Open Access Article. Published on 18 December 2018. Downloaded on 2/11/2026 10:55:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2018, 8, 42080

Received 22nd October 2018
Accepted 10th December 2018

DOI: 10.1039/c8ra08751b

! ROYAL SOCIETY
OF CHEMISTRY

The power of fluorescence excitation—emission
matrix (EEM) spectroscopy in the identification and
characterization of complex mixtures of
fluorescent silver clustersy

H. Ramsay, D. Simon, E. Steele, A. Hebert, R. D. Oleschuk and K. G. Stamplecoskie 2 *

Silver and gold clusters have received a lot of recent attention for their use in biomedical imaging. However,
crude solutions of clusters are often complex mixtures, leading to discrepancies in their identification and
characterization; important factors in determining their utility in biological applications. In the present study,
silver clusters were separated for analysis using reverse-phase high performance liquid chromatography,
which has previously been implemented in the efficient separation of gold clusters. Using fluorescence
excitation—emission matrix (EEM) spectroscopy, we have demonstrated that a certain family of
glutathione-protected silver clusters, previously thought to be one optically distinct species, is better
described as a complex mixture of at least three distinct silver cluster species, each possessing unique
optical properties. Based on these findings, EEM spectroscopy can be implemented as a powerful
technique for determining the purity of complex mixtures, especially when other techniques, including
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Introduction

Gold and silver clusters are an emerging class of optically active
nano material that display interesting photophysical proper-
ties.'™ Clusters, which have discrete electronic states, can be
differentiated from larger classes of materials, including nano-
particles and bulk metals.>” The unique properties of clusters,
including molecule-like HOMO-LUMO transitions, fluorescence,
and long-lived excited-state lifetimes, make clusters useful in
a number of different applications, including photocatalysis,
chemical sensing, and bio-imaging and therapy.***

Clusters are of particular interest for bio-imaging and therapy
due to their non-linear optical properties, as well as their ability
to absorb light and convert the energy to heat very efficiently."*¢
Though gold clusters/nanoparticles are the most extensively
studied, aqueous silver nanoclusters (AgNCs) have become of
interest as a superior metal for this application, owing to their
fluorescence, potent antibacterial activity, and broader chemical
diversity.”*° Of these AgNCs, those stabilized with glutathione
(GSH) are the most commonly studied.** Before clinical use, the
exact composition and optical properties of cluster compounds
need to be understood in order to ascertain how these materials
may function or change in the body. However, most current
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mass spectrometry, fail to provide adequate characterization of a given material.

studies explore the properties of a mixture of metal clusters or
nanoparticles without providing insight into size-dependent
properties, especially as they relate to chemical composi-
tion.”*?* Notably, there are challenges to determining the exact
composition of silver cluster compounds and the characteriza-
tion of Ag by mass spectrometry is further complicated by the
distribution of isotopes present in a 10-100 Ag atom cluster, as
well as the tendency for these clusters to fragment.>>*** To add to
this confusion, multiple publications have reported that a single
cluster species is responsible for a common optical “signature”
(absorbance spectrum) observed for glutathione protected silver
clusters.?*?® However, in this work we unequivocally determine
that the same material is actually composed of at least three
major components. New strategies, like fluorescence EEM spec-
troscopy, are required (and highlighted here) in order to char-
acterize and identity these complex silver cluster compounds.

Fluorescence excitation-emission matrix (EEM) spectros-
copy is a technique that allows for the complete, quantitative
determination of the fluorescence profile of a given material.””**
Unlike simple emission spectroscopy that is commonly used to
visualize the fluorescence of metal clusters, EEM spectroscopy
can afford information on the emission profile concurrently
with excitation wavelength data, creating a three dimensional
map of fluorescence characteristics. The observed electronic
transitions are telling of the structure and properties of
a material, and most importantly herein, provide greater insight
into material purity and composition.?*?*°

This journal is © The Royal Society of Chemistry 2018
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EEM spectroscopy is a novel characterization tool when
considering atomically precise clusters. In this work we show
that this mixture of AgNCs, previously identified as a single,
atomically precise species, contains at least 3 different clusters,
which together dictate the optical properties of this material.
Separation of these clusters by reverse-phase high performance
liquid chromatography (RP-HPLC) and characterization by UV-
visible absorbance spectroscopy, parallel factor (PARAFAC)
analysis and thermogravimetric analysis (TGA) support this
finding. The optical properties of these AgNCs, including fluo-
rescence quantum yield, have also been determined for the first
time for each of the major individual components that
comprise the complex mixture.

