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1. Introduction

Mapping the L-tryptophan capped copper
nanocluster mediated binding and targeted
pH-responsive release of doxorubicin via
fluorescence resonance energy transfer (FRET)}

Aarya,® Anna Sebastian,® Kavya P.,° Indrajit Bhattacharjee,”
Abhishek S. Shekhawat, {2 € Bibhu Ranjan Sarangi®® and
Supratik Sen Mojumdar (= *@

Targeted delivery and controlled release of anticancer drugs pose significant challenges in effective
cancer therapy. In this study, we developed a tryptophan-capped copper nanocluster (Trp-Cu NC) as a
nano-drug carrier for the selective and pH-responsive release of the anticancer drug doxorubicin (Dox).
The Trp-Cu NC exhibits substantial spectral overlap with Dox, forming an efficient fluorescence
resonance energy transfer (FRET) pair that enables precise monitoring of drug binding interactions
through both steady-state and time-resolved fluorescence measurements. Upon increasing the Dox
concentration (~160 pM), the photoluminescence (PL) intensity and the lifetime of the Trp-Cu NC
(donor) decreased significantly, indicating enhanced FRET efficiency (Erret) and reduced donor—acceptor
distance (rpa). The interaction between Trp-Cu NC and Dox under neutral pH resulted in the formation
of a Trp-Cu NC-Dox nanoconjugate of diameter ~24.7 + 1.1 nm meeting the size criterion suitable for
good drug delivery performance. Under acidic conditions (pH 5.5), mimicking the tumor microenviron-
ment, the Trp-Cu NC-Dox nanoconjugate dissociated back to the nanocluster (diameter ~2.7 +
0.1 nm) releasing the drug, which translated into a remarkable increase in the Trp-Cu NC (donor) lifetime
followed by a decreased Egget. Such a phenomenon was absent under physiological pH 7.4, making the
Trp-Cu NC a suitable nano-carrier for targeted drug release in cancer cells. The cytotoxicity studies
further corroborate that Trp-Cu NC can selectively release Dox to the cancer cells enhancing the thera-
peutic efficacy of the drug by ~ 3.6-fold, concurrently decreasing its toxicity appreciably towards normal
cells. Overall, these findings substantiate an easy and economical strategy to develop a novel nano-drug
carrier that offers selectivity and improved drug-release performance, potentially overcoming the
systemic toxicity associated with conventional chemotherapy.

still face significant challenges.” One of the major limitations is
the lack of selectivity and specificity of cytotoxic anticancer

Cancer has emerged as one of the leading causes of death
worldwide over the past few decades.” Although conventional
treatments such as chemotherapy and radiation therapy have
advanced over the years and are effective in many cases, they

“ Department of Chemistry, Indian Institute of Technology Palakkad, Kerala,
678 623, India. E-mail: supratik@iitpkd.ac.in
b Department of Physics, Indian Institute of Technology Palakkad, Kerala,
678 623, India
¢ Department of Physics, SRM Institute of Science and Technology, Tamil Nadu,
603 203, India
 pepartment of Biological Sciences and Engineering, Indian Institute of Technology
Palakkad, Kerala, 678 623, India
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5ma00397k

4714 | Mater. Adv., 2025, 6, 4714-4724

drugs, which often damage healthy tissues along with cancer-
ous ones.”* Due to their non-specific distribution, only a tiny
fraction of these drugs reach the tumor site, where absorption
by the tumor cells is often poor. This necessitates higher
dosages, increasing the risk of severe side effects. Enhancing
the selectivity and specificity of anticancer agents toward tumor
tissues could reduce the required drug dosage and minimize
adverse effects.>® Doxorubicin (Dox), a widely used chemother-
apeutic agent, is employed in the treatment of various cancers,
including breast,* lung,” bone,® and stomach cancers.” However,
its direct administration is associated with several drawbacks,
such as acute cardiotoxicity, limited tumor-targeting capability,
poor bioavailability, and the development of drug resistance.*"°
Therefore, novel strategies are urgently needed to deliver Dox more

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effectively—minimizing its toxicity while retaining its therapeutic
efficacy in cancer treatment.

In recent decades, nanoscale materials have garnered signi-
ficant interest due to their exceptional physicochemical and
optoelectronic characteristics, which render them suitable for
a vast array of interdisciplinary applications.'™'*> Metal
nanoclusters (NCs) are among such emerging classes of fluores-
cent nanomaterials with intriguing properties, including strong
photoluminescence, tuneable fluorescence emission, good
quantum yield, high photochemical stability, long emission
lifetime, low cytotoxicity and easy synthesis.'>'* As the size of
the metal nanoclusters approaches close to the Fermi wave-
length of an electron (typically <2 nm), discrete energy levels
emerge, leading to size-tunable electronic transitions.? Further-
more, the properties of nanoclusters can be precisely tuned
through surface functionalization using a variety of ligands,
including proteins,""® small molecules,'”'® amino acids,"**°
DNA,*"?? polymers**** etc. These modifications allow for the
development of highly versatile nanoprobes with significant
potential in novel therapeutic applications.>>*%°

