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Abstract

Surface modified colloidal gold (Au) and silver (Ag) nanoparticles (NPs) were used as efficient quenchers of luminol
(LH,) fluorescence either in homogeneous aqueous medium or its noncovalent assembly with bovine serum albumin
(BSA). The mechanism as well as the extent of fluorescence quenching was found to be strongly dependent on the
nature of the nanoparticles. While simple static type fluorescence quenching mechanism was perceived with AuNP, a
more complex protocol involving quenching sphere model was envisaged for AgNP quenching. Nevertheless, the
magnitude of Stern-Volmer (SV) quenching constant (Kgy ~ 10%-10'"° M) was calculated to be ca. 10* times more
for surface quoted NPs in comparison with BSA—NP bioconjugates system. On the other hand, a highly efficient
(E~95%) energy transfer (ET) process was predicted for LH, captured in the hydrophobic assembly with BSA in
presence of AgNP as an acceptor. The ET efficiency is critically dependent on the concentration of BSA and nicely
correlated with the extent of NP surface coverage. However, fluorescence quenching on AuNP surface is relatively
less responsive towards protein concentration, primarily due to the difference in surface activity as well as the mode
of interaction of the protein with NPs.
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Introduction Literature reports suggest that the CL intensity of LH, in

H,0, can be boosted by different metal or metal oxide nano-

Chemiluminescent (CL) property of luminol (3-aminophthalic
hydrazide, LH,) has wide application in different fields like
forensic science, biological and curative science [1-10].

Highlights * Luminol (LH,) fluorescence quenches in presence of BSA-
nanoparticle (NP) conjugate;

* Fluorescence quenching with AuNP follows simple Stern-Volmer
mechanism;

* Quenching sphere mechanism is prevailed in case of AgNP;

« Concentration of BSA controls the energy transfer (ET) efficiency
critically;

*ETin LH, — BSA — AgNP conjugate can act as potential bionanosensor.
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particles (NPs) including gold/silver alloy and CoFe,O, etc.
[11-17] and also in presence different organic compounds like
glutathione, L-cysteine, N-acetylcysteine and/or biological
macromolecules like bovine serum albumin [18-20]. Gold
NPs act as catalyst for instantaneous generation of H,O, from
dissolved oxygen in luminol-hydrazine system and this sensi-
tive method is used in quantitative determination of hydrazine
in boiler feed water [21].

It is already well-known that CL of LH,-H,O, system is
not affected by NP size, but is dependent on its concentration
[22]. Chemiluminescence resonance energy transfer (CRET)
with metal NP (MNP) as acceptor has application in immuno-
assays, like DNA and micro-RNA analysis, small molecules
detection and cell imaging and used to design optical sensor
and analytical methodology [23, 24]. The characteristic prop-
erty of CL is exactly like that of fluorescence emission. The
only difference is that while an appropriate chemical process
is involved to excite the electrons in the former, a suitable light
source is used in the latter case. Thus, the fluorescence

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10895-018-2324-2&domain=pdf
http://orcid.org/0000-0002-5746-0070
https://doi.org/10.1007/s10895-018-2324-2
mailto:smitranehu@gmail.com
mailto:smitra@nehu.ac.in

166

J Fluoresc (2019) 29:165-176

properties of excited LH, and its modulation can also be used
effectively to monitor several bio-chemical environments, as
indeed observed in number of reports [25, 26].

Molecular properties of organic systems can be functional-
ized by physical adsorption on MNPs towards desired appli-
cations including biomedical sciences [27, 28], antibacterial
systems [29], sensing elements [30] as well as drug carriers
[31]. Further, the application of MNPs as acceptors in energy
transfer (ET) pair has significantly improved the overall effi-
ciency of the process, making it suitable to probe a larger
change in macromolecular conformation; which, until now,
was not possible to achieve with conventional organic mole-
cules as acceptors. The primary reason for this enhanced sen-
sitivity of ET is attributed to the electromagnetic interaction
between the donor dipole and the surface electrons of the NPs
[32]. Further, the geometrical restriction in typical D — A pair
seems to be irrelevant due to the spherical shape of the accep-
tor NPs.