Experimental section

Reagents and materials

Sodium borohydride (NaBH,, 98%), reduced glutathione (GSH,
reduced, 98%), and silver nitrate (AgNO;, =99.0%) were all
purchased from Sigma-Aldrich. Methanol (MeOH, =99.8%) and
HPLC grade acetonitrile (ACN) were purchased from Sigma-
Aldrich and Thermo Fisher Scientific, respectively. Milli-Q
water (18 Mohm ¢cm™ ") was used in all experiments. All chem-
icals were utilized without further purification.

Synthesis

Glutathione (GSH) protected AgNCs were synthesized following
a similar procedure to previous reports.*" Briefly, 0.0848 g AgNO;
(5.12 mM) and 0.153 g GSH (5.12 mM) were dissolved in 0.5 mL
and 2 mL of Milli-Q water, respectively. Sequentially, these
solutions were added to ice-cold methanol (95 mL) and stirred for
5 minutes at moderate speed. The resulting silver-thiolate
suspension appeared cloudy and white. A freshly prepared
NaBH;, solution (5.32 x 10~ ' M, 15 mL) was then added to the
suspension, dropwise, under vigorous stirring. Upon the begin-
ning of dropwise addition, the solution became yellow in colour,
and gradually transitioned from yellow, to amber, to brown and
then black in appearance over the course of an hour. The
absorbance was monitored over 24 hours (by centrifugal precip-
itation and dissolving in ultra pure water), at which point the
absorbance peaks of the product appeared to be maximized in
intensity, and the dark solution was removed from the cold
stirring conditions. The solution was then centrifuged for 5
minutes at 5000 rpm. The centrifuge tubes were then decanted,
and the product was left to dry in a vacuum oven, at room
temperature, overnight. After drying, the solid was collected and
stored in the refrigerator at 4 °C for the duration of the study. We
hereby refer to this sample as the crude sample, as it has been
shown to contain multiple cluster species. For mass spectrometry
experiments, samples were dissolved in ultra pure water and
prepared at concentrations of 20 mg mL " and for RP-HPLC at
1 mg mL ™" (analytical) and 200 mg mL ™" (prep-scale).

Instrumentation

Absorbance spectra of nanoclusters were recorded using an Agi-
lent Cary 60 UV-Vis absorbance spectrometer. EEM spectra were
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taken using the Horiba Duetta Fluorescence and Absorbance
Spectrometer, and inner-filter effects and Rayleigh scattering
were corrected using EzSpec™ software. Reverse-phase high
performance liquid chromatography (RP-HPLC) was accom-
plished using a preparatory scale C18 column (Dim. 250 mm X
21.2 mm) using the Varian PS218 Solvent Delivery Module, as
well as an analytical scale amide column (Waters BEH Amide;
2.1 mm x 100 mm; 1.7 pm particle size) on a Waters H-Class
UPLC. The high-resolution mass spectra of AgNCs were recor-
ded on a Bruker Autoflex TOF using laser desorption ionization
(LDI) in negative ion mode with a linear detector. A total of 2000
laser shots were summed from 200 pulses of the 2 kHz Smart-
Beam laser set to a flat profile. The spectra were recorded in the
mass range of 800-6000 m/z. Finally, thermogravimetric analysis
(TGA) was performed with the TGA Q500 V6.7 Build 203 using
aramp of 5 °C min~ ' and heating up to 900 °C under argon gas.

Theoretical methods

Before performing PARAFAC analysis, Rayleigh scattering and
Raman signals were removed from each EEM spectra of the data
set and each EEM was subsequently normalized and smoothed
with a Gaussian filter. PARAFAC was executed using the N-Way
Toolbox for MATLAB, assuming 3 significant components were
present in the data set and constraining the components to be
non-negative in all dimensions.*

Results and discussion
Synthesis and stability

In the first step of AgNC synthesis, AgNO; was partially reduced
by glutathione, a water-soluble thiol that strongly binds and
stabilizes silver ions to form a silver-thiolate complex. Further
reduction at 0 °C with NaBH, resulted in the slow formation of
AgNCs, the absorbance features of which gradually increased
with time over the course of 24 hours (Fig. 1a). The final product
has distinct absorbance maxima at 335 nm, 483 nm and 650 nm.
Interestingly, it was found that using a molar ratioof 1 : 1 : 16 of
Ag : GSH : NaBH, resulted in the sharpest and most consistent
optical signature, as compared to using other concentrations of
NaBH, (Fig. S11). Solid AgNCs were collected by centrifugation,
dried in a vacuum oven and placed in the refrigerator at 4 °C for
the duration of the study to ensure constant storage temperature
during the warm summer months. This solid sample remained
stable indefinitely (at least several weeks during experimentation)
while kept under these storage conditions. When dissolved in
water, AgNCs retain their absorbance, slowly degrading over 24
hours (Fig. 1b). It was found that storing this aqueous solution of
clusters in the dark under cold temperatures results in the best
retention of these optical features, likely owing to their photo-
activity and susceptibility to thiol-etching over time.*

