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Abstract Effects of various factors on synthesis and fluores-
cent properties of CdSe quantum dots were studied. It was
shown that variation of pH, stabilizer and concentration of
precursors brings to obtaining of quantum dots with various
fluorescent properties. The nanoparticles prepared were con-
jugated with rabbit antibodies to C-Reactive protein and C-
Reactive protein for competitive immunoassay for determina-
tion of CRP. It was shown that interaction of these dots as a
result of antigen-antibody reaction brings to resonance energy
transfer and these changes in fluorescence spectra correlate
with concentration of CRP. This approach permits to deter-
mine CRP in range between 4–100 ng
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Introduction

The development of nanotechnology as a result of prepa-
ration and application of various nanomaterials and
nanodevices brought to new revolutionary directions in
biomedical investigations such as laboratory diagnostics,
visualization of cellular processes, delivery of drugs to
specific targets, therapy [1]. So, unique optical properties
of gold and silver nanoparticles permit to use them in
laboratory diagnostics for one-step detection of various
antigens, antibodies, bacteria and viruses, and also in
photodynamic therapy for cancer treatment [2–5]. Mag-
netic nanoparticles of Fe, Co were applied successfully

for selective separation of various cell types [6]. Some
other nanoparticles are applied for selective delivery of
drugs and genes [7, 8]. Fluorescent semiconductor nano-
particles (quantum dots) have particular role in these
processes. This class of nanoparticles has unique fluores-
cent properties that are able to change traditional ap-
proaches in medicine and in particular in medical diag-
nostics [9, 10]. These nanoparticles are distinguished
sharply from traditional organic fluorophores by their
properties. The general features that attract the attention
of investigators to these type of nanoparticles are high
quantum yield, high stability against photobleaching,
broad excitation band and narrow bands of fluorescence
[11, 12]. It permits to excite many dots simultaneously by
application of only one excitation band. It opens new
prospects for simultaneous multiplex assay of many com-
pounds. Usually small particles have short-wave band of
fluorescence whereas larger particles have band shifted in
long-wave area. It permits to synthesize quantum dots
with various fluorescent properties by variation of condi-
tions of this process [13, 14]. At present time various dots
with various composition and with various fluorescent
properties such as CdSe, CdS, CdTe, ZnS, ZnSe and also
other more complex nanocomposites [15-17] were obtain-
ed. Moreover the composition of nanoparticles, in partic-
ular the sizes of core and shell, also determine their
fluorescent properties. For instance CdSe quantum dots
with tunable fluorescent band ranging from 450 to
650 nm can be prepared. In case of CdTe quantum dots
these bands can range from 450 to 750 nm [18]. Such
nanoparticles are prepared by two general methods. In one
case high temperature reaction is applied where organo-
metallic precursors are destroyed and in presence of ap-
propriate stabilizers they form monodisperse nanoparticles
with high quantum yield of fluorescence. However, in this
case, hydrophobic nanoparticles are formed and for their
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application in the biomedical investigations their surface
must be functionalized. Moreover, large-scale production of
such dots has serious technical problems [19, 20]. It should be
noted also that stabilizers that are applied in these processes
(trioctylphosphine (TOP) and trioctylphosphine oxide,
(TOPO) are very toxic compounds. In the other case the dots
are prepared immediately in water media as a result of chem-
ical reaction between precursors. Although in the last case
monodispersity and quantum yield of fluorescence get slightly
worse, this method in some cases is more attractive because it
permits the immediate conjugation of biomolecules to these
nanoparticles. There are reports in literature about preparation
and application of such water soluble quantum dots in various
types of bioassays [21, 22], however data about factors that
determine the fluorescent properties of these nanoparticles are
scarce.

Data about preparation of water soluble CdSe quantum
dots and the effects of various factors on their fluorescent
properties are presented in this article. Moreover, we have
applied these nanoparticles in competitive immunoassay for
quantitative determination of C- Reactive protein (CRP). It is
one of the more characteristic acute-phase proteins and is
considered a reliable indicator of disease activity in various
clinical conditions [23]. At this point CRP level in biological
fluids is determined by several immune methods such as
enzyme immunoassay, turbidimetry, latex agglutination etc.
[24–26]. However, recently new approaches based on nano-
technology were applied successfully for the determination of
diagnostically relevant substances and in particular for the
determination of CRP. So CdSe and ZnSe quantum dots were
applied for screening CRP in human plasma [27]. In this
approach the authors coated these dots with O-
phosphorylethanolamine that is ligand for CRP. The presence
of CRP in plasma brings to its interaction with these sensitized
dots. As a result of such interaction the intensity of fluores-
cence is decreased and it is correlated with the concentration
of CRP in plasma. The author’s note that the results obtained
using ZnSe quantum dots were not acceptable because the
estimated concentrations were much higher than the expected
ones. The application of sensitized CdSe quantum dots
showed the best results when the analytical procedure was
applied in range of CRP concentrations between 1–4 mg/L. In
the other case the authors applied quantum dots in microplate
format for very sensitive detection of CRP [28]. Here the
nanoparticles sensitized with monoclonal antibodies were
used as a fluorescent labels for protein detection. In fact in
this case the enzyme label was replaced by fluorescent label. It
was reported that the proposed CRP assay provides a wide
analytical range of 0.001–100 mg/L with a detection limit of
0.06 μg/L within 1.5 h. Assay used in our article is based on
competitive immunoassay where interaction of antibody with
appropriate antigen brings to resonance energy transfer be-
tween various dots. As a result the intensity of fluorescence is

changed depending on the concentration of antigen in the
sample.

