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Abstract
Bioluminescent gold nanoparticles (AuNPs) were synthesized in situ using dithiol-terminated polyethylene glycol (PEG(SH)2) 
as reducer and stabilizing agents. Hybrid Au/F3O4 nanoparticles were also produced in a variation of synthesis, and both types 
of nanostructures had the polymer capping replaced by l-cysteine (Cys). The four types of nanoparticles, PEG(SH)2AuNPs, 
PEG(SH)2Au/F3O4NPs, CysAuNPs, and CysAu/F3O4NPs were associated with purified recombinant Pyrearinus termitillu-
minans green emitting click beetle luciferase (PyLuc) and Phrixotrix hirtus (RELuc) red-emitting railroad worm luciferase. 
Enzyme association with PEG(SH)2 was also investigated as a control. Luciferases were chosen because they catalyze 
bioluminescent reactions used in a wide range of bioanalytical applications, including ATP assays, gene reporting, high-
throughput screening, bioluminescence imaging, biosensors and other bioluminescence-based assays. The immobilization 
of PyLuc and RELuc promoted partial suppression of the enzyme luminescence activity in a functionalization-dependent 
way. Association of PyLuc and RELuc with AuNPs increased the enzyme operational stability in relation to the free enzyme, 
as evidenced by the luminescence intensity from 0 to 7 h after substrate addition. The stability of the immobilized enzymes 
was also functionalization-dependent and the association with CysAuNPs was the condition that combined more sustained 
luminescent activity with a low degree of luminescence quenching. The higher enzymatic stability and sustained lumines-
cence of luciferases associated with nanoparticles may improve the applicability of bioluminescence for bioimaging and 
biosensing purposes.
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1  Introduction

Hybrid systems formed by biomolecule–nanoparticle (NP) 
take advantage of the specificity and biocatalytic properties 
of biomolecules combined with the exclusive optical, elec-
tronic, and catalytic properties of nanostructured materials 
to develop materials with new strategic properties applicable 
for clean energy, environmental protection, smart clothes, 
diagnosis of new diseases and others [1–5]. Due to high 
catalytic efficiency, enzymes have gain preferential use for 
diverse industrial and therapeutic applications in which a 
catalyst is required. However, a drawback of enzyme appli-
cation is the low stability and reusability, which can be over-
come by enzyme immobilization on organic and inorganic 
nanostructures. The immobilization of enzymes in nano-
structured materials have advantages such as: storage and 
operational stability, flexibility for the designing of bioreac-
tors, high volume/size ratio that allow the loading of high 

mass of enzyme per mass of the nanocarrier. Also, specific 
advantages are provided by different nanostructures. High 
enzyme loading with very little mass transfer restrictions is 
an advantage of non-porous nanostructures, such as spheri-
cal gold and silver nanoparticles. Magnetic nanoparticles are 
highly appraised because of their high surface area, signifi-
cant surface-to-volume ratio, low-cost production, biocom-
patibility and especially for providing easy enzyme recy-
cling by magnetophoresis. Therefore, the immobilization of 
an enzyme with diverse applications can bring benefits to 
industry, health and technological areas [6].

Among a variety of enzymes, the luciferases are widely 
used for bioanalytical purposes, including their use as ana-
lytical reagents and enzymatic biosensors to detect analytes, 
cofactors, and enzymatic assays, [7]. Furthermore, the genes 
that code luciferases have an even wider range of applica-
tions, including their use as: markers to investigate gene 
expression in different organisms, including bacteria [8], 
plants [9, 10] and mammalian cells [11–13]; as proteome 
stress markers [14]; as indicators in cytotoxicity and cell-
based assays [15]; in imaging of biological and pathological 
processes such as metastasis proliferation, viral and bacte-
rial dissemination in animal models, including SARS-CoV-2 
[16, 17], helping the pharmaceutical industry to develop 
HTS assays [12, 18–20], and in biosensors to detect envi-
ronmental pollutants and disruptors [21], among others.
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Luciferases constitute a group of non-homologous 
enzymes responsible for bioluminescence, which catalyze 
the oxidation of chemically different luciferins by molecu-
lar oxygen to produce highly luminescent products, the 
oxyluciferins [22, 23]. The basic mechanism of luciferases 
involves the oxidation of the substrate luciferin with the for-
mation of energy-rich peroxy intermediates whose spontane-
ous decomposition yields singlet excited oxyluciferin which 
decays emitting light with high efficiency [24, 25]. The gen-
eration of a singlet excited state product occurs in luciferase 
the active-site microenvironment, which are favorable for 
emissive decay rather than other photochemical and photo-
physical deactivating processes, making luciferases a spe-
cial class of oxygenases specialized for light emission [22, 
25–27].

In the case of beetles like fireflies, bioluminescence 
results from the oxidation of a benzothiazolic luciferin 
catalyzed by luciferases that require Mg2+-ATP as cofac-
tor, to yield an excited oxyluciferin, CO2, AMP, and PPi 
(Scheme 1 in Supplemental Material) [24]. The light emis-
sion of beetle luciferase reactions using the same d-luciferin 
substrate exhibits distinct colors ranging from green to red 
[27, 28]. The colors of beetle bioluminescence are basically 
determined by the luciferase active site microenvironment. 
Although the mechanisms of bioluminescence color deter-
mination by beetle luciferases has been debated over the 
past decades, currently it is accepted that physical–chemical 
properties of the active site microenvironment, such as its 
polarity, electrostatic and acid–base interactions with the 
excited oxyluciferin, especially with its 6-hydroxy group, 
and conformational effects, affects the energy of the excited 
state and therefore the emission spectra [28–31].

