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Glutathione-coated gold nanoclusters (GSH-AUNCs) have immense medical importance. Being
photoinduced electron transfer (PET) facilitators, these nanomaterials are useful as photosenstizers and
applied in photocatalysis, radiotherapy, tomography imaging, etc. GSH-AuUNCs interact with the lipid
bilayer of the cellular membrane and take part in drug delivery and functioning. Since PET is a key player
here, hence, understanding the phenomenon in detail is extremely necessary. Herein, we have synthe-
sized GSH-protected orange emitting AUNCs and analyzed their interactions with giant unilamellar
vesicles (GUVs) made from lipids, namely, DMTAP and DPPC, with positive and zwitterionic head groups,
respectively. The photophysical changes in the process were monitored by steady state and time
resolved fluorescence spectroscopy to interpret the possible binding of GSH-AuUNCs with lipid vesicles.
The AuNCs are hydrophilic and hence adsorb over the surface of GUVs. A well-known electron
scavenger, methyl viologen (MV2*) was added externally to the system to trigger PET with the GSH-
AuNCs at neutral pH. The dynamics were analyzed by the method of fluorescence quenching due to
PET. It is found that attachment of GSH-AuUNCs with lipid vesicles having differently charged head
groups is very essential in deciding the extent of PET since DMTAP GUVs promote PET to a greater

extent compared to DPPC GUVs. The experimental conclusions were supported by theoretical studies.
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1. Introduction

Glutathione-coated gold nanoclusters (GSH-AuNCs) are impor-
tant nanomaterials that have gained their significance because
of the protecting or stabilizing agent. GSH ligands help AuNCs
to dissolve in water due to the presence of carboxylate groups.
Moreover, their terminal carboxylic acid groups help AuNCs
to interact with many molecules for a vivid range of
applications."™ These ultrasmall GSH-AuNCs, ranging from
1 to 2 nm in diameter, do not cause any biological toxicity even
up to 60 uM concentration.* Reports on small non-fluorescent
GSH-coated Au nanoparticles (AuNPs) with 1.5-2.5 nm diameter
demonstrate renal clearance and tumor accumulation properties.>®
GSH-protected AuNCs and/or AuNPs bear negative surface charge
under physiological conditions and it has been noted that
compared to zwitterionic or PEGylated nanoparticles, they
potentially bind to serum proteins in biological fluids that have
high ionic strength.”® GSH-AuUNCs are sensitive to the pH of the
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The kinetic and thermodynamic parameters of the PET process were also calculated.

medium as well. Lowering the pH allows GSH to get converted to
its zwitterionic form that initiates self-aggregation.'®"* All these
factors are sensible for the functioning of the well-segregated
GSH-AuNCs in the biological medium. Only under such condi-
tions it becomes feasible to exploit their photocatalytic and
photosensitizing properties in photodynamic therapy (PDT). For
example, GSH-AuNCs loaded over SiO,, TiO,, or inorganic NPs
enhance their photostability as well as photoredox potency."*™°
Evidences of efficient photosensitization by GSH-AuNCs
have been reported in oxygen, hydrogen, and singlet oxygen
generation.'”'® NPs or NCs can preserve their dispersion in
biological membranes helping in efficient interactions.'® Reports
are there on such interactions with lipid rafts,* bilayers,”* and
vesicles.>” Herein, we have attempted a similar approach to trap
GSH-AuNCs on lipid vesicles with different surface charge made
from 1,2-dimyristoyl-3-trimethylammonium-propane (DMTAP)
and dipalmitoylphosphatidylcholine (DPPC) (Scheme 1). Negative
charges on GSH-AuNCs make them prone to adsorption on the
surface of the lipid vesicles and hence the photosensitization of
NCs can be probed by a suitable electron scavenger, such as
methyl viologen (MV>*).