For the crude mixture of AgNCs, the excitation (Aems = 680 nm)
and emission (A = 305 nm, 435 nm, 475 nm) spectra are illus-
trated in Fig. 2. The excitation spectrum for the crude mixture does
not match well with the absorbance spectra of this sample, which
is consistent with data in previous reports.”® What has been
previously overlooked is that this mismatch is a strong indicator

RSC Adv., 2018, 8, 42080-42086 | 42081
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Fig. 1 (a) Absorbance spectra of AQNC solution measured over the
course of 24 h after reduction with NaBH,4, and (b) absorbance spectra
depicting degradation of crude sample of AgNCs in ultrapure water
over 24 hours as indicated by a subsequent loss in overall absorbance.

that this is not a pure sample, and the difference is due to different
quantum yields of emission of the individual components of the
mixture. Mass spectrometry (see ESIT) provides no clear solution to
this phenomenon, as the LDI spectra of this crude sample and its
separated components look identical and represent only frag-
ments of the original clusters, common to each sample. To further
investigate this, we performed separation by HPLC and subse-
quent analysis with EEM spectroscopy.

The emission spectra of the crude mixture also indicate that
this optical absorbance signature is accounted for by multiple
species. Emission should be independent of excitation wave-
length (Kasha's rule), with few exceptions.**** As seen in Fig. 2, it
is evident that multiple emission profiles are required to generate
the overall emission characteristics, indicating the presence of
different cluster species in this mixture. Using simple emission
spectroscopy in isolation makes it very difficult to observe this
effect, as emission peaks are only shifted marginally from one
another in these red-emitting cluster species.”****

Separation of Ag,(SG)y mixture

The use of high performance liquid chromatography has been
instrumental in separating and characterizing metal clusters,
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Fig. 2 Excitation spectra of crude AgNCs probed at A¢ms = 680 nm
and emission spectra of crude AQNC probed at Aex = 305 nm, 435 nm,
475 nm.

including many different gold nanocluster species.*® Herein, we
have shown the utility of reverse-phase HPLC in separating
these silver cluster species. The crude mixture of AgNCs were
dissolved in a 50 : 50 solution of acetonitrile : water and loaded
onto an amide column. Using an isocratic mobile phase
gradient of 51 : 49 acetonitrile : 10 mM ammonium acetate at
a flow rate of 0.50 mL min~"' for 30 minutes, the clusters were
eluted off the column based on the strength of their van der
Waals interactions with the column (Fig. S21). The first species
to elute from the column, referred to as Ags, possessed the
lowest retention time, and was rapidly eluted at 6.5 minutes.
The second (Agg) and third (Agc) species to be observed were
then eluted at retention times of 13 and 19 minutes, respec-
tively. This method consistently resulted in the elution of three
cluster species with three distinct optical signatures, as
observed in Fig. 3. On a preparatory scale, we were able to use
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Fig. 3 Absorbance spectra of Aga Agg and Agc from reverse phase
HPLC experiment; arrows/dotted lines represent absorption maxima.
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a C18 column to generate large quantities of individual clusters
for further analysis. As the cluster species are likely very similar,
and differ only by a few silver or ligand components, complete
and distinct separation is challenging. However, this method is
repeatable and presents a reliable method for obtaining these
three distinct fractions of clusters that appear to be present in
the crude sample of AgNCs.

The work-up of these separated fractions involved concen-
trating and purifying samples by centrifugation, using centrif-
ugal filters with a 3 kDa cut-off, until the total volume of each
fraction was reduced to approximately 100 pL. Following
concentration, purified silver cluster species could be easily
precipitated using methanol (~2 mL), and were then precipi-
tated by centrifugation, decanted and left to dry in the vacuum
oven. These samples were placed in the refrigerator and stored
at 4 °C for the duration of the study.