On the other hand, extensive literature reports are available
on the modification of MNP surface due to adsorption of
plasma proteins on it [33]. Immense interest was to probe
the bovine serum albumin (BSA) adsorption on different NP
surface because of its easy availability in pure form and ex-
traordinary solubility in water. In one of our previous reports it
was shown that the conformers I and II (Fig. 1) contribute
significantly towards the fluorescence of LH, in aqueous me-
dium [34]. Further, the modulation of fluorescence behavior
of LH, in presence of a series of sequestering agents including
BSA [35] and HSA [36] was also reported. It is evident that
while the non-polar fraction of LH, (II, w=1.92 D) binds
specifically in subdomain IIA of both the albumins, binding
of relatively polar fraction (I, L =2.12 D) in the other binding
domain (IA) of BSA seems important. In the present commu-
nication, the modulatory effect of MNPs on LH, lumines-
cence was monitored in presence of BSA. The motivation of
the work lies in exploring a newer and simple system for
developing a more efficient biosensor since both the silver
and gold NPs can be casily tagged to different bio-
macromolecular architecture.

Fig. 1 Primary structural isomers
with significant contribution in
total fluorescence of luminol
(LHy)
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Experimental Section
Chemicals

Luminol (LH,, 97%) and lyophilized powder form of BSA
were used as received from Sigma-Aldrich Chemical Pvt. Ltd.
The details of syntheses and complete characterization of me-
tallic gold and silver nanoparticles (Au and AgNP, respective-
ly) with estimated size of 13+2 and 8 £2 nm have been
described elsewhere [37]. The surface plasmon resonance
(SPR) peaks obtained at 400 and 518 nm for Ag and AuNP
respectively are due to the collective oscillation of the free
conduction electrons with incident electromagnetic radiation
[38]. The concentration of synthesized nanoparticles is ~7.2
and ~2.6 nM for silver and gold, respectively which is calcu-
lated according to literature report [39, 40].

Instrumentation and Data Analysis

The experimental protocol and data analysis procedure is
same as reported earlier [41, 42]. The steady state fluorescence
emission spectra of LH, were collected by exciting the sample
at 320 nm, where the interference with the NP absorption is
least. The emission spectra were corrected for instrument re-
sponse function as well as from the sample blanks collected at
identical condition. Finally, individual fluorescence spectrum
(F) of LH, in presence of different concentration of protein
and/or NP was corrected for any possible repartitioning of the
excitation light by using the following relation:

A (Ag)

Fo- A Ap)=F(Ag A —
(e Ar) = Fe Ae) > 3 00

(1)

Where, A represents the absorption of free LH, and A is the
total absorbance of the solution at the excitation wavelength
(Ap). Thus, the final corrected spectrum is considered as the
contribution only from LH, fluorescence. The results obtained
from three distinct set of experiments were averaged and further
analyzed using Origin 6.0 (Microcal Software, Inc., USA).
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The fluorescence quenching experiment was performed by
adding desired amount of quencher into a solution of fixed
concentration of LH, (~1 uM). The quenching data was ana-
lyzed by Stern-Volmer (SV) model (Egs. 2a and 2b) for both
static and dynamic quenching [43].

F

=1+ Ks[0l =1+ k4mo[0) (2a)
0 (static) To _ Fo (dynamic) (2b)
0 _ jo): 0 — 20

T T T F W

The parameters Fy (To) and F (7) indicate the fluorescence
intensity (lifetime) in the absence and presence of certain
quencher concentration [Q], respectively. Kgy is SV
quenching constant and K, is diffusion controlled bimolecular
quenching rate constant.

For the static quenching case, as observed in the present
study, Kgy is considered as the ground state association con-
stant (K,) of the fluorophore — quencher pair. Measurement of
this quantity at various experimental temperature leads to the
evaluation of other thermodynamic parameters for binding
using the following set of relations [44]:

logk, — -2 A5 (3a)
%8Ra = T3 303RT " 2.303R &
AG = AH-T-AS (3b)

Considering the presence of similar but independent bind-
ing sites as well as an equilibrium between the unbound and
the bound, non-fluorescent LH, — NP complex, the stoichiom-
etry (n) of binding to the fluorophore can be determined from
the LH, fluorescence intensity variation data in presence of
NP quencher by using Eq. (4) [42].

| [FOF
og
F

Fluorescence decay curves of LH, were collected by excit-
ing the sample with 365 nm LED in a picomaster (PM3) time-
correlated single photon counting (TCSPC) apparatus (PTI,
USA) [37]. The experimentally obtained decay traces F(t)
were expressed as a sum of exponentials (Eq. 5) [45].

