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ABSTRACT: We probed the initial growth kinetics of luminescent quantum clusters
of silver (AgQCs) within two albumin family proteins, bovine serum albumin (BSA)
and ovalbumin (Ova). Shorter time scale (seconds to minutes) growth of AgQCs
monitored using real time photoluminescence spectroscopy has shown that, at lower
concentrations of Ag*, only unstable QCs were formed. The major role of basic pH in
the synthesis was not only to facilitate Ag"™-BSA conjugation but also to provide well
dispersed medium for controlled nucleation of QCs. Increase in the concentration of
NaBH, affects growth kinetics greatly and leads to increase in the growth rate of
AgQCs; but for NaBH, concentrations higher than the optimum value, growth rate
becomes constant. Precise measurements have shown that excitation and emission of
AgQCs exhibit linear red-shift with the increasing concentration of NaBH, whereas
protein excitation remains constant. Similar results were observed for both the
proteins, Ova and BSA. We believe that various insights provided by this study will be
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helpful for further improvements in the synthetic methodology and applications of protein protected AgQCs.

B INTRODUCTION

Protein protected luminescent noble metal quantum clusters
(NMQCs@protein) have found interesting applications in the
recent past.'”” NMQCs@protein can be synthesized usin%
various metal ions such as copper, mercury, gold, silver, etc.5!

NMQCs@protein are biocompatible due to their bulky protein
ligands and lower metal content.”""'> Apart from this, protein
ligands can be easily conjugated to drug molecules and can be
targeted to cancer cells for imaging and therapy applica-
tions.*'"'* Photoluminescence (PL) properties of NMQCs@
protein have been demonstrated to be useful for sensing amino
acids."* In the past, NMQCs@protein have been used for the
detection of post-translation modification of enzymes and
determination of the activity of protease enzymes.'>' Studies
have shown that intracellular changes in the properties of
NMQCs@protein can be used to sense and monitor the
activity of various analytes.'”'” Most of these applications are
based on photoluminescence of clusters. Such luminescence has
been found to be stable at biological pH'® and it is possible to
tune the same by changing multiple synthetic parameters, such
as pH, concentrations of reducing agent, etc.!”™* For example,
Kawasaki et al. and Guevel et al. have demonstrated the
dependence of AuQC synthesis on pH of the reaction.'® It was
found that growth of smaller clusters can happen at lower pH,
whereas larger clusters can be synthesized at basic pH.
Synthesis of NMQCs@protein was demonstrated using bovine
serum albumin (BSA), lactoferrin, lysozyme, insulin and
multiple other proteins.>*'®** Variety of synthetic method-
ologies have been developed for the synthesis of protein
template AuQCs and AgQCs.>"**7*¢ Synthetic methodologies
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for AuQCs and AgQCs have some basic differences. This is
because, gold can be reduced by tyrosine residues of proteins at
basic pH but due to lower reduction potential of silver, it
requires a stronger reducing agent such as sodium borohydride
(NaBH,).*! To optimize the synthetic route for eficient
growth of QCs, it is necessary to understand growth process of
the same.”” Knowledge of temporal growth mechanism of QCs
helps in the determination of relationships between reaction
parameters which facilitate tunability of physicochemical
properties of the clusters formed.

To monitor such growth processes of QCs, selection of
appropriate techniques are important. For slower growth
processes which occur at the time scale of hours and days,
methods which would involve complex and lengthy sample
preparation methods can be used. These techniques can be
transmission electron microscopy (HRTEM), scanning elec-
tron microscopy (SEM) or mass spectrometric techniques such
as matrix assisted laser desorption ionization mass spectrometry
(MALDI MS), etc. But, for reactions which occur at time scale
of seconds or minutes, real time probing techniques are
required. Depending on the intrinsic properties of products, for
solution state synthesis, the techniques can be UV—vis
absorption, PL spectroscopy, etc. Dharmaratne et al. have
shown that for the growth of monolayer protected QCs, which
occurs on the time scale of hours, mass spectrometry can be
used.”® In this study, size evolution of Au,s(SCH,CH,Ph),q
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Figure 1. Role of NaOH in the AgQC synthesis. (A) Changes in the PL counts (I4;) after the stepwise addition of various reaction components
during AgQC synthesis. The black curve shows variations in I, when only Ag" ions were added to the BSA solution, and reaction was monitored
without adding NaOH and NaBH,. The red curve shows variations in I4;, when addition of Ag" was followed by an addition of NaOH. The blue
curve shows variations in Ig;, when Ag*, NaOH and NaBH, were added sequentially. Green stars indicate the occurrence of spikes due to increase in
the detector response when stray light got into the spectrometer during the addition of reactants. (B) UV—vis spectra of the aforementioned samples

