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Abstract

Atomically precise metal nanoclusters capped with small molecules like amino acids are highly
favoured due to their specific interactions and easy incorporation into biological systems. However,
they are rarely explored due to the challenge in surface functionalization of nanocluster with small
molecules. Herein, we report the synthesis of green emitting (Aex = 380 nm, Aem = 500 nm) single amino
acid (L-tryptophan) scaffolded copper nanocluster (Trp-Cu NC) via one-pot route under mild reaction
conditions. The synthesized nanocluster can be used for the rapid detection of heavy metal (Ag(l)) in
the nanomolar concentration range in real environmental and biological samples. The strong green
photoluminescence intensity of the nanocluster quenched significantly upon addition of Ag(l) due to
the formation of bigger nanoparticles, thereby losing its energy gquantization. A notable colour change
from light yellow to reddish brown can also be observed in the presence of Ag(l) allowing its visual
colorimetric detection. Portable paper strips fabricated with Cu-Trp NC can be reliably used for on-site
visual detection of Ag(l) in the micromolar concentration range. The Trp-Cu NC possesses excellent
biocompatibility making them suitable nanoprobe for cell imaging, thus can act as an in-vivo biomarker.
The nanocluster showed a significant spectral overlap with an anticancer drug doxorubicin, thus can be
used as an effective FRET pair. FRET results can reveal important information regarding the attachment
of the drug to the nanocluster and hence, its role as a potential drug carrier for targeted drug delivery

within human body.
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Introduction

Ligand protected noble metal nanoclusters (e.g. Au, Ag, Cu etc.) emerged as an efficient
nanoprobe grabbing a lot of recent interest owing to their luminescence properties, ease of synthesis,
low cytotoxicity, photostability and biocompatibility [1-7]. These nanoclusters with their improved
physicochemical and optical properties have broad applicability in sensing [8, 9], catalysis[3, 10],
bioimaging [9, 11] and therapeutics [12-14]. Metal nanoclusters are ultra-small sized particles
comprising several to tens of atoms [6, 15-17]. Their extraordinary photophysical properties are
associated with the presence of quantized and discrete energy levels due to their small size (< 2 nm)
[15-17]. Despite the natural abundance, copper nanoclusters have been less explored compared to Au
and Ag. Due to its relatively higher oxidation potential it is challenging to reduce copper and once

formed the copper nanocluster can readily undergo oxidative damage [17-19].

In protein capped metal nanoclusters, small amino acids like tryptophan and tyrosine play a
crucial role in protecting the nanocluster by coordinating with the metal core as well as reducing the
metal ions [18-21]. Thus one might anticipate that the individual amino acids can also play a similar
role outside the protein structure forming a stable ultrasmall nanocluster without the involvement of a
large macromolecule, where the surface properties can be easily tuned. The bidentate carboxylate group
and the lone pair of electrons of the amino group of the individual amino acids are promising for
protecting nanocluster ensuring better metal coordination and specific interaction [5]. Small molecule
templated nanoclusters can be easily incorporated within a biological system such as live cell [20, 22]
but surface functionalization of metal nanoclusters with small molecules as the capping agent is

challenging [20].

L-Tryptophan, one of the eight essential amino acids, is the only precursor for synthesizing
melatonin and serotonin. Serotonin is an important neurotransmitter and neuromodulator responsible
for regulating mood, behaviour and cognition whereas melatonin acts as a regulator of sleep/wake
rhythms and reduces oxidative stress [23, 24]. In the liver, tryptophan is converted to niacin (Vitamin
B3) which has many essential biological functions such as energy metabolism, DNA synthesis etc [25,
26]. It is primarily found in transmembrane proteins. It helps anchor the membrane proteins with the
cell membrane [27, 28]. It has a high affinity to transport across the blood-brain barrier compared to
other amino acids [28] and thus could act as a potential drug carrier. Although it is found in the lowest
concentration in the body, it is a critical component in protein synthesis and essential metabolic
pathways [23]. Tryptophan templated copper nanoclusters thus could be a suitable nanoprobe for in-

vivo studies.

