon 
was also observed on the other two ZnPc-COOH aqueous 
solution as displayed in Fig.  3b, c the ZnPc-COOH-10 

Fig. 3  The UV–Vis spectra (a–c) and absorption peak shift (d–f) of Au NPs interacted with ZnPc-COOH of different ring contents and concen-
trations
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aqueous solution adopted in the interaction with Au NPs 
were denoted as ZnPc-COOH-10-1 (0.006  mg  mL−1), 
ZnPc-COOH-10-2 (0.012 mg mL−1), ZnPc-COOH-10-3 
(0.024 mg mL−1), ZnPc-COOH-10-4 (0.048 mg mL−1), and 
the ZnPc-COOH-10 aqueous solution involved were denoted 
as ZnPc-COOH-20-1 (0.004 mg mL−1), ZnPc-COOH-20-2 
(0.008 mg mL−1), ZnPc-COOH-20-3 (0.016 mg mL−1), 
ZnPc-COOH-20-4 (0.032 mg mL−1). Different from ZnPc-
COOH-6, the concentration and peak-shift diagram in 
Fig. 3d indicated that the most stable aggregate Au NPs/
ZnPc-COOH-10 was generated with ZnPc-COOH-10-2 
(0.012 mg mL−1) along with a red shift of 18 nm, while the 
ZnPc-COOH-20-2 (0.008 mg mL−1) promoted more obvi-
ous red-shift of 28 nm as shown in Fig. 3e, f, respectively. 
It was clearly that both the concentration and ring content 
of ZnPc-COOH have made a big difference to the formation 
of Au NPs/ZnPc-COOH hybrid complex, thus the adjust-
able microstructure and detectable aggregation extent would 
made Au NPs/ZnPc-COOH hybrid complex desirable in col-
orimetric sensing field.

On account of that the carboxyl group possessed coor-
dination ability with various metal ions, the water-soluble 

carboxylated ZnPc-COOH was considered to be potential in 
coordinating with metal ions [9]. As mentioned above, the 
Au NPs has taken a significant role in colorimetric detection, 
which was realized via the change in color and the shifting of 
LSPR speak. Thus, the Au NPs/ZnPc-COOH hybrid complex 
would be potential in detecting metal ions, and the conjugate 
Au NPs/ZnPc-COOH-10-2 was selected to conduct the next 
exploration. Herein, metal ions including  Al3+,  Cu2+,  Fe2+, 
 Fe3+,  Pb2+,  Ag+,  K+,  Na+,  Hg+,  Mg2+,  Ca2+,  Li+ of 0.1 M 
has been involved to examine the sensing selectivity of Au 
NPs/ZnPc-COOH hybrid complex, respectively. As shown 
in Fig. 4a, the LSPR band of Au NPs/ZnPc-COOH hybrid 
complex at 552 nm slightly moved to 625 nm in the presence 
of  Ca2+, leading to a color change from purple to blue, as 
illustrated in Fig. 4b, while all of the other metal ions showed 
considerably limited coordination ability and almost make no 
difference to the absorbance of Au NPs/ZnPc-COOH hybrid 
complex. Even though the  Mg2+ has induced a relatively obvi-
ous shift from 552 to 580 nm of Au NPs/ZnPc-COOH hybrid 
complex along with a color intensity change from purple to 
dark purple, its high detection concentration made it uncom-
petitive as the sensitively detecting candidate. To evaluate the 

Fig. 4  The UV–Vis absorption spectra (a) and histogram spectra (b) 
of the colorimetric sensing of Au NPs/ZnPc-COOH hybrid complex 
interacted with different metal ions. The UV–Vis absorption spectra 

Au NP/ZnPc-COOH hybrid complex in the presence of lower con-
centration of  Ca2+ (c) and the variation of absorption shifts function 
of  Ca2+ concentration and constructed calibration curve (d)
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sensitivity of Au NPs/ZnPc-COOH hybrid complex, a series 
of low concentration  Ca2+ was added to coordinate the hybrid 
complex and the relationship between absorption shift (Δλ) 
and  Ca2+ concentration (C). As displayed in Fig. 4c, as the 
 Ca2+ concentration increased, the higher absorption peak 
shifted to longer wavelength. Moreover, the dose-responsive 
variation in the range 2–8 µM was fitted by a linear regres-
sion equation of Δλ = 10.6543 + 1.93830C with coefficient of 
 R2 = 0.9956 and the detection concentration as low as 1 µM 
were obtained by using UV–Vis spectroscopy, as shown in 
Fig. 4d.

4  Conclusion

A novel hybrid complex based on the electrostatic interac-
tion between water soluble carboxylated zinc phthalocyanine 
(ZnPc-COOH) and gold nanoparticles (Au NPs), was designed 
to detect  Ca2+ in aqueous solution. Firstly, we synthesized 
nitrile groups terminated ZnPc followed with a facile one-
step hydrolysis reaction to obtain the negatively charged water 
soluble ZnPc-COOH, which exhibited a microscopic H-type 
aggregate morphology. Then, the Au NPs with cationic sur-
factant CTAB as stabilizer were prepared and then modified 
with ZnPc-COOH. The results indicated that the ring content 
and concentration of ZnPc-COOH were essential factors to 
formulate Au NPs/ZnPc-COOH hybrid complex, which can 
be further employed for colorimetric detection of metal ions. 
It was found that the Au NPs/ZnPc-COOH hybrid complex 
rapidly aggregated along with a purple-to-blue color change 
in the presence of  Ca2+, and this specific optical response can 
be employed for detection of trace concentration  Ca2+ down 
to 1 µM. Although there is still a large room for sensitivity 
enhancement at present, the specific  Ca2+ induced optical 
response unambiguously confirmed the self-assembling of Au 
NPs and carboxylated ZnPc, both are considered as power-
ful photonic agents in biomedicine application, can be effec-
tively modulated by the physiologically important  Ca2+. In 
this sense, the current work would open the potential for future 
application of Au NPs/ZnPc complex in biomedicine.
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