} = logK, + nlog[NP] (4)

-t

P = Saex () 5)
i Ti

Where, «; is the amplitude of the i™ component associated

with lifetime T;; such that Y o; = 1. The average fluorophore

lifetime (T,,) was expressed as fractional contribution (f;) of

each decay time (Eq. 6) to the steady state intensity [46].

o 20T i2
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(6)

Result and Discussion

Characterizing LH, - NP Interaction in Aqueous Buffer
Medium

When excited at S;(7r) «— Sp(7r) absorption ranging within
320-380 nm region, LH, gives a strong unstructured and
broad emission spectrum within 375-520 nm range with fluo-
rescence yield of 0.72 [34]. LH, fluorescence is found to
quench extremely efficiently in presence of both Ag and Au
NPs (Fig. 2(i)). Interestingly, while the SV analysis of the
quenching data gives a straight line for AuNP, it shows an
upward curvature for the AgNP (inset, Fig. 2(1)) & Fig. 1S).
To confirm the quenching mechanism, time-resolved fluores-
cence decay measurement of LH, was monitored both in ab-
sence and presence of the quencher. In aqueous buffer solu-
tion, LH, fluorescence decay is best described by a two expo-
nential decay function with T, =2.4 (a; =24%) and 1, =9.8 ns
(ay =76%), respectively with an average lifetime of 9.2 +
0.2 ns [35]. On successive addition of both Ag and Au NPs,
the fluorescence decay of LH, still remains bi-exponential
(Fig. 2S) without significant variation in the average lifetime
(inset, Fig. 2(1)), indicating a static type mechanism in both the
cases.

In absence of any dynamic or diffusive quenching process,
a positive deviation in SV plot in presence of AgNP suggests
the situation where the extent of quenching is very high. It
may arise due to the development of a quenching sphere
[47—-49] within which the probability of quenching is almost
unity because of efficient non-radiative energy transfer be-
tween the excited LH, as donor and AgNP as acceptor (see
later). The possibility for the quencher to be inside this sphere
at the time of excitation depends on the volume (V) and the
quencher concentration, [Q]. The overall probability of this
extra quenching is introduced into the linear SV equation
(Eq. 2a) to give the following relations [50].
Fy

2= (14 Ky (O]} x e )

4
Vq:NAxV:NAxgwRi (8)

Here, Kgy is quenching constant defining the linear part of the
SV plot and Ry is the radius of quenching sphere.
Simulation results of LH, fluorescence quenching data in
presence of Ag and AuNP at some representative tempera-
tures are given in Table 1 & Fig. 1S. It is to be noted that the
magnitude of Kgy is about 2~3 times more for AgNP in com-
parison with AuNP. The Kgy values obtained at different tem-
perature are used to estimate the thermodynamic factors of
LH,-NP interaction. The negative values of AG assert that
the binding process is spontaneous in the whole temperature
range. Further, the higher negative AG value for LH,-AgNP
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Fig. 2 (i) Quenching of LH, fluorescence in presence of varying
concentration of Au (a) and Ag (b) NPs. Inset shows the Stern-Volmer
analysis of the quenching data (circles) and simulated lines using Eqs. 2a,
2b and 7 for Au and AgNP, respectively. The variation in LH, average
lifetime (T,,) obtained by using Eq. 6 at each quencher concentration is
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shown by empty squares in both the cases. (ii) Variation of LH, — NP
composite fluorescence in presence of varying concentration of BSA.
[LHy]=1 uM, [AgNP]=[AuNP]=0.32 nM (b), [BSA]=0 ~ 40 uM
(along the arrow direction) in each case. Inset shows the SV plot
obtained from the respective quenching data

Table 1 Thermodynamic and other binding parameters corresponding to the interaction of LH, with Ag and AuNP
Temp. (K) AuNP AgNP
Kev/10°, M AH  AS AG Kgv /10° AH  AS AG Vo /10%, em® R, nm