An extensive review by Bain et al. has shown that metal NCs are
used to make hybrid systems for energy harvesting and sensing.>*
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Scheme 1 Structures of DMTAP and DPPC with the charges of the head
groups.

Photoinduced electron transfer (PET) is quite common in
biocatalysis®* as well as in singlet oxygen generation.® In this
context, the GSH-AuNCs are quite useful in visible light-
induced hydrogen formation and light harvesting.”*> Hence,
we used PET as a tool to investigate the unventured area of the
effect of differently charged head groups of lipids (in the form
of vesicles) on the extent of PET between the surface adsorbed
GSH-AuUNCs and externally added MV** ions (electron acceptor).
It is seen that charge distribution at the lipid heads substantially
controls the extent of PET between the donor-acceptor pair.
We have calculated the results using steady state and time-
resolved spectroscopy. The findings were supported by theore-
tical (density functional) calculations.

2. Experimental section

2.1. Synthesis of the GSH-protected AuNCs

The tripeptide GSH was used as the stabilizing as well as
reducing agent to prepare orange-emitting AuNCs following a
slightly modified reported method.”® Briefly, an aqueous
solution of HAuCl, (1 mL, 20 mM) was mixed with reduced
GSH (0.3 mL, 100 mM) in distilled water. The resulting yellow
solution was stirred for few minutes to obtain a turbid sub-
stance at room temperature, which eventually became clear.
This was heated at 70 °C for 24 h under gentle stirring. The
resultant greenish yellow solution was kept at 40 °C for further
use. The solution emitted orange light on illumination with UV
radiation. The concentration of the GSH-AuNCs was kept at
20 uM throughout the experiment.

2.2. Synthesis of the giant unilamellar vesicles (GUVs)

Lipids having cationic (DMTAP) and zwitterionic (DPPC) head
groups were chosen for this experiment. The GUVs were
synthesized following a reported method.>” Briefly, weighed
amounts of the lipids were dissolved separately in a 2:1
mixture of chloroform and methanol to make the total volume
800 pL. This solution was vortexed for a few minutes and
sonicated in a bath sonicator for complete dissolution of the
lipids. The resulting solutions were hydrated carefully along the
walls of each of the round bottom flasks with 5 mL of tris buffer
at pH 7.4. The total lipid concentration was fixed at 0.25 M in
each case. The hydrated solutions were rotated under reduced
pressure to evaporate the organic part and opalescent solutions
of 5 mL each were obtained. Confocal images show that the
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diameter of the lipid vesicles is about 220 pm, which confirms
that these are GUVs (Fig. S1, ESIt).

3. Results and discussion

3.1. Characterization of the GSH-AuNCs

The synthesized GSH-AuNCs were characterized by different
techniques including microscopy and spectroscopy. The trans-
mission electron microscopy (TEM) images show that the
AuNGs are 1-1.5 nm in diameter (Fig. 1A). Their hydrodynamic
diameter is ~16 nm (Fig. 1B) and the average zeta potential is
about —14.8 mV at pH 7.4 (tris buffer) (Fig. 1C). The absorption
spectrum of the GSH-AuNCs shows a broad shoulder at
~400 nm; their emission peaks at 600 nm and the excitation
spectrum shows a prominent shoulder at ~400 nm (Fig. 2).
Emission from the GSH-AuNCs is mainly due to (i) the core
state transitions between the Au(1) and Au(0) centers and (ii) the
ligand-to-metal charge transfer (LMCT) between the negatively-
charged GSH molecules and the metallic core. A 200 nm Stokes
shift (Fig. 2) signifies the overwhelming involvement of the
LMCT states in the emission.>® The excited core states rapidly
decay to the ground state or relax non-radiatively to the CT
state, nurturing the LMCT transition. Decay of the LMCT state
is quite slow. Time resolved fluorescence spectroscopy of the
GSH-AuNCs, therefore, shows three components fitted to the
raw data, two of which are quite fast owing to the transitions
arising from the excited core states (0.5 and 7 ns) and the other
one is much slower (119 ns), depicting the transition from the
longer-lived LMCT states.”® The fluorescence quantum yield of
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Fig.1 (A) TEM images of the GSH-AuUNCs. The insets show the size
distribution of the AuNCs and the HR-TEM image; (B) the hydrodynamic
diameter and (C) the average zeta potential of the GSH-AuNCs.
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Fig. 2 Spectroscopic characterization of the GSH-AuUNCs: the absorption
(solid, black), emission (solid, red) (lex = 375 nm), and excitation (dash, red)
spectra.
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the GSH-AuNCs is about 3% as measured with respect to the
quinine sulphate (QY 0.54) in 0.1 M H,SO, standard.