Owing to their low cytotoxicity, biodistribution and easy
clearance, bio-molecule functionalized noble metal NCs could
act as a potential nano-drug carrier for the selective delivery
and controlled release of anticancer drugs.'® These NCs offer
a versatile and adaptable platform for cancer cell imaging,
making them highly suitable for targeted therapy.'**” Their
ultra-small size provides a high surface-to-volume ratio, enhan-
cing drug binding and therapeutic efficacy.”® Unlike many
conventional drug carriers, metal nanoclusters possess the
additional advantage of efficient renal clearance due to their
ultrasmall dimensions.?” Moreover, the inherent luminescence
of metal nanoclusters facilitates real-time monitoring of drug
binding and release.”®*° For in vivo applications, NCs capped
with smaller biomolecules, such as amino acids, are particularly
advantageous due to their excellent biocompatibility, straight-
forward structure, high stability, amphoteric nature, and ability
to integrate seamlessly into biological systems.'®?"*> Among
various natural amino acids, tryptophan stands out as it is
abundantly present in transmembrane proteins, where it plays a
crucial role in anchoring to membranes and promoting endocy-
tosis—a key mechanism for cellular uptake.*® Tryptophan exhibits
a higher affinity for crossing the blood-brain barrier compared to
other amino acids, making it an attractive candidate for the
development of nanocluster-based drug delivery systems.>*

Copper, a vital component of several metalloproteins and an
earth-abundant, cost-effective metal, has been widely studied
for nanocluster synthesis.>® Although its high oxidation potential
poses challenges compared to noble metals like gold and silver,
appropriate templates can yield stable copper nanoclusters (Cu
NCs) with diverse functionalities.*® Tryptophan has emerged as an
excellent scaffold for Cu NCs, offering good biocompatibility,
strong photoluminescence, and high photostability."*?® Its small
molecular size also facilitates cellular uptake, making tryptophan-
capped Cu NCs (Trp-Cu NCs) effective nanoprobes for cell
imaging.'®’® Given these attributes, Trp-Cu NC could thus be a
highly proficient nano-probe for in-vivo drug delivery and release
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compared to the other protein/polymer functionalized nano-
clusters.®>>>73738 Additionally, the emission spectrum of Trp-
Cu NC significantly overlaps with the absorption spectrum of an
anticancer drug Dox, making it an excellent FRET pair enabling
easy monitoring of the drug binding and release."’

Fluorescence resonance energy transfer (FRET) has been
widely used as a ‘“spectroscopic ruler” to measure distances
(<10 nm) between two fluorophores with high sensitivity.***°
It relies on long-range (<10 nm) dipole-dipole interactions and
is highly dependent on the spatial proximity between the donor
and acceptor.*** FRET efficiency and donor-acceptor distance
can be estimated from changes in fluorescence intensity or
excited-state lifetime."** A critical requirement for FRET is sig-
nificant spectral overlap between the fluorophores, making the
selection and design of suitable FRET pairs essential.** Since this
specific criterion cannot be achieved between any randomly
chosen fluorophores, the real challenge lies in the design of a
suitable FRET pair assembly.>® FRET is particularly valuable in
drug delivery research for tracking nanoparticle-drug inter-
actions.”” The energy transfer efficiency directly reflects the dis-
tance between the nanocarrier and the drug, providing insight into
drug binding and release.>>*® This enables comprehensive evalua-
tion of a nanoparticle’s effectiveness as a drug carrier and sheds
light on drug fate during nano-bio interactions.>®

In this study, Trp-Cu NC was employed as a nano-drug
carrier for the targeted release of the anticancer drug, Dox,
specifically to cancer cells. The binding interaction between
Trp-Cu NC and Dox was monitored using both steady-state and
time-resolved FRET. At neutral pH (7.0), Trp-Cu NC exhibited
strong binding with Dox, forming larger nanoconjugates. This
interaction was confirmed by relatively higher FRET efficiency and
drug-binding metrics. Drug release was evaluated through a pH-
dependent study. At acidic pH (5.5), mimicking the tumor
microenvironment,*®*” a notable decrease in FRET efficiency
indicated effective drug release, while no change in FRET effi-
ciency was observed at physiological pH (7.4). The in vitro drug
release profile further highlights the nanocluster’s enhanced
ability to release Dox in acidic cancerous environments selectively.
Cell viability assays further supported the system’s effectiveness,
demonstrating targeted cancer cell killing at lower drug concen-
trations, while sparing normal cells even at higher concentrations.
This suggests that Trp-Cu NC enhances the therapeutic efficacy of
Dox while minimizing side effects. Overall, this work demon-
strates that Trp-Cu NC is a simple, cost-effective, and efficient
nano-drug carrier for targeted cancer therapy. Moreover, FRET-
based real-time monitoring of drug loading and release in vitro
offers valuable insights into pharmacokinetics and pharmaco-
dynamics, paving the way for future theranostic applications.

2. Experimental section

2.1. Materials

L-Tryptophan (Scheme 1(A)) used as a scaffold for the synthesis
of Trp-Cu NC was purchased from Sisco Research Laboratories
Pvt., Ltd (SRL). Copper chloride (CuCl,), sodium hydroxide

Mater. Adv., 2025, 6, 4714-4724 | 4715
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Scheme 1 Structure of (A) L-tryptophan (Trp) and (B) doxorubicin hydrochloride (Dox), and schematic representation of (C) Trp-Cu NC.

