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Abstract. Metal-enhanced bioluminescence (MEB) is a complex photophysical event which manifests
itself in manifold luminescence enhancement and depends on many parameters. The parameters
include the distance between the luminescent source and the nanomaterial surface, the size and shape
of nanoparticles, localized surface plasmon resonance (LSPR) peaks of the nanomaterial and the
dielectric constant of the surrounding medium. Studying distance-dependent MEB in the presence of
linkers of specified length may provide new insights into luminescence enhancement. In this regard, the
present investigation is aimed to understand the role of ethylene diamine as a potential linker in model
systems for distance-dependent metal-enhanced bioluminescence (MEB) with gold nanoparticles
(AuNPs). Four different types of AuNPs (AuNPIl, AuNP2, AuNP3, AuNP4) were synthesized
by varying the trisodium citrate (TC) and silver nitrate (AgNO;) concentrations with maximum
absorbance values of 0.99, 1.24, 1.21 and 1.38 respectively and the corresponding LSPR peaks (A.,)
of 520 nm, 535 nm, 525 nm, and 525 nm. Luminescence enhancement up to 1.44-fold was observed
when ethylene diamine (ED) was used as a linker in the presence of 1-N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide (EDC), ATP and AuNPI. The sample consisting of FMN, EDC and AuNP1
showed 1.3-fold luminescence enhancement. It was noted that AuNPs synthesized using AgNO; as an
additional component did not enhance luminescence in all the investigations. The suggested technique
of using linkers of predetermined lengths may also prove fairly effective for studying other parameters

which can influence MEB and cause sensitivity enhancement of luminescence-based biosensors.
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AunHOTanusA. Metasn — ycusieHHas Ouontromubecuennus (MEB) npezacrtaBisier coO0i ClioKHOE
(boTodpuzmueckoe cOOBITHE, MPOSBIISIONICECS B BUIE MHOTOKPATHOTO YCUJICHUS JIFOMHAHECIICHITUN
W 3aBUCAIIEe OT MHOXKECTBA mapameTpoB. K 3TUM mapaMeTpaM OTHOCHTCS PACCTOSIHHE MEXIY
HCTOYHUKOM JTIOMHHECIICHIIUH U TIOBEPXHOCTHhIO HAHOMAaTeprala, pa3Mep u (opmMa HaHOYACTHII,
a Tak)ke MUKW MJIAa3MOHHOTO pe30HaHca JIokaan3oBanHOW moBepxHocTH (LSPR) Hanomartepuana
W JOUIJICKTPUYECKas MPOHUIAEMOCTh OKpPYJKamIled cpeasl. V3ydeHHe paccTOSHUS MEKIY
MCTOYHUKOM JIIOMHUHECIICHIIUY U TIOBEPXHOCTHIO HAHOMATEpUajia ¢ UCMOJIb30BAHUEM CBS3YIOIMHNX
areHTOB (JIMHKEPOB) 3aJaHHOW JIMHBI MOXET [aTh HOBOE IMOHUMaHHE 3(PQeKTa yCHICHHS
JIFOMUHECHEHIIMH. [103TOMY IEJIbI0 HACTOSIIETO0 HCCIICIOBAHMS ObLIa IPOBEPKA BO3MOKHOCTH
WCIIOJIb30BAHUS JTUJICHIWAMIHA B Ka4eCTBE MOTCHIMAIBHOI'O JIMHKEpa IS JUCTAHIIMOHHO-
3aBucumMoii MEB ¢ nanouactumamu 3omota (AuNPs). Ilytem BapsupoBaHUS KOHLEHTpAIUl
tpuHatpuiinuTpara (TC) n Hurpata cepedbpa (AgNO;) ObLIM CHHTE3MPOBAHBI YETHIPE THIIA
Hanouyactuil 3010ta (AuNPI, AuNP2, AuNP3, AuNP4) ¢ makcumymamu mnornomeHuit 0,99;
1,24; 1,21 u 1,38 mpu An., 520, 535, 525 u 525 M. Ycumienme nroMuHecueHIuu B 1,44 pasa
Ha0JII0aI0Ch MPU HCMHOJAb30BaHuK dTHwieHauamuua (ED) B kadecTBe JUHKEpa B NMPUCYTCTBUU
l-3tun-3-(3-gumermnamunonponmnkapooquumuga (EDC), ATP u AuNPl. B o0pasme,
cocrositieM u3 GiaBuamMonoHykieotuaa (FMN), EDC u AuNP1, 6b1110 3apikCHpOBAaHO yCHIICHUE
momuHecuenuu B 1,3 pasza. Mcnonb3oBanne AgNO; B kKauecTBE JONOJHUTENBHOIO KOMIIOHEHTA
npu cuaTe3e AuNPs He NpPUBOAWUT K YCHUJIEHHUIO YPOBHS JIOMUHECHEHIUHU. lIpenmoxkeHHbIN
MMOIXOl C NMPUMCHCHUEM JIHHKEPOB 3aJaHHOW JITMHBI MOXET OBITH TOJE3HBIM I W3YYCHHS
JIpyTUX mapaMeTpoB, Biausionmux Ha MEB u nmpuBoasimux K yBEJIWUYECHUIO 4yBCTBUTEIBHOCTH

