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Abstract The photophysical properties of luminol in a silver
nanoparticles complex have been studied by steady-state and
time resolved fluorescence spectroscopy. The effect of the
serum albumin on the luminol fluorescence in the silver
nanoparticles has been also investigated. It was found that
the fluorescence quantum yield value of luminol in a silver
nanoparticles complex is $=0.00407. The decrease of the
average fluorescence lifetime value of the luminol in the silver
nanoparticles complex was found to be low, <t>=1.712 ns.
The luminol does not bind to the serum albumins in the
presence of silver nanoparticles. The formation of a new
species of luminol on silver nanoparticles is discussed. The
results have influence regarding the use of luminol as an assay
for bio-analytical applications.

Keywords Luminol - Silver nanoparticles - Fluorescence -
Serum albumins

Introduction

Luminol (LH,) (5-amino-2,3-dihydro-1,4-phthalazine dione)
is a fluorescent substance extensively used in analytical and
biochemical applications and especially in forensic medicine
as tool to detect trace blood patterns [1, 2]. In aqueous medi-
um, LH, presents a striking blue chemiluminescence when
mixed with an oxidizing agent, fact that plays an important
role in forensic applications [2]. LH, is intensively used as
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chemiluminescent probe to detect several species especially
metal ions, hydrogen peroxide, nitrate, amino acids, enzyme,
vitamins [3-7]. Also, the results about the effect of «, 3, y-
cyclodextrin on the system that generates chemiluminescence,
luminol-hydrogen peroxide in alkaline solution, pH8.5, have
been reported [8].

Although the LH, fluorescence investigation in different
solvents and solvents mixture have been reported, much less
on its photo-processes in the presence of quenchers is known
[9-21]. Recently, experimental and theoretical studies on the
fluorescence emission of the LH, in several solvents have
been performed [22]. It was found that hydrogen bond dona-
tion ability of the solvent represents the primary parameter
controlling the excited—state behavior of LH, and several
tautomeric forms are the principal contributors towards the
LH, photoluminescence [22]. The biological functions of
serum albumins as the major soluble protein constituents of
the circulatory system are known [23, 24]. In these regards,
interaction studies on the LH,—HSA protein have been re-
cently reported [25, 26]. Moreover, in order to be used as an
efficient biomarker assay, fluorescence behavior of LH, in
several biomimetic environments (surfactants, cyclodextrins,
carrier proteins) have been performed [26]. Two LH, con-
formers present in solution, have been found and the seques-
tration of relatively less polar structure into the hydrophobic
domain of biological media is the primary reason for LH,
fluorescence quenching [26]. In addition, it was evidenced
that the efficacy of the LH, fluorescence quenching, higher in
micellar subdomain of cationic surfactant, depends on the
nature of the head-group [26]. Moreover, detailed information
regarding changes in thermodynamic parameters and binding
mode of the LH,- protein interaction have been reported [26].
In these regards, changes in the enthalpy (AH) and entropy
(AS) parameters, corresponding to the binding of LH, in
model water-soluble protein, were estimated using the fluo-
rescence titration at different temperature. Also, the involve-
ment of subdomain IA and ITA of bovine serum albumin
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(BSA) in LH; binding confirmed by the ligand replacement
process with bilirubin, has been reported [26].

The applications of silver nanoparticles for biochemical and
biomedical domains, are well known [27-33]. Recently, in
these lines, experimental and simulated experiments of the
serum albumins adsorbed on (non) functionalized Ag (0)
nanoparticles (SNPs) have been performed [34]. It was found
that the overall protein conformation upon adsorption on
nanoparticle’s surface is an open one which in turn results in
the quenched tryptophan (Trp) fluorescence. In addition, a
more hydrophilic microenvironment of the Trp residue upon
protein adsorption and the fact that the surface changes did not
interfere with the collisional quenching of the Trp fluores-
cence, have been evidenced [34].

The current paper deals with the spectrophotometric
properties of LH, in a silver nanoparticles complex. The
fluorescence intensity of luminol on addition of serum al-
bumins and in a silver nanoparticles complex has been also
measured. The results are performed in order to get more
insights on LH; interaction with several environments and
discussed with relevance to the bio-analytical applications.