are shown in matching color at 2000 s time of reaction.

nanoclusters was probed using MALDI MS. It was found that
initial growth of larger sized clusters such as Au,p), Auzg and
Augg leads to the formation of highly monodisperse Au,g
nanoclusters. Another study, performed by Xie and co-workers,
has used ESI-MS to monitor the time evolution of Au,g
nanoclusters.” This study has proposed a two-stage growth
process which involves a fast reduction-growth step and a slow
intercluster conversion, leading to Au,s;. Our group has also
reported monitoring of growth processes of protein protected
clusters.*"*”3%3! Our study on the evolution of AuQCs within
lactoferrin templates have shown that during the growth of
AuQCs, initial addition of Au®* ions in protein solution lead to
its reduction to Au* which reduces to Au(0) only when the pH
is changed to a basic value.”” This growth process is much
slower than the growth process for AgQCs. Growth of AuQCs
inside lactoferrin templates involves interprotein metal ion
transfer which leads to the emergence of parent protein
molecules, at the end of the reaction, beginning from metal-
protein adducts. This knowledge obtained from AuQC growth
process was used to develop an optimized synthetic route
which utilizes the free protein available at the end of reaction.
This kind of optimization is mainly necessary when availability
of proteins and monodispersity of product are major concerns.
A similar phenomenon of the emergence of parent protein was
observed when the growth process of AuAg alloy clusters inside
BSA templates was monitored.>® Recent studies from our group
have used small-angle X-ray scattering (SAXS) and mass
spectrometry (MS) for direct visualization of QC growth within
protein templates in solution.’" In another study, performed by
Mathew et al., MALDI MS was used to investigate the effect of
NaBH, on the synthesis of AgQC@BSA.21 It was found that
despite the change in concentration of NaBH,, the major
species formed was Agls@BSA.21 However, as mentioned, due
to the use of NaBH, as the reducing agent for Ag’, growth
kinetics of AgQC@protein is much faster as compared to
AuQC@protein. Hence, MALDI MS was able to provide

information about the final product only. MALDI MS also has
another drawback that the clusters may be formed in the gas
phase by reaction between desorbed proteins and the naked
clusters produced in the gas phase.” Hence it is risky to
correlate the clusters obtained from MALDI MS with the PL
properties of QCs measured in solution, in all cases. Hence, in
this work, we have used PL spectroscopy to probe the initial
growth kinetics of luminescent AgQC@BSA. Unlike MALDI
MS, PL spectroscopy allows real time and direct monitoring of
the PL properties of clusters growing in the solution state. The
study has been performed mainly to check the dependence of
growth kinetics on various reaction parameters when NIR
luminescent AgQCs are formed. Dependence of excitation and
emission wavelengths on the NaBH, concentration has been
established. Growth process was studied for two albumin family
proteins, BSA and Ovalbumin (Ova). To the best of our
knowledge, this is the first study on the growth kinetics of
rapidly synthesized AgQCs inside protein templates.

B EXPERIMENTAL SECTION

Chemicals. Sodium borohydride (99%, Fluka), Ovalbumin
(98%, Sigma-Aldrich), Sodium hydroxide (98%, RANKEM,
India.), Silver nitrate (99.9%, RANKEM, India.), Bovine serum
albumin (96—98%, pH 7, SRL Pvt. Ltd., India.) were used for
experiments. Millipore deionized water (DI) (~18.2 MQ) was
used throughout the experiments.