3.2. Interaction of the GSH-AuNCs with GUVs

We initially looked into the interaction of the GSH-AuNCs with
the lipid vesicles before moving into the application of the
electron scavenger. This is important because the lipid vesicles
that mimic the biological cells may induce special properties
to the adsorbed AuNCs to influence any electron transfer
phenomenon. It was explicitly shown by Wu et al. that the
surface ligands contribute largely to enhance the fluorescence
of AuNCs.>® Two ways of influencing the AuNC fluorescence
are the occurrence of LMCT directly or through the Au-S bonds.
We have shown direct evidence to the report of Wu et al
through our experiment, which showed variations in the
fluorescence of GSH-AuNCs with negative surface charge on
interactions with DMTAP and DPPC GUVs bearing different
charges on the lipid head groups. The emission spectrum of the
GSH-AuNCs shows a steady rise in intensity on interacting with
the DMTAP GUVs until saturation (Fig. 3A) with practically no
change in the corresponding absorption spectrum (not shown).
On the other hand, on interacting with the DPPC GUVs, the
fluorescence intensity grossly decreases with an increase in the
lipid concentration (Fig. 3B). The enhancement of fluores-
cence in case of the DMTAP GUVs could presumably be due
to greater degree of LMCT arising because of the interaction of
the GSH-AuNCs with DMTAP GUVs (Fig. 3C). The quaternary
ammonium groups of the lipid molecules interact electrostati-
cally with the negatively charged surface of the GSH-AuNCs
promoting excited state LMCT. In case of the DPPC GUVs, the
fluorescence intensity increased initially on adding 2.5 pM lipid
and subsequently decreased on further addition of the DPPC
GUVs. Such a behavior of the GSH-AuNCs is expected since
initially a certain population of the AuNCs (presumably similar
for both the lipids) adsorb on the surface of the GUVs, showing
an increase in the fluorescence intensity due to motional
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restriction. Since the interaction of the negative surface of the
GSH-AuNCs and the positive surface of the DMTAP GUVs is
supposedly stronger compared to that with the zwitterionic
DPPC GUVs, hence, the adsorption of the AuNCs progressively
increases until saturation with an increase in the GUV population.
However, further addition of DPPC GUVs offers more adsorbing
substrates to the GSH-AuNCs allowing some of the previously
adsorbed AuNCs to get redistributed. Weaker binding allows
them to spread over more substrates, resulting into a decrease
in the fluorescence intensity. The reason behind the variations in
the fluorescence emissions for DMTAP and DPPC GUVs was
proved to be due to the alteration in charge distribution at the
lipid head groups in the excited states that regulated the LMCT
and hence the emission intensity. The difference in the nature of
surface adsorption of the GSH-AuNCs on the DMTAP and DPPC
GUVs influenced the change in the fluorescence emission of
the AuNCs differently in the two cases. It becomes clear that the
greater population of GSH-AuNCs on the GUV surface will
influence LMCT more since the charge transfer, which was
taking place from GSH to the AuNC core before interaction with
the GUVs, will be strongly affected by the excited state charge
accumulation at the lipid heads attached to the GSH-AuNCs.
Since the population of the adsorbed GSH-AuNCs is lower in
the case of DPPC and the charge accumulation at the lipid
heads is receded (vide infra), hence, the GSH ligands will be
more concentrated in the electrostatic binding process than in
the charge transfer to the AuNC core.