Experimental

Materials Luminol (LH,) from Fluka and DMSO from
Merck, were used. BSA and HSA were purchased from
Merck and used without further purification. The LH, con-
centration was 3x 10 M.

The silver source, silver nitrate (AgNO;, purity 99.99 %)
and the reducing agent, sodium borohydride (NaBH,4, purity
99.8 %) were purchased from Sigma-Aldrich. SNPs were
prepared according to ref. [35], by adding under vigorous
stirring appropriate aliquots of | mMAgNO; solution to a
solution containing NaBH,4 so that their final concentrations
were 0.1 mMAgNO; and 7 mM NaBH,, respectively. No
capping agent was needed as the resulting nanoparticles
were electrostatically stabilized [35]. To this aqueous solu-
tion, aliquots of LH,, BSA or HSA proteins, for a final
concentration of 3x107°M and 1.66 uM respectively, have
been used.

Methods The absorption measurements were recorded
using a Perkin Elmer, Lambda 35, UV-Vis Spectrometer at

a scan rate of 480 nm/min and a spectral resolution of 1 nm.

The fluorescence emission and excitation spectra were
recorded with a Jasco FP-6500 Spectrofluorometer, using
5 nm bandpasses for the excitation and the emission mono-
chromators, the detector response of 1 s, data pitch of 1 nm,
the scanning speed of 100 nm/min. The excitation wave-
length was 360 nm.

The fluorescence quantum yield was determined by com-
parison to dilute quinine bisulfate solution in 0.1 N H,SO4
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with 0.55 absolute quantum yield [36], using the following
relationship:

q)x = (FxArefq)ref)/Frefo

where F is the area under the fluorescence emission curve,
for quinine bisulfate (F¢) and for the studied compound (Fy)
over the wavelength region 375-525 nm, A, is the absor-
bance for quinine bisulfate at 346 nm.

The fluorescence lifetime decays were recorded in a time-
correlated single photon counting FLS920 system from
Edinburgh Instruments, with laser excitation at 375 nm, a
lifetime scale of 100 ns and 2048 channels. The data were
fitted with a multi-exponential decay (reconvolution) and
the accuracy of the fit was checked on grounds of x?, which
was less than 1.32. Intensity-averaged lifetimes were calcu-
lated according to the equation [37]:
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Fig. 1 UV-Vis absorption spectra of the Ag (0) nanoparticles—LH,
complex (a) and Ag(0) nanoparticles—LH,—protein complex (b).
Inset shows the difference absorption spectrum, SNPs—LH, minus
SNPs. The concentration of LH, is 3x10 M. The concentration of
BSA and HSA proteins is 1.66 uM
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where «; is the preexponential factor and T; the lifetime of
the ith component. The fractional intensity of the ith com-

ponent is defined as:
a. . T
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while the fractional amplitude, interpreted as the relative
population of the respective state, is:
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Fig. 2 Fluorescence emission (a) and excitation (b) spectra of the
Ag(0) nanoparticles—LH, complex. The concentration of LH, is 3%
107M; Aoy =360 nm; Aoy =430 nm
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Fig. 3 Fluorescence emission (a) and excitation (b) spectra of the
Ag(0) nanoparticles—LH,—protein complex. The concentration of
LH, is 3x107°M; The concentration of BSA and HSA proteins is
1.66 M. Ae=360 nm; A, =430 nm

Results and Discussion
Absorption Measurements

Figure 1 presents the absorption spectra of 3x 10 °MLH, in
the Ag (0) nanoparticles (SNPs)}—LH, complex in direct
comparison to the absorption spectrum of the bare SNPs
(Fig. 1a). One can observe the absorption band at 383 nm,
characteristics for the plasmon resonance of the SNPs, the
average size of this kind of particle being of ~ 9 nm [34]. For
the SNPs—LH, complex, two absorption bands are
evidenced: the first one at 292 nm attributed to the high energy
absorption band of LH,, corresponding to the S (71)— S, (77")
transition. The second absorption band, 5 nm red-shifted by
comparison to that of the bare SNPs, is a broad absorption
band centered at 387 nm. One can thus estimate the formation
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Table 1 Absorption (Aaps and