Characterization of AgNC by fluorescence EEM

Using EEM spectroscopy, it is possible to visualize the complete
fluorescence profile of each of the three cluster species isolated
from RP-HPLC. We will henceforth refer to these species based on
their order of elution from RP-HPLC: Ag,, Agz and Agc, respec-
tively. From the emission spectra of these three samples (Aex = 445
nm) (Fig. 4), it can be observed that Ag, has an emission maximum
at 680 nm, Agp has an emission maximum at 665 nm and Agc has
an emission maximum at 925 nm. This clearly demonstrates the
different emission maxima observed for silver cluster species and
showcases their unique optical signatures. Using eqn (1), we have
calculated the quantum yield of emission for Ag A, B and C to be
0.323%, 0.232% and 0.083%, respectively, using a quantum yield
standard of zinc phthalocyanine.
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Fig. 4 Emission spectra of separated fractions of AQNCs probed at an
excitation wavelength of 445 nm, with intensity normalized to a value
of 1 and corrected for inner filter effects.
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whereby S represents the sample and R represents the reference
standard (zinc phthalocyanine), @ is the quantum yield, 4 is
absorbance and n is the refractive index.

Based on these emission profiles, it appears that Agc has
some impurity of Agy, as there is an emission peak at 665 nm
observed in this fraction. As the quantum yield of Agg is much
higher than Agc, any small impurity of this species would result
in a noticeable emission, which could explain the minor pres-
ence of Agp in Agc.

The fluorescence EEM spectra in Fig. 5 provided the most
substantial evidence that these three separated fractions are not
only different, but also rationalize the fluorescence profile of the
crude sample in combination. By visualizing the complete
fluorescence profile of Ag,, Agg and Agc, as well as the crude
AgNCs, it is possible to observe that:

Crude = Ll(El) + b(Ez) + C(E3) [2)

whereby E;, E», E5 and crude represent the emission of Ag,, Agg
and Agc and the crude product, respectively, and a, b and ¢
represent the factors which these values must be multiplied by
to ascertain the spectra of the crude mixture.

The ‘tailing up’ of the emission profile of the crude sample is
indicative of the presence of Agc, and Ag, and Agg emit too
closely to be distinguished by the single observed emission
maxima at 675 nm. However, upon separation of these
components, it is possible to observe that the close-emitting
clusters of Ag, and Agg are distinct and both contribute to
this unique emission profile.

Furthermore, parallel factor (PARAFAC) analysis, also called
canonical decomposition (CANDECOMP), has been performed
on these purified fractions. PARAFAC analysis is a type of tensor
decomposition described by the following formula:

r
X = ) dirbyciy + e (3)
7=
where x is the 3-dimensional PARAFAC model tensor with
dimensions i, j, k; a, b, and ¢ are one-dimensional loading
matrices, f is the number of components, and e is a residual
tensor.*

PARAFAC is typically implemented using an alternating least
squares algorithm, wherein the tensor is reshaped into a 2D
array, and where the dimensions are changed from i x j x kto i
x jk. Linear regression is then performed on 7, while j and k are
held constant. Then the matrix is reshaped to j x ik and j is
regressed, then k. The process repeats until a convergence
threshold is reached. The advantage of this method is that it
always moves toward the optimal solution. Simply put, PAR-
AFAC analysis fits multiple two-way arrays (slices) of a three-way
array (EEM plot) in terms of a common set of factors that have
different relative weights in each slice.* Though traditionally
used for assessing the fluorescence of dissolved organic matter
in water samples in conjunction with EEM,*"** this technique
has found new utility in this work in qualitatively predicting the
number of components present in complex data sets.

RSC Adv., 2018, 8, 42080-42086 | 42083
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Fig. 5 Fluorescence EEM spectra of Aga (top left), Agg (top right), Agc (bottom left) and the crude sample (bottom right). Dotted lines/arrows
indicate the relative position of observed emission maxima. All plots are normalized to an intensity of 1 and were corrected for inner filter effects.
The quantum yields of emission for Ag A, B and C are 0.323%, 0.232% and 0.083%, respectively.

To perform the decomposition, the number of components
that best represent a data set must be approximated before-
hand. Then, PARAFAC analysis is run, and provides a metric
describing how well the generated factors match the selected
data set. As the separation performed produced three distinct
cluster species, PARAFAC analysis was performed in order to
establish what these three components should look like sepa-
rately, because, as noted, Ag¢ appeared to have contamination
of Agg. In this sample, the EEM plots generated by PARAFAC
were found to describe 99.3% of the data when fit to three
components and matches the expected emission profiles of the
three observed cluster species with great precision. Therefore,
PARAFAC analysis qualitatively supports the presence of three
distinct compounds in this complex mixture of silver clusters,
which can be observed in Fig. 6.