JJIOMUHCCICHTHBIX 6I/IOCCHCOPOB.
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Introduction

Metal-enhanced bioluminescence (MEB)
is an intriguing photophysical effect that takes
place on a nanometal surface and depends
upon multiple parameters (Geddes, Geddes,
2012; Geddes, 2014; Ranjan et al., 2017). These
parameters include the distance between the
source of light and plasmon-induced metallic
surface (generally <10 nm), the wavelength
and intensity of the incident light, the nature
of nanomaterial (shape, size, metal type) and
the dielectric constant of the surrounding
medium. For this reason, determining the
optimal conditions for observing luminescence
enhancement is a highly complex task.
Nevertheless, there are a few scientific reports
which discuss MEB. The paper by Golberg et al.
(2014) describes bioluminescence enhancement
(up to 2-fold) by silver nanoparticles on a
polystyrene microtiter plate surface placed
in vicinity to a whole-cell bioreporter. The
distance (d;_\p) between the nano-metal surface
and the light source (viable bioluminescent
bacteria) was presumed to be less than 10 nm.
Another similar MEB study was carried out
using gold-silver colloids in association with
bioluminescent sources viz. Photobacterium
leiognathi, firefly luciferase (FLuc) and bacterial
luciferase (BLuc). The achieved enhancement of
bioluminescence was 250% for bacterial cells,
95% for BLuc and 52% for FLuc (Abhijith et
al., 2014). This study was carried out without
considering d; np. Use of silver island films in
bioluminescence enhancement has also been

previously reported (Eltzov et al., 2009) and

d; np was intentionally less than 10 nm. In this
case, the excited states of the bioluminescent
intermediates can non-radiatively induce mirror
dipoles on the metallic surface thus inducing
the surface plasmons to radiate coupled quanta.
According to Du et al. (2014) bioluminescent
protein nanocapsules (BPN) in close proximity
to gold nanocrystals (GNC) can result in ca. 10-
fold enhancement of bioluminescence intensity.
In this research, BPN was constructed using
chemically modified horse-radish peroxidase
(HRP) and GNC.

These

enhancement provide ample opportunity to

methods for  bioluminescence
increase the sensitivity of bioassay systems.
However, an appropriate linker of a uniform
size has not been previously used for observing
MEB. In the present research, ethylene diamine
(ED) was studied as a potential linker between
a bioluminescent source and gold nanoparticles
(AuNPs) in MEB. Adenosine 5’-triphosphate
(ATP) and flavin mononucleotide (FMN) were
used as prime substrates for bioluminescent

emission in this study.

Materials and methods

Materials

A vial of the lyophilized preparation

contained 0.5 mg bacterial luciferase (EC

1.14.14.3) from the recombinant strain,
Escherichia coli and 0.15 U of NADH:FMN-
oxidoreductase (EC 1.5.1.29, Vibrio

fischeri) obtained from the Laboratory of

Nanobiotechnology and  Bioluminescence,

Institute of Biophysics, Krasnoyarsk. Mutant
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firefly luciferase (FLuc: EC 1.13.12.7) from
Luciola mingrelica (FLuc) and D-luciferin
of Lumtek, Moscow,
(ATP),
tris(hydroxymethyl)aminomethane (Tris), N-(3-

were the products

Russia. Adenosine 5’-triphosphate
dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC) and ethylene diamine
(ED) were obtained from Merck KGaA,
Darmstadt, Germany. Reduced nicotinamide
adenine dinucleotide (NADH), tetradecanal and
flavin mononucleotide (FMN) were the products
of Serva, Germany. Hydrogen tetrachloroaurate
(IIT) trihydrate (HAuCl,-3H,0) was obtained
from Alfa Aesar (ThermoFisher Inc., Karlsruhe,
Germany); trisodium citrate was purchased from
PanReac AppliChem GmbH, Germany. Silver
nitrate (AgNO;) was obtained from JSC Ural
Chemical Reagents Plant, Sverdlovsk Region,
Russia. Nitric acid (HNO;) and hydrochloric
acid (HCl) were purchased from Giredmet,
Moscow, Russia. Glycerol and magnetic beads
were purchased locally. Disodium hydrogen
phosphate and monosodium  dihydrogen
phosphate were purchased from Medigen,
Novosibirsk, Russia. Glacial acetic acid was

obtained from Chemicalsnab, Ufa, Russia.

