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The protein B-casein (BCA) exhibits a strong fluorescence emission, which is sensitive to active quenchers. Metal nanoparticles like |
copper nanoparticles and silver nanoparticles with enhanced and unique properties are reported to quench protein fluorescence appreciably. |
In the present work, the fluorescence quenching effects of metal nanoparticles on the protein fluorescence are extensively studied in
presence of various sugar molecules. This may play a significant role in the sensing applications of sugar molecular systems in the |
presence of metal nanoparticles. 3-Casein is used as fluorophore and sugar molecular systems like sucrose, maltose, fructose, lactose, |
galactose and glucose are chosen as quenchers and the protein-sugar interactions are arrived from fluorescence quenching results in the |
presence of copper nanoparticles and silver nanoparticles. To find the role of life time on the intensity of fluorescence, time resolved |
fluorescence measurements for the protein-sugar systems in the presence and absence of nanoparticles is measured. The protein-
nanoparticles-sugar fluorescence interactions are analyzed by using Stern-Volmer plots and thermodynamic plots using fluorescence |
intensity quenching data. The trends in the extent of quenching action on protein fluorescence and also the binding interactions among |
protein sugar systems are quantified in the presence of copper nanoparticles and silver nanoparticles separately, in terms of Stern-Volmer |
constant values and binding constants values. B-Casein is found to interact strongly with the quenchers in the presence of copper nanoparticle |
and silver nanoparticle. Silver nanoparticle is read to be a better quenching mediator than copper nanoparticle for the fluorescence
intensity in molecular interactions. Order of sugars quenching the protein fluorescence in presence of the nanoparticles is found. I
|
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INTRODUCTION Metal nanoparticles are outstanding in bio-sensing due
to their SPR, optical properties and reduced size in nanoranges
[5-19]. New approach for the sensing of bio-molecules using
fluorescence intensity quenching measurements have special
advantages like highly sensitive, noninvasive and cost effective
[1,20-22]. Metal nanoparticles based sensors are used for highly
sensitive biomedical applications now-a-days. Fluorescence
based sensing and binding can provide information about the
micro environment of the protein, nanoparticles and sugar
molecules [23-32]. Time resolved fluorescence measurement
is a sophisticated technique to sense even a small change in
protein, nanoparticles and sugar molecular interactions.

Fluorescence measurement on the interaction of protein
sugars systems in the presence of nanoparticles serves as a
tool to indirectly identify sugar molecules like glucose [33].
Therefore, in present study the natural protein 3-casein which
form a vital part of in vivo systems is used as sensitive fluoro-
phores for the quantitative study of interaction of protein,
nanoparticles and sugar systems.

Invention of non-invasive in vivo biosensors is today’s
necessity in diagnostics, medical analysis and therapy [1,2].
Detection and estimation of sugars in biological systems attract
the attention of medical engineers. When protein-carbohydrate
interactions are studied and established in presence of silver
and copper nanoparticles, new immunotherapeutic strategies
may be discovered in the treatment of malignant diseases [3].
In this paper the studies on the interaction of silver nanoparticles
(AgNP) and copper nanoparticles (CuNP) with milk protein,
B-casein (BCA) is quantitatively described using fluorescence
quenching measurements. The interaction studies between the
protein and the nanoparticles (Pro-NP) are extensively studied
in presence of various monosaccharide and disaccharide sugars
like glucose, fructose, galactose, sucrose, maltose and lactose.
The protein, nanoparticles and sugar (Pro-NP-Sugar) mole-
cular interaction may lead to the quantitative sensing of various
sugars by fluorescence quenching of protein and the nanoparticle
corona [4].
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EXPERIMENTAL

Synthesis of silver nanoparticle and copper nanoparticle:
Wet chemical method which involves the addition of 5 mL of
1 mM solution of cetyltrimethyl ammonium bromide solution
to 20 mL of 1 mM solution of metal salt solution was adopted.
The mixture was stirred at 30 °C while drops of freshly prepared
sodium borohydride were added. The solution was heated to
40 °C and stirred for 0.5 h. Honey yellow coloured silver nano-
particle and wine red coloured copper nanoparticle which are
spherical and highly monodispersed were obtained respec-
tively. The nanoparticles in the suspensions are stored in N,
for future use and they are characterized using HRTEM, SEM
and EDX measurements [34-45].