Silver, a noble and precious metal, has been extensively used in various fields such as medicines

[29], drug delivery [30], textiles [31], jewellery, catalysis [32] and electronics [33]. The antimicrobial



property of Ag(I) has been explored in water purification and therapeutic applications [29, 34]. But the
unconstrained release of Ag (I) (a heavy metal) into the environment as a part of many anthropogenic
activities and rapid industrial growth has led to a significant increase in their concentration in the
environment (especially in water resources) resulting in adverse effects on human health and
environment [35]. Once they enter into the body, they can accumulate and deposit resulting in many
adverse health disorders [35, 36]. Commonly high concentrations of Ag (1) in the human body can lead
to skin discoloration causing Argyria [37, 38]. The interaction of Ag (I) with thiol groups can lead to
the inhibition of the enzymatic activity of proteins [39, 40]. Due to its binding affinity towards purine
and pyrimidine bases in DNA, silver ions and silver nanoparticles can damage the DNA [41]. Apart
from genotoxicity, it has also been found to induce renal, hepatic and neurological toxicities [37]. It can
displace important metal ions like Ca?* and Zn?* in hydroxyapatite in bone [42]. Thus it is essential to
detect Ag(l) in biological and environmental systems with high sensitivity and selectivity. However,
till date, sensors for rapid and selective detection of Ag (1) ions are limited, most of the cases involving
complex mechanisms or instrumentations [43, 44]. This calls for the need of a simple, reliable, robust,
sensitive, water soluble, biocompatible, cost-effective, time efficient and highly selective sensor for the
ultrasensitive detection of Ag (1).

Traditionally available sophisticated analytical techniques commonly used for the detection of
Ag (I) involve Atomic Absorption/Emission Spectrometry (AAS/AES) [45], Inductively Coupled
Plasma Atomic-Emission Spectrometry (ICP-AES) [46], Mass spectrometry (ICP-MS) [47], Surface
Enhanced Raman Spectroscopy (SERS) [48] etc. Even though detection limits of some of these
techniques can reach up to 0.1 nM, they are less favoured as they are costly, require cumbersome sample
preparation, complicated and sophisticated instrumentation, complex detection process and trained
personnel [49]. Fluorescent probes on the other hand are more favoured as sensors as they are rapid and
user friendly [50, 51]. Various fluorescent probes have been developed as sensors for Ag(I) using
organic templates [52], quantum dots [53] and nanoparticles [39, 43, 54]. The detection method is rapid
and sensitive but they too suffer from one or more drawbacks, either they are insoluble in water [55,
56] or, highly toxic for the human body [57]. Thus the development of fluorescence based
biocompatible optical sensors with desirable features is in high demand. Ligand protected metal
nanoclusters thus could be a better choice for the selective detection of Ag(l). Most recently researchers
attempted to develop metal nanoclusters for detection of Ag(l) [58-61] but they too need improvements
since the limit of detection were high and the cytotoxicity for these nanoclusters has not been checked,

thus could pose threat to human health.

Here we report a protocol for the synthesis of green-emitting L-tryptophan stabilized ultrasmall
(diameter ~2 nm) copper nanocluster (Trp-Cu NC) which can rapidly and selectively detect Ag (I) in

the nanomolar concentration range (detection limit ~25 nM) in complex systems such as real water



samples and human serum. The Trp-Cu NC was found to be highly photostable, biocompatible and
have better quantum yield (¢ = 0.114) than the previously reported work [62]. It has a significant
spectral overlap with an anticancer drug (doxorubicin) making it a suitable candidate for a FRET-pair
to study the drug binding/release. The synthesized Trp-Cu NC can be used as a nanoprobe for cell
imaging and intracellular studies making it a suitable candidate for in vivo biomarkers. The ability of
tryptophan to engage in multiple types of interactions and its role in membrane protein stabilization
makes the internalization of NC easier for in vivo studies. Thereby it opens up its potential application

as a drug delivery agent.