(NaOH) and hydrazine monohydrate (N,H,-H,0) were purchased
from Nice Chemicals. Doxorubicin hydrochloride (Dox)
(Scheme 1(B)) used for the FRET study was purchased from
Tokyo Chemical Industry (TCI). The following chemicals used
for the preparation of buffer solutions were purchased either
from Nice Chemicals or SRL: sodium dihydrogen orthopho-
sphate (NaH,PO,-2H,0), disodium hydrogen orthophosphate
anhydrous (Na,HPO,), sodium acetate (CH3;COONa), hydro-
chloric acid (HCI) and acetic acid (CH;COOH). All the solutions
were prepared using doubly distilled water from the Biopak
Polisher Milli-Q water system (CDUFB1001). MTT dye was pur-
chased from SRL, and dimethyl sulfoxide (DMSO) was pur-
chased from HiMedia. 3T3 and MCF-7 cell lines were obtained
from the Cell Repository, National Centre for Cell Science
(NCCS), Pune, India. All the reagents purchased were used
without any further purification.

2.2. Formation of the Trp-Cu NC-Dox nanoconjugate

The Trp-Cu NC was synthesized following a previously reported
protocol.”® The diluted (~5 times) solution of Trp-Cu NC
(2 mL) (Scheme 1(C)) after adjusting the pH to 7 was heated
at 37 °C for 15-minute and the emission spectra were recorded.
Then 20 pM of Dox (31 pL from 1.3 mM stock solution) each were
added successively in a 15-minute time interval to the same
solution of NC with continuous stirring under the same tempera-
ture. The steady-state PL emission spectra (/e = 380 nm), as well
as time-resolved photoluminescence decay curves (Ao, = 405 nm,
Aem = 480 nm) of the NC, were recorded successively. After
attaining a final concentration of 160 uM of Dox in the NC
solution, the reaction mixture was allowed to age overnight at
37 °C. The so-synthesized Trp-Cu NC-Dox nanoconjugate was
further collected by centrifugation at 14000 x g for 30 minutes,
washed, and redispersed in 2 mL Milli-Q water for further use.

2.3. Instrumentation

Steady-state fluorescence emission spectra were recorded using
the PerkinElmer fluorescence spectrometer (FL 8500). The r-
tryptophan capped copper nanocluster was excited at 380 nm
and the spectra were scanned from 390 to 700 nm at a scan rate
of 240 nm min~" with excitation and emission slit widths at
5 nm and an emission filter at 430 nm. UV-visible absorption
spectra of Dox were recorded using a Thermo Fischer Scientific
(Evolution 201) UV-vis spectrophotometer. The morphology of
the Trp-Cu NC-Dox nanoconjugate was studied on a field emis-
sion scanning electron microscope (FESEM) from Carl Zeiss,

4716 | Mater. Adv., 2025, 6, 4714-4724

Germany (model no. Gemini SEM 300). The samples were drop-
cast over a silicon wafer and dried overnight before the analysis.
The size of the Trp-Cu NC-Dox nanoconjugate under acidic pH
was determined using a high-resolution transmission electron
microscope (HRTEM) from JEOL, Japan (model no. JEM-2100
Plus) after drop-casting the samples on a carbon-coated copper
grid followed by drying overnight. An IR Tracer-100 FTIR spectro-
photometer from Shimadzu Scientific Instruments was used to
record the Fourier transform infrared (FTIR) spectra. The samples
were scanned from 4000-399 cm ™" at 0.2 cm™ " resolution. Time-
resolved photoluminescence intensity decay of the NC was
recorded on a time-correlated single-photon counting (TCSPC)
setup (HORIBA, Deltaflex) using a 405 nm pulsed laser diode with
a typical pulse width of 90 ps. Dynamic light scattering (DLS) and
zeta potential measurements were done using a Zetasizer Nano-ZS
(Malvern Panalytical, UK). The Trp-Cu NC-Dox nanoconjugates
were collected by centrifugation using a non-refrigerated centri-
fuge from Dinesh Scientific (Model No: DS-NRC-473).

2.4. Invitro release of Dox from the Trp-Cu NC-Dox
nanoconjugate

Initially the phosphate buffer solution at pH 7.4 and acetate buffer
solution at pH 5.5 were prepared. Then the Trp-Cu NC-Dox
nanoconjugates were dispersed separately in 2 mL each of the
buffer solutions and both solutions were incubated at room tem-
perature for 24 hours. The time-resolved photoluminescence decay
curve (Aex = 405 nm, Aoy, = 480 nm) was recorded immediately after
the addition as well as after 24 hours of incubation. The in vitro drug
release profile of Dox from the Trp-Cu NC-Dox nanoconjugate was
evaluated by incubating the purified nanoconjugate separately in
2 mL of phosphate buffer (pH 7.4) and acetate buffer (pH 5.5). The
samples were placed in a dialyzer tube (Tube-O-DIALYZER, 1 kDa
MWCO, G-Biosciences) and immersed in 100 mL of the respective
buffer under continuous stirring at 37 °C. At predetermined time
intervals, the concentration of Dox in the dialysis tube was deter-
mined by measuring its absorbance at 480 nm, and the cumulative
drug release percentage was subsequently calculated.>*

2.5. Calculation of fluorescence resonance energy transfer
(FRET) parameters

The magnitude of spectral overlap was determined from the
spectral overlap integral, J(1) using the expression,**
JoF() - e(h) 24d

