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Biofunctional europium (III)-doped ZnS (ZnS:Eu) nanocrystals are prepared by a sol-gel method. The characteristic
luminescence of ZnS:Eu is used as a probe signal to realize sensitive immunoassay. The luminescence intensity of the
Eu?t in the ZnS matrix shows strong concentration dependence, and the optimal doping concentration is 4%. However,
the emission wavelengths of the ZnS:Eu nanocrystals are not dependent on doping concentration nor the temperature (from
100 K to 300 K). Our results show that these features allow for reliable immunoassay. Human immunoglobulin, used as
a target analyte, is captured by antibody modified ZnS:Eu probe and is finally enriched on gold substrate for detection.
High specificity of the assay is demonstrated by control experiments. The linear detection range is 10 nM—800 nM, and the

detection limit is about 9.6 nM.
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1. Introduction

The rapid development of nanotechnology and biome-
dicine has greatly aroused interest in the research of semi-
conductor nanomaterials for biomedical applications.[!] CdSe
quantum dots and their core shell structures are the most ac-
tive luminescent materials currently used in the study of bio-
logical markers.?! However, the toxicity of heavy metal ions
has received much attention of researchers and restricts its ap-
plications in the fields of biology, medicine, pharmacy, etc.>4!
Therefore, the development of a new non-toxic matrix material
as a fluorescent marker is necessary. The ZnS nanomaterials
are non-toxic and exhibit good biological compatibility and
chemical stability in the physiological environment, even in
a high salt alkali environment.>! The ZnS nanomaterials can
be activated by appropriate element doping, which can greatly
improve their luminous performance. ¢!

Rare-earth ions are an attractive candidate for doping due
to the unique optical properties originating from their special
features of electronic configurations.[”! Eu3* ion, as a typi-
cal member of rare-earth ions, is one of the most important
activators in red luminescent materials.'3! The Eu®*-activated
luminescent materials are widely used in fluorescent lamps,
cathode ray tubes, and plasma display panels.”) However, im-
munoassay based on the fluorescence spectrum of Eu’t is
nearly ignored. Recently, ultrasensitive immunoassay based
on CdS:Eu nanoparticles was reported by Liu et al.l'9 The
strategy is based on the quenching of the electrochemilumi-
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nescence from CdS:Eu. In fact, the fluorescence spectrum
of Eut is comprised of several narrow and intense emission
lines, which can be used as a characteristic signal to carry im-
mune detection.!'!! Since the nontoxicity and easy doping of
ZnS, Eu**-doped nanomaterial with using Zn$S as the matrix
will be conducive to the obtaining of an environmental friendly
fluorescent immune detection.!?!

Herein, ZnS:Eu nanomaterials are prepared by a sol—gel
method and biofunctionalized by introducing carboxyl groups.
The optical property of the ZnS:Eu nanomaterials is optimized
by doping concentration. The wavelength positions of the
emission lines are anti-interference by temperature, which pro-
vides an accurate and reliable detection. The detection results
show that rare-earth-doped ZnS nanomaterials can be used in

immunoassays.

2. Experimental section
2.1. Chemicals and materials

The Zn(AC),-2H;0 and Na,S-9H,O were obtained from
Sigma—Aldrich. Thioctic acid (TA), 3-Mercaptopropionic acid
(MPA), N-Hydroxysulfosuccinimide sodium salt (NHSS), and
Eu(NO)3-6H,0 were purchased from Aladdin Reagent Com-
pany Limited (Co., LTD). 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide (EDC), Bovine serum albumin (BSA), goat anti-
human immunoglobulin (IgG) and human IgG were purchased
from Beijing Dingguo biotechnology Co., LTD. All chemicals
were of analytical grade in purity and directly used without
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being purified further.

2.2. Preparation of the biofunctional ZnS:Eu nanomateri-
als

Aqueous synthesis not only solves the problem of the
water solubility of the nanomaterials, but also is simpler,
less toxic and less expensive than the metal-organic chemi-
cal method. Thus, ZnS:Eu nanomaterials were prepared by a
modified aqueous method.['3! The improvement was that the
carboxyl groups were introduced by MPA to gain a biofunc-
tional surface. The detailed process is as follows: 300-ul MPA
was added into 50-ml 75-mM Zn(AC),-2H,0 aqueous solu-
tion; 50-ml 0.75-mM Eu(NO)3-6H,O was added in the mix-
ing process for the 1% doped ZnS:Eu sample. After mixing
for 20 min, 50-ml 75-mM Na;S-9H,0 solution was slowly
added to the mixed solution to provide element sulphur. Stir-
ring continued for 3 h to obtain ZnS:Eu sample. The concen-
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tration of the Eu** was amplified to prepare 2% (3%, 4%, and
5%) doped samples.