Synthesis of AgQCs. A protocol previously reported”'
from our group was used for the synthesis of AgQC@BSA and
AgQC@Ova with slight modifications. Briefly, 200 uL of 100
mM AgNOj; was added to 2 mL of 25 mg/mL protein solution
followed by the addition of 100 L of 1 M NaOH. Then, 10
mM NaBH, was added to initiate cluster growth. Volume of
NaBH, was varied from 5 to 200 uL according to the
experiment. While varying NaBH,, final volume of the reaction
mixture was maintained constant by adding DI water. No
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Figure 2. Initial growth kinetics of AgQC@BSA at different Ag" concentrations. (A) Changes in the PL intensity of AgQC@BSA (Ex—380 nm,
Em—670 nm) after the addition of NaBH, at different concentrations of Ag*. (B) Excitation and emission spectra corresponding to the growth
curves shown in (A). Colors in B indicate concentrations shown in A. QE stands for quantum efficiency at 670 nm emission.

stirring was used but solution was gently mixed with using 100
uL pipet.

PL spectroscopy. To monitor AgQC growth kinetics in
real time, we have carried out reaction in the sample cuvette of
PL spectrometer kept within a dark room. HORIBA, JOBIN
VYON NanoLog fluorescence spectrometer was used for PL
measurements. Protein (BSA or Ova) solution was taken in
quartz cuvette and other components were added in the order,
AgNOj;, NaOH and NaBH,,. After an addition of every reactant,
sufficient time was given to ensure the stability of PL counts.
Final volume of the reaction was kept constant by adding
deionized water (DI) to achieve better comparison between PL
intensity of different products. Care was taken to avoid second
order peak of excitation in emission spectra.

UV—vis spectroscopy. UV—visible absorption spectro-
scopic measurements were performed using PerkinElmer
Lambda 25 spectrophotometer (Range -200—1100 nm, scan
rate -480 nm per min).

Such clusters were monitored in our earlier studies by a range
of techniques such as MALDI MS, XPS, HRTEM, SAXS,
etc.””?"3* Although data from those studies are not presented,
inferences drawn from these studies will be used here.

B RESULTS AND DISCUSSION

Role of NaOH and NaBH, in AgQC synthesis. NIR
luminescent AgQC@BSA and AgQC@Ova do not form at
neutral pH (Figure 1), and neither do they form only by the
addition of NaOH. Previous studies from our group have
shown using gas phase mass spectrometric studies that basic pH
facilitates coordination between Ag" ions and various functional
groups of BSA.>' PL spectroscopic observations performed in
the solution state have shown the importance of NaOH in this
reaction. For these observations, reaction was monitored step
by step after the addition of various components of the
reaction. The mixture was excited at 380 nm and emission was
collected at 670 nm (I,). It may be noted that these are the
excitation and emission values of AgQC@BSA. As shown in
Figure 1, when only Ag" ions were added to BSA solution, a
large increase in I, counts was observed, which decayed slowly
over long time. This was found to be due to aggregation of BSA

in the presence of Ag" ions. Soon after the addition of Ag’,
solution became turbid white and Iy increases, due to
scattering. This was supported by UV—vis spectroscopic data
as shown in Figure 1B. Subsequent decrease in I, was due to
gradual settling down of aggregates. In the next step of the
reaction, after the addition of Ag", it was observed that due to
change in the pH of reaction mixture, aggregates break down
and form well dispersed solutions of Ag-BSA conjugates.

In this reaction, NaOH does not initiate NIR luminescent
AgQC growth even after long time as it can be seen by the red
trace shown in Figure 1. This results in an abrupt decrease in
Ig. At this time, it again reaches the baseline counts, which
were observed before the addition of Ag*. This baseline count
continues for long time without any further change. In the next
reaction, addition of Ag* and NaOH was followed by NaBH,.
In this case, I, increases exponentially and reaches a stable
count within a few minutes. This time, I¢;, remains steady even
after a long time. This suggests stable product formation in the
reaction. Hence NaOH provides favorable environment for
cluster growth and then NaBH, helps in the growth of stable
clusters. Apart from the reduction of Ag* to Ag(0), NaBH, can
affect the reaction in various ways such as change in the
reaction pH and disruption of protein structure, which
facilitates the binding of Ag® ions to the inner residues of the
protein. This suggests that apart from facilitating Ag"™-BSA
conjugation, the other role of NaOH is to provide a well
dispersed solution for cluster growth before the addition of
NaBH, (Figure 1A). We have monitored the same reaction at
different concentrations of Ag®. These results are discussed in
the next section.