The variation in the AuNC distribution over the GUVs with
different surface charge was affirmed by the steady state
anisotropy experiment. Fluorescence anisotropy provides a very
good idea for the interaction between two (or more) species by
looking into the changes in the motional restrictions. Limits to
the motion of the fluorophore affects its fluorescence yield
by modulating the radiative and non-radiative photophysical
pathways. The changing trends in the steady state fluorescence
anisotropy (7) of GSH-AuNCs with the DMTAP and DPPC GUVs
(Fig. 3D) show that the binding of the AuNCs with the lipid
headgroups is different in the two cases. The anisotropy
increased gradually with the DMTAP GUVs, indicating progres-
sively strong attachment. On the other hand, with DPPC GUVs,
the anisotropy increased initially (in compliance with the
fluorescence emission data) and subsequently saturated, thus
substantiating the explanation stated above.

The results are further supported by the measured average
zeta potential values on the addition of DMTAP and DPPC GUVs
to the GSH-AuNCs (Fig. S2, ESIt and Table 1). Zeta potential

Table 1 Comparison of the zeta potentials of GSH-AUNCs on interaction
with various concentrations of DMTAP and DPPC GUVs in aqueous buffer
at pH 7.4

Fig. 3 Influence of the added GUVs from (A) DMTAP and (B) DPPC lipids
on the fluorescence emission of the GSH-AuNCs in aqueous buffer under
normal conditions (lex = 375 nm); (C) provides a comparative plot of the
relative fluorescence yields due to the interactions and (D) shows the
steady state fluorescence anisotropy (r) plots for the two cases (the dashed
lines are to guide the view).

© 2021 The Author(s). Published by the Royal Society of Chemistry

Composition

Zeta potential (mV)

20 pM GSH-AuNC
With 5 M DMTAP
With 10 uM DMTAP
With 5 pM DPPC
With 10 uM DPPC

—14.8
—18.6
—29.9
—0.598
0.275
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indicates the surface charge of the dispersed particles in a
colloidal solution. We found that the zeta potential of the GSH-
AuNCs, which was originally —14.8 mV, changed to —29.9 mV on
addition of DMTAP GUVs, indicating higher accumulation of
electrons towards the GSH-AuNCs due to the excitation of the
system by the applied voltage, followed by transfer of electronic
charge towards the AuNCs, thus making the surface of the
conjugate more negative. On the other hand, on addition of the
same concentration of DPPC GUVs, the value gradually became
0.275 mV, indicating induced electron deficiency since the
electron cloud moves away from the surface of the DPPC GUV
on excitation (also confirmed theoretically). Hence, the concen-
tration of GSH changes with the electrostatic interaction between
the AuNCs and GUVs. This reduces the surface negative charge of
the DPPC GUV-GSH AuNC conjugate. Such an effect of the surface
ligands on NCs was also reported earlier by Wu et al.?® To verify
the situation, we did a control experiment by measuring the zeta
potential of DMTAP and DPPC lipid vesicles without adding
GSH-AuNCs (Fig. S3, ESIT), where we saw the normal change in
the zeta potential values according to the enhancement in the
GUV population in solution. This made it clear that the change in
the zeta potential values in the two cases is real and occurred due
to the influence of the GUV-GSH AuNC conjugates.