J(2) [ F () 1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where F(1) is the fluorescence intensity of the donor Trp-Cu NC
at wavelength 4 and ¢ is the molar extinction coefficient of
the acceptor at wavelength A. From the J(1) thus obtained,
the Forster distance R,, the critical donor-acceptor distance
at which the FRET efficiency is 50%, can be calculated using the
equation,**

Ro = 0.0211[J(2)-x*#n *-¢] (in nm) (2)

where x” is the orientation factor commonly considered as 2/3
for random orientation, 7 is the refractive index of the medium,
and ¢ is the quantum yield of the donor Trp-Cu NC. The
quantum yield (¢) of the Trp-Cu NC was measured following
the method described earlier using quinine hemi-sulphate
(¢ ~0.546) as the reference.’® The steady-state based FRET
efficiency (Egrgr) can be calculated from the PL intensity of Trp-
Cu NC in the presence (Fp,) and absence (Fp) of Dox using the
formula:**

Fpa
Eprer =1 — T 3)
D
The Egrgr can also be calculated from the average lifetime of
Trp-Cu NC in the presence (tp,) and absence (tp) of Dox using
the formula,**
TDA
EFRET =1]1-— (4)
™
The Egrgr also depends upon the parameters R, and r, where r
is the actual distance between the donor and acceptor and is
given by the equation,**

R
Rof + rpa®

Errer = (5)
Knowing the Erggr and R,, the donor-acceptor distance (rpa)
can be calculated using the formula,

1
1 — Errer \©
— (6)

'DA = RO X (
Errer

The rate of energy transfer k(r) from donor to acceptor can
be determined using the equation,**

) = (20 o)

2.6. Cell viability and imaging studies

To monitor the viability of the normal (3T3 mouse fibroblast)
and cancer (MCF-7 breast cancer) cells against the free Dox and
Trp-Cu NC-Dox nanoconjugate, an MTT-based assay was done
following the protocol mentioned earlier.">" Briefly, the 3T3
and MCF-7 cells were incubated with varying concentrations
(0.25-40 uM) of free Dox and Dox bound to the Trp-Cu NC in
the nanoconjugate for 24 h. After incubation, MTT was added
to each well (final concentration ~0.5 mg mL ™). The resulting
formazan crystals were dissolved in dimethyl sulfoxide (DMSO)
and the absorbance was recorded in a plate reader (Biotech
Epoch 2NS Gen5) at 590 nm using a 620 nm reference filter.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The viability thus obtained was normalized for each concen-
tration. The IC5, values were determined by fitting the dose-
response cell viability data to a sigmoidal curve. For imaging, the
cells were incubated with ~5 pM Trp-Cu NC-Dox for 6 hours.
Post-incubation cells were fixed using para-formaldehyde. Imaging
was done using a confocal microscope (Olympus Fluoview fv3000)
with suitable excitation and emission parameters.

2.7. Error analysis

All the reported errors in this study represent the standard error
of the mean (s.e.m. = ¢/,/n, where ¢ is the standard deviation
and n is the number of measurements) calculated from at least
three or more independent measurements (n > 3). Statistical
significance (p-values) was assessed using a two-sample ¢-test.

3. Results and discussion

3.1. Interaction of Trp-Cu NC with doxorubicin studied
via FRET

The synthesized r-tryptophan scaffolded copper nanoclusters
(Trp-Cu NCs), with spherical morphology and an average dia-
meter of 2.5 + 0.2 nm (Fig. 1(A)), exhibited strong photo-
luminescence (lex* = 380 nm, Zen = 500 nm) (Fig. 1(B)) and
a quantum yield (¢) of approximately 0.114."° These NCs have
demonstrated excellent stability, resistance to oxidative damage,
biocompatibility, and suitability for live cell imaging."® Their
ultrasmall size, combined with the membrane-anchoring capabil-
ity of the tryptophan scaffold, facilitates efficient cellular uptake."
Trp-Cu NCs thus hold promise as nano-drug carriers, provided
they can bind and release drug molecules at targeted sites.
Notably, their emission spectrum exhibits excellent spectral over-
lap with the absorption spectrum of the anticancer drug doxor-
ubicin (Dox), establishing them as an ideal FRET pair.'® This
enables effective monitoring of nanocluster-drug interactions
in vitro via fluorescence resonance energy transfer (FRET). The
estimated Forster distance (R,) of 3.2 nm, derived from the
spectral overlap, falls well within the optimal range (<10 nm)
for an ideal FRET pair.*’

To investigate the interaction between Trp-Cu NC and Dox,
increasing concentrations of Dox (up to ~160 puM, in ~20 uM
increments) were gradually added to diluted aqueous solution
of Trp-Cu NC at neutral pH (~7). The mixture was stirred at
37 °C for 15 minutes, and the PL emission spectra (lex =
380 nm) were recorded (Fig. 2(A)). Upon Dox addition, the
emission maxima of Trp-Cu NC exhibited a significant blue
shift, indicating a more hydrophobic environment around the
nanocluster induced by Dox.*® Moreover, a notable decrease in
the PL intensity of the Trp-Cu NC (donor) was accompanied by
a corresponding increase in the emission intensity of Dox
(acceptor) at 590 nm (Fig. 2(A)), consistent with efficient FRET.
The FRET efficiency (Ergrer), calculated based on PL intensity
changes, increased with Dox concentration and plateaued at
~160 pM, reaching a maximum efficiency of ~84.5 &+ 3%. This
corresponds to an average donor-acceptor distance (rps) of

Mater. Adv,, 2025, 6, 4714-4724 | 4717
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Fig.1 (A) High-resolution transmission electron microscopy (HRTEM) image of Trp-Cu NCs. The inset shows the corresponding size distribution
(number of particles analysed (N) = 110) obtained from the HRTEM image. (B) Excitation (em = 500 nm) (violet) and emission (Zex = 380 nm) (cyan) spectra
of Trp-Cu NC.