Materials and Methods
Materials

L-Tryptophan was purchased from Sisco Research Laboratories Pvt. Ltd. (SRL). Copper
chloride (CuCl,.2H,0), sodium hydroxide (NaOH) and hydrazine hydrate (N2Ha) used for the synthesis
of Cu-Trp NC were purchased from Nice Chemicals (NICE). The following metal salts for examining
metal ion sensing of NC were purchased either from SRL or NICE: mercuric chloride (HgCl.), silver
nitrate (AgNQs), calcium chloride (CaCly), sodium chloride (NaCl), magnesium chloride (MgCl,),
manganese chloride (MnCly), nickel sulphate (NiSO4), cadmium chloride (CdCly), chromic nitrate
[(Cr(NOs),], ferrous chloride (FeCl.), lead nitrate [Pb(NOs).], cobalt nitrate [Co(NOs).], zinc sulphate
(ZnS0.), sodium arsenate (Na;HAsO,) and nickel sulphate (NiSO4). Hydrogen peroxide (H202),
sodium hypochlorite (NaOCI) solution and concentrated hydrochloric acid (HCI) were purchased from
Nice chemicals. L-Cysteine was purchased from SRL. Quinine hemi-sulphate dye and human serum
were purchased from sigma-aldrich. Doxorubicin hydrochloride for FRET studies was purchased from
TCI (Tokyo Chemical Industry) chemicals. Double distilled water from Biopak Polisher Milli-Q water
system (CDUFB1001) was used for preparing all the solutions. All the reagents were used as received

as without any further purification.
Synthesis of L-Tryptophan scaffolded Copper nanocluster

To synthesize L-tryptophan scaffolded copper nanocluster (Trp-Cu NC), 1 ml of 0.15 mM
CuCl; was added to 2 ml of 7.5 mM L-Tryptophan solution in a 1:100 (Cu:Trp) molar ratio. The reaction
mixture was vigorously stirred at 40°C for half an hour. This was followed by dropwise addition of 100
pl of 1 M NaOH to adjust the pH of the solution to 12. After half an hour of stirring, 50 pl of 80%
hydrazine hydrate was added dropwise to the reaction mixture. The solution was then kept for vigorous
stirring at 40 °C for 8 hrs (Scheme 1a). The formation of NC was indicated by the appearance of a
yellowish brown coloured transparent solution which turned into green under UV light (Scheme 1b).

After completion of the reaction, the sample was stored at 4°C under dark condition for further use.

Instrumentation



Steady state fluorescence measurements were recorded using Perkin Elmer Fluorescence Spectrometer
(FL 8500). The L-tryptophan scaffolded Cu NC solution was excited at 380 nm and the spectra were
scanned from 390 nm to 700 nm at a scan speed of 240 nm min* keeping excitation and emission slit
widths at 5 nm with 430 nm emission filter. Life time measurements were done on a time-correlated
single photon counting setup (LifeSpec-Il, Edinburgh Instruments, UK) using a 375 nm pulsed diode
laser with an instrument response function of 150 ps. The size of the NC was determined using High
Resolution Transmission Electron Microscope (HRTEM) from JEOL Japan (model no. JEM-2100
Plus). The sample was drop casted on a carbon coated copper grid. Fourier transform infrared (FTIR)
spectra were recorded using IR Tracer-100 FTIR spectrophotometer from Shimadzu Scientific
Instruments scanning in the wavenumber range of 7800-350 cm™ at 0.2 cm™ resolution. For Matrix
Assisted Laser Desorption/lonisation — Time of Flight (MALDI-TOF) mass spectrometry analysis, a
Bruker make Ultraflextreme MALDI-TOF analyser was used with trans-2-[3-(4-tert-Butylphenyl)-2-
methyl-2-propenylidene]malononitrile (DCTB) as the matrix. Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES) measurements were done using the Perkin Elmer Optima 5300 DV
instrument for quantitative determination of Ag(l) in real samples. The photoluminescence guantum

yield (¢) of the nanocluster was measured using the method reported earlier [63].
Metal sensing studies

For the metal sensing studies, the diluted solution of Trp-Cu NC (~25 times) was incubated with desired
concentration of different metal cations (Cd?*, Cr¥*, Fe?*, Ni?*, Co?*, Zn?*, Hg?*, As®*, Mn?", Na*, K*,
Ca?", Mg?*, Pb?* and Ag*) for ~3 mins prior to the measurement. To test the sensitivity, increasing
concentration of Ag* (25 nM — 500 puM) were added to 1 ml of diluted NC and emission spectra were
recorded after 3 min of incubation after each addition. Reported errors represent standard error on mean