298 2.56 £0.12 8.16 207.60 —53.70 8.50 +£0.22 9.60 222.24 —56.62 2.01 +£0.13 43.0
303 277 £0.11 —54.74 9.05 +0.25 =57.73 1.87 +£0.14 42.0
308 2.88 £0.14 —55.78 9.56 + 0.26 —58.85 1.85+0.14 41.8
313 298 £0.13 —56.82 9.47 +0.42 —59.96 2.51+£0.23 46.3
318 3.15+0.14 —57.86 10.69 + 0.14 —61.07 2.35+0.24 453
323 3.36 +0.15 —58.89 11.75 £ 0.50 —62.18 2.07 £0.22 434

Kgv values are obtained from Eqs. (2a) and (7) for AuNp and AgNP, respectively, the error limit indicates the confidence interval in three independent
measurements (mean = S.D.). AH and AG are represented in kJ mol ' ; whereas, ASisin J K ' mol!
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complex in comparison with LH,-AuNP system is consistent
with the assumption of stronger interaction in the former (see
below). In both the cases, the magnitude of AH is positive.
Therefore, the spontaneous adsorption process is mainly
governed by the overall positive entropy change during bind-
ing. Due to inherent complexity of the investigated systems
and difference in quenching mechanism for Au and Ag NP
system discussed above, the calculation of binding stoichiom-
etry in these cases is not straightforward. Nevertheless, anal-
ysis of LH, fluorescence quenching data using double-log plot
(Eq. 4), shown in Fig. 38, reveals that while the apparent
stoichiometry of binding is 1:1 for LH,~AgNP system, the
corresponding ratio is estimated to be 3:2 for LH,—AuNP
system. Higher Kgy values along with a positively deviated
SV plot gives clear indication about relatively stronger
interaction in the former. This result is consistent with
higher reactivity and can be correlated with excess charge
density (smaller size) of AgNP in contrast with AuNP (see
below) [51].

As mentioned earlier, the fluorescence decay data of LH,
still remains bi-exponential in the whole concentration range
of added NPs. The fast and slow decay components, corre-
sponding to structures I and II (Fig. 1), contributes approxi-
mately in 1:3 ratio towards the total LH, fluorescence [35].
However, interesting observation on the fractional contribu-
tion of each component is seen upon global analysis of whole
data set in presence of NPs (Table 1S). In both the cases, the
contribution of fast decay component decreases significantly
(~25%) on addition of NPs indicating that LH, preferentially
binds with MNP surfaces with structure I and therefore, re-
sults the decrease in overall fluorescence intensity
(quenching). The preferential binding of the NPs with con-
former I seems justified from the structural point of view of
this conformer in comparison with its counterpart, IT (Fig. 1).
The two adjacent amino groups in conformer I are suitably
located to make a tweezer shaped anchor on the spherical NP
surface in comparison with asymmetric distribution of binding
regions in isomeric structure I1.

Binding of LH, — NP Composite with Bovine Serum
Albumin (BSA)

Fluorescence intensity of LH, is known to be quenched in
presence of BSA due to the sequestration of the probe in
subdomains IA and IIA of the protein with positive
cooperativity [35]. The static type quenching till ~30 uM
BSA concentration over different temperature range was char-
acterized with moderately high binding constant (2.4 +0.1 X
10> M), Interestingly, fluorescence intensity of LH,
adsorbed on MNP surface (hereinafter referred as LH, — NP
conjugate) also quenches regularly in presence BSA (Fig.
2(ii)). However, in contrast to the free LH, fluorescence spec-
tral shift of ~10 nm [35], LH, — NP conjugate shows a blue

shift of only about 5 and 3 nm (for AgNP and AuNP, respec-
tively) on binding with BSA. Therefore, it is believed that the
association of LH, adsorbed on NP surface in protein binding
domain (PBD) is not as efficient as in case of free LH,. The
quenching of LH, — NP fluorescence follows linear SV rela-
tionship (inset of Fig. 2(ii)) and the corresponding parameters
are listed in supplementary section (Table 2S). As expected,
the magnitude of Kgy is little higher in case of LH, — AgNP in
comparison with LH, - AuNP system. However, in both the
cases, it is about an order of magnitude less while comparing
with free LH, fluorescence quenching by BSA [35].

