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Protein-activated transformation of silver
nanoparticles into blue and red-emitting
nanoclusterst
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Proteins are very effective capping agents to synthesize biocompatible metal nanomaterials in situ.
Reduction of metal salts in the presence of a protein generates very different types of nanomaterials
(nanoparticles or nanoclusters) at different pH. Can a simple pH jump trigger a transformation between
the nanomaterials? This has been realized through the conversion of silver nanoparticles (AgNPs) into
highly fluorescent silver nanoclusters (AgNCs) via a pH-induced activation with bovine serum albumin
(BSA) capping. The BSA-capped AgNPs, stable at neutral pH, undergo rapid dissolution upon a pH jump
to 11.5, followed by the generation of blue-emitting AggNCs under prolonged incubation (~9 days). The
AgNPs can be transformed quickly (within 1 hour) into red-emitting Agi;sNCs by adding sodium
borohydride during the dissolution period. The BSA-capping exerts both oxidizing and reducing
properties in the basic solution; it first oxidizes AgNPs into Ag* and then reduces the Ag™ ions into AgNCs.

Noble metal nanomaterials, especially silver (Ag) and gold (Au),
have witnessed exceptional research exploration in the last
couple of decades from both fundamental and application
perspectives.' These nanomaterials mainly exist in two distinct
size regimes with unique optical characteristics. Ultra-small
nanoclusters (NCs) (size typically <3 nm) contain only a hand-
ful of atoms (few to hundred), while relatively large nano-
particles (NPs) may comprise thousands of atoms. NPs may
display strong extinction (absorption or scattering) spectra in
the UV-vis region but are generally non-fluorescent.” In contrast,
metal nanoclusters (MNCs) exhibit bright emission but not so
noteworthy absorption spectra.®* The distinct optical charac-
teristics of the two nanomaterials have been exploited in various
applications. For example, metal nanoparticles (MNPs) are
extensively used in photothermal therapy® and imaging,® while
NCs are more suited in fluorescence imagining” and sensing®
applications. A facile transformation between the two nano-
materials could enable us to combine the complementary
optical properties in a single system. Moreover, the kinetics of
transformation can provide insights on various intermediate
processes like dissolution, etching and digestive ripening etc.*™*

Silver nanoparticles (AgNPs) and nanoclusters (AgNCs) are of
particular interest, as it not only possess the intriguing
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physicochemical properties of MNPs and MNCs, but also
feature unique properties pertaining to silver.>*>'* For example,
metallic silver has been well known for its capability to prevent
infection since the ancient times, while recent studies revealed
that ultrasmall AgNCs exhibit even superior antibacterial
properties towards a broad spectrum of bacteria.'*** Moreover,
due to superior plasmonic properties and bright fluorescence,
AgNPs and AgNCs are preferred over other metal
nanomaterials.*>*®

The fluorescence properties of AgNCs mainly be attributed to
the quantum confinement effect or surface ligand effect.'” The
strong fluorescence generally arises from the electronic transi-
tion between occupied d band and states above the Fermi level
(sp bands) or the electronic transition between highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO).'® Several reviews have been devoted
for the fundamental understanding of the fluorescence origin of
AgNCs.""® Recently, it was demonstrated that aggregation-
induced emission (AIE) may also contribute to the lumines-
cence pathway of MNCs.**° The origin of AIE from MNCs could
be attributed to the restriction of intramolecular vibration and
rotation of ligand on the surface of MNCs after aggregation,
which facilitates the radiative energy relaxation vig inhibiting of
non-radiative relaxations.>***