Synthesis of gold nanoparticles

and basic characterization

Glassware viz. a three-neck round bottom
flask, glass stoppers, beakers, pipettes and a
reflux condenser were washed thoroughly and
immersed in aqua regia (mixture of HNO; and
HCl in the molar ratio 1:3) to eliminate any traces
of impurities followed by rinsing with double
distilled water. The glassware was dried using a
hot air oven until further use. The stock solution
of HAuCl,;-3H,0 (0.1 M) was prepared by
dissolving 0.393 g of HAuCl, -3H,0 in ultrapure
water to obtain 10 mL of aqueous solution and
kept at 4 °C in the dark; 0.1% AgNO; aqueous

stock solution was prepared by dissolving 2 mg

of AgNO; in 2 mL of ultrapure water and used
immediately.

Four different types of AuNPs (AuNPI,
AuNP2, AuNP3 and AuNP4) were prepared
using the method described previously (Abhijith
et al., 2014; Ranjan et al., 2018) with minor
modifications. In brief, 145 uL. HAuCl, -3H,O
(0.1 M) and 20 mg trisodium citrate (TC) were
used to synthesize all AuNPs types. AuNP2,
AuNP3 and AuNP4 contained 45uL, 90 pL
and 135 pL of AgNOs (0.1%) respectively. The
reaction mixture was made up to the volume of
10 mL using ultrapure water and incubated for
10 minutes in the dark. Meanwhile, 40 mL of
ultrapure water was allowed to boil in a 3-neck
round bottom flask under reflux using a magnetic
stirrer with a heating facility (RH basic 2, IKA,
Germany). The flask was partially immersed in a
glycerol filled glass jar, where glycerol served as
a heat transfer medium.

Then the reaction mixture was transferred to
the 3-neck round bottom flask under continuous
stirring using a magnetic bead and allowed to
react for 15 minutes. The final concentrations of
the reactants were: 1.54 mM TC and 0.29 mM
HAuCl;-3H,0 in AuNP1; 1.54 mM TC, 0.29 mM
HAuCl,:3H,0 and 5.3 uM AgNO; in AuNP2;
1.54 mM TC, 0.29 mM HAuCl,-3H,0 and
10.6 uM AgNO; in AuNP3; 1.54 mM TC,
0.29 mM HAuCl,3H,0 and 159 uM AgNO;
in AuNP4. After 15 minutes, the solution was
allowed to cool at room temperature. The
synthesized AuNPs were transferred to glass vials
and an aliquot of each AuNPs was analyzed for
its spectrophotometric parameters (absorbance,
Amax) using UV-Vis spectrophotometer (Cary 60,
Agilent technologies, USA).

Optimization of EDC

and ED concentrations

Optimization of EDC and ED concentrations

was performed to prevent AuNPs aggregation.
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20 uL EDC at concentration >10 uM were added
to 280 pL of synthesized AuNPs and the color
change from red to purple-blue was observed as
an indicator of AuNP aggregation. Similarly, ED
(>10 uM) was incubated with 280 uL of AuNPs
to determine the optimal concentration that

prevented aggregation.

Co-incubation of ED, ATP
and AuNPs in the presence of EDC

Four incubation schemes were designed
in which the first experiment set-up contained
470 pL deionized water and 30 pLL ATP solution;
the second experiment set-up involved incubation
of individually synthesized AuNPs (410 puL) with
30 uL of ATP solution. The final volume was made
up to 500 puL with water. The third experiment
set-up included 410 uL AuNPs, 30 uLL ATP, 30 uLL
EDC and 30 pL H,O; the fourth experiment
included 410 uL. AuNPs, 30 uL ATP, 30 uL EDC
and 30 uL ED. The final concentrations of reagents
in the solutions were 100 uM ATP, 100 uM EDC
and 10 uM ED. The samples were incubated at
30°C for 60 minutes followed by performing the
firefly luciferase bioluminescence assay. The pre-
reaction mixture for the bioluminescent assay
contained 300 uL tris-acetate buffer (pH, 7.8;
100 mM), 10 pL firefly luciferase (ca. 2 ng FLuc)
and 10 pL luciferin (1 pg mL"). Bioluminescent
reaction was initiated by addition of incubated
samples (10 uL) to the pre-reaction mixture.
(n=3)

performed for 60 seconds using a luminometer

Luminescence  measurements were
(Glomax 20/20, Promega, USA) and values were

reported as mean £ SD.