The existence of cooperativity in the binding of small mol-
ecules on macromolecular protein surfaces can be confirmed
by Hill analysis (Eq. 9); where, AF (= F — F) is the change in
fluorescence intensity of LH,—NP conjugate in presence of
substrate [S], and AF,, is the maximum change in fluores-
cence intensity, Ko 5 is the concentration of BSA that brings
half maximal fluorescence change and the Hill parameter (ny)
represents the degree of cooperativity in the association pro-
cess. For ng > 1, the situation is described by positive
cooperativity, i.e. once the protein molecule is bound to the
NP, its affinity to NP increases further. For ny < 1, the binding
strength of the protein to the NP becomes gradually weaker
(negatively cooperative). Finally, for a non-cooperative asso-
ciation, the magnitude of ni; = 1 [35]. The protein — NP inter-
action is believed to follow the assumptions of Langmuir ad-
sorption isotherm [52].

AF g
AFpu Ky + 81"

©)

For example, LH, interacts with two PBDs of BSA
(subdomains IA and ITA) with ny and K, 5 values of 2.2 and
6.0 uM, respectively [35]. Interestingly, the magnitude of ny
for the interaction of LH, — NP conjugates in presence of BSA
are found to be significantly lower (ca. 1.3 ~ 1.7) at different
temperatures (Fig. 3(i) and Table 2S). Further, K 5 is signifi-
cantly higher (7~10 uM) in the present case. These results
indicate relatively less efficient binding of the protein with
LH, — NP composite system and may signify the importance
of nano-toxicity on the activity of serum albumins as carrier
protein [53, 54].

TCSPC analyses of LH,-NP-BSA ternary systems show
certain interesting features (Fig. 4). The total contribution of
component I increase by ca. 25% at 40 uM protein, presum-
ably due to the disruption of weak I — AuNP interaction
discussed in the preceding section and subsequent release of
certain fraction of I in the solution. However, for AgNP, the
situation is far more complex and interesting. Along with the
two decay components mentioned above, an additional
0.67 ns component appears with significant contribution
(>10%) in presence of even only 1 uM BSA. The contribution
of'this component increases continuously and reaches ca. 80%

@ Springer
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Fig. 3 (i) Representative Hill plots for LH, — NP — BSA system at 298 K.
The solid line indicates the simulation of experimental data points using

Eq. (9). The corresponding parameters obtained from the fitting result are
also shown. (ii) Stern-Volmer analysis for the fluorescence quenching

in 40 pM protein concentration (Fig. 4b). The presence of a
fast instrument limited (<100 ps) decay component for free
LH, in presence of HSA was reported earlier to be due to the
formation of “fluorophore-quencher” pair [36]. A similar
mechanism can also be envisaged for LH, - AgNP system
with characteristic decay time of 0.67 ns. However, the ab-
sence of any dark complex formation in case of LH, — AuNP
system indicates that either or both fluorophore/quencher pair
is shielded from each other while adsorbed on MNP surface,
which results a lesser degree of interaction among them. This
is consistent with comparatively lower value Kgy as well as
less fluorescence spectral blue shift of LH, — AuNP system in
presence of BSA while comparing with LH, — AgNP conju-
gate discussed before.

The quenching of LH, — NP composite system in presence
of BSA is consistent with one site binding model (2 =0.9

@ Springer
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data of LH, — BSA assembly in presence of AgNP at 298 K (a), 308 K
(b) and 318 K (c¢). The solid lines represent the simulation of experimental
data at [BSA] = 6 (square) and 20 uM (circle) by using Egs. (7) and (2a),
respectively

0.1) with almost similar magnitude of AG (Table 2S) for both
Ag and AuNP. However, the negative value of AH and pos-
itive AS is observed in case of LH, — AuNP; in contrast, the
binding of LH, — AgNP in BSA is associated with negative
AS value. Therefore, a combination of van der Waals interac-
tion and hydrogen bond formation also contribute in the over-
all enthalpy driven process in this case. These results suggest
that LH, adsorbed on different metal surfaces interact differ-
ently with BSA. The difference in physical, chemical and
optical behavior of organic fluorophores adsorbed on Ag
and AuNP surfaces are well known [55]. For example, aro-
matic organothiol compounds react with AgNP to form the
deprotonated core-shell RS-Ag complex possibly due to its
preferential interaction with silver oxide either present or gen-
erated in-situ on AgNP surface and the mechanism of interac-
tion of these compounds is significantly different on AgNP in
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Fig. 4 Time-resolved fluorescence decay (scattered points) and simulated data (solid line) of LH, — NP composite system in presence of 20 uM BSA.