2.3. Preparation of ZnS:Eu-antibody fluorescent probes

The principle for preparing the fluorescent probe and the
sandwich immunoassay is depicted in Fig. 1. For preparing the
probe, the as-prepared ZnS:Eu nanomaterial solution (2 ml)
was dispersed in deionized water (0.5 ml) after centrifugation.
An EDC/NHSS aqueous solution (0.1 M/0.02 M) was mixed
with the ZnS:Eu solution and was rocked for 15 min, to as-
sist the coupling of the antibody.!'*! Then, 660-nM goat anti-
human IgG was added and rocked at 37 °C for 1 hour. The
1.5-ml BSA solution with a mass concentration of 1% was
used to block the remaining bind sites to avoid nonspecific ab-
sorption. Finally, the obtained probe was dispersed in aqueous
solution (1.5 ml) after being centrifuged.
®
P O

analyte

l

1

Fig. 1. (color online) Schematic diagram of the ZnS:Eu based immunoassay.

2.4. Immune assembly of Au substrate

The Au substrate assembly we used in the present in-
vestigation (for details, see the research work of Meyerhoff
et al)!" was obtained by depositing a layer of Au on a
single-crystal silicon in vacuum. Because Au and other sul-
fur containing groups are prone to coordination processes, 1!
carboxyl groups were introduced by immersing the Au sub-
strate in a 2% ethanol solution of TA for 24 hours. In each
of the following steps, the substrates were carefully rinsed and
then dried by using a nitrogen flow. The substrate was then
immersed in an EDC/NHSS aqueous solution for 45 min to
activate carboxylate groups, followed by a goat anti-human
IgG (660 nM) solution at 37 °C with continual rocking for
2 hours. The BSA aqueous solution (1 wt%) was also in-
troduced to avoid nonspecific absorption by incubation for
2 hours at 37 °C. Finally, the Au substrate with immobilized

antibody was prepared.

2.5. Immune detection based on ZnS:Eu nanomaterials

Control experiments were performed to verify the im-
mune function of the nanomaterials. First, the gold substrate
was directly immersed into the prepared ZnS:Eu probe solu-
tion for 2 h as the blank test.
tration of human IgG molecules (I M) was added to the

Second, a specified concen-

probe solution and rocked for 2 h for analyte capturing. Af-
ter being centrifuged and redispersed, the solution containing
the probes/analyte complexes was prepared. The Au substrate
with immobilized antibody was immersed in the solution for
2 h at 37 °C with gentle shaking. Then, the substrate was
carefully rinsed and then dried using a nitrogen flow. To ver-
ify the sensitivity, five control experiments were performed.
The 800 nM (or 600 nM, 400 nM, 200 nM, 100 nM, 10 nM)
human IgG was added to the probe solution with all other ex-
perimental conditions being the same as those in the second
experiment. An unspecific control experiment was also car-
ried out to evaluate the selectivity, where the analyte (human
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IgG) was replaced with 1-uM rabbit IgG.

2.6. Characterization

Transmission electron microscopy (TEM) images were
obtained on a JEOL JEM-2200FS microscope operated at
200 kV. Selected area electronic diffraction (SAED) attached
to the TEM was used to analyze the crystal structure. The
structure was further determined by x-ray diffraction (XRD,
Rigaku D/max 2500). The existence of Eu element and the
bonding state were confirmed by x-ray photoelectron spec-
troscopy (XPS, VG ESCALAB LKII) with a binding energy
reference of 284.6 eV for a C Is line. Fluorescence investi-
gations were performed on the samples by using a Shimadzu
RF-5301PC fluorescence (FL) spectrometer with an excitation
wavelength of 396 nm. Photoluminescence (PL) investiga-
tions of the sample were carried out with a Horiba LabRam
HR evolution spectrophotometer excited with a 532-nm laser.
For temperature-dependent photoluminescence, the tempera-
ture variation range is from 300 K to 100 K.

