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Constructing High Luminescent Inorganic/Organic Hybrid Nanoscale
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Abstract An inorganic/organic hybrid nanoscale molecular pocket ZNPs-TCPP was constructed through the assembly of
5,10,15,20-tetra(3-carboxyphenyl) porphyrin (TCPP) on the surface of ZnO nanoparticles (NPs), which highly selectively
recognized 5,10,15,20-tetraphenylporphyrin (TPP) molecule. The resulting hybrid nanoscale molecular pockets ZNPs-TCPP
captured TPP demonstrated high emission efficiency and the intensity of its emission was five times greater than that of
ZnONPs-TCPP. Significantly, the molecular pocket ZNPs-TCPP-TPP with high luminescence can be dispersed in water and

is successfully applied for the cell imaging of A549.
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1 Introduction

Inorganic/organic hybrid nanomaterials (IOHN) con-
sisting of organic and inorganic nanomaterials can be
chemically or biologically active species, providing fa-
vourable applied perspectives through tuneable optics,
electronics, electrics and photo-electrics, which may ex-
hibit properties and functions unattainable in the individual
components''). In the case, the IOHN requires fine-tuning
of the sizes, morphologies, and spatial assembly of indi-
vidual domains and their interfaces. These factors will im-
pact the chemical properties required for functionality!?. In
other cases the materials are linked through molecular in-
teractions which influence the electronic and physical
properties of the materials used to prepare the IOHN,
Specifically, tuning the structure and interface interactions
within the IOHN has resulted in producing a novel proper-
ties or improving the optical and electrical properties. The
major advantage of ION over the alone organic or inor-
ganic component is the increase of active surface area and
ability to form good electronic contact between the organic
and inorganic components. Although considerable research
efforts have been put into the design of suitable organic
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molecules, which respect to the “how” the secondary
component (inorganic products) is incorporated in the or-
ganic units and “how” controlled the matching of the
structures and the energy between inorganic and organic
molecules is difficultly reached. Generally, a particularly
attractive issue with IOHN is the modulation of the fluo-
rescence. However, the fluorescence of many IOHN can be
quenched due to adsorption of organic ligands on the sur-
face of inorganic nanoparticles, which leads to hindering
their application, especially for biological imaging and
labelling.

Although Cd-based quantum dots such as CdSe and
CdSe/ZnS nanoparticle are of intense interest in their po-
tential a[g)]plications as probes for biological imaging and
labeling”, the Cd-based nanoparticles are toxic to cells
even at very low concentrations, due to the release of Cd**
ions into the cellular environment™. As probes for biolog-
ical imaging and labeling, ZnO nanoparticles (NPs) have
been considered as one of the good candidates for the al-
ternatives to Cd-based NPs, because ZnO NPs are nontox-
ic, biocompatible and environmentally-benign fluoro-
phores®). Importantly, the optical properties of ZnO NPs
can be controlled through introducing organic molecules
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on the surface of ZnO NPs by covalently linking!®. As a
matter of fact, the emission efficiency of ZnO NPs is low,
which blocks their extensive application in biological im-
aging. During the past decade, scientists have tried to de-
velop techniques to introduce organic fluorophores to
modify ZnO NPs for improving the emission efficiency!”*.
Unfortunately, the successes of case are a few, due to the
electronics and energy transfer between ZnO NPs and or-
ganic fluorophores results in quenching the fluorescence.
Still, the design and synthesis of nanoscale IOHN with
high luminescence is a significant and ongoing challenge.
Here, we develop a novel strategy for synthesizing na-
noscale molecular pocket, based on inorganic/organic hy-
brid nanostructures, through interfacial attraction between
organic functional molecules and inorganic semiconductor
nanoparticles. In this approach, organic guest molecules
are first physically adsorbed onto the surfaces of ZNPs;
next, the 5,10,15,20-tetra(3-carboxyphenyl) porphyrin
(TCPP) captures the adsorbed guest molecules by
self-assembly, fixing them to the surface of ZnO NPs. The
assembled TCPP units on the surfaces of ZnO NPs possess
pocket-like interfacial cavities (named “molecular pock-
ets”), in which the carboxylate groups of TCPP can
strongly coordinate with the zinc ions on the surfaces of
the ZnO NPs, and this cavity was readily loaded with the
planar organic molecules. The hybrid nanoscale molecular
pocket exhibits highly selective recognition of TPP, with
the resulting ZNPs-TCPP-TPP system displaying high
emission efficiency—the intensity of its emission signal
was five times greater than that of ZNPs-TCPP. Because of
its high dispersibility in water, we applied the molecular
pocket ZNPs-TCPP-TPP to the imaging of A549 cells.