Table 2 shows that the LMCT states of the GSH-AuNCs decay
faster on interaction with the GUVs.”® The corresponding decay
traces are provided in Fig. S4 (ESIt). On changing the lipid from
DMTAP to DPPC, the surface charge of the GSH-AuNCs inter-
acting with the GUVs changes, resulting in a change in the
energy of the LMCT states due to the differently charged lipid
head groups. The lifetime decays indicate that the LMCT states
of the GSH-AuNCs probably get more destabilized upon inter-
acting with the DPPC GUVs, which stems from the existence of
the nearby triplet states that allows intersystem crossing (ISC)
(Scheme 2). Presumably, these triplet states were energetically
unreachable before interacting with the GUVs. The values in

Table 2 The excited state lifetimes of GSH-AuNCs with and without the
GUVs. The samples were excited at 375 nm and the 600 nm emission was
monitored. Values in parentheses indicate the percent contribution to the
fitting component and the y? values show the goodness of the fits. The
data are within +£5% error

Composition 74 (ps) 7, (ns) 13 (ns) Ta (nS) 12
GSH-AuNC 490 (3) 7.0 (10) 119.4 (87) 118.6  1.11
With 10 yM DMTAP 250 (19) 5.0 (16) 100.3 (65) 99.1  1.04
With 10 yM DPPC 240 (26) 4.5 (15) 95.7(59)  93.8  1.05
Core States CT States
£ =witrbn — T, States

Core emission
LMCT emission

So

Scheme 2 Probable optical transitions in the GSH-AuNCs due to adsorption
on the DMTAP and the DPPC GUVs.
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Table 3 Various parameters for the GSH-AuNCs on interaction with the
DMTAP and DPPC GUVs. The lipid concentration was 10 uM in each case

Lipids 7o (ns) t(ns) a(s ) ke (s T (s™H Desr (%)
DMTAP 118.6 99.1 8.43 x 10° 1.66 x 10° 6.77 x 10° 16.46
DPPC  118.6 93.8 8.43 x 10° 2.23 x 10° 6.20 x 10° 20.93

parentheses in Table 2, which reflect the contributions of the
respective components to the fit, indicate increase in LMCT on
interaction with the DMTAP GUVs. More efficient ISC in case of
the DPPC GUVs supports the inference. This is in concurrence
with the previous reports*®*° and our experimental findings.

Numerical calculations provide the values of the respective
responsible parameters. The rate of both the non-radiative and
radiative energy transfers due to the interactions with the GUVs
are calculated from the below eqn (1)-(4) and are summarized
in Table 3.*°

knr:___ 1

. 1)

a=15 " (2)

a=T+kn 3)
T

Dor =1 — — 4

eff 70 ()

Here, @ is the decay rate of the fluorophore in absence of
the GUVs, I is the radiative rate, k,, is the non-radiative decay
rate of the fluorophore in presence of the GUVs, and ®.¢ is the
efficiency of the non-radiative transfer of energy. 1, and © are
the excited state lifetimes of the fluorophore in the absence and
presence of the GUVs, respectively. The transfer rates and the
®.¢ values clearly indicate that ISC is higher on interaction
of the GSH-AuNCs with the DPPC GUVs and hence clarify
the effects of the differently-charged lipid head groups in the
process.

3.3. Modulation in the extent of photoinduced electron
transfer in the presence of different GUVs

Reports state that the surface ligands play a commanding role
on the donor property of the NCs due to efficient LMCT.'®?%2°
Also, the delocalized electrons donate directly to the metal core
due to the influence of the nature of the surface attached
ligands.?® Modulating the process of PET in the presence of
suitable electron acceptors (or scavengers), such as MV>*, the
GSH-AuNCs can become interesting candidates as light energy
harvesters.>® Here, we applied MV>" ions to initiate PET from
the GSH-AuNCs attached to differently charged GUVs. The
intention was to excavate the possibility of modulating the
PET rate. Thiolated NCs reportedly reduce MV** to MV™® in
the excited state.’®'3* We explored the involvement of the
GSH-AuUNCs in PET with MV>" in the absence and presence
of DMTAP and DPPC GUVs at pH 7.4. Fluorescence from the
GSH-AuNCs was differentially quenched by MV>" in all the
three cases (Fig. 4A-C). Since MV>" is a well-known electron
acceptor and frequently used in PET experiments, hence, quenching