Initial growth kinetics of AgQC@BSA at different Ag*
concentrations. According to the first report on the synthesis
of AgQC@BSA from our group, 1:13 molar ratio of BSA:Ag"
was needed for the synthesis of Ag;;@BSA.*>' In this study,
even after the addition of large amounts of NaBH,, no
considerable change in the emission of QCs was observed. This
was possibly because the number of available silver atoms was
adequate only for the synthesis of Ag;s. To understand if
changes in the relative quantity of NaBH, can lead to changes
in the cluster growth, at first we have studied growth kinetics
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and PL properties at different concentrations of Ag®. In this
experiment, NaBH, (10 mM, 25 uL) and NaOH (1 M, 100
yL) concentrations were kept constant, only Ag* concentration
was varied. Growth curves for these samples are shown in
Figure 2A. When ~1:25 ratio of BSA:Ag" was used, stable
cluster growth was not observed. Fluctuations in the PL
intensity were observed at this concentration. Whereas at
higher concentration of Ag”, that is at ~1:50 ratio of BSA:Ag",
the clusters grown were stabilized. For this sample, even higher
PL intensity was observed as compared to clusters grown with
1:25 ratio. It should be noted that, despite using similar NaBH,,
concentration for 1:50 and 1:25 ratios, only 1:50 forms a stable
product. Figure 2B shows steady state PL spectra of these
samples. These spectra were collected at a time when growth
monitoring was stopped (2000 s). For all samples, only one
major emission peak was observed at ~670 nm. First excitation
peak at ~376 nm is due to the excitation of Ag-BSA
conjugate.”’ Second excitation peak at ~500 nm appears only
after NaBH, addition and due to the excitation of NIR
luminescent AgQC@BSA. When stable and highly emissive
clusters were formed, both these excitations exhibit equal
intensity for emission at 670 nm (Figure 2B). This implies that
for 376 and 500 nm excitation wavelengths, AgQC@BSA
exhibit equal quantum efficiency (QE). In the absence of NIR
luminescent clusters, excitation at 376 nm leads to emission at
~460 nm. It has been shown by previous studies that
tryptophan metabolites like kynurenine are responsible for
excitation and emission of protein at 375 and 450 nm,
respectively.*>> At further higher concentrations of Ag’, no
NIR luminescent cluster growth was observed. The reason
behind this may be the growth of larger size clusters and is
discussed in more detail in the subsequent sections with the
help of steady state PL spectroscopy of AgQCs.

Growth kinetics of AgQC@BSA at different NaBH,
concentrations. Figure 3A shows the growth curves of
AgQC@BSA when different volumes of NaBH, were used to
initiate growth of clusters. Figure 3B shows the slopes (growth
rates) calculated from the tangents drawn to growth curves just
after the addition of NaBH,,. Initially at lower concentrations of
NaBH, (S, 10, 25 uL), growth rate increases as the
concentration of NaBH, increases. To understand the kinetics
further, we have tried fitting the growth curves using a single
component exponential growth function. Though it was
possible to fit curves with the adjusted R square values of
~0.97, no specific correlation between growth constants and
NaBH, concentration was found. These growth constants and
description of exponential growth function are provided in
Supporting Information Table 1. Because of this, here we have
discussed growth curves only qualitatively. From the I, values
at 500 s, for clusters grown with different concentrations of
NaBH, (Figure 3B), we see that 25 uL of NaBH, leads to
efficient and stable growth of AgQCs. Further addition of
NaBH, does not result in change of growth rate but after initial
transient growth, formation of nonluminescent clusters
dominate the growth of luminescent QCs (Figure 3B). After
adding 50 uL of NaBH,, QC growth follows a step function;
where just after the addition of NaBH,, clusters grow abruptly
and the concentration remains stable even after long time. This
difference between growth curves for 25 and 50 uL
concentrations of NaBH, suggests that, at lower concentration
(25 uL) of NaBH,, although clusters start nucleating at high
growth rate, after a few seconds, silver atom uptake by the
protein is slow. This leads to QC growth in a controlled
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Figure 3. Growth kinetics of AgQC@BSA at different concentrations
of NaBH,. (A) Changes in the PL intensity of AQQC@BSA (Ex—380
nm, Em—670 nm) after the addition of NaBH, (10 mM). The volume
of NaBH, added is written adjacent to the growth curves in
corresponding colors. Tangents are drawn to determine initial growth
rate at different concentrations of NaBH,. The dotted line crosses the
data points which are plotted in the next figure. (B) The black curve
shows changes in the emission intensity of AgQC@BSA after the
addition of different amounts of NaBH, after 500 s of the reaction.
The green curve shows changes in the growth rate of AgQC@BSA.