2 Results and discussion

ZnO NPs with an average diameter ca. 4 nm were pre-
pared by a sol-gel technique!”. TCPP were synthesized as
reported!'®’. The molecular pocket ZNPs-TCPP was con-
structed by mixed the TCPP ethanol solution of 1x10 °
mol/L and ZnO NPs colloids of 0.2 g/mL. The molecular
pocket (ZNPs-TCPP-TPP) for selectively captured TPP
molecule was produced as follows (Scheme 1). TEM and
HRTEM images (Figure S1 in Supporting Information)
display that ZNPs-TCPP with diameter of about 4 nm pos-
sess a good dispersity in ethanol. The ethanol solution of

TPP (1x10 > mol/L) firstly mixed with ZnO NPs colloids
of 0.2 g/mL. Then, the ethanol solution of TCPP was added
into the colloids of TPP and ZnO NPs. After the resulted
mixture was treated with ultrasonic for 20 min, the mixture
was centrifuged and washed with ethanol for three times to
achieve the molecular pocket ZNPs-TCPP-TPP. The mo-
lecular pocket of ZNPs-TCPP-TPP was able to be dis-
persed into ethanol. The absorption spectrum (Figure 1a)
shows that the band of ZNPs-TCPP at 327 nm lightly shifts
to 331 nm comparing to ZnO NPs and the features typical
of TCPP ring at 426 nm (the Soret band) and at 516 nm,
558 nm [Q(1,0) bands] and 589 nm [Q(0,0) band] were
observed. The addition of TPP results in an obvious blue
shift of Soret band to 414 nm and the intensity of absorp-
tion increasing over four times. The shoulder at 396 nm on
the high energy side of the Soret band indicated the
face-to-face aggregation between TCPP and TPP!'!. The
absorption intensities of Q bands also enhanced distinctly.
The Q(1,0) bands at 516 nm and 558 nm shift to 510 nm
and 550 nm and the Q(0,0) band at 589 nm shifts to 595
nm. A band at 646 nm on the low energy side of Q(0,0)
band was observed. This phenomenon is due to exciton
coupling between adjacent TPP and TCPP at the surface of
ZNPs. When perylene, pyrene, and anthracene were added
into ZNPs-TCPP, respectively, the intensity of absorption
slightly increased. The results indicated that ZNPs-TCPP
exhibited a selective recognition to TPP molecule in solu-
tion.

Figure 1b shows the emission spectra of TCPP,
ZNPs-TCPP and ZNPs-TCPP-TPP (4,,=415 nm) in etha-
nol, respectively. TCPP exhibits typical emission at 652
nm and 713 nm. On the fluorescence spectra of
ZNPs-TCPP, the emission at 652 nm obviously decreases
due to electron injection into the conduction band of ZnO.
When TPP was added, the emissions of ZNPs-TCPP-TPP
at 652 nm and 713 nm increased about 6.5 and 5.4 times of
ZNPs-TCPP, respectively. The results indicated that
ZNPs-TCPP displayed a selective turn-on fluorescence
response to TPP molecule in solution. For determining the
selectivity of ZNPs-TCPP to TPP, the competition experi-
ments of ZNPs-TCPP with TPP and polycyclic aromatic
hydrocarbons (PAHs), such as perylene, pyrene, anthra-
cene etc., respectively, shows that the emissions of
ZNPs-TCPP at 652 nm slightly enhanced (Figure 1b).
However, when the mixture of TPP and PAHs was added,