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Quenching of the fluorescence from GSH-AUNCs by the MV?*
ions in aqueous buffer (pH 7.4) in (A) the absence of lipids, (B) and (C) the
presence of the DMTAP and DPPC GUVs. The various plots with modified
Stern—Volmer equations are given in (D) to (F) to obtain the different
physical parameters arising due to the interactions as explained in the text.

of fluorescence, in this case, can be well attributed to PET. The
relative change in the fluorescence was fitted with non-linear
regression in each case according to the modified Stern-Volmer
equation as given by eqn (5):

"0 (14 Ko[Q)(1 + K5[Q)) (5)

where, F, and F are the fluorescence intensities in the absence and
presence of the GUVs, Kp and Ks are the dynamic and static
quenching constants, respectively, and [Q] is the concentration of
the quencher, which suggests the existence of both dynamic and
static quenching (Fig. 4D). The downward curvatures in the fits
obtained with the GUVs indicate the inaccessibility of all the
fluorophores to the quencher. This is inevitable since the MV**
ions get distributed in the aqueous bulk as well as inside the GUV
pool.** Tons which are inside the aqueous pool do not reach the
GSH-AuUNCs to accept electrons through PET. The large difference in
the extent of fluorescence quenching with DMTAP compared to the
others indicates the extensive modulation of PET due to the GUVs.
Following the explanations above, the plots in Fig. 4D show that PET
is maximum with the DMTAP and minimum with the DPPC GUVs,
respectively. Hence, the nature of the charged head groups of the
lipids is considerably effective in the present case. Table 4 and Fig.
S5 (ESIT) provide the time-resolved decay parameters and the traces
for the GSH-AUNCs on interaction with MV>" in the absence and

Table 4 The excited state lifetimes of GSH-AuNCs with and without the
GUVs in the presence and absence of MV2*. The samples were excited at
375 nm and the 600 nm emission was monitored. Concentration of GSH-
AuNCs in all the cases is 20 pM and 6 pM of MV2* was added to them.
Values in parentheses indicate the percent contribution to the fitting
component and the 2 values show the goodness of the fits. The data
are within £5% error

Composition 7, (ps) 1, (ns) 13 (ns) Tay (nS) 17

GSH-AuNC 490 (3) 7.0 (10) 119.4(87) 118.6  1.11
With Mv** 460 (5)  6.1(13) 112.2(82) 111.19 1.09
With DMTAP 250 (19) 5.0 (16) 100.3 (65) 93.8  1.05
With DMTAP + MV>" 280 (19) 5.0 (21) 88.3 (60) 86.5  1.12
With DPPC 240 (26) 4.5 (15) 95.7 (59) 93.8  1.05
With DPPC + MV>* 250 (25) 4.9 (19) 94.5 (56) 92.87 1.05

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Various parameters as obtained from the quenching plots for the
GSH-AUNCs with and without the GUVs in the presence of 6 uM MV3*

Composition 1o/t  Fo/fF KpM ) KM ) KM s
GSH-AuNCs  1.067 1.285 1.11 x 10* 3.40 x 10* 9.4 x 10'°

With DMTAP 1.146 1.815 2.43 x 10* 9.73 x 10* 24.5 x 10"
With DPPC 1.010 1.080 0.16 x 10* 1.16 x 10* 1.78 x 10*°

presence of the DMTAP and DPPC GUVs. The t,, values clearly
confirm the quenching of LMCT fluorescence of the GSH-AuNCs by
MV**. While adsorbed on the DMTAP GUVSs, this effect is noticeably
much pronounced compared to that of the DPPC GUVs.

The dynamic quenching constant (Kp), arising due to PET, is
given by Kp = Kqto, where K is the bimolecular quenching
constant and 7, is the excited state lifetime of the GSH-AuNCs
in absence of the quencher. K4 can be calculated from the
collected lifetime data (Table 5) at a certain quencher concen-
tration and hence, Ky can be found out in each case using the
following eqn (6).

