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b Institute for Multidisciplinary Research, University of Belgrade, Kneza Višeslava 1, 11000 Beograd, Serbia
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a b s t r a c t

The fluorescence spectroscopy technique is an accurate method and has great utility in the interpreta-

tion of complex systems based on several emission bands. An interpretation of the system requires

determination of the number, positions and intensities of the spectral components. In this work, the

emission spectra of the synthesized ZnSe complex coated with O-phosphorylethanolamine (ZnSe-PEA),

both with and without thiol DAB dendrimer generation 5 (S-DAB G5), were analyzed using a

combination of asymmetric (log-normal) and symmetric (Gaussian) models. The method applied for

the deconvolution of fluorescence spectra has proven to be very sensitive for observing the stability of

the ZnSe-PEA complex after binding with S-DAB. The ZnSe-PEA emission spectrum contains two

components. The positions of the emission maxima of these two components are not significantly

affected by the presence of S-DAB G5 in the complex, which revealed the presence of a stable complex

at a pH of 7. By applying the spectral deconvolution method, strong evidence was obtained that

suggested that the ZnSe-PEA complex is stable after complexation with S-DAB G5.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Rapid advancements in nanotechnology have motivated
research interests in developing a variety of nanostructured
materials. In this context, semiconductor quantum dots (QDs),
which are nanometer-sized crystals, have been demonstrated to
be powerful probes for fluorescence analysis; their distinct
properties provide them with unique capabilities and make them
the most promising nanostructured material due to their high
photochemical stability and size-tunable photoluminescence
[1,2]. QDs can be attached to biomaterials such as monoclonal
antibodies, peptides and oligonucleotides by self-assembly
through noncovalent interactions. However, this attachment
method has inherent instability drawbacks under environmental
conditions such as low pH, high temperature, etc.

Stabilization with organic molecules in aqueous media, such as
thiol groups, has been performed to improve the spectral proper-
ties of QDs. Glutathione, which is a thiol-containing tripeptide
[3,4], mercaptoethanol [5,6], succinic [7,8], mercaptopropionic
[9–12] or thioglycolic acids [13] and cysteine, [14,15] etc. are
capable of providing improved biocompatible capping for QDs
compared to many other water-soluble ligands. These stabilizing
ll rights reserved.
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ligands are effective in controlling particle agglomeration and
ripening. Macromolecules, such as dendrimers, are synthetic
spheres with a well-defined surface, including a core, branches
and a considerable number of terminal groups [16,17]. The
excellent biocompatibility and low toxicity of macromolecules
lead to many potential applications, such as DAB and PAMAM
dendrimers, which are used as capping agents for QDs and have
resulted in their application in a variety of research areas [18–26];
they enhance the biocompatibility and cellular uptake of these
nanoparticles [27–29]. Other strategies to obtain stabilized sys-
tems in aqueous media include the use of gold nanoparticles
(AuNPs); in this case, dendrimers are used as templates and the
AuNPs are generally located within the dendritic arms [30–36].

In this work, ZnSe QDs with O-phosphorylethanolamine
capped by the thiolated DAB dendrimer were synthesized with
the objective to obtain less toxic systems for further applications.
O-phosphorylethanolamine (PEA) is a specific synthetic ligand for
the C-reactive protein, whose determination in serum samples
can provide a rapid diagnosis of infections and inflammation in
patients and has been the focus of considerable interest as a
marker of inflammation associated with cardiovascular diseases
[26,37–41].

In this paper, the luminescence spectra of the synthesized
ZnSe-PEA complex, both in the presence and absence of the thiol
DAB dendrimer (S-DAB), were analyzed using a combination of
asymmetric (log-normal) and symmetric (Gaussian) models [42,43].
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Symmetric models for fluorescence emission components, such as
Gaussian, Lorentz and a combination of the models, are often used
when Raman bands are present in the system, which exhibit
symmetric shapes. When varying excitation wavelengths are
applied, these Raman bands are easily identified as migrating
emission peaks, whose positions linearly increase with the excita-
tion wavelengths [42]. However, because the majority of experi-
mentally recorded emission spectra have an asymmetric shape, the
asymmetric models are more suitable for their analysis. Asymmetry
arises because the vibration force constants of the ground and
excited states are not the same. However, when a new type of
emitting mechanism is involved (such as in case of dendrimers), it is
also necessary to apply these more general mathematical descrip-
tions because they may be applied to components with a wide range
of degrees of asymmetry, including the symmetric ones.