B)
100 - — 40
@
S 80- e L
~ — 35
@ 607 . g
% . 30735
o 404 " R 3
LI|_J °
® 204 °® ° . —2.5
L
0 : : , 2.0
400 500 600 700 0 50 100 150 200
Wavelength (nm) [Dox] (uM)
C) 1.5 [Dox] lgM D) 2.5
—20
— 40
"o 1.0 T 2.0
x — 100 B
7] — 120 =
: 7 i
8 0.5 — RF 1.5
0.0+ T T | 1.0 T | T 1
0 2 4 6 0 50 100 150 200
Time (ns) [Dox] (uM)

Fig. 2 (A) Emission spectra (1ex = 380 nm) of Trp-Cu NC in the presence of increasing concentrations of doxorubicin (Dox). (B) Changes in the steady-
state-based FRET efficiency (blue) and donor—acceptor distance (rpa) (red) at varying concentrations of Dox. (C) Time-resolved PL intensity decay curve
of Trp-Cu NC (Lex = 405 nm, e = 480 nm) in the presence of increasing concentrations of Dox. The black curve represents the instrument response
function (IRF). (D) Lifetime-based Stern—Volmer plot (blue) with a linear fit (black).

2.4 + 0.01 nm (Fig. 2(B)), indicating an increased number of
Dox molecules bound to the surface of the Trp-Cu nanocluster.

To gain deeper insights into the FRET between Trp-Cu NC
and Dox, steady-state PL measurements were complemented
with time-resolved fluorescence studies. A similar trend was

observed: as the Dox concentration increased, the average
lifetime of Trp-Cu NC decreased from 2.0 + 0.05 ns (in
the absence of Dox) to 0.9 + 0.02 ns at 160 uM Dox. This
corresponded to a maximum Egpggr of ~56.2 £ 1% and an
average nanocluster-Dox distance (rpa) of 3.0 + 0.02 nm

4718 | Mater. Adv., 2025, 6, 4714-4724 © 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 2(C) and Fig. S1, ESIt). Initially, differences in Exger and
rpa values were observed between the steady-state and time-
resolved measurements. Steady-state FRET often overestimates
the efficiency due to the potential direct excitation of the
acceptor and the resulting inner filter effect. In contrast,
time-resolved FRET is more reliable, as it depends solely
on the donor’s lifetime rather than fluorescence intensity.
However, after aging the sample overnight, these differences
diminished, and both methods yielded comparable FRET effi-
ciencies—~80 + 4.6% (steady-state) and ~74 + 4.4% (time-
resolved)—with respective average donor-acceptor distances of
2.5 £ 0.1 nm and 2.7 £+ 0.1 nm (Fig. S2, ESI). These distances
fall within the optimal FRET range (0.5R, < 7 < 2R,).*>*’
This initial discrepancy in the Exgrer and rp, values obtained
from the steady-state and time-resolved measurements can be
ascribed to the diffusion of the unreacted nanocluster and the
dye molecules, in addition to the direct excitation of the
acceptor. Diffusion plays an important role in the FRET
ksT
6mnr
(where kg is the Boltzmann’s constant, T'is the temperature, 7 is
the viscosity of the medium and r is the hydrodynamic radius
of the diffusing particle) the diffusion coefficient of both the
Trp-Cu NC (diameter ~ 2 nm) and Dox (diameter ~ 1.5 nm)
can be readily estimated to be 218 um” s™' and 284 pm?* s™*,
respectively. Successively the average distance travelled by the
molecules during the FRET process can also be calculated from
their average lifetime t (~1 ns) and diffusion coefficient D

50,51

process. Using the Stokes-Einstein equation,®® D =

using the equation, x = +/Dr, and it was determined to be
0.4 nm and 0.5 nm for Trp-Cu NC and Dox, respectively. In
time-resolved measurements, the molecules are typically
exposed to an ultrashort laser pulse of <1 ns width. Since
their diffusion is much slower compared to their lifetime, they
almost remain stationary during that period; as a result, the
effect of diffusion on the energy transfer calculated from the
lifetime was negligible.*>**>' On the contrary, during the
steady-state measurements, the sample is exposed to a contin-
uous light source; hence, more donor and acceptor molecules
have enough time to diffuse into the sphere of diameter
<10 nm, a preferable distance for FRET, resulting in a higher
energy transfer.*”>! After aging, this effect due to diffusion was
less prominent since the number of free nanocluster and dye
molecules significantly decreased upon forming the Trp-Cu
NC-Dox nanoconjugate.