2= 1+ K[Q) (6)

where, 7 is the excited state lifetime of GSH-AuNCs in the
presence of a fixed concentration of MV>". Obtaining the values
of K4 and Kp helps to find K using eqn (5). The calculated
values are provided in Table 5. Static quenching of energy
occurs due to the electrostatic attachment of the MV*" ions
on the lipid heads and the GSH-AuNC surface, followed by
dynamic PET. The order (10'’) of K, indicates diffusion-
controlled quenching in every case, assuring that binding
between the fluorophore and the quencher facilitates fluores-
cence quenching. The largest value of K, in DMTAP GUVs
indicates stronger binding compared to the weaker DPPC
GUV association due to the reasons explained earlier.

The Stern-Volmer equation is modified further to obtain the
extent of accessibility of the MV>" ions to the fluorophore under
different conditions. The following eqn (7) was used for this
purpose.

R 1

Fo-F LKQ f

where, F, and F are the fluorescence intensities of the GSH-
AuNCs in the GUVs in the absence and presence of MV,
respectively, K, is the Stern-Volmer quenching constant of
the accessible fraction and f, is the fraction of the fluorophore
accessible to the quencher. From Fig. 4E, f, was obtained from
the intercepts and K, from the slopes of the respective plots.
The accessibility fractions (f,) of the quencher in the presence
of the DMTAP and the DPPC GUVs are 53.55% and 93.49%,
respectively. The difference in the f, values could be explained
by the charges of the lipid head groups of DMTAP and DPPC.
While DPPC has a phosphate group at the head, DMTAP
contains an ammonium moiety. Hence, DPPC vesicles will
attract more MV>" ions and make them accessible to the
AuNCs, and the DMTAP vesicles with positive surface charge
will deter the access due to repulsion. The corresponding K,
values are 9.49 x 10* M~ " and 2.44 x 10* M. 1t is clear from

7)
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these data that although accessibility of the MV>" ions are
much less than that to the DMTAP GUVs decorated with
GSH-AuNCs, which are quenched due to PET, is much higher
than that to the DPPC GUV-counterparts. This happens due to
the surface ligand induced modulations to the GSH-AuNCs
created by the different GUVs. This is in good agreement with
the zeta potential results for the GSH-AuNCs adsorbed on
DMTAP and DPPC (Table 1).

3.4. Modified Stern-Volmer equation to calculate the change
in the Gibbs free energy for the electron transfer process

The Stern-Volmer equation is further modified to obtain
eqn (8) to calculate the respective free energy changes, binding
constants (Kp), and the number of binding sites (n) for GSH-
AuNCs and the DMTAP and DPPC GUVs.**

0—F

log (F

The plot of log(F, — F)/F vs. log[Q] gives a straight line
(Fig. 4F) with slope n and intercept log Kj,.

The standard Gibbs free energy change for the process (AG®)
and that for the quenching process due to PET (AG) are given by
the equations: AG® = —RTInK,, and AG = AG® + —RTIn[Q].
We took the 6 pM quencher concentration for calculating the
Gibbs free energies. The calculated parameters for the quenching
processes in the absence and presence of the GUVs are given in
Table 6. Negative AG values confirm the spontaneity of PET with
or without GUVs in aqueous buffer. The values are more favorable
for DMTAP compared to the DPPC GUVs, thus conforming with
the discussions so far. The binding of MV** to the GSH-AuNCs is
much stronger compared to that in the presence of the GUVs
because of free diffusion and electrostatic attraction. However, the
process in the presence of the DMTAP and DPPC GUVs is different
due to the nature of the lipid head groups and favorable LMCT.
Although the availability of the quenchers is less (53.55%) to the
DMTAP GUV-bound GSH-AuNCs due to favorable LMCT, we see
better binding of the quenchers to the AuNC surface and hence
better PET. The less favored PET with the AuNCs bound to the
surface of the DPPC GUVs is evident from the lower binding
constant value.