Our objective was to investigate the stability of the ZnSe-PEA
complex after its complexation with the S-DAB dendrimer using a
spectral deconvolution treatment, which has not been previously
reported.
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2. Experimental

2.1. Reagents

Zinc nitrate (99.9%, (Zn(NO3)2 �4H2O)), selenium powder
(Se, 99.99%), sodium borohydride (NaBH4, Z96%), 3-mercaptopro-
pionic acid (MPA, 99%), triethylamine (TEA) and O-phosphoryletha-
nolamine (PEA) were purchased from Sigma-Aldrich Quı́mica S.A.
(Spain) and used without further purification. All solutions were
prepared using deionized water that had a resistivity greater than 18
MO cm.

The thiolated polypropylenimine dendrimer DAB-AM-(64),
generation 5 (S-DAB-G5), was synthesized at the Autonomic
University of Madrid and it was synthesized as follows.
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2.2. Synthesis of the thiolated S-DAB-G5 dendrimer

A solution with a 5% excess of 3-mercaptopropanyl-N-
hydroxysuccinimide ester was added dropwise to a stirred solu-
tion of the dendritic polyamine DAB-AM-(64, G5) and triethyla-
mine in CH2Cl2 under a flow of Ar at room temperature [44]. After
stirring overnight, the resulting reaction mixture was washed
three times with H2O and the organic layer was subsequently
dried over MgSO4,anh and evaporated. S-DAB-G5 was obtained as
colorless, waxy solids and it was insoluble in organic solvents but
soluble in aqueous NaOH (0.1 M). The yields were 60%. NMR
spectra (data not shown) exhibited the low-field shift of the
dendrimer resonances, which confirmed complete functionaliza-
tion with the thiol groups.
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Fig. 1. A: Series of emission spectra of the ZnSe-PEA complex, which were obtained

after excitation at various wavelengths. B: Overlaid emission spectra of the ZnSe-

PEA and S-DAB-ZnSe-PEA complexes, both of which were excited at 240 nm.
2.3. Synthesis of the S-DAB-ZnSe-PEA QDs nanoparticles

Synthesis of the S-DAB-ZnSe-PEA QDs was performed as
follows. 10 mg of the S-DAB dendrimer was dissolved and stirred
in deionized H2O (50 mL) for 72 h. Then, 7 mg of Zn(NO3)2 was
added. The mixture was stirred after total dissolution (24 h) to
ensure the complexation of Zn2þ with the S-DAB dendrimer. MPA
(17.6 mL) was then added to this solution and left for 24 h.
Subsequently, TEA was used to adjust the pH to 12 and then 200
mL of a Se solution as NaHSe was added, as previously reported
[26]. Finally, PEA (14.3 mg) was added to obtain S-DAB-ZnSe-PEA
QDs after 24 h. All the synthesis procedures were conducted at
room temperature under a flow of N2 to avoid the oxidation of Se.
2.4. UV absorption and steady state fluorescence spectroscopies.

Data analysis

A UV–vis spectrophotometer (Hewlett-Packard HP8452A
diode array) and a photoluminescence spectrophotometer (Hor-
iba JovinYvon Fluoromax 4 TCSPC) were used to characterize the
S-DAB ZnSe-PEA QDs. The UV-vis absorption spectrum of the QDs
was obtained in the wavelength range of 180–400 nm. The
fluorescence of the nanoparticles was measured in the wave-
length range of 300–740 nm. The spectra were obtained with an
integration time of 0.1 s and the widths of the slits were fixed at 5
nm for both excitation and emission. All the measurements were
performed at room temperature. For each compound, a series of
emission spectra were collected by exciting at different wave-
lengths in the range 240–300 nm with a step size of 5 nm.