Scheme 1 Construction of the molecular pocket ZNPs-TCPP-TPP
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Figure 1 (a) The absorption spectra of ZnO NPs, ZNPs-TCPP,

ZNPs-TCPP, ZNPs-TCPP-TPP and ZNPs-TCPP added perylene (PE),
pyrene (PY) and anthracene (AN) in ethanol solution, respectively. (b, c)
The fluorescence spectra of ZnO NPs, ZNPs-TCPP, ZNPs-TCPP,
ZNPs-TCPP-TPP and ZNPs-TCPP added perylene (PE), pyrene (PY),
anthracene (AN) and PAHs (mixture of TPP, PE, PY and AN) in ethanol
solution, respectively. (b) Ax=415 nm. (¢) =505 nm

the emissions at 652 nm and 713 nm strongly increased,
which indicated the excellent selectivity for TPP over these
PAHs (Figure 1b). When A, =505 nm, the emissions of
ZNPs-TCPP-TPP at 652 nm and 713 nm also strongly in-
creased (Figure 1c¢).

As shown in Scheme 2, the molecular pocket of
ZNPs-TCPP on the interface of inorganic (ZnO NPs)/
organic (TCPP molecule) hybrid nanomaterials is formed
via the interactions between the Zn>* cations on the surface
of the inorganic ZnO NPs and the carboxylate anions of
TCPP unit. There are hardly interactions between porphy-
rin ring of TCPP and Zn** of ZnO NPs because the four
meta-substituted benzoic acid groups of TCPP are not co-
planar with the porphyrin ring and the latter was positioned
relatively distant from the Zn>" ions on the surface of the
ZnO. The size of molecular pocket is suitable for loading
TPP molecule through m-m interactions between porphyrin
framework of TPP and TCPP, which is stronger than that of
PE, PY and AN. In addition, the interaction of TPP and
Zn*" in ZnO NPs leads to greatly increasing the recogni-
tion ability for TPP molecule in molecular pocket. A possi-
ble process for the high emission of ZNPs-TCPP-TPP is as
follows. When the TCPP is bound to ZnO NPs, the fluo-
rescence of ZnO NPs and TCPP are quenched owing to the
electron of TCPP injection into the conduction band of
ZnO under photo-excitation'*"'!. After molecular pocket
ZNPs-TCPP captured PAHs, electron transfer directly from
PE, PY, and AN to TCPP due to among of their strong
n-stacking interactions. The accumulation of electrons on
the TCPP unit resulted in more electrons transferring to the
ZnO NPs, which leads to the complete quenching of the
emissions of the ZnO. For TPP, the guest molecule is posi-
tioned relatively close to the surface of the ZnO NPs after
loading into the molecular pocket ZNPs-TCPP, favoring
coordination interactions between TPP and Zn®' ions of
ZnO NP, which results in restoring the emission of the
TCPP unit. Simultaneously, in the molecular pocket, the
overlapping of the UV-Vis absorption bands of TCPP and
TPP also greatly enhanced the emission of
ZNPs-TCPP-TPP.