Protein capping is quite common for obtaining both NPs****
and NCs.***° Serum proteins, bovine serum albumin (BSA) and
human serum albumin (HSA) are the most popular among trials
with different proteins.”®?® BSA is a large protein which
provides steric stabilization to the MNCs with its various func-
tional group like -OH, -NH,, -COOH, -SH.>**° The disulfide
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bond of BSA may have strong interaction with the MNCs where
sulfur may be covalently bonded to the MNCs core.***" The
nanomaterials are synthesized within the protein template at
very different pHs. AgNPs are obtained from the reduction of
silver salts at neutral pH (6-8),>* whereas the same process at
a higher pH (>11) leads to AgNCs.***> The protein capping itself
may reduce Ag'; AgNCs are formed without any external
reducing agent.”*** However, an external reducing agent may
change the nature and kinetics of the NCs significantly.*

Thus, the influence of pH on the protein structure may
govern the selective synthesis of AgNPs or AgNCs. BSA can
achieve several conformations — N (native), B (basic), A (aged)
and U (unfolded) as the pH of the medium gradually changes
from neutral to highly alkaline.**** It may be possible that
a specific type of nanomaterial is stable within a particular
conformation dictated by the pH of the medium. Hence, by
simply changing the pH, we may expect a significant modula-
tion of the morphology of the nanomaterial. Herein, we applied
this concept to show an effortless transformation from AgNP to
AgNC. Although BSA template is exceptionally popular in the
preparation of both AgNPs and AgNCs, however, to the best of
our knowledge, no report is available on the conversion from
AgNP to AgNC within the protein capping.

The BSA-capped AgNPs (BSA-AgNPs) were first synthesized at
a neutral pH (pH = 6) using sodium borohydride reduction (see
ESIT). The AgNPs show a sharp surface plasmon resonance
(SPR) band at 415 nm (Fig. 1a) and have uniform diameters of
12.5 £+ 1.5 nm (Fig. 1b). The AgNPs are quite stable at this pH
with no apparent change in the SPR band even after 15 days
(Fig. S11).

However, when the BSA-AgNPs were treated with NaOH to
elevate the pH to 11.5, we observed a remarkable decrease in the
SPR band at 415 nm and a color change from dark to light
brown within 2 h of the pH jump (Fig. 2a). The observations
indicate the dissolution of AgNPs, which was further confirmed
from the TEM images taken quickly (~10 min) after the NaOH
treatment (Fig. S21). Heterogeneous distribution of AgNPs was
obtained with sizes varying from 2.6 nm to 17 nm, which is in
sharp contrast to the uniform AgNPs before the addition NaOH
(cf: Fig. 1b). Upon further incubation (6 h), the light brown color
gradually faded to light yellow with a further decrease in the SPR
band absorbance (Fig. S31).
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Fig. 1 (a) UV-vis spectrum and (b) TEM image of BSA-protected

AgNPs synthesized at pH 6. The insets show the appearance of the
AgNP solution under regular and UV light (left panel), and size distri-
bution histogram (right panel).
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Fig. 2 Time evaluation of the (a) UV-visible and (b) emission spectra

(Aex = 370 nm) of BSA-capped AgNPs after enhancement of the pH
from 6 to 11.5 (by addition of NaOH at t = 0). The inset shows the
snapshot of the final blue-emitting AgNC solution under normal and
UV lights. (c) TEM of the blue-emitting AgQNCs along with the HRTEM
image and the analyzed size distribution in the inset. (d) MALDI-mass
spectra of the BSA protein and BSA-capped blue-emitting AgNCs.

Interestingly, the solution also develops distinct fluores-
cence with a maximum at ~460 nm after the addition of NaOH
(Fig. 2b). The fluorescence intensity gradually grows up upon
incubation, and finally, an intense blue fluorescence was
developed within ~9 days. The final NaOH-treated AgNP solu-
tion appears to be light yellow under normal light and blue-
fluorescent when viewed under a hand-held UV lamp (Fig. 2b,
inset). The blue-emitting AgNCs exhibit a single band excitation
spectrum with a maximum at 372 nm (Fig. S47).