manner. Whereas, in the case of 50 uL NaBH,, formation of
larger and nonluminescent QCs dominate the nucleation of
luminescent QCs soon after the addition of NaBH,. At further
higher concentrations of NaBH,, growth of larger QCs leads to
reduction in I, Formation of larger clusters was confirmed by
red shift observed in steady state PL spectra of aforementioned
samples. These observations are discussed in the next section.

Relationship between PL properties of AgQC@BSA
and NaBH, concentration. Figure 4A shows excitation
spectra of AgQC@BSA grown with different concentrations of
NaBH,. In all these spectra, we see that the excitation peak for
Ag-BSA conjugate (Exyq)) appears even before the addition of
NaBH, (black trace at the bottom of Figure 4A). Exyq, remains
constant in position but changes in intensity upon change in
the concentration of NaBH,. But the excitation peak in the
region around 500 nm (4,,) changes in position and intensity,
which is attributed to different QCs nucleated in the solution.
For 25 uL of NaBH, concentration, both Exy4, and 4, can be
used to excite AgQC@BSA with equal quantum efliciency for
emission at 670 nm. But, after increase in the concentration of
NaBH,, there are corresponding changes in the PL properties
of QCs too. Assuming that larger quantum clusters have longer
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Figure 4. Relationship between PL properties of AgQC@BSA and NaBH, concentration. (A) Excitation spectra (Em—670 nm) of AgQC@BSA. (B)
Emission spectra (Ex—380 nm) of AgQC@BSA. Matching colors are used for excitation and emission. Emission spectra are normalized and vertically
translated for better comparison of peak positions. (C) Changes in I, as a function of NaBH, concentration shown for two different excitations, A,
(blue) and Exggy (red). (D) Relationships between excitation (4.,) and emission (4,) wavelengths and volume of NaBH, (Vy,pu4) are shown.

excitation wavelength, uniform red-shift in 4, can be attributed
to an increase in the size of clusters. Such red-shift in the cluster
emission has also been shown by Petty et. al and Gwinn et al.
for DNA templated AgQ_Cs.34’35 In the emission spectra also,
Em,4, remains constant but cluster emission (4,,) exhibits a
red shift. Hence, due to red shift, 4., gradually goes out of
Emy4 range and results in a decrease in the efficiency of Exsg.

To compare the excitation and emission peak positions
accurately, we have done Gaussian curve fitting of all the
excitation and emission spectra. Curve fitting data are shown in
Supporting Information Figures S2 and S3. Peak positions
obtained from these fittings are plotted in Figure 4D. It was
observed that both excitation and emission wavelengths scale
linearly with respect to the volume of NaBH, (Vy,pus). The
slope values of 0.37 and 0.16 for A, and A, suggest that,
excitation is more a prominent function of NaBH, concen-
tration as compared to emission. This also implies linear
relationship between the excitation and emission of clusters
synthesized at different volumes of NaBH,. To check the
possibility of similar behavior in other AgQC@protein systems,

we have performed similar studies on another system of AgQCs
stabilized by Ovalbumin (AgQC@Ova). These results are
discussed in the next section.