Fluorescence quenching studies: In the present work,
the fluorescence intensity of samples was studied using Cary
Eclipse FL120 1M fluorescence spectrophotometer with a
xenon flash lamp as a source. All the fluorescence measure-
ments were performed using a standard dimension quartz
cuvette with a Teflon stop cock, following the required standar-
dization of the instruments. The quenching of fluorescence
emissions of the proteins, keeping the protein as parent mole-
cule and subsequently mixed with the metal nanoparticles
followed by the addition of quenchers each separately are
studied. The exci-tation and emission slit width and scan rate
were maintained to be constant. The excitation wavelength
for B-casein was at 274 nm and the emission range was set to
be between 285-600 nm. When the order of addition of protein,
nanoparticles and sugars is altered, the decrease in fluorescence
intensity was found diminished.

The inner filter effect due to nanoparticles is reduced to
minimum by using very low concentrations of the protein and
nanoparticles [46-49]. This is confirmed by plotting /7, for
selected values of protein concentrations. In the protein, nano-
particles and sugar molecular system the effect is excluded as
sugar molecules does not have significant absorption in the
wavelength range under study [50].

Time resolved fluorescence measurements of B-casein
with silver nanoparticle and copper nanoparticle and
quenchers: In order to utilize the fluorescence quenching data
of various types of functional molecules, the metal nano-
particles interacting with B-casein systems, time resolved
fluorescence measurements are carried out to find the role of
life time on the intensity of the emitted fluorescence and the
sensitivity towards environmental changes [51-54]. These
studies are extended for fluorescence quenching by a set of
molecules belonging to sugars. This enables to find the binding

interactions of proteins in multi component systems comprising
metal nanoparticles and quenching molecules.

The life time measurements of the fluorescence emissions
of protein, nanoparticles and sugar systems are studied. For
each of the quencher molecular system adopted, the life time
measurements are found separately for both in the presence
of silver nanoparticle and copper nanoparticle. The average
values of the life times measured are presented in Table-1.

Binding constant studies: The intensities of B-casein
fluorescence emissions were found to decrease considerably
with increase in concentration of quencher solutions. The
decrease in intensity of fluorescence data are used to obtain
the binding parameter, the binding constant (Kg). The bimole-
cular quenching constant (K,) is calculated using Stern Volmer
(SV) equation [4,55].

1
T“: 1+K, [Ql=1+K,7,[Q]

Ip and I are the steady state fluorescence intensities in the
absence and presence of the quencher respectively. [Q] is
concentration of quencher and Ksy is the Stern-Volmer
quenching constant. The fluorescence intensity quenching is
analyzed quantitatively by plotting Stern Volmer plots. From
the slope values obtained using the plots, the Stern Volmer
constants are calculated and subsequently are used to find the
bimolecular quenching constant values. The protein and the
sugar molecules are considered to be in equilibrium favourably
with the protein-sugar association complex. The extent of the
stability of the complex is known from the magnitude of the
association constant value. The thermodynamic plots are made
for analyzing the protein-sugar interaction in terms of binding
constant values.

At constant temperature and pressure conditions, since
the equilibrium is existing between the molecules, the thermo-
dynamic constant values of the association complex formation
(Ks) have been determined. The thermodynamic plots are made
by plotting log((Io-I)/T) vs. log [Q]. From the linear plots, using
the slope and intercept values, the thermodynamic stability
constant values are determined [55].

RESULTS AND DISCUSSION

The fluorescence decay life time measurements recorded
at 356 nm for pure B-casein are presented in Fig. 1. The life
time values for the proteins observed in nanoseconds are listed
in Table-2. The average life time T value for B-casein is found
to be 3.28 x 107 sec.

TABLE-1
STERN VOLMER CONSTANT VALUES DETERMINED FROM FLUORESCENCE QUENCHING OF B-CASEIN MEDIATED
BY SILVER NANOPARTICLE AND COPPER NANOPARTICLE IN THE PRESENCE OF SUGARS AS QUENCHERS

S Silver nanoparticle Copper nanoparticle
e T(ns) Koy (M) K, (M ns ) T (ns) Koy (M) K, (M ns)
Sucrose 2.71 7.85 % 107 2.90 x 107 2.75 4.49 x 107 1.63 x 107
Maltose 2.76 551 x10™* 2.00 x 10° 2.81 2.63 x 107 9.38 x 10°
Fructose 2.81 4.74 x 1072 1.69 x 107 2.87 2.22 x 1072 7.73 x 10°
Lactose 2.86 9.54 x 107 3.34 x 10* 2.92 3.48 x 107 1.19 x 10°
Galactose 2.90 1.15%x 107 3.96 x 10° 3.00 3.25x 1073 1.08 x 10°
Glucose 2.95 292 x 107 9.90 x 10° 3.08 2.86 x 107 9.29 x 10°
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Fig. 1. Time resolved fluorescence decay of B-casein in the presence of (i)
silver nanoparticles and (ii) copper nanoparticles