Nonlinear fitting of all the fluorescence spectra was performed
using the Nelder-Mead simplex algorithm as implemented in the
MATLAB 6.5 software program. Deconvolution into two asym-
metric (log-normal):

Fl ¼
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� �
ln2
½ 1=a�1=l
� �

= 1=a�1=lm

� �
�

n o
, l4a

0,lra

8<
:

ð1Þ



M. Algarra et al. / Talanta 105 (2013) 267–271 269
and one (or eventually two in the case of Raman bands) sym-
metric (Gaussian) components

Fl ¼
Affiffiffiffiffiffiffiffiffiffi
2ps
p exp

� l�l0ð Þ
2

2s2

 !
ð2Þ

were applied as the most suitable deconvolution methods
because both fluorophores (log-normal) and an artifact or Raman
(Gaussian) emission band were present in the spectra.

Specifically, the final deconvolution formula took the following
form:

Fl ¼
XNL

i ¼ 1
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where NL denotes the number of log-normal components, NG

represents the number of Gaussian components and Co is an additive
constant.
Fig. 2. A: An example of one log-normal component deconvolution of a S-DAB emissio

Fm¼4.21�106; r¼1.05; a¼114.7; lem¼355.4; additive constant: co¼5.81�105,

B: deconvolution into two log-normal and two Gaussian components of an emission

according to formulas (1) and (2); log-normal components: Fm1¼9.94�105, Fm2¼1.04

components: A1¼2.42�106, A2¼3.40�106; s1¼4.7, s2¼6.2; l01¼468.1, l02¼552.2

R square adjusted: R2
adj¼0.99911.
3. Results and discussion

A set of fluorescence spectra recorded during the excitation of
ZnSe-PEA at different wavelengths (lex), starting from the excita-
tion maximum at 240 nm with a 5 nm step, is shown in Fig. 1A.
The initial excitation wavelength of 240 nm was selected based
on our previous measurements of excitation spectra. The presence
of S-DAB in the complex induced a red-shift of the emission
maximum and increased the fluorescence intensity, as shown
in Fig. 1B. Fluorescence spectra of the different raw components
of the system, i.e., PEA and ZnSe, were recorded under the same
experimental conditions, in order to analyze their contribution in
the formed complex system.

The presence of –NH groups in the inner structure of the
dendrimer also affects the non-radiative decay rate by decreasing
it and increasing the transitions to the ground state of the ZnSe-PEA
QDs [45]. One of the most intriguing aspects is that the functional
units involving ligands can be placed in specific sites in the
dendrimers, interior and/or surface, which is ideal for developing
functional materials required for vectorial interactions [46].
n spectrum, which was obtained by excitation at 275 nm. Log-normal component:

square error per point: err2/N¼1.02�109, R square adjusted: R2
adj¼0.99949;

spectrum of ZnSe-PEA, which was excited at 275 nm. Fitted parameter values

�106; r1¼1.12, r2¼1.50; a1¼262.1, a2¼353.3; lm1¼387.8, lm2¼446.9, Gaussian

, additive constant: co¼6.04�104, square error per point: err2/N¼1.29�108,
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As an example, a typical result from the one component log-
normal deconvolution of S-DAB and a two log-normal plus two
Gaussian components deconvolution of the ZnSe-PEA QDs emis-
sion spectra, which were obtained by excitation at 275 nm, are
shown in Fig. 2A and B, respectively. Each component obtained
from the deconvolution of the integral spectrum corresponds to a
fluorophore in the molecule. By varying the excitation wave-
lengths, we were able to observe various fluorophores emitting at
different specific wavelengths (component positions). It is known
that fluorophores do not change their emission maxima with a
variable excitation wavelength. Therefore, in a series of multi-
component deconvolutions performed at different excitation
wavelengths, the component positions tend to group at certain
fixed points, which correspond to the emission maxima of the
present fluorophores. These components are statistically detect-
able as local peaks of the approximate probability density (APD)
curve, which was applied to all the calculated component
positions.