Growth kinetics of AgQC@Ova. To confirm the
observations made for AgQC@BSA and to verify whether
this behavior can be generalized for other albumin family
proteins, we have monitored growth kinetics of AgQC@Ova.
Before discussing these observations, it should be noted that
molecular weight (MW) and hence amino acid content of Ova
is ~2/3 of BSA. Hence these observations can also be used for
such MW based comparison. Hence keeping the weight/
volume concentration of Ova the same as BSA, NaBH,
concentration was varied. Results obtained are consolidated
in Figure S. Similar to AgQC@BSA, initial growth rate of
AgQC@Ova increases upon increase in the concentration of
NaBH, and remains constant at an optimum concentration
(Supporting Information Figure S6). In the case of AgQC@
Ova also, 50 uL concentration of NaBH, leads to a growth
curve similar to a step function and clusters grow abruptly after
the addition of NaBH,. Figure 5B shows linear relationships
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excitation and emission wavelengths and volume of NaBH, are shown.

between excitation, emission and concentration of NaBH,.
Original excitation and emission spectra for these samples are
shown in Supporting Information Figure S1 and curve fitting
data are shown in Figures S4 and SS5. This supports that, the
kinetics of AgQC growth inside BSA and Ova can be
considered as a generalized kinetics for albumin family proteins.
PL data also suggest that Ova provides more tunability over
emission (Em = 650—720 nm) as compared to BSA (Em =
660—700 nm).

Unlike gold quantum clusters, for which jellium model has
been developed to correlate emission energy with the number
of atoms per clusters,>**” for the case of silver clusters, due to
the strongly interacting ligands to stabilize cluster core, such a
model is unlikely to be followed. However, there have been
attempts to agply jellium model for silver-protein nano-
bioconjugates.®® If such a model were to be applied in the
present study, sizes of AgQCs would have been 24—28 atoms
for BSA emission varying between 660 and 700 nm and 23—31
atoms per cluster for Ova emission varying from 650 to 720 nm
(Supporting Information Figure S7).

UV—vis spectra of AgQC@BSA and AgQC@Ova do not
yield any conclusive information to enlighten the growth
process. The possible reasons behind this can be the lack of
surface plasmon resonance due to the ultrasmall size of
quantum clusters as well as the bulky nature of the protein
ligands and their high absorption which may hide the
absorption features of the clusters. UV—vis spectra of
AgQC@BSA and AgQC@Ova spectra are shown in Supporting
Information Figures S8 and S9.

B CONCLUSION

We have developed a methodology for monitoring real time
growth kinetics of rapidly synthesized luminescent silver
quantum clusters. This method allows understanding as well
as precise optimization of the synthetic methodology. With the
example of AgQC@BSA, we have shown that upon increase in
the concentration of NaBH,, the growth rate of luminescent
AgQCs increases and becomes constant for concentrations
higher than the optimum value. Studies performed at different
concentrations of Ag* have shown that merely the addition of

more NaBH, does not lead to stable cluster growth, but
sufficient concentration of Ag" is also an important parameter.
Steady state PL spectroscopic investigations have shown that
excitation and emission properties of clusters are linear
functions of NaBH, concentration. Similar relationships were
observed for both the proteins, Ova, and BSA.

This study also provides a new possibility of using AgQC@
BSA as probes for multiple labeling or detection using the
ratiometric fluorescence technique. Further probing of this
system with advanced techniques and other methodologies may
be required to answer questions such as reasons behind the
increased tunability of AgQCs by Ova as compared to BSA,
larger red-shift in the excitation wavelength of QCs compared
to red-shift in the emission, etc. We believe that this study will
be helpful for further improvements in the synthetic method-
ology and applications of protein protected AgQCs.

B ASSOCIATED CONTENT

© Supporting Information

Excitation and emission spectra of the systems described,
spectra after appropriate peak fitting under various conditions,
and a table of growth constants derived from the exponential
fitting of spectra. The Supporting Information is available free
of charge on the ACS Publications website at DOI: 10.1021/
acs.jpcc.5b00496.
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