Experimental Section

Cadmium chloride, sodium borohydride, Se powder,
thioglycolic acid were purchased from Sigma –Aldrich. Solu-
tion of NaHSe was prepared by addition of fresh prepared
solution of NaHB4 to fine powder of Se according to [29] with
some modifications. In particular, 140 mg of NaBH4 was
dissolved in 1 ml of N2 bubbled cold water and the solution
was added to 90 mg of Se powder. After 1 h of reaction with
periodic stirring in ice bath the selenium powder was
completely reduced by sodium borohydride and white precip-
itate was formed. Clear supernatant was separated, diluted by
N2 bubbled distilled water for 100 times and then it was
applied for preparation of CdSe. In this reaction, as noted in
reference [32], the 0.7 M solution of NaHSe is formed. Solu-
tions of CdCl2 bring to boiling in two-necked retort under
steam of N2 and then rapid injection of NaHSe solution is
conducted. The solution is boiled for additional 30 min in
backflow condenser, cooled and dialyzed for removal of any
side products. C-reactive protein (CRP) from human pleural
fluid was purified according to [30]. Monospecific antibodies
to the protein were raised according to schedule described in
[31]. Concentration of CRP was determined from ratio
A1%

1cm=19 [32]. Concentration of antibodies was determined
from ratio A1%

1cm=14.5 [33]. Sensitization of proteins on
nanoparticles was conducted by incubation of the appropriate
protein with nanoparticles for 1 h in presence of 1 mMof Tris–
HCl buffer pH=8.2. Optimal concentrations of the proteins
were determined empirically. Then bovine serum albumin in
final concentration of 0.1 % was added and after additional
incubation for 30min Tris –HCl buffer and NaCl was added to
the final concentration of 0.05M and 0.15M respectively. For
assay of free resonance energy transfer (FRET) between var-
ious dots 1 ml of dot with various amounts of sensitized
antibodies to CRP were mixed with dots sensitized by fixed
amount of CRP and after 10 min of incubation fluorescence
spectra were measured. For quantitative determination of CRP

Table 1 The effects of concentrations of NaHSe on fluorescent proper-
ties of CdSe nanoparticles

N СdCl2 (1mМ) mL NaHSe (7 mM) mL λex (nm). λem (nm).

1 50 1 420 506

2 50 6 420 512

3 50 10 420 540

4 50 15 420 590

5 50 20 420 590

6 50 40 - -
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by competitive immunoassay to 0.7 ml of dot, sensitized by
antibodies to CRP, 0.1 ml of solution with various amounts of
CRP were added. After incubation for 30 min 0.7 ml of dots
sensitized by CRP were added. Fluorescence spectra were
recorded after 30 min.

Fluorescent measurements were conducted in stationary
mode on spectrofluorimeter Perkin –Elmer MPF 44A.

Results and Discussions

At the first stage of our investigations we studied the effect of
concentrations of NaHSe on the fluorescent properties of nano-
particles. In this case as a stabilizer the polyvinylpirrolidone
with molecular weight 24 kDa was applied in final concentra-
tion of 0.2 %. The pH of mixture was brought to 11 by adding
1 M of NaOH. Table 1 presents the results of such investiga-
tions. The data demonstrate that rising amounts of NaHSe

brought to shifting of fluorescence band in long-wave area
but on the other hand its high concentrations brought to
quenching of fluorescence. Although these nanoparticles were
very stable for a few months, they were unsuitable for sensiti-
zation by proteins. Any attempts to dialysis of these nanopar-
ticles against water or buffers for consequent sensitization by
proteins brought to irreversible aggregation of nanoparticles.
However, the nanoparticles conserve their stability by dialysis
against 1 mM of thioglycolic acid. It is well known that
quantum dots have affinity to thiol compounds and
apparently in this case the stabilization of nanoparticles was
associated with formation of monolayer of thiol compounds on
the surface of nanoparticles with exposed carboxyl groups. It
suggests that biomolecules could be immobilized on surface of
nanoparticles via covalent bonding with thiol compounds.
However, such covalent binding usually brings to some
losses in immunological activity and as a result the sensitivity
of assay is decreased. Moreover it is very important that thiol

Table 2 The effects of sodium
citrate on fluorescent properties of
CdSe nanoparticles

N CdCl2 (50 ml). Na-citrate (mМ) NaHSe (7 mM) (mL) λ ex (nm) λ em (nm)