Mass spectrometry of silver clusters remains extremely
complex due to the stated challenges, including the compli-
cated isotope patterns of both silver and sulfur, sensitive
susceptibility to fragmentation as well as the aqueous solubility
of these particular silver clusters and increased difficulty in
ionization as a result. Previous studies have appeared to identify
AgNCs with similar absorbance profiles to Ag, as Ag;5(SG);4 (ref.

42084 | RSC Adv., 2018, 8, 42080-42086

25) and Agc as Ags,(SG)10,** though there are conflicting results
on exact identities in the literature due to the complicated
nature of the mass spectra, which are often low-resolution and
displaying broad and/or ambiguous peaks.****** In this study,
we have achieved high-resolution mass spectrometry data,
using LDI in negative ion mode with a linear detector, up to
3600 Da, which far surpasses many of the previously mentioned
broad and uncertain spectra that exist in literature. These
spectra have been analyzed for common fragmentation patterns
(Fig. S37), which may be telling of the larger structure of these
clusters. As can be seen in Fig. S4,7 it is evident that Ag, is
a cluster species with greater than 15 silver atoms, and based on
the mass spectra, these clusters contain at least Ag,;. Due to the
current challenges ionizing and observing the molecular ion, it
is not possible to assess differences between the mass spectra of
different fractions of silver clusters. Despite this, the spectra in
ESIf provide an interesting lens into the complex isotope
patterns and fragmentation observed and will be an important
focus of future studies involving this material.

TGA provides additional evidence that these three separated
fractions are unique (Fig. S5f). The percent composition for
each fraction was calculated to be: (Aga) 57.8% GSH: 42.2% Ag,

This journal is © The Royal Society of Chemistry 2018
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Fig.6 Fluorescence EEM spectra generated by PARAFAC analysis that was fit to three components and computed using EEM data obtained from
mixtures of AgNCs eluted from HPLC experiments. All plots are normalized to an intensity of 1.

(Agg) 55.7% GSH: 44.3% Ag and (Agc) 3 53.4% GSH: 46.6% Ag.*
The proportion of the mass accounted for by ligands tends to
decrease with increasing magic number sizes of metal clus-
ters.*® As Ag, had the largest percentage of its mass attributed to
GSH, it is likely that this cluster is the smallest in size of the
three cluster species. This is further supported by the finding
that this cluster had the highest quantum yield of emission, as
smaller metal clusters tend to be more emissive,*” as well as that
this was the first species eluted from RP-HPLC experiments, and
had the fewest interactions with the column based on its small
size. Additionally, there are notable differences in the mass loss
profiles of these species in the third destruction step, from
500 °C to 800 °C. Ag, experiences a slower rate of mass loss over
this step, as evidenced by the broad curve that extends past
700 °C before beginning to plateau. Different sizes of metal
clusters have been shown to display unique and varied geom-
etries in terms of their arrangement of ligand-metal staples
around a central metal core,* which could rationalize the
different breakdown profiles observed in TGA.

Conclusions

We conclude that the common optical signature observed for
glutathione-protected silver clusters, previously thought to be
the result of a single optically distinct species, is accounted for
by a mixture of three distinct cluster species. The determination
of different cluster species was only made possible with the
complete fluorescence profiles provided from EEM spectros-
copy. Thermogravimetric analysis supports this finding, as well
as the implementation of PARAFAC analysis for assessing the
components present in this complex mixture. Furthermore, we
conclude that the RP-HPLC method developed for this study is
an efficient method for separating and isolating these distinct
glutathione-protected silver cluster species. Future studies are
required to specifically identify which silver clusters are present,
though the preliminary mass spectrometry characterization of
these samples provides new and interesting clues towards the
eventual mass determination of each species. However, more
convincing and higher resolution mass spectrometry is still
required to draw definite conclusions about the identity of this
material.

This journal is © The Royal Society of Chemistry 2018

Understanding the unique optical properties of these clus-
ters, in relation to their exact identity, will be essential in future
in vivo cell-line studies with this material. The complete char-
acterization of this material is important in understanding how
silver clusters may degrade or change in the body, and will help
identify which clusters can best function as safe, effective
therapeutic tools. Probing the nonlinear optical properties of
this material is also of future interest, to further assess the
utility of silver clusters in diagnostic and therapeutic
applications.
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