Time-resolved fluorescence measurements monitored at
the wavelength above 500 nm, were performed for the flu-
orescence lifetimes information on the charge-transfer dy-
namics in the ZNPs-TCPP-TPP (Figure 2). The measure-
ments revealed that the fluorescence of TCPP and TPP
showed lifetime of 9.87 ns and 10.97 ns, respectively. The
fluorescence lifetime of ZNPs-TCPP decreased to 8.61 ns

ZNPs-TCPP-TPP

Scheme 2 Schematic illustration of molecule pocket for selectively sensing TPP
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(Figure 2). After captured TPP to form ZNPs-TCPP-TPP,
the fluorescence lifetime increased to 9.63 ns. The faster
fluorescence decay of ZNPs-TCPP can be attributed to the
strong interactions between TCPP and ZnO in ZNPs-TCPP,
where it is easy for the exciton to find the interface and
dissociate, representing as a rapid electron injection from
TCPP to the conduction band of ZnO!"?. The result is con-
sistent with the static fluorescence measurement. The life-
time of ZNPs-TCPP-TPP was 9.63 ns, which is longer than
that of ZNPs-TCPP and shorter than that of TPP. The result
showed the electron injection is from TPP to the conduc-
tion band of ZnO due to the improved interfacial contact
between TPP and the surface of ZnO in ZNPs-TCPP-TPP.
TPP hindered the electron injection from TCPP to ZnO,
which lead to the restoration of fluorescence of TCPP.

10.0k4 ° ZNPs-TPP-TCPP %
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+ TCPP 8y
8.0k1 . 1pp :%
Ed
“
$ 6.0k v.‘yﬁ
5 X
o N \
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Figure 2 Time resolved nanosecond fluorescence spectroscopy of

ZNPs-TCPP-TPP, ZNPs-TCPP, TCPP and TPP, Ax=375 nm and A, =
650 nm

The ZNPs-TCPP-TPP is successfully applied in cell
imaging due to its dispersion in water and strong fluores-
cence. Figure 3a-b show that the ZNPs-TCPP-TPP can
image human pulmonary adenocarcinoma cell (A549) in-
cluding nuclear. Furthermore, the cellular multilabeling

Figure 3 Phase contrast (a), (b) and fluorescence microscopy (c), (d)
images of ZNPs-TCPP-TPP for cell image. Fluorescence images of
ZNPs-TCPP-TPP were recorded on fluorescence microscopy (Olympus
1X71) using a D455/70 nm excitation filter and D600/50 nm emission
filter with 100 ms exposure time

Acta Chim. Sinica 2014, 72, 1218—1222

© 2014 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

and multianalysis can be realized by the multicolor char-
acteristic  of  stable supramolecular system of
ZNPs-TCPP-TPP under the irradiation of visible light. As
shown in Figure 3c-d, the ZNPs-TCPP-TPP-stained A549
cells exhibit bright and clearly resolved fluorescence.

3 Conclusion

In summary, we have developed a novel strategy to con-
struct the inorganic/organic hybrid nanoscale molecular
pocket ZNPs-TCPP formed through the assembly of TCPP
and ZnO NPs. The nanscale molecular pocket ZNPs-TCPP
exhibited high selectivity in the recognition of TPP and
displayed high emission efficiency, the emission intensity
of which increased over five times relative to that of
ZNPs-TCPP. The hybrid nanoscale molecular pocket
ZNPs-TCPP-TPP showed high dispersion ability in water
and strong luminescence, we applied this species success-
fully to cell imaging of A549. This strategy opens a door
for the construction of novel solid state supramolecular
systems with high luminescence based on inorganic/
organic hybrid nanostructures, which will be expected po-
tential application for various bio-applications, such as
fluorescent biological probes efc.

4 Experimental section

4.1 Materials and instruments

All of reagents and solvents were purchased from Bei-
jing Chemical reagent Corporation, China, Acros or Al-
drich Corp. and were utilized as received unless indicated
otherwise. UV-vis spectra were taken on a Hitachi U-3010
spectrometer, and fluorescence spectra were measured on a
Hitachi F-4500 spectro-fluorometer. Time-resolved fluo-
rescence spectra were measured using a photo-counting
streak camera (C2909, a mamatstu). This machine uses a
femto-second laser source running at 1 kHz. The laser’s
output wavelength can be set to the desired excitation with
OPA (OPA-800CF, Spectra Physics). The fluorescence
lifetimes were measured on an Edinburgh Instruments Ltd
FLS920. Transmission electron microscopy (TEM) meas-
urements were conducted with JEOL 2010 transmission
electron microscopes using an accelerating rate voltage of
200 keV.