3. Results and discussion
3.1. Morphology and crystal structure

The morphology and the structure of the synthesized sam-
ple are investigated by TEM and SAED measurements. Fig-
ure 2(a) shows the high resolution TEM (HRTEM) image of
the formed ZnS:Eu nanoparticles with a doping concentration
of 4%. The inset in Fig. 2(a) shows a large field TEM image.
Clear lattice fringes of the sample are observed. The crystal
structure of the ZnS:Eu nanoparticles is determined by using
an SAED as shown in Fig. 2(b).

(220)
=

“ , (111)

Fig. 2. (a) HRTEM image, with inset showing TEM image of a larger area,
and (b) SAED pattern.

The interplanar distances calculated by using the three
diffraction rings are 3.10 A, 1.90 A, and 1.57 A, which coin-
cide with those of the (111), (220), and (311) planes of cubic
zinc-blende ZnS, respectively. The results of XRD measure-
ment further confirms the crystal structure (Fig. 3). No other
diffraction peaks are observed, indicating no obvious impuri-
ties. The positions of the (111) peaks of undoped ZnS and
ZnS:Eu (1%—-4%) nanocrystals are located at 28.77°, 28.56°,
28.44°, 28.23°, 28.03°, respectively. When Zn>* is replaced
by Eu?*, lattice expansion of Zn$S can be caused, which leads
to the shift toward the lower degree direction.l'”l The XPS

measurement is performed to confirm the existence of Eu el-
ement and the bonding states in ZnS:Eu nanomaterials. As

shown in Fig. 4, the characteristic peak at 1135.7 eV is at-

tributed to the core level of Eu 3d 5/2, which indicates that the
[18]

Eu ions are trivalent.
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Fig. 3. (color online) XRD pattern of the ZnS:Eu nanomaterials with
different doping concentrations.

3.2. Fluorescence properties

The influence of Eu®" doping concentration on the lumi-
nescence intensity is discussed in this paper. Figure 5 shows
the emission spectra of samples all diluted to the same extent
with an excitation wavelength of 396 nm. The doping con-
centration is varied from 1% to 5%. Three emission peaks
located at 594 nm, 617 nm, and 714 nm are clearly observed.
The weak emission peak, which is located at 594 nm, comes
from the emission of the Dy — ’F; transition in Eu3t. The
strong emission peak at 617 nm is attributed to the Dy — "F,
transition, and the other emission around 714 nm arises from
the > Do — "F4 transition.!'”! The intensity ratio between tran-
sitions of Dy — ’F» and *Dy — ’F; is called the asymme-
try ratio, and is used to effectively detect the symmetry of
the Eu®" ion crystal lattice through using the spectrum. !
The luminescence intensity of the electric dipole transition
at 617 nm Dy — 7F2) is higher than that of the magnetic
dipole transition located in 594 nm (°Dy — "F; ), which can
be explained by Eu" occupying the lattice position off the
inversion center.?!! The increasing of the doping concentra-
tion gradually increases the intensity of emission peak, until it
reaches up to 4%. When the doping concentration increases
to 5%, the fluorescence intensity decreases due to the concen-
tration quenching effect.[*?] The inset of Fig. 5 shows the re-
lationship between the fluorescence intensity and the doping
concentration. Whereas the doping concentration has no influ-
ence on the peak wavelength of the emission, indicating that
the ZnS:Eu sample with any doping concentration possesses
characteristic fluorescence which can provide uniform detec-
tion result in the following immunoassays.
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Fig. 4. (color online) XPS spectrum of ZnS:Eu (4%): (a) XPS survey spectrum; (b) Eu 3d XPS spectrum.
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Fig. 5. (color online) Fluorescence emission spectra of liquid samples con-
taining ZnS:Eu nanomaterials with different doping concentrations. The in-
set shows the relationship between the fluorescence intensity and the doping
concentration.