Despite the many analytical applications of beetle lucif-
erases, the generally low enzyme stability and fast decay of 
luminescence reaction may limit their effective application. 
Different strategies have been used to stabilize the enzyme 
and changing the luminescence kinetics, including protein 
engineering and immobilization include their immobiliza-
tion in gels [32, 33].

Immobilization of luciferases on metallic nanoparticles 
may offer a new strategy of stabilization of these enzymes 
for continuous bioluminescence monitoring of industrial pro-
cesses, diagnosis and environmental purposes, and for delivery 
to specific tissues and organs during in vivo bioimaging of 
biological and pathological processes. The green emitting P. 
termitilluminans luciferase, due to its higher stability and more 
sustained luminescence [34] and higher quantum yield [35] 
has been already successfully used for bioimaging mammalian 
cells [35]. The luciferase of Phrixothrix railroad worm is the 
only one that naturally produces red emission [36]. Despite 
having been expressed and used for bioimaging in mammalian 
tissues [37], its application for mammalian tissue bioimag-
ing is limited due to its instability and fast emission kinetics. 

Recently improvements of this luciferase through engineer-
ing and combinatory chemistry resulted in a novel brighter 
and far-red emitting luciferase [38]. The association of these 
luciferases with nanoparticles is therefore a promising strategy 
to further increase their stability and sustain their lumines-
cence for longer times for some bioanalytical and bioimaging 
applications.

Some recent technological applications of the luciferin-
luciferase system of fireflies include the use of nanostructures 
[39–41], including magnetic nanoparticles [20, 41–43]. How-
ever, the modulation of luciferase activity by the association 
with nanostructures is scarcely exploited [42–45]. Käkinen 
et al. reported a dose-dependent inhibition of firefly lucif-
erase activity promoted by citrate-coated Ag nanoparticles 
(AgNPs). Enzyme inhibition was promoted by the reaction 
of S- and N-groups with Ag+ ions liberated by the NPs rather 
than by protein unfolding [44]. Abhijith et al. synthesized 
Au–Ag NPs by the incorporation of Ag atoms during the 
steps of nanocrystal nucleation and growth. The Au–Ag col-
loids enhanced the bioluminescence of firefly and bacterial 
luciferases. The enhancement of bioluminescence could be 
applied to increase the sensitivity of luminescent-based assays 
that use firefly luciferase [45]. In another study, Ebrahimi et al. 
described the immobilization of P. pyralis luciferase expressed 
with N-terminal His-tags on silanized Ni and Cu-loaded mag-
netic nanoparticles. Immobilization decreased the affinity for 
ATP and increased the affinity for luciferin without changing 
the enzyme’s thermal stability and longevity [43].

In the present study, the recombinant luciferases arising 
from two Brazilian bioluminescent beetles that elicit light 
emission of different colors, Pyrearinus termitilluminans lar-
val click beetle (PyLuc: 538 nm) and Phrixothrix hirtus rail-
road worm (RELuc: 623 nm) were immobilized on PEG- and 
l-cysteine-coated AuNPs and magnetic Au/magnetite (Fe3O4)
NPs, and the effects on luminescence intensity, enzyme lon-
gevity and catalytic activity were evaluated. The study explores 
different configurations of AuNPs involving capping variation 
and magnetite hybridization to determine the best condition 
for luciferase functionalization to develop a nanotechnologi-
cal platform. The bioluminescent enzyme conjugates can be 
applied for biosensing, immunologic assays, high-throughput 
screening, bioluminescence imaging, and other biolumines-
cence-based assays that could be benefited by enzyme longev-
ity and recycling. The research also allowed the development 
of a method for the synthesis of AuNPs with interchangeable 
capping of thiol compounds, PEG(SH)2 and cysteine.

2 � Results and discussion

Four types of AuNPs were synthesized with homobifunc-
tional polyethylene glycol with thiol end groups (PEG(SH)2) 
and characterized for immobilization of luciferases: 
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PEG(SH)28000-coated AuNPs (PEG(SH)2AuNPs), 
l-cysteine-coated AuNPs (CysAuNPs), the hybrid magnetic 
NPs, (PEG(SH)2Au/Fe3O4NPs), and (CysAu/Fe3O4NPs) for 
the association with luciferases.

2.1 � Chemical synthesis of AuNPs using 
PEG(SH)28000

PEG is widely used to coat AuNPs after preparation by dif-
ferent methods, more usually those fabricated using sodium 
citrate and borohydride [46–48]. PEG terminated with thiol 
groups has also been used for in situ synthesis of AuNPs 
[49–51]. The capping of AuNPs with PEG confers stabil-
ity and biocompatibility for a diverse range of applications. 
The present strategy was the use of PEG(SH)28000 to carry 
out an in situ synthesis of AuNPs using the thiol-terminated 
polymer as the reducing and stabilizing agents assisted by 
HEPES to accelerate the nucleation of AuNPs. The thiol 
groups of PEG(SH)28000 are efficient reducing agents, 
which, assisted by HEPES, promote the reduction of gold 
ions in the atomic form for the formation of AuNPs (Fig. 1). 
The use of PEG(SH)28000 as a reducing agent indicated that 
some of the thiol groups were oxidized and formed sulfonic 
acid (SO3H) derivatives as well as crosslinks of the polymer 
chains by disulfide bonds [47, 52] (Fig. 1).