¢), Emission (Aem and Fluores- System Aaps (nm) (LM 'em™) Aem (nm) Av (em™) or

cence Quantum Yield (¢y)) and

Stokes Shift (Av) of the Ag(0) LH, (aq. sol) 296/351 5700 428 4904 0.49

nanoparticles—LH,—protein SNPs -LH, 387 34800 433 5708 0.00407

complex; Aex=360 nm SNPs -LH, - HSA 358/401 17400 431 5306 0.00651
SNPs -LH, - BSA 360/402 18700 438 6008 0.00530

of the new species, luminol anion, when LH, is adsorbed on
the SNPs surface. Inset shows the difference absorption spec-
trum, SNPs—LH, minus SNPs. Two absorption bands of LH,
are observed: the first one at 301 nm and the second one,
specific to Sy (1)—S; (7T ) transition, at 346 nm. The band at
381 nm corresponds to the plasmon resonance of the SNPs,
the feature attributed to no changes in the size of SNPs.

When serum albumins, BSA and HSA proteins, respec-
tively (1.66 uM) are added to the SNPs—LH, complex
(Fig. 1b), the broad absorption band observed for SNPs—
LH, complex is split in two absorption bands: at 360 nm
attributed to the new species of luminol and, at 402 nm. The
last one corresponds to the red-shift of the SNPs plasmon
band, when protein accumulates at the surface [34]. It can be
also observed that the shape of the absorption band in the
region of 260-320 nm (Fig. 1b, insef) is unchanged at the
addition of the serum protein to the SNPs—LH, complex.
The absorption band around 285 nm corresponds tot the
7—t transition of the aromatic aminoacids, Tyr and Trp
[38, 39] of the serum proteins. A weak shoulder at 300 nm is
visible and attributed to traces of luminol. The supposition is
that no interaction between LH, and serum proteins takes
place in the presence of SNPs.

Steady-State Fluorescence Measurements

Figure 2 shows the fluorescence emission (Fig. 2a) and
excitation (Fig. 2b) spectra of LH; in a silver nanoparticles

complex. The fluorescence intensity of the LH, in a SNPs
complex (A.,,=431 nm) decreases almost three time of
magnitude, becoming lower than that of the LH, fluores-
cence intensity in aqueous solution (A.,=428 nm) and the
wavelength emission is red shifted (5 nm) (Fig. 2a). This
fact is due to the reduction of LH, at the SNPs surface,
luminol anion being formed. Figure 2b presents the fluores-
cence excitation spectra of LH, in a silver nanoparticles
complex at A.,,=430 nm. For a better comparison, the band
I was normalized, so that significant vibrational changes in
the LH, structure take place, one for the adsorption on SNPs
surface. Comparing with the excitation spectrum of the LH,
in aqueous solution (band II at 355 nm and band I at
293 nm, respectively) a blue-shift of 7 nm of the band II
(348 nm) with a pronounced broadening as well as a 9 nm
red shift (302 nm) of the high—energy band (band I) have
been observed.

Figure 3 displays the normalized fluorescence emission
(A) and excitation (B) spectra of the SNPs—LH, complex at
the addition of the serum proteins. No major changes have
been observed regarding the LH, fluorescence intensity, the
only exception being a slight red shift (5 nm) at the addition of
the BSA. Shoulders in the emission spectra, around 412 and
469 nm respectively, are due to the overlapping of the vibra-
tional bands. However, slight modifications in the fluores-
cence emission spectra in the range of 375-410 nm, are
observed (Fig. 3a). These are due to the hydrophilic regions
from BSA and HSA proteins, which may be able to form the
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Fig. 5 Fluorescence experimental decays (black lines) and fit of LH,
and Ag(0) nanoparticles—LH, complex. The instrument response is
depicted in gray

intermolecular hydrogen bonds with LH,. Also, minor
changes in the normalized fluorescence excitation spectra
(Fig. 3b), are evidenced. The positions of the excitation spec-
tra are almost the same with no significant intensity changes.
In addition, no wavelengths shifts were observed.