Fig. 3 presents the positions of the components in the ZnSe
QDs emission spectra in both the presence and absence of S-DAB
bound in the complex. By comparing the component positions
in these three cases, it is clear that S-DAB (Fig. 3A) can be
deconvoluted with only one log-normal component, whereas
the complexes ZnSe-PEA (Fig. 3B) and S-DAB-ZnSe-PEA (Fig. 3C)
required two log-n components in addition to the Gaussian
component. It is clear that the binding of S-DAB to the com-
plex did not significantly affect the positions of the two compo-
nents or the number of components in the complex. The S-DAB
Fig. 3. Dependence of the position of the component maxima, obtained from the deconvo

in the absence of S-DAB and C: in the presence of S-DAB in the complex. Each point (o

components obtained by the deconvolution of emission spectra is shown in the Fig. 4.
component was not present in the spectrum of the S-DAB-ZnSe-
PEA complex.

In a previous study for PAMAM, which is a dendrimer that is
structurally similar to DAB and S-DAB, strong fluorescence was
observed although it does not contain fluorophores [47]. It was
hypothesized that functional groups in the PAMAM dendrimer
could be densely packed under suitable conditions because of its
structural stability resulting from covalent bonds. Therefore, it is
possible for the overcrowded functional groups to construct a
somewhat new type of ‘fluorophores’. A similar structure may be
expected for the S-DAB dendrimer; therefore, one can expect that
its emission originates from the packed functional groups. There
was a remarkable difference in the fluorescence properties
between the different generation G2 and G4-NH2-terminated
PAMAM dendrimers. It can be assumed that the backbone of the
dendrimer played the key role in forming the novel fluorescent
center [48]. Here, the presence of the dense thiol terminal groups
(–SH) of the dendrimer generation (G5) does not change this
effect, which may be explained for the different natures, in terms
of electronegativity, of the shell involved.

The fact that S-DAB did not change the position of the two
spectral components after binding to the ZnSe-PEA QDs complex
indicates that this complex is stable at a pH of 7. This result
indicates that the applied method for the deconvolution of
fluorescence spectra is very sensitive for observing the fine
structural changes in the investigated molecular complex after
the binding of S-DAB. The same approach may also be applicable
in other binding studies, such as the binding of dendrimers to
lution of emission spectra on the excitation wavelength. A: Pure S-DAB; B: ZnSe-PEA

r pair of points) is the result of the deconvolution of one spectrum. Position of the



Fig. 4. Approximate probability density (APD) for component positions for the

ZnSe-PEA complex in the presence and absence of S-DAB. The most probable

positions (numerical values in nm) of the log-normal components are indicated by

arrows. A smeared peak at 332 nm originated from a Raman Gaussian component.
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proteins, in which the stability of both molecules has to be
determined after complexation. Such complexes have potential
for biomedical applications, such as the C-reactive protein [49];
therefore, their stability is an important property.

Fig. 4 presents the final result from the deconvolution as an
approximate probability density (APD) for the component posi-
tions. It is evident that in presence of S-DAB in the complex, there
is a slight red-shift of the component positions. This result is in
agreement with the red-shift of the emission spectrum maximum
in the presence of S-DAB in the molecule (Fig. 1B). However, the
S-DAB component was absent in the emission spectrum of the
S-DAB-ZnSe-PEA complex (Fig. 3). This complete quenching of the
S-DAB emission when it is present in the complex may be
explained by the energy transfer from S-DAB to the complex
and the relaxation of the system to low energies, which is
reflected in the red-shift of the emission maximum of the
complex (Fig. 1B).
4. Conclusions

Our results reveal that the emission spectrum of ZnSe-PEA
contains two components. The positions of the emission maxima
of these two components are not significantly affected by the
presence of the dendrimer S-DAB (G5) in the complex, which
reveals that the complex is stable at a pH of 7. This result is
important in its application in binding studies in bio-analysis
systems.
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