(s.e.m) calculated from at least three or more independent measurements.
Fluorometric analysis of Ag(l) with Trp-Cu NC coated paper strips

Whatman filter paper was cut into pieces in circular shape and immersed into Cu-Trp NC solution.
After 10 minutes, it was removed and air dried at room temperature. 10 pl of different concentrations
of Ag(l) (5 uM, 25 pM, 50 uM, 100 pM, 500 pM and 1000 pM) were then drop-casted on the paper

strips coated with NC and observed under UV lamp.
Detection of Ag(l) in real samples

The prepared NC was applied to estimate Ag(l) in real specimens like tap water and human serum.
Various concentrations of Ag(l) (500 nM, 50 puM and 100 pM) were spiked into 1 ml of the NC solution

containing 100 pl of real specimens. After 3 mins of incubation the emission spectra were recorded.

Cell Viability and Imaging



The cell viability studies were done following MTT based assay mentioned earlier [63]. Briefly, the
3T3 (normal mouse fibroblast) cells were incubated with varying concentrations (1 to 80 uM) of Trp-
Cu nanocluster for 24 hours. After incubation MTT was added to each well (final concentration ~ 0.5
mg/ml). The resulting formazan crystals were dissolved in DMSO and absorbance was recorded in a
plate reader (Biotech Epoch 2NS Genb) at 590 nm using a 620 nm reference filter. Normalized viability
and s.e.m was calculated from at least three independent measurements done for each concentration.
For imaging the cells were incubated with 20 uM Trp-Cu nanocluster for 6 hours. Post incubation cells
were fixed using para formaldehyde. Imaging was done using confocal microscope (Olympus fluoview

fv3000) with suitable excitation (Aex = 405 nm) and emission parameters.

Fluorescence Resonance Energy Transfer (FRET):

FRET efficiency (Errer) can be calculated using the equation [64]:

I
Epper = 1 — ID—DA 1)

where, Ipaand Ip are the photoluminescence intensity of the donor in the presence and absence of the
acceptor respectively. The Forster distance (Ro) was estimated from the spectral overlap J(L) using the
equations [64]:

R, = 0.211[i2n~*Qp J(V)]s )

where, k2 is the orientation factor (normally assumed as 2/3 for random orientation), n is the refractive
index, Qp is the quantum yield. The overlap integral J(A) can be measured from the equation below:
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RESULTS AND DISCUSSION
Green Emitting Trp-Cu NC:

The synthesized tryptophan stabilized Cu-NC showed a strong green photoluminescence intensity
(Aem ~ 500 nm) with a significant quantum yield (¢ =0.114) when excited at 380 nm, with a 120 nm
Stokes shift (Figure 1). Compared to the negligible emission intensity of pure tryptophan, the strong
photoluminescence intensity of Trp-Cu NC indicated that the luminescent properties are intrinsic to the
copper nanocluster and not to the tryptophan scaffold (Figure S1). On mixing of Tryptophan and CuCl;
solutions, the nanocluster formation is initiated by the electrostatic interaction between Cu(II) ions and
amino and carboxyl groups of tryptophan. Under basic conditions (pH = 12) and in the presence of an
external reducing agent, the Cu?* ions get reduced to Cu®, forming nanocluster by coalescence [62, 65].
The Trp-Cu NC showed excellent photostability for over three weeks when stored at 4°C under dark

conditions (Figure S2). In general copper nanoclusters are prone to oxidative damage leading to the



guenching of the photoluminescence intensity [18, 19]. But in the case of Trp-Cu NC absolutely no
quenching of the photoluminescence intensity was observed in the presence of strong oxidizing agents
like hydrogen peroxide (H.0-) and hypochlorite (CIO") suggesting that the Trp-Cu nanocluster is highly
stable against oxidative damage (Figure S3).