The formation of AuNPs was characterized by the appear-
ance of a surface plasmon resonance (SPR) band, DLS, 
FESEM-EDX images (Fig. 2A–C, respectively), and zeta 
potential (Table 1 in Supplemental Material). Figure 2A 

shows the spectra of PEG(SH)28000 and AuNPs synthe-
sized using the dithiol polymer as reducing agent and tem-
plate. The AuNPs fabricated with PEG(SH)28000 exhibited 
a broad SPR band peaking at 532 nm and formed a stable 
violet-reddish colloidal suspension as shown in the snapshot 
inset of Fig. 2A. Figure 2B shows the DLS measurement that 
reveals a predominant population of nanostructures with a 
mean Rh (hydrodynamic radius) of 170 nm. The Rh, can be 
defined as the radius of a hypothetical hard sphere that dif-
fuses at the same rate as particle that is under observation. 
Figure 2C–E shows the FESEM images of AuNPs produced 
with PEG(SH)28000. The supramolecular aggregates are not 
hard spheres and so, the determined Rh more closely reflects 
the apparent size adopted by the solvated, tumbling nano-
structure and it is consistent with the size of aggregates that 
are shown by FESEM in Fig. 2C–E.

The FESEM images are consistent with the prediction 
that PEG(SH)28000 could crosslink and form supramo-
lecular aggregates with AuNPs [47, 52]. Although FESEM 
images in Fig. 2C–E shows, in the polymer/NPs aggregates, 
individual nanoparticles with size around 15 nm, a disper-
sion of the AuNPs was obtained replacing the polymer by 
l-cysteine as capping agent to more accurate determina-
tion of the size distribution of AuNPs. The suspension of 
AuNPs was submitted to three cycles of centrifugation and 
resuspension in a solution of l-cysteine 30 mmol L−1. Thiol 
groups of l-cysteine displace thiol groups of PEG(SH)28000 
from AuNP surfaces and disassemble the supramolecular 
aggregates formed by the polymer and AuNPs. AuNPs 

Fig. 1   Schematic representation 
of AuNP synthesis in situ using 
PEG(SH)28000 as reducing 
and stabilizing agents. In the 
first step of the synthesis, Au3+ 
is reduced to Au1+ assisted 
by HEPES. The oxidation of 
PEG(SH)28000 can produce sul-
foxide and polymer crosslink. In 
the step 2, dismutation of Au+1 
produces gold atoms that form 
gold nanoclusters associated to 
the partially oxidized polymer. 
In the third step AuNPs are 
formed by nanocrystal growing
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washed with l-cysteine solution were characterized by Zeta 
potential (Table 1 in Supplementary Material), FESEM 
(Fig. 3A), and XPS analysis (Fig. 3B, C). The replacement 
of PEG(SH)28000 by l-cysteine changed the zeta potential 
from − 2.1 ± 1.1 to − 16.7 ± 0.5 mV (Table 1 in Supplemen-
tary Material). The change in zeta potential of AuNPs after 
treatment with l-cysteine is consistent with the replacement 
of PEG(SH)28000 with the amino acid as the capping agent. 
The l-cysteine molecules bind to the AuNP surface by the 
sulfhydryl group of its lateral chain, leaving α-carboxylic 
and α-amino groups as the ionizable species contributing to 
the zeta potential. Above pH ∼ 6, which was the condition 
of the zeta potential measurements, the partial deprotona-
tion of the α-amino groups and almost total deprotonation 
of carboxylic groups contributed to the negative value of 
zeta potential [53]. It is important to consider that cluster-
ing of cysteines at the interface of AuNPs could make sev-
eral amino groups to be in proximity leading to a signifi-
cant lowering of the pKa value of the α-amino groups of 
some molecules [54]. Other possibilities are the shielding 
of amino groups by reminiscent PEG(SH)2 molecules that 
remained associated with AuNPs or by interactions of the 
amino groups with AuNP surface decreasing the contribu-
tion of positively charged groups for the zeta potential.

The AuNPs capped by l-cysteine had the shape and size 
distribution determined by FESEM images (Fig. 3A) and 
were also characterized by XPS analysis of Au4f and O1s. 

The replacement of the polymer by l-cysteine coating pro-
vided good quality FESEM images that corroborated the 
formation of monodispersed AuNPs with a mean size of 
15.6 ± 0.2 nm (histogram in the inset of Fig. 3A). XPS spec-
trum of Au4f presented the typical sharp doublet peaks at 
87.78 ± 0.03 eV and 84.08 ± 0.03 eV assigned respectively 
to Au 4f7/2 and Au 4f5/2 binding energies (BE) of nanopar-
ticulated zero valent Au0 (87.7 eV and 84.0 eV).[55]. The 
decomposition of the O1s XPS spectrum in Fig. 3C reveals 
BE peaks at 531.01 ± 0.02, 532.38 ± 0.01 and 534.6 ± 0.1 eV 
that can be assigned to oxygen of C=O, C–OH and water, 
respectively [56]. The O1s XPS spectrum is consistent with 
the presence of l-cysteine on the AuNP surface due to the 
presence of carboxylic groups.