TABLE-2
FLUORESCENCE DECAY LIFE TIME VALUES
FOR THE PROTEIN IN NANOSECONDS

Without the In the presence  In the presence
Protein presence of of silver of copper

nanoparticle nanoparticle nanoparticle
B-casein 3.28 3.04 3.13

Fluorescence emission spectra of milk protein B-casein,
in the absence of any additives, in the presence of copper
nanoparticle and each in the presence of six sugar systems of
constant composition are recorded separately and are depicted
in the form of a super imposed graph in Fig. 2a. The fluore-
scence emission spectra of B-casein is studied in the presence
of silver nanoparticle instead of copper nanoparticle as men-
tioned above are presented in the Fig. 2b. The emission spectra
of B-casein show a strong peak at 356 nm, which upon the
addition of the nanoparticles and subsequently the sugars show
a gradual decrease in the intensity values.

The influence of sugar concentrations on the emission
spectra of B-casein, in the presence and absence of copper
nanoparticle and silver nanoparticle are plotted respectively
in Fig. 3a and 3b. The values of K, and Ksy determined for
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Fig. 2a. Fluorescence spectra of B-casein in the absence of any additives, in
the presence of copper nanoparticle and each in the presence of six
sugar systems; Excitation: 275 nm; Emission: 35 6 nm; (1) BCA
(2)BCA + CuNP (3)BCA + CuNP + glucose (4) BCA + CuNP +
galactose (5) BCA + CuNP + lactose (6) BCA + CuNP + fructose
(7) BCA + CuNP + maltose (8) BCA + CuNP + sucrose
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Fig. 2b. Fluorescence spectra of B-casein in the absence of any additives, in
the presence of silver nanoparticle and each in the presence of six
sugar systems; Excitation: 275 nm; Emission: 356 nm; (1) BCA
(2) BCA + AgNP (3) BCA + AgNP + glucose (4) BCA + AgNP +
galactose (5) BCA + AgNP + lactose (6) BCA + AgNP + maltose
(7) BCA + AgNP + fructose (8) BCA + AgNP + sucrose

B-casein protein in presence of the silver nanoparticle and
copper nanoparticle as well as in the presence of various sugar
systems are listed in the Table-1.

In Fig. 4a and 4b, the thermodynamic plots for the quenching
of B-casein protein with copper nanoparticle and silver nano-
particle along with the six sugar systems are given. The thermo-
dynamic constant of the quenching process, which is considered
as the binding constant are listed in Table-3 for B-casein protein
systems. The Kg values indicate that the binding interactions
under experimental conditions adopted here are favourable
between the protein and each of the sugar molecules. Com-
paring the binding interactions of each of the sugar molecular
systems, the binding constant values imply that -casein
protein surface is stronger for the binding interactions of the
sugars on the surface.
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TABLE-3
BINDING CONSTANT VALUES (K;) AND AVERAGE NUMBER OF BINDING SITES (n) FOR INTERACTION OF B-CASEIN
MEDIATED BY COPPER NANOPARTICLE AND SILVER NANOPARTICLE IN THE PRESENCE OF SUGAR SYSTEMS

Without the presence of nanoparticle

In the presence of silver nanoparticle

In the presence of copper nanoparticle

Sugar
He Ky n

n Ky n

8.14 x 10° 0.95
5.32 x 10° 1.02
5.18 x 10° 1.14
5.11 x 10 1.51
3.83 x 10! 1.42
3.81 x 10! 1.60

Sucrose
Maltose
Fructose
Lactose
Galactose
Glucose

9.38 x 10° 0.94
5.60 x 10 1.51
5.28 x 10° 0.93
9.93 x 10 1.51
6.76 x 10 1.14
5.01 x 10

8.77 x 10° 1.00
5.57 x 10° 1.01
5.15x 10° 1.02
8.40 x 10 1.32
5.57 x 10! 0.98
1.57 4.30 x 10’ 1.56
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Fig. 3. Fluorescence intensity of B-casein at various quencher concentra-
tions for the six sugar systems in the presence of copper nanoparticle
(a), presence of silver nanoparticle (b)
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Based on the Stern Volmer plots (Fig. 5), the Stern Volmer
constant values are calculated and are considered to qualify
the fluorescence quenching property of the sugar systems on
the protein. From the Stern Volmer constant values listed in
the Table-1, the trend in the Ksy values for the six different
sugar systems with B-casein protein is found. The inference
from Stern Volmer plots agree with those from K values observed
in the thermodynamic plots.