Co-incubation of ED, FMN
and AuNPI in presence of EDC

Co-incubation of FMN and AuNP1 was
carried out in the presence of ED and EDC.
Four types of samples were prepared viz.
470 uL H,0, 30 uL FMN; 410 uL. AuNP1, 30 uL

FMN, 60 pL H,O; 410 uL AuNP1, 30 uL FMN,
30 uL EDC, 30 pL H,0O; and 410 pL AuNPI,
30 uL FMN, 30 uL EDC, 30 uL ED. The final
concentrations of reagents in the solutions were
0.1 mM FMN, 10 pM EDC and 10 pM ED. The
pre-assay mixture contained 300 puL phosphate
buffer (pH: 7.0, 100 mM); 10 uL BLuc and
NADH:FMN oxidoreductase; 50 uL 0.0025%
tetradecanal solution and 50 pL 0.5 mM NADH.
Bioluminescent reaction was initiated by addition
of incubated samples (10 uL) to the pre-assay
The
(n=3) were performed for 60 seconds using a
luminometer (Glomax 20/20, Promega, USA) and
values were reported as mean + SD.

mixture. luminescence measurements

Results and discussion

Basic properties

of synthesized gold nanoparticles
The  synthesized

(AuNP1-AuNP4) were faceted nanocrystals with

localized surface plasmon resonance (LSPR)

peak in the range of 520-535 nm (Fig. 1). The

absorption maximum (Abs,,,,) and LSPR peak

gold  nanoparticles

for AuNP1 was 0.99 and 520 nm respectively.
AuNP2 had Abs,,, of 1.24 and LSPR peak of
535 nm. Abs,,,, for AuNP3 and AuNP4 were 1.21
and 1.38 respectively and the LSPR peaks for
AuNP3 and AuNP4 were 525 nm. The shift of
the LSPR peak from blue towards red indicates
that AuNP2, AuNP3 and AuNP4 exhibit a
higher absorption in the red region than AuNP1
resulting in blue to purple colored AuNPs.
Moreover, the shift tells about the size of AuNPs.
The shift of LSPR peak towards the red region
suggests increment in AuNPs size. Furthermore,
higher visible absorbance of AuNPs indicates the
higher concentration of nanoparticles. As the size
increases, they tend to agglomerate and gradually
settle to the bottom resulting in lower absorbance.
However, it must be noted that a precise

determination of AuNP concentration using this
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Fig. 1. Absorbance spectra of synthesized gold nanoparticles, AUNP1 (AbSay: 0.99, Apac: 520 nm); AuNP2 (AbS,py:
1.24, Apax: 535 nm); AuNP3 (Abs,ay: 1.21, Ay 525 nm); and AuNP4 (Abs,.: 1.38, Aoy 525 nm)

method is rather difficult since the particles are
not uniform in size. The yield of AuNPs followed
the trend AuNP4>AuNP2>AuNP3>AuNP1.

Effect of EDC and ED on AuNPs stability
AuNPs

observed. It takes less than a minute to observe

aggregation can be visually
color change from red to blue or purple in case
the agglomeration of AuNPs occurs (Ranjan et
al., 2018). The stability of AuNPs depends upon
the capping agent. In citrate-capped AuNPs, the
anionic shielding imparted by the negatively
charged citrate ions prevents aggregation due to
anionic repulsion. However, in case positively
charged species come in the vicinity of AuNPs,
the anionic shielding disrupts via charge
neutralization, ultimately leading to aggregation.
It was noted that molar strengths greater than
10 uM for both EDC and ED led to partial
or complete aggregation depending upon the

method used for synthesizing AuNP.

Effect of ED and EDC
on luminescence response
in AuNPs based FLuc assay

Luminescence enhancement up to 1.44-fold

compared to the control (ATP) was observed

predominantly in samples containing AuNPI
(Fig. 2, 1A, 1B, 1C). Ethylene diamine molecule
has an amine group at its both ends and can form
covalent bonds with the phosphate group of ATP
and carboxylic group of AuNPs via coupling
reactions. EDC is a water-soluble zero-length
cross-linking agent which rapidly reacts with
carboxylates or phosphates to form an active
complex which allows coupling with amine-
containing compounds (Hermanson, 2013). In the
sample, containing ATP and AuNP1, a 1.32-fold
luminescence enhancement was observed in post
FLuc assay in comparison to control (Fig. 2, 1A).
This increase in luminescence may be attributed
to non-covalent weak interactions between
positively charged adenine moieties of ATP and
negatively charged citrate groups of AuNPI,
which allowed optimal d; .y to promote MEB.
When EDC was introduced, a partial drop of 8.6%
in luminescence was observed in comparison to
the sample containing ATP and AuNP1 (Fig. 2,
1B). Moreover, partial aggregation was clearly
visible in this case as the color change occurred.
In a reaction with a carboxyl group EDC forms
isourea as a by-product. Therefore, it is highly
probable that the amine group of adenine present