TEM image of the optimized NCs (after 9 days incubation at
37 °C) exclusively reveals uniform AgNCs of ~2.10 &+ 0.28 nm
diameter without any trace of large NPs (Fig. 2c). The mass of
the BSA-capped AgNCs (67 375 Da) was shifted by 845 Da from
that of native BSA (66 530 Da) (Fig. 2d). Thus, the new species
should correspond to Agg cluster. The characteristics of the
blue-AgNCs were quite similar to the human serum albumin
(HSA)-protected blue-AgNCs, directly prepared from silver salt.*
However, the formation time of those AgNCs was significantly
less (~10 h) than the present method (~9 days).** Thus, the
initial dissolution process, although quite fast, may have
a crucial role in the kinetics of the protein-protected NCs. When
we performed a similar pH jump experiment on a citrate-
stabilized AgNP,** the extinction spectrum of the AgNPs
showed much less variation compared to the BSA-AgNPs.
Instead of a strong decrease, the SRP band showed a red-shift
with an extended tail indicating aggregation rather than
dissolution of NPs (Fig. S51).

Furthermore, a red-emitting cluster was generated when an
external reducing agent, sodium borohydride (NaBH,), was
added during the dissolution process. NaBH, was added after
~11 min of the NaOH addition when the SPR band of BSA-AgNP

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Early time evolution of (a) UV-visible and (b) emission spectra
(Aex = 370 nm) of the BSA-protected AgNPs upon subsequent treat-
ments with NaOH (pH 11.5) and NaBH,4 at t = 0 and 11 min, respec-
tively. The decrease of the SPR band at 415 nm and a concomitant
increase of the fluorescence band at ~650 nm indicates dissolution of
the AgNPs and formation of the red-emitting cluster. The inset shows
the visuals of the AgNCs formed after 1 h under normal light and UV
light. (c) TEM of the red-emitting AQNCs along with the HRTEM image
and the analyzed size distribution in the inset. (d) MALDI-mass spectra
of the BSA protein and BSA-capped red-emitting AgNCs.

was already decreased by half (Fig. 3a). The SPR band (Apax =
415 nm) of AgNP continues to diminish similarly before and
after the addition of NaBH, (Fig. S3). Thus, NaBH, may not
have any significant effect on the dissolution process of AgNP.
However, it has a strong impact on the modulation of the
fluorescence; a new fluorescence band was developed at
~650 nm within a much shorter duration (1 h) (Fig. 3b). The
solution exhibits a bright-red fluorescence under a UV lamp
(Fig. 3b, inset) with a quantum yield of 3.5%.

TEM measurements of the red-emitting species show
homogeneous distribution of AgNCs with ~2.25 £ 0.25 nm
diameter (Fig. 3c). MALDI-mass experiment further assigned
the red-emitting species as Agy; cluster (Fig. 3d). The excitation
spectrum (4., = 650 nm) displays two distinct peaks at 370 nm
and 470 nm, which match closely to the reported excitation
peaks of the Ag;; 15 clusters within BSA/HSA capping
(Fig. S47).2**>** Moreover, the fluorescence decay of the red-
emitting-AgNCs converted from AgNP almost matches with
those prepared directly from AgNOs;; both display very similar
average lifetimes (0.95 ns vs. 0.89 ns) (Fig. S6 and Table S17).*”

Another important observation is that the red-emitting
AgNCs have only transient stability at 37 °C. With further
incubation, the absorbance at ~470 nm (characteristic excita-
tion peak of the red-emitting cluster) reduces and the absor-
bance at 370 nm (excitation peak of the blue-emitting cluster)
increases simultaneously (Fig. 4a). The red-emission at 650 nm
also decreases gradually with a concomitant increase of a blue
emission band at 465 nm (Fig. 4b). Thus, both absorption and