The morphology of the nanoclusters was observed using HR-TEM. TEM image exhibited the
existence of monodispersed spherical ultra-small (average size ~ 2 = 0.1 nm) Trp-Cu nanoclusters
(Figure 2). Lattice fringes can also be clearly visible in the TEM image (Figure 2A inset). The
interaction between the functional groups of tryptophan and copper in the nanocluster was examined
using FTIR. The FTIR spectra of pure tryptophan and Cu-Trp NC showed close resemblance (Figure
3a). The bands around 3000-3400 cm™ corresponds to N-H and O-H stretching vibrations. Indole N-H
stretching vibration is observed as a distinctive peak at 3394 cm™. The band at 1660 cm™ can be assigned
to C=0 stretching vibration of amide bond. A significant broadening of the bands around 3000-3400
cm™ was observed in the IR spectra of NC due to Cu-N bond formation [65, 66]. This can be attributed
to the efficient stabilization of NC by tryptophan.

The precise chemical composition of Cu-Trp NC was successfully assigned by mass spectrometry
(MALDI-TOF) technique (Figure 3b). By comparing the spectrum for Trp-Cu NC with that of pure
tryptophan, we assigned the observed m/z values to corresponding fragments [62, 67, 68]. The most
dominant base peak centred at m/z = 401.495 can be attributed to [Cusln+Na*]. The next most abundant
peaks located at m/z = 217.674 and m/z = 467.469 can be assigned to the chemical formula of
[Culn+Na*] and [Cusln+3Na*] respectively. Some other less intense peaks are also observed and the
respective chemical composition of those nanoclusters are listed in the table S1 [62, 67, 68]. Thus, from
the MALDI-TOF analysis, it could be concluded that each tryptophan scaffolded Cu NCs were
composed of less than 5 atoms. Although this result deviates from the cluster size predicted by Jellium
Model [69, 70], nanoclusters with a lesser number of atoms with emission in the longer wavelength are

not uncommon [62, 71, 72].
Selective and sensitive detection of Ag(l)

The strong photoluminescent intensity of Cu-Trp NC can be completely quenched (~ 99%) by 500
uM Ag(l) ions (Figure S4). Based on this remarkable result, an assay was developed for the rapid
detection of Ag(l). A series of metal ions (~ 500 uM) were added to the Trp-Cu NC to check the
selectivity of the nanocluster towards Ag(l). Only Ag(l) showed significant quenching of the
photoluminescence intensity among all the screened metal ions (Figure 4a). Upon addition of Ag(l)
(~200 uM), the PL intensity of Trp-Cu NC decreased by ~15 fold (~ 93% quenching) while in the
presence of other metal ions (~500 pM) only a minimal change (<1.5 times decrease) in the PL intensity
can be observed, clearly suggesting its selectivity for the detection of Ag(l) (Figure 4a). A significant

colour change from pale yellow to reddish brown can also be clearly observed upon the addition of



Ag(l) to the nanocluster solutions. This colour change was not visible for other metal ions, indicating

that the Trp-Cu NC can also be used for visual detection of Ag(l) with utmost selectivity (Figure 4b).

Owing to its high reduction potential, Ag(l) can be easily converted to Ag(0) in the presence of any
mild reducing agent. Previously small molecules like tryptophan have been assigned as a reducing agent
for the reduction of the metal core during the formation of a stable nanocluster [21, 62]. Thus adding
Ag(l) to the Trp-Cu NC can undergo a metallophilic interaction with the Cu core followed by a rapid
reduction to Ag(0) by tryptophan and hydrazine present in the system. When treated with HCI or, L-
cysteine, neither precipitation nor any significant change in the PL intensity was observed suggesting
the presence of Ag(0) in the Trp-Cu NC solution. The zero oxidation state of Ag was further confirmed
by XPS studies (Figure S5). The Ag(0) then deposited on the surface of the copper NC resulting in an
enhancement in the size of the clusters. This increase in the size of Trp-Cu NC after the addition of
Ag(I) was confirmed by TEM image (Figure 5). A significant increase in the size (~ 9 fold) from ~2
nm to ~18 nm was observed from the TEM image which distinctly indicates the transition from
nanocluster to nanoparticle. The inherent PL property of Trp-Cu NC due to its quantum size was thus
lost due to the formation of nanoparticles. This justifies the drastic reduction in the PL intensity of the
NC upon the addition of Ag(l) compared to other metal ions.