The binding efficiency (BE) reflects the fraction of the drug
bound to the nanocluster, and is calculated using the
equation,’

BEY; — ¥ drugin nanocarrier 10
Wiotal drug

where W refers to the weight of Dox in pg mL ™", The concen-
tration of unbound Dox in the supernatant of the Trp-Cu NC-
Dox nanoconjugate (after overnight aging) was determined
by measuring the absorbance at 480 nm, yielding a binding
efficiency of 69%—comparable to other established drug
carriers.>**** Following purification to remove unreacted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoclusters and free Dox, the time-resolved FRET efficiency
(Eggrer) increased markedly to ~98 + 1%, with a reduced
donor-acceptor distance (rps) of ~1.65 + 0.1 nm (Fig. S2,
ESIT), suggesting close proximity of Dox to the nanocluster
surface. The corresponding energy transfer rate constant
(kprer(r)) was calculated to be ~2.7 x 10" s™'. A lifetime-
based Stern-Volmer plot (to/t vs. [Dox], where 1, is the average
lifetime of the donor alone and 7 is in the presence of acceptor)

fits well to the linear equation, Doy Ksv[Q] (where [Q] is the
T

quencher concentration and Ksy is the Stern-Volmer constant),
yielding a Stern-Volmer constant (Kg,) of 8 x 10° M™!
(Fig. 2(D)). The corresponding bimolecular quenching constant
(kq) (kq = Ii—iv) was calculated as 4 x 10"> M~ ' s, indicating
that quenching occurs via pre-binding interactions between
Trp-Cu NC and Dox.*>® These time-resolved fluorescence
results strongly corroborate the steady-state FRET data, further
confirming the active and specific interaction between the
nanocluster and the drug.

The small rp, value between Trp-Cu NC and Dox indicates
close proximity, suggesting strong surface interaction and
possible complex formation. Consequently, visible aggregates
were observed in the aged sample. Field emission scanning
electron microscopy (FESEM) analysis was carried out to exam-
ine these structures. FESEM images revealed rod-like aggre-
gates (Fig. 3(A) and Fig. S3A, ESI{), which on closer inspection
were found to result from the alignment of larger nanoconju-
gates into elongated structures (Fig. 3(B)). The average diameter
of these individual nanoconjugates was ~24.7 + 1.1 nm
(Fig. 3(C)), approximately 10 times larger than the original
spherical nanoclusters (~2.5 + 0.2 nm) (p < 0.0005)
(Fig. 1(A)). The binding of Dox to the Trp-Cu NC surface
induced a morphological shift from spherical to non-
spherical structures as evident in Fig. 3(B). Each nanoconjugate
likely consists of multiple Trp-Cu NCs and Dox molecules in an
aggregated form organized in an elongated manner. The
FESEM results were further supported by high-resolution trans-
mission electron microscopy (HRTEM) (Fig. 3(D) and Fig. S3B,
ESIt). The HRTEM images also revealed elongated rod-shaped
structures, typically measuring approximately between 80-
160 nm in length and 30-40 nm in width. Each rod-shaped
structure appears to be composed of smaller rod-like units with
widths of around 4 nm. The slight variations in the appearance
of the FESEM and HRTEM images can be attributed to differ-
ences in imaging techniques and resolution. Although dynamic
light scattering (DLS) analysis is not ideal for characterizing
rod-shaped particles, the results suggest the presence of parti-
cles with a hydrodynamic diameter approximately in the
160 nm range (Fig. S4, ESIt). Particles within the 10-200 nm
size range are ideal for drug delivery to tumour tissues via the
enhanced permeability and retention (EPR) effect.>”>* Accord-
ingly, the Dox-loaded nanoconjugates meet this criterion, mak-
ing them well-suited for efficient passive targeting and drug
release. These findings collectively confirm strong and stable
interactions between Trp-Cu NC and Dox.
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Fig. 3

(A) FESEM image of purified Trp-Cu NC-Dox nanoconjugates.
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(B) Magnified FESEM image of the rod-shaped aggregate formed by a

congregation of individual Trp-Cu NC-Dox nanoconjugates. (C) Particle size distribution (N = 57) of individual nanoconjugates forming rod-shaped
structures. (D) HRTEM image of the purified Trp-Cu NC-Dox nanoconjugates.

The binding of Dox onto the nanocluster surface was further
confirmed by the Fourier transform infrared (FTIR) spectra
(Fig. 4(A)). The variations in the position and intensity of the
vibration bands can be attributed to the participation of various
functional groups in the formation of intermolecular bonds.?”
The broad band observed in the range of 3000-3600 cm ™'
was due to the N-H and O-H stretching vibrations commonly
present in both NC and Dox.">*>*” The sharp peak at
1640 cm™ ' present in both Dox and NC can be ascribed to
the C—=O0 stretching vibrations.">>**” The FTIR spectra of the
Trp-Cu NC-Dox nanoconjugate before aging showed a close
resemblance with that of pure Trp-Cu NC but after aging and
purification subtle differences in the spectra can be identified.
The characteristic bands present in pure Trp-Cu NC and Dox
can still be partially observed in the aged and purified Trp-Cu
NC-Dox nanoconjugate indicating the conjugation of Dox onto
the nanocluster. However, a stark difference could be observed
around the 3000-3600 cm ™" region, a much weaker band in
this region after the formation of the Trp-Cu NC-Dox nano-
conjugate suggests the involvement of nitrogen and oxygen
atoms, playing a pivotal role in the complex formation.
At neutral pH, Trp (pI ~ 5.9) remains mostly negatively charged