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Transformation of red-emitting to blue-emitting cluster: (a)
UV-visible and (b) emission spectra (dex = 370 nm) showing trans-
formation of the BSA-protected red-emitting Ag;sNCs (obtained at 1 h)
to blue-emitting AgNC upon prolonged incubation. Red and blue
arrows respectively denote the decrease/increase of the red/blue
cluster absorbance and emission intensity with time. The inset (b)
shows a magnified wavelength region in 580-720 nm of the emission
spectra. (c) TEM image of the blue-emitting silver nanocluster while its
inset shows HRTEM image with size histogram of corresponding silver
nanocluster. (d) MALDI-mass spectra of BSA and BSA-containing blue-
emitting silver nanocluster synthesized from Ag;3NCs.

emission measurements clearly indicate transformation of red-
to blue-emitting clusters which takes up to ~15 days for
completion. The solution finally becomes light yellow and
exhibits a bright blue fluorescence under UV light similar to the
blue-emitting cluster obtained earlier from the AgNP in the
absence of NaBH,. Interestingly, other characteristics of the
regenerated blue-emitting AgNCs (converted from Ag;3;NCs)
also match quite nicely with the directly prepared blue-AgNCs
(converted from AgNPs in the absence of NaBH,). The size of
this blue cluster was 2.04 4+ 0.12 nm, which is similar to the
previously obtained direct blue-emitting cluster (2.10 £ 0.28)
(Fig. 4c). Furthermore, MALDI-mass measurement reveals that
both the blue-emitting clusters may have the same composi-
tion, Agg (Fig. 4d). In addition to this, the average lifetime (0.53
ns) of the blue-emitting AgNCs synthesized from AgNP agrees
well to the average lifetime (0.40 ns) of the blue-emitting AgNCs
converted from the red-emitting AgNCs (Fig. S7 and Table S27).
However, the quantum yield (23%) of blue-emitting AgNCs,
converted from red-emitting AgNCs, was higher than the
quantum yield (18%) of the blue-emitting AgNCs, converted
from AgNPs. Since, the emission characteristics of the blue and
the red-emitting clusters nearly matches with earlier report, we
expect that silver may be present in the zero oxidation state as
determined in those studies.?**!

Moreover, the atomic composition of the NCs can be also be
estimated from the Jellium model using the equation®***

Een = EFermi/]vQ33

RSC Adv., 2019, 9, 39405-39409 | 39407
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where Egerm; is the Fermi energy of the metal (Ag), Een, is the
emission energy of the MNCs and N is the number of atoms
constituting a MNC. Using the model equation, the number of
silver atoms for the blue-emitting AgNCs can be predicted as
8.45 (~8) Ag atoms which is a good agreement with our MALDI
data (8 Ag atoms). However, the theoretical calculation esti-
mated as N ~ 24 for the red-emitting AgNCs, which is not in
agreement with the MALDI data (13 Ag atoms). This is because
of the well-known deviation of the Jellium model for higher
number of Ag atoms in AgNCs because of increase in the elec-
tronic screening effects and the harmonic distortion in the
potential energy well.*

Although the red-emitting cluster is not very stable at the
experimental condition (pH 11.5, 37 °C), it may be easily
stabilized by lowering the temperature or pH. The fluorescence
intensity of the red-emitting and blue-emitting cluster kept at
4 °C, was almost preserved for more than 15 days (Fig. S8t). On
the other hand, lowering the pH to 6, also inhibits the red to
blue-cluster transformation (Fig. S9t). The observations indi-
cate that the red-blue transformation has a moderate activation
barrier and the conversion may be governed by the change in
the structure of the protein in the alkaline condition. Acidifi-
cation of the solution can stop the transformation of the protein
conformation and inhibits the process.

From these observations, we may conclude that the conver-
sion from NPs to NCs occurs in two steps. First, a rapid disso-
lution of AgNP occurs in the alkaline medium. The kinetics of
the dissolution process can be monitored through a time-
dependent decrease of the SPR band and the time constant
was found to be ~13 min (Fig. S107). Dissolution of AgNPs is an
important issue and assumed to be the leading cause of toxicity
of AgNPs in biological mediums.* The dissolution is commonly
favored at a low pH but drastically inhibited at high pH.** The
swift dissolution of the BSA-protected AgNP observed here at
a high pH (11.5) is unprecedented. Thus, the BSA capping may
have an active role in the dissolution process. We comprehend
that the oxidation power of protein may be activated in the basic
medium.