1 4 mM 5 1 470 563

2 3.6 mМ 5 1 470 563

3 3,2 mМ 5 1 - -

4 2.8 mМ 5 1 470 573

5 2.4 mМ 5 1 470 575

6 1.6 mM 5 1 470 590

1 4 mМ 5 2 470 569

2 3.6 mМ 5 2 470 573

3 3,2 mМ 5 2 470 575

4 2.8 mМ 5 2 470 582

5 2.4 mМ 5 2 470 595

6 1.6 mM 5 2 470 598

Fig. 1 А –quantum dot 1 with
emission band at 563 nm, B-
quantum dot 2 with emission
band at 598 nm. In both cases
excitation was conducted at 470
nm

J Fluoresc (2014) 24:1433–1438 1435

http://www.lingvo-online.ru/en/Search/Translate/GlossaryItemExtraInfo?text=%d0%bd%d0%b5%d0%be%d0%b1%d1%80%d0%b0%d1%82%d0%b8%d0%bc%d1%8b%d0%b9&translation=irreversible&srcLang=ru&destLang=en#Show%20contexts


compounds are strong quenchers of fluorescence of CdSe and
CdTe quantum dots [34] and such treatment will worsen
fluorescent features of the nanoparticles. Therefore, in the
next set of our experiments we have tested sodium citrate as a
stabilizer since this compound has such role in the synthesis of
gold and silver nanoparticles [35, 36] and, moreover, we
studied its effects on fluorescence bands. Moreover, here we
have applied higher concentrations of CdCl2 for preparation of
more concentrated suspension of nanoparticles. Table 2
demonstrates data of these experiments. As can be seen, in
this case the shifting of fluorescence bands is more limited
(35 nm). In this case the prepared dots maintain aggregative
stability and fluorescence properties for several months. These
dots were applied further in experiments for determination of

CRP by resonance energy transfer method. Fluorescent spectra
of these dots are presented in Fig. 1. At the first stage we tested
the ability of these dots to resonance energy transfer. For this
purpose two dots with various emission bands were applied.
Dot 1 has emission band at 563 nm and dot 2 has emission
band at 598 nm. These nanoparticles were sensitized by anti-
bodies to CRP and CRP. We expect, that interaction of these
dots as a result of antigen –antibody reaction will bring to
decreasing inter-particle distance and therefore to resonance
energy transfer. In this case fluorescence at 563 nm must be
decreased whereas that at 598 nm must be increased. Fig 2 in
fact demonstrates that interaction of these dots brings to chang-
es in fluorescence spectra. As can be seen the rising concentra-
tion of antibodies brings to increasing fluorescence with some

Fig. 2 The changes in spectra of
fluorescence by interaction of dot
1 and dot 2_____1 ml of dot 1
(0.6 μg Ab to CRP) + 1 ml of dot
2 (1 μg CRP)…… 1 ml of dot 1
(3 μg Ab to CRP) + 1 ml of dot 2
(1 μg СRP)- - - - 1 ml of dot 1
(8 μg Ab to CRP) + 1 ml of dot 2
(1 μg СRP) In all cases excitation
was conducted at 470 nm

Fig. 3 The changes in intensit of
fluorescence at 595 nm as a result
of inhibition of agglutination by
various concentrations of antigen.
The data presents three
experiments. CV for lower
concentration of CRP was 7.3 %
and 4.6 % for upper range of
concentrations □ reaction in the
presence of human serum (final
concentration is 1%) Δ reaction
without the serum
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shifting of emission band in red-wave area. The obtained data
were applied further for quantitative determination of CRP by
method of inhibition of agglutination. This protein is a marker
of inflammation and its determination is very important for
diagnosis and prognosis of some diseases [37, 38]. In this case
dot 1 and dot 2 were sensitized by antibodies to CRP and CRP
as noted above. However, here dot 1, sensitized by antibodies,
at first was incubated with various concentrations of CRP and
then was mixed with CRP sensitized dot 2. Here agglutination
of nanoparticles and therefore fluorescence intensity was deter-
mined by concentration of CRP in the solution. So high con-
centration of CRP in the solution will bring to its binding with
dot 1 and as a result inhibition of interaction between dot1 and
dot 2 will take place. In this case resonance energy transfer will
be decreased and vice versa- low concentrations of CRP in the
solution will improve agglutination and as a result will increase
resonance energy transfer. The results of these experiments are
presented in the Fig. 3. As can be seen from this picture this
system permits to detect antigen in range from 4 to 100 ng.
Since assays of various biologically relevant substances are
conducted in serum we have conducted this assay in presence
of human serum (final concentration 1 %) Fig. 3. The presence
of serum brings to total rising of fluorescence without affecting
the sensitivity of the assay. Apparently such increase of fluo-
rescence can be associated with some energy transfer from
fluorophores in serum to quantum dots. The obtained data
demonstrate that such system can be applied effectively for
determination of various antigen/antibodies in serum and other
biological fluids.
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