) =log K}, + nlog[Q] (8)

3.5. Computational investigations to consolidate the
observations

We calculated the electron distribution in the highest occupied
and the lowest unoccupied molecular orbitals (HOMO and
LUMO) of the individual lipid molecules (DMTAP and DPPC)

Table 6 Binding constants, number of the binding sites, and changes in
the Gibbs free energies due to PET between the GSH-NCs and the Mv2*
ions in the presence and absence of the GUVs. The lipid concentration was
10 puM in each case

Compositions K, (M™Y) n AG® (I Mol™)  AG (k] Mol ™)
No lipid 937.67 x 10* 1.44 —39.77 —69.55
DMTAP 42.01 x 10* 1.14 —-32.08 —61.87
DPPC 0.697 x 10* 0.92 —21.92 —51.71
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Fig. 5 Optimized geometries (A and C) and electron distributions in the
HOMO, HOMO-1, LUMO, and LUMO+1 (B and D) for DMTAP and DPPC,
respectively.

by solving their structures computationally using density func-
tional theory (DFT) in the ground and excited states (Fig. 5).
We have considered the electron density in the HOMO,
HOMO-1, LUMO, and LUMO+1 in each case. The calculations
were done using the ®B97X-D DFT functional since this, along
with the empirical dispersion corrections, comprises 100%
long-range exact exchange, which is about 22% of the short-
range exact exchange, an improved B97 exchange density func-
tional for short-range interaction and the B97 correlation density
functional.®® The basis function, 6-31G, has been used in the present
calculations since this is generally used for atoms up to Ar.*®

The results show that the electron density mainly hovers
over the two hydrophobic chains in HOMO and HOMO-1 for
DMTAP, whereas, it shifts to the quaternary ammonium and
the ester groups in LUMO and LUMO+1 on excitation by the
incident radiation (375 nm) (Fig. 5B). For DPPC, the picture is
very different due to the phosphate group adjacent to the
quaternary amine part. The HOMO and HOMO—1 show that
the electron density exists over the phosphate group that shifts
downwards to the ester group in the LUMO and the LUMO+1
due to excitation (Fig. 5D). The results are extremely interesting
since they corroborate very well with the descriptions that we
proposed for the two types of GUVs influencing PET between
the GSH-AuUNCs and MV>". The higher electron density towards
the head region of the DMTAP GUVs induces greater LMCT to the
AuNCs and hence converts them to better electron donors
compared to the DPPC GUVs, where the effect is much lower.

4. Conclusions

We have synthesized GSH-coated AuNCs having negative surface
charge, which interacted with DMTAP and DPPC lipid-
based GUVs containing cationic and zwitterionic head groups,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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respectively. While DMTAP contains a quaternary ammonium
group at the head, DPPC consists of a phosphate group after
the quaternary ammonium moiety, followed by two hydro-
phobic tails. GSH-AuNCs are known to undergo PET with
efficient electron scavengers, such as MV>";*>?%32 however,
modulation of the effect due to the adsorption of the GSH-
AuNCs over the lipid GUVs with different head charges has so
far not been explored. This is important because GUVs are
excellent mimics to biological cells. We observed from experi-
ments as well as theoretical calculations that the electron
density in DMTAP shifts towards the quaternary ammonium
and the ester group in the excited state and in DPPC, the shift is
away from the ammonium towards the ester group. This
reinforces the GSH-AuNCs adsorbed over the DMTAP GUVs as
better electron donors to the interacting MV>" ions and hence
follows much efficient PET compared to the DPPC GUVs. The
dynamics were analyzed by fluorescence quenching due to PET.
It is found that the attachment of the GSH-AuNCs with lipid
vesicles possessing different head groups is very important in
deciding the extent and occurrence of PET in aqueous buffer.
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