Organothiols (R-SH) are known to promote dissolution of
AgNPs; R-SH progressively reacts with Ag atoms to form RS-Ag
complex.*” Since cysteine is also an organothiol, it is expected
to play an essential role in the dissolution of AgNPs. Gondikas
et al. showed that excess cysteine could favor the dissolution
process of AgNPs, whereas another amino acid, serine (S-H
bond is replaced by O-H bond), has no effect.** Zang and
coworkers showed that only the isolated or reduced cysteine in
a protein has a dominant role in the dissolution of NPs.**
Although BSA contains as many as 35 cysteine residues; 34 of
them are involved in S-S bond formation and only a single
cysteine is present in free form (S-H). Hence, the dissolution of
AgNPs at neutral pH may be negligible.

Most proteins rich in sulfur-containing residues (cysteine
and methionine) may degrade in alkaline solution. Florence
reported that about 5 of 17 S-S bridges in BSA may be cleaved in
the presence of 0.2 M NaOH.* Thus, at higher pH, some
disulfide bonds may be cleaved and more cysteine residues may
participate in the dissolution of BSA-capped AgNPs.
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In the second step, Ag" ions generated from the dissolution
of AgNPs, can be reduced either by the protein capping itself or
by an external reducing agent to form NCs (Scheme 1). The
tyrosine residues may be responsible for the reduction of the
metal ions to NCs.”*** At a pH, higher than the pKa (10.46) of
tyrosine, the reduction capability of tyrosine is enhanced by
deprotonation of the phenolic group.>>***® Moreover, the addi-
tion of a strong reducing agent (e.g., NaBH,) may lead to a faster
reduction, which favors quicker nucleation and growth of Ag
atoms forming the bigger NCs (Ag;3NCs). However, the large
Ag;3sNCs may not be adequately stabilized by the protein
conformation at that condition and hence may transform into
the more stable blue-emitting AggNCs.

The conformation change of the protein capping during the
conversion was also supported by the circular dichroism (CD)
measurements (Fig. S111). The formation of AgNPs results in
a negligible change in the protein conformation (Table S37).
However, the formation of red Ag;; cluster results in
a substantial modification in the BSA conformation. The « helix
content reduces from 57% to 49%, whereas coil randomness
increases from 17% to 21% without a major change in the
B sheet. Interestingly, blue-emitting Agg cluster perturbed the
conformation of the BSA to a much larger extent (Table S37). As
the cysteine disulfide bond has a direct role on maintaining the
folded conformation of BSA, its breaking may change the
protein conformation. The addition of NaOH induces breaking
of S-S bond, which leads to formation of AgNCs with subse-
quent change in protein secondary structure.

In conclusion, we report an unprecedented fast dissolution
of AgNPs through activation of the protein (BSA) capping by
elevating the pH of the medium to 11.5. At higher pH, the
disulfide bonds may be cleaved, and the free cysteine may
activate the dissolution process. The protein capping also plays
a crucial role in the formation of fluorescent nanocluster after
the completion of the dissolution process. Thus, we explored
multiple roles of the BSA capping - (1) a stable capping agent at
neutral pH to stabilize the AgNPs (2) activates the dissolution
process probably via oxidative dissolution of the AgNPs (3)
adsorbing the nascent silver ions within its scaffold and (4)
finally reducing them to fluorescent nanocluster.

e @ ~ Blue AggNCs
&vs-'ﬁ .‘
J - O y 3

pH-~11.50

Red Ag;,NCs

Scheme 1 Schematic representation of the transformation of the
BSA-capped AgNPs to blue- and red-emitting AgQNCs.
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