Instrument response function (IRF) is also shown by dashed line

comparison with AuNP surface [56, 57]. A similar behavior
may explain the difference in the experimental results ob-
served here in case of AgNP from that in the relatively ideal-
ized AuNP surface.

Quenching of LH, Fluorescence Bound Inside BSA
Cavity by MNPs

On the other hand, it is interesting to verify the interaction
behavior of LH, — BSA assembly with spherical MNPs.
Effect of addition of both Ag and AuNP on LH, fluorescence
was checked with the incubated solution of BSA at two dif-
ferent concentration range, viz. 6 and 20 pM. The fluorophore
intensity was found to decrease regularly with the addition of
NPs. It is interesting to note that while the analysis of the
quenching data is consistent with linear S-V plot in presence
of 20 uM BSA as shown in Fig. 3(ii), a sharp upward curva-
ture is observed for the quenching of LH, with AgNP in pres-
ence of 6 uM BSA. All the characteristic data calculated from
SV analysis for each of the systems is given in Tables 2 and 3.

Calculation of thermodynamic parameters in different LH, —
BSA — NP systems indicate that interaction is principally hy-
drophobic in nature in all the cases, except for AgNP in pres-
ence of 6 pM BSA. In this case, along with the structural
distortion of the protein environment with positive entropy
change for the binding, van der Waals interaction as well as
possible hydrogen bond formation may also be important.
Also, the difference in the nature of van’t Hoff plot for the
interaction of AgNP with aqueous LH, and LH, — BSA as-
sembly (Fig. 4S) signifies the specific role of BSA in the
interaction process.

The data analyzed by quenching-sphere model for LH, —
BSA (6 uM) fluorescence intensity diminution in presence of
AgNP reveals certain interesting observations. While, the cal-
culated values of Rg are ~ 43 + 3 nm at different temperatures
for AgNP in absence of albumin, the corresponding value is
ca. ~ 65+ 5 nmin presence of 6 uM BSA. Therefore, it can be
concluded that BSA has specific role in bringing the
fluorophore quencher pair in close vicinity of each other.
However, as we do not see any additional quenching

Table 2 Thermodynamic and other binding parameters corresponding to the interaction of LH, incubated in 6 uM BSA with Ag and AuNP

Temp. (K) AuNP AgNP
Ky /10°, M ! AH AS AG Kgy /10° AH AS AG V,/10% ecm®  Rg,nm

298 1.61£0.11 1084 21270 -52.55  8.00+090  -209 11971 5655  5.50 + 0.60 60.2
303 1.76 + 0.11 -53.61  7.14+0.70 -57.15 636+ 0.54 63.2
308 1.86 + 0.11 -54.67  6.74 + 0.68 -57.75  6.87+0.51 64.9
313 2.00 £ 0.10 -5574  5.09 + 031 -5835  8.60 + 0.30 69.9
318 2.12 £ 0.09 -56.80  4.59 +0.18 5895  9.18+0.19 71.4
323 228 +0.10 -57.86 443 +0.16 -59.54 924 +0.18 71.5

Kgv values are obtained from Egs. (2a) and (7) for AuNp and AgNP, respectively. The error limit indicates the confidence interval in three independent
measurements (mean = S.D.). AH and AG are represented in kJ mol ' ; whereas, ASisin J K ' mol!
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Table 3 Thermodynamic and

other binding parameters Temp. (K) ~ AuNP AgNP

corresponding to the interaction . >

of LH, incubated in 20 uM BSA Ksv /10°, M AH  AS AG Ksv /10°, M AH  AS AG

with Ag and AuNP
298 1.52 £ 0.11 6.06 196.19  —5241 1.34+0.08 578 19449 5217
303 1.60 + 0.12 —5339 147 £0.07 —53.15
308 1.65 +£0.13 —5437  1.55+0.07 —54.12
313 1.72 + 0.12 —55.35  1.61 £0.06 —55.09
318 1.79 + 0.12 —56.33  1.60 £ 0.07 —56.06
323 1.85 +0.12 —57.31 1.62 £ 0.07 —57.04

Kgy values are obtained from Egs. (2a) and (7) for AuNp and AgNP, respectively. The error limit indicates the
confidence interval in three independent measurements (mean = S.D.). AH and AG are represented in kJ mol ™ ;

whereas, AS isin J K ' mol™!

phenomenon (except normal static quenching process
resulting in linear SV plot) even in presence of 20 uM BSA
concentration, the stoichiometry of the LH, — BSA — AgNP
assembly system seems to be a critical factor (see below).