4.2 Synthesis of molecular pocket ZNPs-TCPP

ZnO NPs with an average diameter ca. 4 nm were pre-
pared by a sol-gel technique®. 5,10,15,20-tetra(3-
carboxyphenyl) porphyrin (TCPP) were synthesized as
reported ', Under ultrasonic bath for 20 min, 0.2 mg dry
ZnO NPs was dispersed into 1 mL ethanol to form colloid.
The molecular pocket ZNPs-TCPP was synthesized by
mixed 1 mL TCPP ethanol solution of 1X 10> mol/L and
ZnO NPs colloids of 0.2 g/mL for 10 min under ultrasonic
bath. The mixture was centrifugated and washed by etha-
nol for three times. The colloid of ZNPs-TCPP was pre-
pared by re-dispersing the remains into 2 mL ethanol.

4.3 Synthesis of molecular pocket ZNPs-TCPP-TPP

The molecular pocket ZNPs-TCPP-TPP was synthesized
by mixed 1 mL TPP ethanol solution of 1 X 10> mol/L and
ZNPs colloids of 0.2 g/mL for 20 min under ultrasonic
bath. And then, TCPP 1 mL ethanol solution of 1X107°

http://sioc-journal.cn 1221
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mol/L was added for 20 min under ultrasonic bath. The
mixture was centrifugated and washed by ethanol for three
times. The colloid of ZNPs-TCPP-TPP was prepared by
re-dispersing the remains into 2 mL ethanol for measure-
ments of UV absorption spectra, fluorescent spectra, time
resolved nanosecond fluorescence spectroscopy and TEM.
For sensing TPP, PAHs (I mL) (included 10> mol/L
perylene, anthracene, pyrene and TPP) were added to 1 mL
ZnO NPs colloids (0.2 g/mL) in ultrasonic bath for 30 min.
And then, TCPP 1 mL ethanol solution of 1X 10> mol/L
was added for 20 min under ultrasonic bath. The mixtures
were centrifugated and washed by ethanol tree times. The
colloid of ZNPs-TCPP-TPP was obtained by re-dispersing
the remains into 2 mL ethanol for measurements of UV
absorption spectra and fluorescent spectra.

4.4 Cell imaging

Human pulmonary adenocarcinoma cell (A549) was
purchased from cell culture center of Institute of Basic
Medical Sciences, CAMS and cultured in Dulbecco's
Modified Eagle's Medium, High Glucose (DMEM) sup-
plemented with 10% neonatal bovine serum (NBS). Neo-
natal bovine serum was purchased from Sijiqing Biological
Engineering Materials (Hangzhou, China). Liquid cell cul-
ture medium was purchased from HyClone/Thermo-fisher
(Beijing, China). Cell cultural consumables were pur-
chased from Nunc (HuameiBio, Beijing). A549 cells were
routinely cultured in DMEM (high glucose) medium con-
taining 10% NBS and harvested for subculture using tryp-
sin (0.05%, Gibco/Invitrogen) and grown in a humidified
atmosphere containing 5% CO, and 95% air at 37 C. Be-
fore experiment, the cells were pre-cultured until conflu-
ence was reached. The cells were seeded in 35 mm culture
plates (Nunc) at a density of approximately 1X10° cells
per plate. After 24 h, the medium was removed and the
adherent cells were washed once with 1 XPBS and fixed
by 75% ethanol with 2 umol/L ZNPs-TCPP-TPP colloid of
water for 20 min at room temperatures. The cell monolayer
was washed twice with 1 XPBS buffer and imaged by flu-
orescence microscopy (Olympus 1X71) and 100 ms expo-
sure time. The type of light filter is D455/70 nm exciter,
570 nm beam splitter, and D600/50 nm emitter.
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