Also, no significant difference of the behavior of the SNPs
—LH,—protein complex on the excited state can be also
observed in the Stokes Shift values (Av=5306, for HSA
and 6008 cm ', for BSA), comparatively with SNPs—LH,
(Av=5708 cm ") and with the free LH, (Av=4904 cm ),
Table 1. This is an indication that SNPs—LH, complex with
and without serum albumins, has almost the same geometry
on the excited state by comparison to that of the ground state.
Moreover, the relaxation processes of LH, fluorescence in a
SNPs complex is not influenced by serum albumins.

Overall, on the basis of these results, the behavior of the
luminol in the SNPs complex as well as the position of H-
bonds in the SNPs—LH,—Protein complex are shown in
the Fig. 4.

Time-Resolved Fluorescence Measurements

Figure 5 presents the intensity decays for LH, in water and in the
presence of SNPs, with or without albumins. The reconvolution

fit of the experimental decay data shows (see Table 2) that LH2
has two lifetime components of 2.56 and 10.02 ns, correspond-
ing to the two possible species in water, neutral and anionic. The
effect of the SNPs is a decrease of the decay times down to 0.10
and 3.17 ns, respectively, while further adding of either HSA or
BSA very slightly increases these times. Another effect of the
SNPs is the change in the fractional intensity of the two compo-
nents, i.e. from 8.6 and 91.4 % to 54.7 and 49 %, meaning a shift
of the acid-base equilibrium to the anion species, in accordance
with the excitation spectra. As it can also be seen from the
relative amplitudes, in the presence of SNPs the equilibrium is
almost totally shifted towards the anion (the short component),
with 97.52 % of the total amount of LH,, while the neutral
molecule amounts at 2.41 %. Adding the proteins, the intensity
of the long lifetime component slightly increases to 43.4 and
45.5 % for HSA and BSA, respectively and so does the relative
amplitude. A third component, of less than 4 % fractional
intensity (0.06 % of the total amount of LH,) and 9-9.4 ns is
also present when adding SNPs and remains practically
unchanged in the presence of proteins. It is most probably due
to the non-adsorbed LH,. One can conclude from the above
experimental data that LH, adsorbs on the SNPs surface pre-
dominantly as anions.

Conclusions

The investigation of the fluorescence behavior of luminol in a
silver nanoparticles complex reveals some special findings: 1)
the luminol fluorescence is quenched in the presence of silver
nanoparticles; ii) luminol adsorbs on the silver nanoparticles
predominantly in its anionic species; iii) the fluorescence
quantum yield of luminol in the silver nanoparticles complex
is slightly changed on the addition of serum albumins. The
behavior is due to hydrogen bonding interaction between
luminol and hydrophilic regions of serum albumins.

The fluorescence quantum yield value of luminol in a silver
nanoparticles complex is lower (¢=0.00407) than the value of
the luminol in aqueous solution (¢=0.49). The average fluo-
rescence lifetime value of the luminol in the silver nano
particles complex is lower (<t>=1.712 ns) than the value of
the luminol in aqueous solution (<t>=9.366 ns).

Table 2 Fluorescence lifetimes (ns), preexponential factors, fractional amplitudes and intensities (%) of the Ag(0) nanoparticles—LH,—protein

complex

System T, o, a; f T Oy a, f, T3 o3 az f3 <r> Xz
LH, (aq. sol.) 2.56 0.012 2727 8.61 10.02 0.032 7273 9139 - - - - 9.366  1.130
SNPs - LH, 0.10 0.526 97.52 54,67 3.17 0.013 241 4195 9.394 35¢4 0.06 3388 1.712 1.278
SNPs - LH,-HSA  0.14  0.351 96.60 53.11 3.30 0.012 3.30 4342 9.072 3.6e—4 0.10 3466 1.802 1.298
SNPs - LH,-BSA  0.16 0311 95.58 50.74 3.25 0.014 430 4552 9269 3.9e—4 0.12 3.739 1918 1.317
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