Time resolved measurements were done at each NP addi-
tion into LH; - BSA systems. The results are almost similar to
those described in the previous section. In brief, quenching of
LH, — BSA bio-conjugate system only in presence of AgNP at
both the protein concentration results the formation of an ad-
ditional fast decay component of 0.5 + 0.1 ns. This is in sharp
contrast to the AuNP case, where the decay follows the usual
bi-exponential function always (Table 3S).

LH, - NP Assembly as a Super-Efficient Energy
Transfer System in Presence of BSA

Very high Kgy values either in absence or presence of BSA
(Tables 1 and 2) indicate that the quenching process is an
efficient non-radiative energy transfer (ET) from LH, to the
MNPs [58]. Since the dimensions of the NPs for the present
study varies within 8~13 nm, the quenching phenomenon pre-
dominates over plasmonic near-field augmentation, which is
reported for extremely small sized NPs [59, 60].

In the framework of Forster’s theory [61], the dipole in-
duced ET efficiency (E) is related with the distance (r) be-
tween the donor (D) — acceptor (A) pair as

F 1
E=1-—=

=%
Fo 1+(RLO)

Ry is the critical Forster distance, defined as the distance
where 50% energy transfer efficiency is achieved, and can be
expressed as

Ro(A) = 0.211[rk*n"*ppJ (1)]V/°

(10)

(11)

where, n is the refractive index of the medium and usually
taken as 1.36 for aqueous buffer solution [62]. Fluorescence
yield (¢pp) of donor LH; is calculated to be 0.78 in aqueous

@ Springer

buffer; whereas, the corresponding values in presence of 6
and 20 uM BSA are 0.59 and 0.32, respectively. The over-
lap integral J(A) represents the degree of spectral overlap
(shown in Fig. 5) between D and A molecules, and can be
expressed as

_ lo Fp(Nea(MA*dX

T [o Fpo(A\)dA

(12)

Fp(A) is the fluorescence intensity of D in the wavelength
range of A to A + dA and is dimensionless, e5(A) is the molar
absorptivity (in dm® mol ' cm™") of A at wavelength A. In Eq.
11, k” represent a factor describing the relative orientation of
D and A; and usually taken as 2/3 considering the random
distribution.

The calculated values of ET parameters in several systems
are displayed in Table 4. The average distance between the
donor — acceptor pairs in all the cases fall within the range of
0.5Rg <7< 1.5R, that indicates a highly efficient energy
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Fig.5 Spectral overlap (shaded portion) between the fluorescence of LH,
— BSA (6 uM) and the absorption of Au and Ag NP. The calculated ET
parameters are shown in Table 4
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Table 4 Calculated values of

energy transfer efficiency (E), Donor Acceptor E J, /10" dm* mol™" em™ nm* Ro, /A r, /nm

overlap integral (J), critical

Forster’s distance (Ry) and donor LH, AuNP 0.78 9.57894 224742 18.20

(D) —acceptor (A) distance (r) for ~ LH, AgNP 0.54 2.11658 174.745 17.06

several D — A combinations LH, — BSA (6 uM) AuNP 069  9.62408 214.693 18.79
LH, — BSA (6 uM) AgNP 0.97 2.12779 166.947 9.35
LH, — BSA (20 uM) AuNP 0.55 9.5245 193.545 18.76
LH, — BSA (20 uM) AgNP 0.66 2.1849 151.430 13.59

transfer between LH, donor and the NP acceptors [63, 64].
Further, it is apparently clear from Table 4 that although the R
values are higher for AuNP in all the cases, the energy transfer
efficiency is always greater for AgNP system. Therefore, it
can be argued that although AuNP can induce as an acceptor
from a longer distance, AgNP forms more efficient donor-
acceptor pair with either LH, or hydrophobic assembly of
LH, — BSA system. This is presumably due to high molar
absorptivity of the acceptor in the latter case. The molar ab-
sorptivity of spherical Ag and Au NPs with diameter ‘d’ (in
nm) can be estimated from the following empirical relation-
ship [65].