The sensitivity of the Trp-Cu nanocluster was examined by gradually adding Ag(l) to the
nanocluster solution. With increasing concentration of Ag(l) (from nanomolar (~25 nM) to micromolar
(~ 500 uM) concentration range) photoluminescence intensity of the nanocluster gradually decreased
and completely quenched (~99%) at around ~500 uM Ag(I) concentration (Figure 6a). Interestingly,
when Fo/F (where Fo and F are the PL intensities in the absence and presence of Ag(l) respectively) was
plotted as a function of Ag(l) concentration (Intensity based Stern-Volmer Plot) a non-linear curve with
upward curvature is observed (Figure 6b), which is a typical characteristic of a combination of static

and dynamic quenching mechanism [64, 73]. This plot can be nicely fitted to the following equation
containing both the static and dynamic contributions: % = (1 4+ K[Q])e"!@! (Equation 1), where [Q] is

the concentration of the quencher, K and V are the dynamic and static quenching constants respectively
[73]. Thus the dynamic and static quenching constants (K = 3.9x10* M, V = 2.7x10° M) can be
obtained readily from the fitted curve. When log(Fo/F) is plotted against [Ag(l)], a linear fit can be
obtained in the concentration range from 0 to 100 uM (Figure 6b inset), which can be further used as a
calibration curve (log(Fo/F) = 7.8 x 10° [Q]) for the estimation of Ag(l) in real complex systems. The
limit of detection (LOD) for Ag(I) ions was estimated to be 25 nM (Note 1 of supporting info) which
is either comparable or better than other sensors for the detection of Ag(l) (Table S2). Our detection
limit is well below the permissible amount of silver in the human body and the maximum limit to be
present in the drinking water (0.05 mg/L i.e. 0.463 uM) determined by the World Health Organization
(WHO) [59].



The lifetime based quenching process is effective in determining the quenching mechanism.
Quenching of PL lifetime can only occur due to dynamic/collisional quenching [63, 64]. The average
lifetime of Trp-Cu NC in the absence of any quencher is observed to be 5.2 ns (Figure S6a). Upon
gradual addition of Ag(l) no significant change in the average lifetime was observed suggesting
predominantly a static quenching mechanism (Figure S6b). But upon careful examination a slight but
subtle guenching effect can be seen in the ultrafast time scale (< 2 ns) suggesting the possibility of a
swift dynamic quenching process (Figure S6c). Thus both static and dynamic quenching can also be

manifested from the lifetime measurements.

We have further extended these studies to develop a simple paper strip based sensor for rapid
visual detection of Ag(l). The paper strips (Whatman filter paper) were cut in desired shapes, immersed
in Trp-Cu NC and airdried at room temperature. When kept under UV light, the strips showed a cyan
PL intensity (Figure S7). On addition of different concentrations of Ag(l) (~10 uL), a dark spot was
appeared at the centre of the paper strip due to the quenching of the PL intensity. This dark spot
intensified with increasing concentration of Ag(l). These results thus suggest that the Trp-Cu NC can
be used as a simple, portable, cost effective paper strip based sensor for the rapid quantitative detection
of Ag(l) in the micromolar concentration range.

Quantification of Ag(l) in complex samples

To check the applicability and reliability of our sensor in detecting Ag(l) in real-life complex
systems, we have chosen tap water and human blood serum as environmentally and biologically
relevant samples. Typically the reliability of a sensor is determined by spiking a real sample with a
known amount of analyte and subsequently calculating its recovery. In our study we also followed a
similar method to check the reliability of the sensor. Initially no Ag(l) was detected in the tap water and
the human blood serum. We spiked the complex systems with a known amount of Ag(l) and
subsequently estimated the amount of Ag(l) in the samples experimentally using the Trp-Cu NC (Table
1). The values listed in Table 1 suggests that we can estimate and recover the amount of Ag(l) in these
complex systems with more than 90% accuracy on average using the Trp-Cu NC. The experimentally
obtained results using the synthesized nanocluster as a sensor matched nicely with the values obtained
from a standard method using ICP-OES technique (Table 1). The results thus demonstrate that our
sensor can be used for rapid and reliable detection of Ag(l) in complex environmentally and biologically

relevant samples in the presence of other interferers and analytes.