in ATP participates in the coupling reaction with
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Fig. 2. Effect of ATP, gold nanoparticles (AuNP1 — AuNP4), carbodiimide (EDC), and ethylene diamine (ED) on
luminescence response in firefly luciferase assay system. ATP: assay sample containing only ATP (control); 1A:
ATP, AuNPI; 1B: ATP, AuNPI, EDC; 1C: ATP, AuNP1, EDC, ED; 2A: ATP, AuNP2; 2B: ATP, AuNP2, EDC,;
2C: ATP, AuNP2, EDC, ED; 3A: ATP, AuNP3; 3B: ATP, AuNP3, EDC; 3C: ATP, AuNP3, EDC, ED; 4A: ATP,
AuNP4; 4B: ATP, AuNP4, EDC; 4C: ATP, AuNP4, EDC, ED. Error bars show standard deviation for samples

(n=3)

a carboxylic acid group of citrate-capped AuNPI.
Covalent coupling between ATP and AuNP1
accompanied by the formation of a byproduct
during the reaction might be responsible for this
lowering of luminescence. Interestingly, when
ED was introduced, the highest luminescence was
observed (Fig. 2, 1C). The parametric conditions
were favorable to observe MEB. However, no
luminescence enhancement was observed when
AuNP2, AuNP3 and AuNP4 were used for MEB.
This result justifies the importance of the size,
shape and nature of the nanomaterial used in
MEB studies. Moreover, a complete aggregation
was observed in the samples where ED and EDC
were incubated with AuNP3 and AuNP4. The
stability of AuNPs containing silver was found to
be much lower than that of AuNP1. Hence further

studies were carried out using AuNP1.

Effect of ED and EDC
on BLuc assay containing AuNPI

The combinations of FMN and AuNP1 and
of FMN, AuNPI, ED and EDC did not enhance

luminescence response when compared with the

control (Fig. 3). Incontrast, inthe sample consisting
of FMN, EDC and AuNPI1 luminescence was 1.3-
fold higher. FMN or riboflavin 5’-phosphate has a
light sensitive isoalloxazine ring and a terminal
phosphate group. When FMN was incubated with
AuNP1, weak interactions were the least possible
since the conjugated ring has no apparent positive
charges to electrostatically interact with citrate
ions of AuNPI. The negative charges on the
terminal phosphate group would repel AuNP1
and thus rule out such possibilitiecs. MEB was
not observed in this case since it is a distance
dependent phenomenon. When FMN, AuNP1, ED
and EDC were incubated together, the formation
of phosphoramidate bond between the amine
group of ED and the phosphate group of FMN
was possible. The other free amine group of ED
might have interacted with a carboxyl group of
AuNP1, but the d, \p could have been unsuitable
for obvious bioluminescence enhancement to
occur. However, the systems with FMN, EDC
and AuNP1 showed MEB, which suggests a close
interaction of FMN with AuNPI (at less than
10 nm).
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Fig. 3. Effect of flavin mononucleotide (FMN), gold nanoparticles (AuNP1), carbodiimide (EDC), and ethylene
diamine (ED) on luminescence response in bacterial luciferase assay system. Error bars show standard deviation

for samples (n = 3)

Conclusion

The study emphasizes the role of distance
(dinp) and the size, shape and nature of
nanomaterials in observed MEB. Though the
luminescence enhancement was below 1.5-
fold, the role of ED and EDC in modulating
luminescence is highlighted. ED as a linker
was found to be a useful tool for understanding
the distance-dependent MEB phenomenon.
It is worth mentioning that when ED was
used to covalently bind with ATP using EDC,

luminescence enhancement was observed. On

Acknowledgements

the contrary, when this method was applied
using FMN instead of ATP, no substantial MEB
was observed. In AuNP2, AuNP3 and AuNP4
silver ions played a negative role in MEB. It is
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around these AuNPs and prevent covalent or
ionic interactions between AuNPs, ED and
bioluminescent substrates such as ATP or FMN.
Luminescence enhancement approach seems to
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