Time resolved fluorescence measurements of copper
nanoparticles and silver nanoparticles with B-casein and
quenchers: In the presence of silver nanoparticle and copper
nanoparticle in separate experiments the fluorescence lifetime
values for B-casein are found to get reduced. The values clearly
emphasis the fact that presence of silver nanoparticle and as
well as copper nanoparticle reduce the fluorescence life times
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Fig. 4. Thermodynamic plots for the quenching of B-casein with (a) copper
nanoparticle and (b) silver nanoparticle in the presence of six sugar
systems as quenchers
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Fig. 5. Stern Volmer plot of B-casein protein with various sugar systems in
the presence of copper nanoparticles
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of the protein considerably. Silver nanoparticle and copper
nanoparticle act as quenchers for the two proteins when Trp
fluorescence is considered which can be attributed to binding
interactions of the metal nanoparticles with the protein.

The life time measurements are carried out for -casein
in the presence of silver nanoparticle and copper nanoparticle
each further studied in presence of quencher molecules from
different classes of sugars. The results indicate that the fluore-
scence decay is mono-exponential in case of B-casein in all
the cases. It is found that there is definite binding interaction
prevails between B-casein with the quencher molecules.

The silver nanoparticle and copper nanoparticle act as
good mediators and enhance the interactions between the
quencher molecules chosen and the protein. In fact the presence
of metal nanoparticles may stabilize the binding interactions
between the pair of protein and quencher molecules. The
mechanism of quenching action may be understood by using
the following diagram (Fig. 6).

T
—— Metal NP — :
o otal _— Quencher F A E—
Absorption
Quenched
Fluorescence Further quenched
N fluorelscence fluorescgnfe
F F F

F - Fluorescence; F* - Fluorescence in excited state; Metal NP-Ag/CuNP; Quencher-Sugar

Fig. 6. Mechanism of fluorescence quenching of B-casein in presence of
silver nanoparticles and copper nanoparticles

Binding interactions of sugar systems with B-casein in
presence of copper nanoparticle and silver nanoparticle:
The results of Ky values indicate that in the presence of silver
nanoparticle and copper nanoparticle, the binding interactions
are found stronger between [B-casein with the six different
sugar systems. The Kg values determined and furnished in the
table indicate that the free energy change values of the binding
interactions are more negative for silver nanoparticle and
copper nanoparticle indicating favourable interactions. The
values of Kg for all the six sugar molecular systems are higher
for silver nanoparticle than the copper nanoparticle for B-casein
protein. Therefore based on the overall interactions it is inferred

that the binding interactions set the trend as silver nanoparticle
> copper nanoparticle > absence of metal nanoparticles. This
is true for the presence of six sugar systems investigated in
presence of each of the metal nanoparticle systems.

The trend in the binding interactions of the six sugar
systems for the proteins in presence of the nanoparticles is
sucrose > maltose > fructose > lactose > galactose > glucose.
This effect can be attributed to the mediating behaviour of
metal nanoparticles that do not chemically interfere and only
influence the hydrogen bonding interactions prevailing bet-
ween each of sugar molecular system with that of the proteins.
The protein surface will be hydrophilic containing mostly
-NH;* and —COQO" ions and the core being hydrophobically
compact constituted by the alkyl or aromatic hydrophobic
groups of the amino acids present in the proteins. Due to strong
hydrogen bond interactions of the hydroxyl group of sugar
molecules and the hydrophilic groups on the protein surface,
binding interactions are induced [26,56]. The strong hydro-
philic-hydrophilic interactions among the sugar molecules with
the protein molecules is more for disaccharides than mono-
saccharide. Such interactions also depend on the closed six
membered ring structures of the sugar molecules. The balances
between these interactions determine the number of binding
sites that will be available to sugar molecules that are possible
to collide with the protein.

Conclusion

The molecular protein-nanoparticles-sugar interactions are
studied using fluorescence intensity quenching of B-casein
protein in the presence of copper nanoparticles and silver nano-
particles and in the presence of various sugars. Quantitative
study of fluorescence quenching is done using Stern-Volmer
plots and thermodynamic plots and the quenching constant
values and the binding parameters are determined. From the
quenching constant values, it is found that there is a definite
protein-nanoparticle-sugar interaction. Out of the two metal
nanoparticles silver nanoparticles is found to be a better media-
tor than copper nanoparticles for the fluorescence quenching
action and hence sugar interactions. Based on the K, and Kz
values, the order of interaction of sugars with the protein in
the presence of silver nanoparticles and copper nanoparticles
is determined to be sucrose > maltose > fructose > lactose >
galactose > glucose.
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