Cell viability and imaging:

The in-vitro toxicity study of the Trp-Cu NC showed excellent biocompatibility over a wide range of
concentrations (Figure 7a). The cells were significantly viable (~ 40 + 8 %) even at a high concentration

(~ 16 pg/ml) of the nanocluster (Figure 7a) suggesting that the nanocluster is non-toxic and can be used



as a biomarker for intracellular studies. The high quantum yield, photostability and non-cytotoxicity
make the Trp-Cu NC a suitable nano-probe for cell imaging studies. Upon incubation of the nanocluster
with 3T3 cells, high-resolution bright PL images of the cell can be obtained under 405 nm excitation
laser using a confocal microscope (Figure 7b), suggesting that the synthesized nanocluster can be used
for live-cell imaging. Figure 7b indicates that the nanocluster preferentially localized in the cytosolic
region of the cell. The internalization of the nanocluster within the cell takes place through endocytosis
which is a fundamental process to internalize molecules through cell membrane [74]. Hypothetically,
small scaffolds (eg. amino acids) should easily penetrate the cell membrane compared to their bigger
counterparts (eg. proteins) [22], this is exactly what we observed in this study. Compared to Lys-Cu
NC [63], L-tryptophan scaffolded nanocluster could easily pass through the cell membrane making it a
better nano-probe for cell imaging and other in-vivo studies. Apart from size, better penetration may be
explained by the fact that tryptophan can easily attach to the cell membrane [27, 28] thereby making

the endocytosis process easier.
Trp-Cu NC: a suitable FRET pair for an anticancer drug

Fluorescence resonance energy transfer (FRET) is an efficient non-radiative energy transfer
technique to estimate the distance between two fluorophores (donor and acceptor) in the nano-meter
range (<10 nm) [64, 75, 76]. FRET efficiency is extremely sensitive towards distance between the donor
and acceptor, and can be easily calculated from the relative fluorescence intensities of the donor in the
absence and presence of the acceptor [64, 75, 76]. FRET has been widely used for the study of protein
folding [77], DNA and RNA detection [78, 79], interactions of small molecule with an assembly [18,
80] etc. FRET experiments critically depend upon the availability of a suitable FRET pair where the
donor emission significantly overlaps with the acceptor absorption [64, 75, 76].

Finding a biocompatible FRET pair for an anticancer drug that can map the in-vivo targeted drug
release is extremely challenging. The synthesized Trp-Cu NC showed significant spectral overlap with
the anticancer drug Doxorubicin (dox) (Figure 8a) and thus can be used as an effective FRET pair where
the nanocluster can act as a donor while the anticancer drug can be used as an acceptor. The Forster
distance (Ro) was calculated to be 3.2 nm, lying within the acceptable range for an ideal FRET pair [64].
Upon addition of doxorubicin to the nanocluster, a significant quenching of the photoluminescence
intensity of the nanocluster was observed followed by a concomitant increase in the emission intensity
of doxorubicin suggesting effective FRET between the NC and doxorubicin (Figure 8b). The
corresponding FRET efficiency was calculated to be ~60% with the intermolecular distance of ~2.98
nm between the donor and acceptor. FRET experiments thus can shed important light on the binding
and release of the anticancer drug in-vivo thereby opening up the possibility of using the nanocluster as

a potent nano-drug carrier for localized and controlled drug release in cancer patients.
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Conclusions