2.2 � Chemical synthesis of hybrid gold/magnetite 
nanoparticles using PEG(SH)28000

Hybrid Au/Fe3O4 NPs were synthesized using 
PEG(SH)28000. Nanoparticulated magnetite was first syn-
thesized as previously described [57, 58]. Fe3O4 NPs were 
dispersed in PEG(SH)28000 solution under stirring with 
the subsequent addition of AuHCl4. After the appearance 
of the SPR band, the free magnetite NPs were separated 
from the hybrid Au/Fe3O4 NPs by magnetophoresis. When a 
flask containing magnetite and Au/Fe3O4 NPs in suspension 
was approximated to a magnet, free magnetite was rapidly 

Fig. 2   Characterization of PEG(SH)2AuNPs by UV–visible spec-
troscopy, FESEM and DLS. A SPR band of PEG(SH)2AuNPs (black 
line) and PEG(SH)2 (gray line). The inset shows the snapshot of the 
colloidal suspension; B hydrodynamic radius distribution obtained 

by dynamic light scattering indicating a mean value of 170 nm; C–E 
FESEM images of the PEG(SH)2AuNPs in which it is possible to 
distinguish the corona of PEG(SH)28000 probably crosslinked by 
disulfide bonds
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attracted to the side of the flask wall that is sided by the mag-
net. While free magnetite was immobilized on the flask wall 
by magnet attraction, the suspension was collected using 
a pipette and transferred to another flask. The hybrid Au/
Fe3O4 NPs were then slowly attracted by a magnet, and the 
non-magnetic material was collected using a pipette.

The Au/Fe3O4 NPs were resuspended in water or in an 
l-cysteine solution and used for luciferase immobiliza-
tion. The Au/Fe3O4 NPs were characterized by FESEM 
(Fig. 4A), UV–visible spectrum (Fig. 4B), by FESEM EDX 
maps that corroborated co-localization of iron and gold 
elements in the NPs (Figure S1 in Supplemental material), 
and SQUID (Figure S2A and B in Supplemental material). 
Figure 4A shows that the Au/Fe3O4 NPs have a mean diam-
eter of 17.3 ± 0.6 nm and form aggregates by association 
with PEG(SH)2The analysis of PEG(SH)2Au/Fe3O4NPs 
by UV–visible spectroscopy showed an additional spec-
tral contribution of magnetite associated with the AuNP 
SPR band that became 4 nm blue-shifted in comparison 
with PEG(SH)28000AuNPs (green line). The inset shows a 
snapshot of the hybrid PEG(SH)2Au/Fe3O4NPs suspension 
obtained by magnetophoresis.

2.3 � Fabrication and enzymatic activity of gold 
nanoparticle–luciferase hybrid systems

Luciferases were immobilized on different NPs that were 
produced and their activities were measured. Immobilization 

was characterized by FTIR and FESEM. Figure 5A shows 
the FTIR spectra of free Py (green line) and RE (wine) 
luciferases, which show the contributions of typical protein 
amide I and amide II bands around 1650 and 1550 cm−1, 
respectively, from the bending of peptide C–O stretching and 
N–H bending in peptides (groups illustrated in panel D). The 
spectra also show bending modes of CH2 around 1460 cm−1, 
stretching of C–NH2 around 1420 cm−1, and amide III band 
resulting from C–N, C–O, and C–C–O vibrations of the pro-
tein backbone and amino acid residues around 1330 cm−1 
[59].

Figure  5B, C shows the FTIR spectral features of 
PEG(SH)28000 AuNPs before (black line) and after the 
association with Py and RE luciferases (blue lines), respec-
tively. In the spectral region of 1250–1800 cm−1, the FTIR 
spectrum of PEG(SH)28000 AuNPs shows the contribu-
tions of CH2 scissoring at 1465  cm−1, CH2 wagging at 
1353 cm−1, C–O stretching at 1315 cm−1, and CH2 twisting 
at 1282 cm−1. The band at 1650 cm−1 is assigned to hydra-
tion water. The signal of water adsorbed on the AuNP sur-
faces is intensified by surface enhanced infrared absorption 
(SEIRA) effects [60]. The FTIR spectra of PEG(SH)28000 
AuNPs associated to luciferases (Fig. 5B, C, blue lines) 
clearly show the appearance of contributions assigned 
to amide I and amide III bands. In the FTIR spectrum of 
PEG(SH)28000 AuNPs associated with luciferases, the 
contribution of amide II bands is missing, and shoulders 
around 1616 cm−1 and 1606 cm−1 seem to be associated 

Fig. 3   Size, shape, and capping characterization of CysAuNPs. A 
FESEM images of the AuNPs with the inset showing the distribu-
tion of edge-to-edge distances obtained from FESEM images for 

CysAuNPs. B, C Shows the respective XPS spectra of Au 4f, and 
1Os XPS of CysAuNPs. The XPS band were deconvoluted by using 
the software Microcal Origin 9.0 multi peak fit tool
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with the band peaking at 1650 cm−1. This result is in good 
agreement with a similar phenomenon described for pro-
tein A conjugated with AuNPs [59]. The spectral change 
involving amide I and II bands of protein conjugated with 
AuNPs is presumed to be promoted by direct N–H moieties 
on the metal surface. In Fig. 5D, it is shown the PDB three-
dimensional structure of the homologous Luciola cruciata 
luciferase in the presence of DLSA (PDB code 2D1S) [61] 
from which the amino acid sequence 56AEY58 present in 
a α-helix region was constructed using ACD/ChemSketch 
software to illustrate the type of vibrations responsible for 
amide I and amide II bands. Figure 5D also shows the groups 
of PEG(SH)28000 contributing to the vibrational spectra.

The sequence 56AEY58 region was aleatorily chosen 
only to illustrate peptide groups contributing for amide I, II 
and III bands. These groups in all the peptide chain exten-
sion contribute for these bands.