=

while Dox (pK, ~ 8.2) remains positively charged, and thus a
strong electrostatic interaction is expected between them
mainly involving the nitrogen and oxygen atoms.>® The near-
zero zeta potential value (—0.08 mV) of the Trp-Cu NC-Dox
nanoconjugate supports the involvement of electrostatic inter-
actions, resulting in overall charge neutrality. This further
promotes the self-aggregation of the conjugates into rod-
shaped structures. The appearance of a new band around
1520 cm™ ' along with the characteristic C=O0 stretching peak
at 1630 cm ™' can be attributed to the N-H bending vibration."?
Furthermore, the new peaks that emerged around 1000-
1400 cm ™ for the aged and purified Trp-Cu NC-Dox nanocon-
jugate can be assigned to the formation of new bonds between
the Trp-Cu NC and Dox, presumably C-O (1000-1300 cm™ ') and
C-N (1000-1250 cm ') bonds (Fig. 4(A)).*>>>*7

The binding constant of the interaction of Dox with Trp-Cu
NC was evaluated from the Benesi-Hildebrand equation:>*°

T

Fo—F (Fy—F) K[Q]+F0—F’

where F and F, are the PL intensity of Trp-Cu NC in the
presence and absence of Dox respectively, ' is the PL intensity

100 B)
;\3 “?o 5 -
° >
8 80 T 4-
£ L
£ W 34
® 60— Trp-CuNC =
®© —— Dox 24
- NC+Dox
—— Aged and purified NC-Dox
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Wavenumber (cm™)
Fig. 4

1/[Dox] (UM )x10”

(A) FTIR spectra of Trp-Cu NC (blue), free Dox (red), Trp-Cu NC + 160 pM Dox before aging (cyan) and aged and purified Trp-Cu NC—-Dox

nanoconjugate (violet). (B) Benesi—Hildebrand plot to determine the binding constant.
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of Trp-Cu NC at the maximum concentration of Dox, [Q] is the
concentration of Dox and K is the binding constant, which can
be obtained by dividing the intercept (1/(F, — F')) by the slope of
the curve (1/K (F, - F')).>° The intercept and slope of the curve
were measured to be 9.5 x 107% and 9 x 107'° M, respectively
(Fig. 4(B)). The binding constant determined using the given
equation was 1.06 x 10* M. A significantly higher value of
binding constant indicates the stronger interaction existing
between NC and Dox which is consistent with the FESEM
images.

3.2. pH-responsive release of Dox from the Trp-Cu NC-Dox
nanoconjugate

The pH-responsive in vitro release of Dox from the Trp-Cu NC-
Dox nanoconjugates was qualitatively assessed using a FRET
study. Aged and purified nanoconjugate samples were incu-
bated in buffer solutions of pH 5.5 (acidic, mimicking the
tumour microenvironment),’®*” and the physiological pH of
7.4 (physiological pH of normal cells). The photoluminescence
lifetime of Trp-Cu NC was measured immediately after buffer
addition and again after overnight incubation. A marked
increase in an average lifetime—from 0.03 £+ 0.01 ns to 0.8 +
0.1 ns—was observed at pH 5.5 indicating reduced Egggr due to
increased donor-acceptor distance upon drug release. In con-
trast, the lifetime remained nearly unchanged at pH 7.4
(Fig. 5(A)), suggesting minimal release under normal physiolo-
gical conditions. This ‘FRET-OFF’ response qualitatively
demonstrates the utility of FRET as a tool for monitoring drug
release. Quantitative analysis of the in vitro release profile
further revealed ~ 84% cumulative Dox release at pH 5.5 after
28 hours, compared to ~53% at pH 7.4 (p < 0.005) (Fig. 5(B)),
validating the nanoconjugate’s pH-sensitive release profile.
pH-induced bond cleavage is a widely adopted strategy for
targeted drug release.”® At acidic pH (5.5), protonation of
nitrogen and oxygen atoms in the Trp scaffold reduces the
net negative charge on the nanocluster surface, thereby weak-
ening electrostatic interactions with Dox and facilitating bond
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cleavage for drug release.’® Additionally, lower pH may disrupt
hydrogen bonding between Dox and Trp-Cu NC, further pro-
moting release.’® In contrast, in vitro drug release assays show
significantly less release under physiological conditions, high-
lighting the nanoconjugate’s selective release behaviour. This
pH-dependent release may improve therapeutic efficacy while
reducing off-target toxicity—a major drawback of conventional
chemotherapy.

The high-resolution transmission electron microscopy
(HRTEM) images further corroborate the drug release at the
acidic pH (pH 5.5). The HRTEM images of the Trp-Cu NC-Dox
nanoconjugates incubated overnight at pH 5.5 showed a drastic
reduction in the particle size when compared with the Trp-Cu
NC-Dox nanoconjugates at neutral pH, the diameter of the
particles decreased from 24.7 + 1.1 nm to 2.7 = 0.1 nm (p <
0.0005) (Fig. 6) matching nicely to the pure Trp-Cu NC (~2.5 +
0.2 nm) (Fig. 1(A)) without the drug. This size reduction clearly
suggests that upon incubating the nanoconjugates overnight
under acidic conditions, the bound drug was released from the
NC. Apart from this, the morphology of the particles also
became spherical. Thus, there is almost complete regaining
of the Trp-Cu NC without much destruction in the shape and
size after the removal of Dox. All this experimental evidence
indicates the potential selective and pH-responsive release of
Dox into cancer cells by Trp-Cu NC. Hence, Trp-Cu NC is an
excellent potent nano-drug carrier that can be utilized in the
future for intracellular drug-delivery applications.