We have developed a simple one-pot protocol for the synthesis of ultra-small, photoluminescent
and water-soluble L-tryptophan scaffolded copper nanocluster. The synthesized nanocluster with strong
green photoluminescent intensity and high quantum yield exhibited drastic quenching of the PL
intensity in the presence of Ag(l) ions. Thus, a turn-off PL assay was developed for rapid, selective and
sensitive detection of Ag(l) ions in the nanomolar concentration range. The quenching of the PL
intensity of the nanocluster by Ag(l) can be attributed to the conversion of atomically precise
nanocluster to nanoparticles thereby losing its energy quantization. The quenching mechanism can be
explained by both static and dynamic process as indicated by the lifetime measurements which was in
agreement with the PL intensity based Stern-Volmer plot. On-site visual detection of Ag(l) was also
achieved with portable paper strips coated with Trp-Cu NC. The excellent biocompatibility of the
nanocluster was confirmed from the cell viability studies. Small tryptophan molecule as a scaffold
allowed the nanocluster to easily penetrate the cell membrane, thus it was successfully used as a bio-
marker for live-cell imaging making it a promising candidate for in-vivo studies as an intracellular
sensor. Significant spectral overlap with an anticancer drug (doxorubicin) allows it to be used asa FRET
pair adding further value to its features. Overall, the synthesized Trp-Cu nanocluster can be used as an
excellent nano-sensor for Ag(l) detection, bio-imaging, in-vivo studies and can also be potentially
extended for various theragnostic applications.
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TABLE AND FIGURES

Table 1: Recovery of Ag(l) from different complex systems.

Sample Concentration of Ag (I) | Concentration of Ag (I) | Concentration of Ag(l)
added recovered obtained from ICP-
OES method
Tap water 500 nM 553 + 190 nM 760 nM
50 uM 57.36 £ 12 uM 49.56 uyM
100 uM 85.6 4 uM 94.65 M
Human 500 nM 586 + 123 nM 611.9 nM
Blood Serum 50 uM 53.22 + 6 UM 51.9 uM
100 uM 89.86 + 4 uM 104.49 uM
e““o&
(a) B Tr\ptophan Cu(Il) i
Q ; 9 g“ 40°C,pH=12 _
) z + © 9 8 hrs, stirring ~
NaOH N,H,

Scheme 1: (a) Schematic representation of synthesis of Trp-Cu nanocluster. (b) Trp-Cu nanocluster

under visible light (yellowish brown) and ultra-violet (UV) light (green).
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Figure 1: Emission (Aex = 380 nm) and excitation (Aem = 500 nm) spectra of Trp-Cu NC.
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Figure 2: (a) Transmission electron microscope (TEM) image of Trp-Cu NC confirming the formation
of ultrasmall spherical clusters. The lattice fringes are also visible (inset). (b) Size distribution of the
nanocluster obtained from the TEM image showing an average size of ~2 nm.
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Figure 3: (a) FTIR spectra of tryptophan (black) and Trp-Cu NC (red). (b) MALDI-TOF mass spectrum

of Trp-Cu NC.
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Figure 4: (a) Ratio of PL intensity of Trp-Cu NC in the absence (Fo) and presence of Ag(I) (~200 uM)
and different other metal ions (~500 uM) (F) showing selective detection of Ag(l). (b) Colour change
of the diluted nanocluster can be visualised upon addition of Ag(l) compared to other metal ions (~500
uM).
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Figure 5: (a) Transmission electron microscope (TEM) image of Trp-Cu NC in the presence of 500
uM Ag(I). (b) The size distribution of the nanocluster in the presence of Ag(l).
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Figure 6: (a) PL intensity of Trp-Cu NC gradually quenched with increasing concentration of Ag(l).
(b) Corresponding Stern-Volmer plot showing upward curvature. The black line represents a fit using
equation 1 with both static and dynamic quenching contributions. Inset represents a plot of log(Fo/F) vs
[Ag(1)] (red) with a linear fit (black).
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Figure 7: (a) The cell viability assay showing that the nanocluster is not cytotoxic to the 3T3 cells.
(b) Confocal microscope image of 3T3 cells incubated with Trp-Cu NC (Aex = 405 nm).
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Figure 8: (a) Spectral overlap between normalized emission spectra (Aex = 380 nm) of the Trp-Cu
nanocluster (donor) (red) and the absorption spectra of doxorubicin (acceptor) (blue). (b) Emission
spectra (Aex = 380 nm) of 100 uM doxorubicin (acceptor) (green), the nanocluster (donor) in the
absence (red) and presence of 100 uM doxorubicin (blue).
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