FESEM images of PEG(SH)28000 AuNPs associated 
with PyLuc were obtained (Fig.  6A–C) and compared 
with an image of PEG(SH)28000 AuNPs (Fig. 6D). The 
FESEM images of PEG(SH)28000 AuNPs associated with 
Py (Fig. 6A–C) show a denser organic phase in the AuNP 
aggregates when compared with (PEG(SH)28000 AuNPs 
image showed in D panel and others previously shown in 
Fig. 2C–E.

The luminescence activities of Phrixothrix hirtus 
(RELuc) and Pyrearinus termitilluminans (PyLuc) lucif-
erases were tested for both enzymes previously immo-
bilized with PEG(SH)2, PEG(SH)28000 AuNPs, Cys-
AuNPs, PEG(SH)28000/Au/Fe3O4 NPs, and Cys/Au/Fe3O4 
NPs and compared with the enzymes in buffered solu-
tion (Fig. 7A–D). A typical activity assay was performed 
in 100  µL of total volume containing 85  µL of 0.1  M 
TRIS–HCl buffer (pH 8.0), 5 µL of Phrixothrix hirtus lucif-
erase (RELuc) at 0.056 µM and Pyrearinus termitilluminans 
luciferase (PyLuc) at a concentration of 0.055 μM associ-
ated with PEG or the AuNPs, 5 μL of LH2 (luciferin) at 
a concentration of 10 mM and 5 μL of Mg2+ and ATP at 
concentrations of 4 and 2 mM, respectively.

PyLuc and RELuc in the free forms, and associated with 
PEGSH2 (black), PEGSH2AuNPs (navy), CysAuNPs (violet) 
PEGSH2AuNPMag (orange) and CysAuNPMag (dark yel-
low) were incubated with ATP and Mg2+ without LH2. After 
2 h of incubation, aliquots of the incubated enzymes were 
deposited in the first row of wells of a 96-well microplate. 
Then, after addition of d-luciferin, the luminescence activity 
was read in the luminometer and imaged by a CCD camera 
(see snapshots as insets of Figure S3). After total times of 4, 
6, 9 and 50 h of enzyme incubation without LH2, the above 
procedures were repeated with the loading of successive 

Fig. 4   Characterization of PEG(SH)2Au/Fe3O4 NPs by size, shape, 
elemental composition and SPR band. A FESEM images of the 
NPs with the inset showing the distribution of edge-to-edge dis-
tances obtained from FESEM images for PEG(SH)2Au/Fe3O4 NPs; 
B SPR band of PEG(SH)2Au/Fe3O4 NPs (black line) overlapped 
with the SPR band of PEG(SH)2AuNPs (green line) and PEG(SH)2 

(red line). The inset shows the snapshot of the colloidal suspension 
of PEG(SH)2Au/Fe3O4 NPs; C representative EDX graphic with ele-
mental contributions of AuMα1 and FeKα. EDX maps showing co-
localization of Fe and Au, and graphics are available in Supplemental 
material: Figure S1A and B
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rows of wells, determination of luminescence intensity and 
capture of images.

Figure 7A, C and Figures S3A–F and S4A–F, for PyLuc 
and RELuc, respectively, show the luminescence intensi-
ties (counts) immediately after LH2 addition respectively 
to PyLuc and RELuc incubated for 4, 6, 9 and 50 h with 
ATP and Mg2+. In the snapshots (insets of Figures S3A–F 
and S4A–F), the relative bright intensity observed by the 
naked eyes for each condition is not consistent with the lumi-
nescence intensity because of the position of the wells. For 
determination of the luminescence decay exhibited by PyLuc 
and RELuc incubated for 2 h with ATP and Mg2+, after LH2 
addition (Fig. 7B, D, respectively), the snapshots of the Elisa 
plate first line were analyzed by densitometry (Figure S5). 
The snapshots used for densitometry were cut and assem-
bled to compose the insets of Fig. 7B, D. The luminescence 
kinetic was limited to 7.0 h after LH2 addition because at 
longer times the luminescence was no longer detectable 
by CCD imaging. Therefore, Fig. 7A–D shows the distinct 
effects of nanoparticles and PEG(SH)2 on the immediate 
luminescence activity of PyLuc and RELuc after different 

incubation periods (luminescence immediately after LH2 
addition, Fig. 7A, C) and the luminescence kinetics (nor-
malized luminescence decays of the enzyme incubated with 
Mg2+ and ATP for 2 h, Fig. 7B, D). The measurements of 
immediate activity after different incubation times indicate 
the stability of the enzyme in the absence of the substrate. 
Figure 7B, D shows that the association of PyLuc and RELuc 
with PEG(SH)2 and functionalized AuNPs had an immediate 
effect on the luminescence intensity with different degrees 
of suppression. However, the enzymes’ activity exhibited 
similar curves of activity decay in the different conditions. 
The association of PyLuc with PEG(SH)2NPs (blue trian-
gles) and PEG(SH)2NP/Fe3O4 (orange inverted triangles) 
promoted a significant decrease in luminescence after the 
addition of LH2 in all the steps of enzyme incubation. The 
association with PEGSH2, CysAuNPs and CysAuFe3O4/NPs 
were the conditions that better preserved the luminescence 
intensity relative to the free enzymes in solution. Cysteine 
is known to stabilize firefly luciferases, and its positive 
effect against luciferase inactivation suggests that oxidative 
damage and formation of disulfide bonds during incubation 