Except for the doping concentration, the influence of tem-
perature on the fluorescence is also investigated. Considering
the fact that biomolecular may lose activities under high tem-
perature, the temperature range in PL measurement is from
300 K to 100 K. A 532-nm laser is chosen as the excited light
to obtain more detailed information about the emissions from
Eu’" ion.[23] With respect to the fluorescence excited by a
xenon lamp (as shown in Fig. 5), more "Dy — "F; (J =0, 1,
2, 3, 4) transitions can be observed (see Fig. 6). It is obvious
that there is a series of emission sites in Fig. 6, which are the

(18] corresponding to the

characteristic emissions of Eu3* ion,
Dy — "Fy, °Dy — "Fy, Do — "Fy, Dy — "F3, "Dy — "4
transitions, respectively. As the temperature decreases, the in-
tensity of light emission gradually decreases, which may re-

sult from the surface effect and the local environment changes

of Eu?" in the surface layers.>* However, the peak positions
of the luminescence do not change, indicating that the wave-
length of the fluorescence is independent of temperature. This
will be essential to the distinguishing of the origin of the sig-
nal in photoluminescence measurements (the signal is derived
from the background or the biolabels), especially for ultralow

concentration detections.

—— 300 K
— 280 K

20.0

SD()—)7F2

15.0

10.0

Intensity/10% arb. units

5.0

0
560 580 600 620 640 660 680 700 720
Wavelength/nm

Fig. 6. (color online) Photoluminescence spectra of ZnS:Eu varying with
temperature for an excitation wavelength of 532 nm.

3.3. Immunoassays based on the ZnS:Eu probes

The principle used for this assay is similar to a sand-
wiched enzyme-linked immunosorbent assay (ELISA). Com-
pared with the ELISA, the step of adding an enzymatic sub-
strate is omitted, and the enzyme is replaced by ZnS:Eu

nanocrystal, which can provide simpler and more robust as-
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says. The 4% doped ZnS:Eu nanomaterial presents the opti-
mal fluorescence and is chosen as the biolabel to perform im-
munoassays. A 532-nm laser is used as an excitation source.
Figure 7 shows the immune detection results. For sandwiched
structures with 1-uM analyte, the characteristic emissions of
Eu3t at 714 nm, 617 nm, 594 nm, and 580 nm can be ob-
served. For immune detections, blank and unspecific group
experiments can avoid the false positive signal. No analyte
is added in the blank control group, and human IgG is re-
placed by 1-uM rabbit IgG in the unspecific group. The lu-
minescence signal of the ZnS:Eu is observed in neither of the
control groups (see Fig. 7), indicating good specificity of the

immunoassay. To evaluate the performance of the current as-

say, the concentration of the analyte decreases from 800 nM
to 10 nM. Statistical analysis based on repeated immunoassay
indicates that the intensity of the fluorescence gradually de-
creases with analyte concentration decreasing [Fig. 7(b)]. The
regression curve equation is “Y = 17.2226 + 0.0584X”, and
correlation coefficient is 0.9921. The linear range is 10 nM—
800 nM. The detection limit is worked out by the “30/S”,
where S is the slope of the curve equation, and o represents
the standard deviation for the blank sample. The calculated
detection limit is 9.6 nM. The sensitivity of the current stage
ZnS:Eu based assay is similar to that of commercially avail-
able ELISA, and the promising prospects can be expected due

to the advantages of the current assay.

80
(a) L (b)
70 |
1uM 60
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5 50 [ )
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E 20 st
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Fig. 7. (color online) (a) Photoluminescence spectra of the sandwich structures with different concentrations of the analyte. (b) Plot of photolumines-
cence intensity at 617 nm versus analyte concentration, with error bars indicating standard deviation.

4. Conclusions and perspectives

An immunoassay is performed by using biofunction-
alized ZnS:Fu semiconductor nanocrystals as fluorescent
probes. The optimal doping concentration to obtain ZnS:Eu
nanomaterials with high fluorescent emission is 4%. The fur-
ther increasing of the doping concentration will lead to flu-
orescence quenching. The photoluminescence peak position
of the emission originating from Dy — ’F, transition is al-
ways around 617 nm when the temperature varies from 100 K
to 300 K, which allows the accurate determination of human
IgG. The fluorescent probes show high specificity for the tar-
get analyte, and the calculated detection limit is about 9.6 nM.
The strategy of using Eu’* doped zinc-based semiconductor
can be extended to other materials, such as ZnO, and may play

an important role in future biomedicine.
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