Emax = A X d) (13)

The adjustable parameters ‘A’ and “y’ are found to be rang-
ing within 4.7 x 10*M ' ecm ™', 3.30and 2.3 x 10° M ' em !,
3.48 for AuNP (d <85 nm) and AgNP (d <38 nm), respec-
tively. From the known sizes of the synthesized NPs, the cal-
culated €, Was found to be at least one and half times higher
for AgNP.

The calculated value of r (Table 4) for different combina-
tion of FRET pair is in qualitative agreement with the struc-
tural features of individual components and signifies the im-
portance of BSA in forming a super- efficient ET system.
Direct adsorption of LH, (donor) on the coated NP forms a
simple D-spacer-A system with an average distance of 17 +
1 nm. However, in presence of BSA, the situation is more
complex and works differently in case of different NPs. On
incubation, LH, binds preferentially into subdomain IIA of
albumin mainly through hydrophobic interaction [35, 36].
On addition of NPs to this assembly, a strong layer of “protein
corona” is formed due to preferential adsorption of BSA on
the NP surface [66—68]. It is interesting to note here that while
BSA is adsorbed “head-on” through a carboxylate —ammonia
type salt bridge on citrate stabilized AuNP [69], the interaction
with AgNP involves massive deformation in protein second-
ary structure [70, 71] with possible hysteresis effect on BSA
adsorption [72]. Resonance light scattering experiment further
suggests that adsorption of BSA on AgNP induces the forma-
tion of an aggregate of increased size than the individual BSA
molecule [73].

The observation described in the preceding sections of the
present investigation can be justified with the structural differ-
ence among different nanobioconjugate systems described
above. For example, with addition of AuNP in LH, — BSA
systems produces a soft protein corona which has relatively
large D — A distance (with decreased ET efficiency) than free
LH, — AuNP interaction. However, the structural deformation
in BSA and aggregate formation in BSA — AgNP assembly
brings the D and A in optimally close to each other resulting
significant increase in ET efficiency. However, drastic decrease
in ET efficiency at higher BSA concentration (ca. 20 uM) even
in presence of AgNP needs further justification. Earlier, it has
been shown that adsorption of BSA on AgNP surface gets
saturated at [BSA]/[AgNP]~1 [72]. Considering the dimen-
sion of BSA to be (5.5 x5.5x9) nm, a rough estimation on
the number of protein molecules adsorbed on a ~10 nm NP
surface yields about 3.3 x 10'* molecules/cm?” for “head on”
adsorption and 2.0 x 10'? molecules/cm? for “side on” adsorp-
tion (in Au and AgNP, respectively) [74, 75]. In the current
experimental condition, the situation is arrived when [BSA] is
close to ca. 4.50 uM. However, at concentration near 20 uM,
random distribution of excess BSA molecules in the solution
leads to increase the separation between the donor (LH,) and
acceptor (AgNP) and reduces the ET efficiency.

Recent studies report the ET from an excited fluorophore
adsorbed on MNP surface as nanoparticle surface energy
transfer (NSET) and propose r * dependence of ET efficiency.
Within this model, the value of R, can be calculated indepen-
dently using Persson-Lang relation (Eq. 14).

3 1/4
Ry — (0.225(3 <Z5D> (14)

WHWEKF

Where, ¢p and wp are the fluorescence yield and angular
frequency of D, wp and kg are the angular frequency and
Fermi wave vector for the NPs. From the known values of
wr and kg for bulk gold (8.4 x 10" s and 1.2 x 10% cm ',
respectively [76, 77], the Rq values for LH, — AuNP and LH, —
BSA (6 and 20 uM) — AuNP bioconjugates systems are esti-
mated to be 8.66, 8.08 and 6.93 nm, respectively. These values
are far below than even the size of the synthesized AuNP (13 +
2 nm). Therefore, the energy transfer in these systems is more
likely to occur via FRET mechanism rather than NSET.
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