Fig. 5   Characterization of gold nanoparticle–luciferase hybrid sys-
tem formation by FTIR. A FTIR spectra of free Py (green) and 
RE (wine) luciferases showing the contributions of typical pro-
tein amide I, amide II and amide III bands. B, C FTIR spectrum 
of PEG(SH)2AuNPs (black line) overlapped with the spectrum of 
AuNPs associated, respectively, with PyLuc and RELuc as blue lines. 
In these spectra, the region of 1600–1700  cm−1 was decomposed 
using the multi-peak fit tool of Origin software to show the double 

overlap contributions (cyan and blue dotted lines). D PDB three-
dimensional structure of Luciola cruciata luciferase in the presence 
of DLSA (PDB code 2D1S) with 56AEY58 amino-acid sequence that 
was aleatorily chosen to illustrate the vibrations responsible for amide 
I and amide II bands and a representation of PEG(SH)2 structure. The 
polymer and amino acid sequence structures were constructed with 
ACD/ChemSketch software
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could contribute to the decrease in activity. However, other 
effects might also contribute to the luminescence decrease: 
conformational changes of luciferases bound on AuNPs 
evidenced by FTIR measurements (Fig. 5) and suppression 
of luminescence by the proximity of the luciferase active 
site to the metallic surface of NPs [63]. The association of 
fluorophores with metallic nanoparticles can enhance or 
decrease the fluorescence by Förster resonance energy trans-
fer (FRET). Fluorescence enhancement occurred when the 
SPR band overlapped the fluorophore absorption band, and 
suppression was observed when the SPR band overlapped 
the fluorophore emission spectrum. Consistently, the highest 
fluorescence suppression was caused by PEG(SH)2NPs and 
PEG(SH)2NP/Fe3O4, and the lowest quenching was caused 
by the enzyme association with PEG(SH)2, in which metal-
lic NPs are absent. Time-dependent quenching promoted by 
metallic nanoparticles by means of a FRET mechanism can 
occur only when associated with progressive changes in the 
enzyme structure.

Similar results were obtained by the association of 
RELuc with PEG(SH)2 and the diverse NPs, except that 
the time-dependent loss of activity in the absence of sub-
strate (Fig. 7C) was faster for the enzyme associated with 
PEG(SH)2 than with CysAuNPs and CysAuFe3O4/NPs. 
The effects of PEG(SH)2 and the different NPs on the 
enzymes after the addition of substrate (kinetics in Fig. 7B, 
D) are different from those observed for enzyme aging in 
the absence of substrate (Fig. 7A, C). The association with 

CysAuNPs and CysAuFe3O4/NPs preserved the enzyme 
activity for a longer time (48 h), whereas luminescence of 
free luciferases in solution exhibited fast decay of activ-
ity after 2 h of reaction. In the case of PyLuc, the decay 
of luminescence from the system containing free enzyme 
was faster than the luminescence decay of the enzyme 
associated with PEG(SH)2, CysAuNPs, and CysAuFe3O4/
NPs. It is important to note that the luminescence decay 
is not promoted by substrate depletion because of the 
large excess of substrate used. The results obtained can 
be related to enzyme stability in the presence of substrate 
and the effect of products and side products on enzyme 
inhibition [64, 65]. At relatively high substrate concentra-
tions, the in vitro luminescence exhibits a flash pattern, 
which begins with an initial flash that quickly decays to 
a low basal level, as shown in Fig. 7B, D. The fast flash 
pattern decay of luminescence was suggested to be caused 
by an accumulation of inhibitory products, OxyLH2 
(Ki = 0.50 ± 0.03 mM), and especially dehydroluciferyl-
adenylate (L-AMP) which is a strong competitive inhibi-
tor (Ki = 3.8 ± 0.7 nM), [66] and also by conformational 
effects of the C-terminal domain relative to the N-terminal 
during the catalytic steps. Therefore, the inhibitory effects 
of products and side products can be apparently attenuated 
by the enzymes associated with PEG(SH)2, CysAuNPs, 
and CysAuFe3O4/NPs, probably by affecting the mobility 
of the N′ and C′ subdomains, by impairing the binding of 
the inhibitors or both effects.

Fig. 6   A–D Are representative FESEM images of PEG(SH)2AuNPs associated with PyLuc. A–C Show representative images of the samples 
containing PyLuc compared with the PEG(SH)2AuNPs (D)
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3 � Conclusion

PEG(SH)2 was used as a reducing and stabilizing agent for 
the synthesis of monodisperse AuNPs with a mean diam-
eter of ~ 15 nm and hybrid Au/Fe3O4 NPs using previously 
synthesized nanoparticulated magnetite. The AuNPs syn-
thesized using PEG(SH)2 formed aggregates stabilized by 
polymer capping on which PyLuc and RELuc were immo-
bilized. The corona formed by PEG(SH)2 could be replaced 
by l-cysteine, followed by enzyme immobilization. The 
PyLuc nanoconjugates incubated for two hours, in the 
absence of substrate, showed different degrees of quench-
ing when compared to the control. The smallest degrees 
of PyLuc bioluminescence quenching, immediately after 
substrate addition, were obtained with PEG(SH)2 (20%) 
and with CysAuNP and CysAuNPMag (~ 30%). AuNPs 
and AuNPMag functionalized with PEG(SH)2 promoted a 
quenching of 72% in the PyLuc bioluminescence. However, 
after 9 h of incubation without substrate, PyLuc conjugated 
with PEG(SH)2 exhibited 66% of bioluminescence quench-
ing while CysAuNP and CysAuNPMag promoted 30% of 

bioluminescence suppression. Considering the preservation 
of enzymatic activity, native PyLuc preserved only 20% of 
activity 2.5 h after substrate addition whereas conjugations 
with PEG(SH)2, CysAuNP, and CysAuNPMag preserved, 
respectively 55%, 64%, and 48% of the initial activity. 
Important to note that the significant preservation of enzy-
matic activity observed for the conjugates with AuNPs and 
AuNPMag functionalized with PEG(SH)2 are not impor-
tant due to the high degree of bioluminescence quench-
ing promoted by these nanostructures. For RELuc, a high 
degree of suppression was also observed after association 
with AuNPs and AuNPMag functionalized with PEG(SH)2. 
RELuc conjugation with PEG(SH)2 promoted the lowest 
degree of quenching (7%) after 2 h of incubation followed 
by CysAuNP (17%) and CysAuNPMag (25%). However, 
for RELuc, conjugation with PEG(SH)2 and CysAuNPMag 
were inefficient in protecting the enzyme during incubation 
in the absence of substrate. In these conjugates the activ-
ity decreased, respectively, 75% and 55%, compared to the 
control after 9 h of incubation without substrate. On the 
other hand, RELuc associated with CysAuNP and incubated 

Fig. 7   Effect of the association with PEG(SH)2 and AuNPs on the 
stability and luminescence decays of luciferases. Graphics A and B 
refers to PyLuc results and C and D to RELuc results as indicated 
in the graphic legend in green and rose, respectively. A, C Effects of 
incubation time (aging) on the loss of PyLuc and RELuc activities, 
respectively, in different conditions: free in solution (grey), associ-
ated with PEGSH2 (black), PEGSH2AuNPs (navy), CysAuNPs (vio-
let) PEGSH2AuNPMag (orange) and CysAuNPMag (dark yellow). 
B, D Effects of the association with PEGSH2 and different NPs on 

the luminescence decay of PyLuc and RELuc, respectively, after 
LH2 addition and after 2 h of incubation with Mg2+ and ATP in the 
absence of substrate. The normalized decays were obtained from the 
well densitometry of white color in the snapshots (insets of C and D, 
respectively), similarly to previously described by Yokomizo et  al. 
[62]. The insets of B and D were composed by images of the first 
lines of wells as indicated in Figure S3 and S4 of Supplemental mate-
rial
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for 9 h in the absence of substrate, showed a loss of 28% 
of the initial activity compared to the control. For RELuc, 
conjugations with CysAuNP and CysAuNPMag were the 
most efficient in preserving the enzymatic activity, which 
remained at about 50% 2.5 h after the addition of the sub-
strate. The association with CysAuNPs resulted in a better 
combination of persistence of luminescence activity with a 
low degree of luminescence quenching, probably because 
of isolated or combinatory effects of l-cysteine antioxidant 
action, impairment of inhibitory effects by products and side 
products access to the enzymes, and controlled access of 
the substrate to the enzyme active site. The elucidation of 
these mechanisms requires additional research in our labo-
ratories. The higher enzymatic stability and more sustained 
luminescence of luciferase associated with nanoparticles 
may increase the effective applicability of bioluminescence 
for different bioanalytical purposes, including bioimaging, 
biosensors and immunoassays.

4 � Materials and methods

All solutions were prepared with reagents of analytical 
grade, used as acquired without any further purification, 
and ultrapure water (Milli-Q, 18.2 mΩ cm−1). Hydrogen 
tetrachloroaurate (HAuCl4), chloride acid, sodium hydrox-
ide, mono-and dibasic sodium phosphate, HEPES buffer, 
l-cysteine, and homobifunctional polyethylene glycol with 
thiol end groups (PEG dithiol) were supplied by Sigma-
Aldrich (St. Louis, Missouri, EUA). Ferric chloride (98%, 
anhydrous FeCl3), ferrous chloride tetrahydrate (98%, 
FeCl2·4H2O), and ammonium hydroxide (98%, NH4OH) 
were purchased from Vetec Química Fina (Rio de Janeiro, 
RJ, Brazil). The aqueous solutions and suspensions were 
prepared with deionized water (mixed bed of ion exchange, 
Millipore®), and the pH was measured using a combined 
glass electrode (Orion Glass pH SURE-FLOW™). The 
reference electrode (ROSS™, model 8102) was filled with 
Orion Filling Solutions (ROSS™). The pH meter was cali-
brated using METREPAK pHydrion standard buffer solu-
tions (Brooklyn, NY, USA). The glass vials used for the 
synthesis of gold nanoparticles were cleaned with aqua 
regia solution (1:3–HNO3/HCl) to avoid contamination with 
potential artificial nucleation sites.

Gold nanoparticle gold nanoparticles were synthesized at 
room temperature in 30 mM HEPES, and sodium phosphate 
buffered solutions of 4 mM PEG dithiol 8000 (PEG(SH)2 
8000) at pH 10 according to a method using a reagent ratio 
of 5/1 thiol/HAuCl4 and HEPES as the reducing agent for 
gold nanoparticle nucleation. Hydrogen tetrachloroaurate 
(HAuCl4) was added to PEG(SH)2 8000 under stirring at a 
final concentration of 0.4 mM. The reddish-violet color and 
appearance of the surface plasmon resonance band at 532 nm 

in the UV–vis spectra of the reaction mixture confirmed the 
formation of AuNPs. The replacement of PEG(SH)2 8000 
by l-cysteine as the capping agent of AuNPs was done by 
successive, at least three, washing of the AuNPs in 1.5 mM 
of l-cysteine solution. The colloidal suspension was cen-
trifuged at 14,000 rpm for AuNP sedimentation, the super-
natant was removed and replaced with an equal volume of 
l-cysteine solution, and the procedure was repeated at least 
three times. After washing with l-cysteine solution, the col-
loidal suspension exhibited a red color, and the turbidity 
decreased. Au/Fe3O4 NPs were synthesized by the addition 
of previously fabricated and characterized nanoparticulated 
magnetite (Fe3O4) [58] in 4 mM PEG(SH)2 8000 at pH 10, 
followed by the addition of HAuCl4 stock solution under 
stirring. Magnetite synthesis was carried out according to 
Barreto et al. [58]. Briefly, 0.023 M ferric chloride solu-
tion was mixed with 0.027 M ferrous chloride solution. The 
mixed solution was stirred under a nitrogen atmosphere and 
kept at room temperature to maintain a molar Fe2+/Fe3+ 
ratio of 1/2. In sequence, 33.5 mL of a concentrated solu-
tion of NH4OH (27%) was added (pH in the range of −10 to 
11.8), leading to the immediate formation of a black precipi-
tate. The mixture was stirred at 2000 rpm for 30 min under 
magnetic stirring. The product was decanted, washed three 
times, and dried at 40 °C for several hours.

UV/vis absorption spectroscopy spectra were recorded 
using a Thermo Fisher Spectrophotometer (Evolution 220), 
using a 1 cm quartz cuvette, made at room temperature.

Fourier transform infrared spectroscopy infrared spec-
troscopy was carried out in ATR mode (attenuated total 
reflection) in a Varian AIM-8800 coupled to the microscope. 
The suspensions of nanoparticles were dropped on the sur-
face of the diamond crystal and slowly dried in the presence 
of silica particles in proximity to the crystal.

FESEM images and energy dispersive X-ray analy-
sis high-magnification images of the nanoparticles were 
obtained by field emission scanning electron microscopy 
(FESEM; JEOL model JMS-6701F) with an energy-disper-
sive X-ray spectrometer attached for chemical characteriza-
tion (EDX, Thermo Scientific, model NORAN System—
Nano Trace detector). A small drop of the sample to be 
analyzed was plotted on a piece of a doped silicon substrate. 
The sample was dried for several hours prior to image acqui-
sition. The acceleration voltage used for the FESEM images 
was 5 kV, and for the EDX analysis was 10 kV.

X-ray photoelectron spectroscopy (XPS) analysis was 
performed using K-alpha (Thermo Fisher Scientific).

Zeta potential and dynamic light scattering the zeta 
potential (ζ) analysis of the samples was performed using 
a Zetasizer Nano ZS (Malvern Instruments). The potential 
values were determined as the average of the electropho-
retic mobility values using the Smoluchowski equation 
[67]. The measurements were carried out using an ALV/
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CGS-3 compact goniometer system consisting of a 22 mW 
HeNe linearly polarized laser operating at a wavelength 
of 633 nm, an ALV 7004 digital correlator, and a pair 
of avalanche photodiodes operating in pseudo-cross-cor-
relation mode. The colloidal suspensions were placed in 
10 mm diameter glass cells and maintained at a constant 
temperature of 25 °C. The functions of autocorrelation 
were obtained from three independent runs with a count-
ing time of 60 s. The data were collected and treated using 
ALV Correlator Control software.

Luciferase expression and purification plasmid pCold 
(Takara, Japan) carrying the cDNAs for P. hirtus railroad-
worm red emitting luciferase (RE) and Pyrearinus termitil-
luminans (Py) click beetle green emitting luciferase were 
used to transform E. coli BL21. The transformed bacteria 
were grown in 100 mL LB medium until OD600 = 0.4, and 
then induced for protein expression with 0.4 mM IPTG at 
18 °C overnight. The induced bacteria were centrifuged at 
2500×g for 15 min at 4 °C, and the resulting bacterial pel-
let was used for luciferase extraction. The bacterial pellet 
was extracted in 50 mM sodium Phosphate buffer, 300 mM 
NaCl, 10 mM imidazole and protease inhibitor cocktail 
(Roche), pH 7.0, lysed by ultrasonication and centrifuged 
at 15,000×g for 15 min at 4 °C. Posteriorly, luciferase was 
purified by Nickel-agarose affinity chromatography. The 
crude extracts were then incubated with Nickel-agarose, 
washed with 50 mM sodium Phosphate buffer, 300 mM 
NaCl, 20 mM imidazole, pH 7.0 and finally the luciferases 
were eluted with Phosphate buffer, 300 mM NaCl, 250 mM 
imidazole, pH 7.0. Protein concentration was estimated 
by Bradford method. The stock solution concentration to 
make the nanoparticle Synthesis were ~ 0.23 mg/mL or 
3.77 µM for both luciferases.

Luminescence assay the luminescence intensity was 
measured using an AB2200 luminometer (ATTO, Tokyo) 
in counts per second (cps). Bioluminescence was also 
imaged using a light capture II CCD camera (ATTO, 
Tokyo, Japan). The sample was obtained by mixing 
85 µL 0.10 M Tris–HCl pH 8.0; 5 µL of purified enzyme, 
5 µL of 40 mM ATP, 80 mM MgSO4 and 5 µL of 10 mM 
d-luciferin.

Bioluminescence spectra the in vitro bioluminescence 
spectra were measured using a n AB—1850 Lumi FI Spec-
tro Capture spectroluminometer (ATTO, Tokyo), by mixing 
85 µL 0.10 M Tris–HCl pH 8.0; 5 µL of purified enzyme, 
5 µL of 40 mM ATP, 80 mM MgSO4 and 5 µL of 10 mM 
d-luciferin.
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