3.3. Trp-Cu NC-Dox nanoconjugate: selective killing of cancer
cells

To evaluate the potential of Trp-Cu NC as a nano-drug carrier
for the selective release of Dox to cancer cells, we compared the
cytotoxic effects of free Dox and Trp-Cu NC-Dox nanoconju-
gates on both normal mouse fibroblast (3T3) and breast cancer
(MCF-7) cells. Previous studies have demonstrated the biocom-
patibility of Trp-Cu NC with 3T3 cells across a wide concen-
tration range, highlighting its suitability for biomedical
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(A) Time-resolved PL intensity decay curve of the aged and purified Trp-Cu NC—-Dox nanoconjugate (lex = 405 nm, Aem = 480 nm) at pH 7 (blue),

pH 5.5 (light blue) and pH 7.4 (red). The black curve represents the instrument response function (IRF). (B) Time-dependent in vitro release profile (%) of
Dox from the Trp-Cu NC-Dox nanoconjugate at pH 5.5 (light blue) and pH 7.4 (red).
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Fig. 6 (A) HRTEM image of aged and purified Trp-Cu NC-Dox nanoconjugates after overnight incubation at pH 5.5. (B) Particle size distribution (N =

101) obtained from the HRTEM image.

applications.” Furthermore, Trp-Cu NC readily internalizes
into cells, making it highly suitable for applications in cell
imaging and drug delivery."® Confocal microscopy of 3T3 cells
incubated with Trp-Cu NC-Dox revealed cytosolic localization,
confirming that the nanoconjugate can undergo internalization
(Fig. S5, ESIt). Notably, the Trp-Cu NC-Dox nanoconjugate
exhibited pronounced cytotoxicity towards MCF-7 cancer cells.
At a concentration of ~10 pM, the conjugated Dox resulted in
~80% cancer cell death, while ~70% of 3T3 cells remained
viable, indicating more selective toxicity toward cancer cells
(Fig. 7). In contrast, the same concentration of free Dox killed
only ~20% of the cancer cells, suggesting that conjugation
with Trp-Cu NC significantly enhances Dox’s therapeutic effi-
cacy (Fig. 7(A)). This improvement is quantitatively reflected in
the reduction of the drug’s ICs, value (half-maximal inhibitory

MCF-7

A) = Free Dox
120 4 = NC-Dox Conjugate
g 100 frst ”
> 80- =
8 60-
2 40-
[0]
© 204

0-
Control 025 05 1 2 5
[Dox] (M)

10 20 40

concentration)—the concentration required to inhibit 50% cell
viability. Upon conjugation with Trp-Cu NC, Dox’s ICs, against
MCF-7 cells decreased by approximately 3.6-fold, from 22.5 +
3uMto 6.2 + 1 uM (p < 0.006) (Fig. 7(A) and Fig. S6A, ESI¥).
A lower ICs, indicates that the drug is effective at lower concen-
trations, potentially reducing systemic toxicity in patients.®’
These results demonstrate that the Trp-Cu NC-based nanocar-
rier not only enhances the potency of Dox but also shows
superior performance compared to free Dox and other reported
nano-drug carriers (Table 1).

Although free Dox exhibited comparable cytotoxicity toward
both normal (IC5, = 19.2 + 1.6 uM) and cancer cells (ICs, =
22.5 £+ 3 pM), conjugation with Trp-Cu NC significantly reduced
its toxicity toward normal cells, increasing the ICs, to 30.1 £ 2 pM
(p < 0.02) (Fig. 7(B) and Fig. S6B, ESIT). This indicates that Trp-Cu

B) 3T3
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Fig. 7 Cellviability assay of free Dox (blue) and the Trp-Cu NC-Dox nanoconjugate (green) in (A) breast cancer (MCF-7) and (B) normal mouse fibroblast

(3T3) cells. Statistical significance denoted by **(p < 0.002).

Table 1 Comparison of ICsq improvement in the NC—Dox conjugate vs. free Dox

Nano-drug carriers Cancer Cell ICso (Dox) IC5o (NC-Dox) [ICs0 (DOX)/ICso (NC-Dox)] Ref.
Trp-Cu NC* MCF-7 22.5 uM 6.2 UM 3.6 This work
Lysozyme-Au NC” MCF-7 229 nM 155 nM 1.5 6
Transferrin-Cu NC? MCF-7 1.23 g mL ™" 0.6 pg mL ™" 2.0 25
Polysaccharide-Au NC* MCF-7 43.7 pg mL ! 60.5 pg mL™* 0.7 62

24 h incubation. ? 48 h incubation.
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NC not only enhances the drug’s therapeutic efficacy against
cancer cells but also mitigates its harmful effects on healthy cells,
thereby minimizing potential side effects. The underlying mecha-
nism likely stems from the pH-sensitive nature of the drug release.
Cancer cells typically exhibit a more acidic extracellular micro-
environment compared to normal cells,*®*” which promotes the
release of Dox from the nanoconjugate under acidic conditions. In
contrast, the neutral physiological pH (~7.4) of normal cells does
not facilitate significant drug release, thereby reducing cytotoxicity
toward healthy tissues. These findings underscore the potential of
Trp-Cu NC as a smart nano-drug carrier capable of selectively
releasing Dox to cancer cells while sparing normal cells. Such
selective delivery could improve therapeutic outcomes and reduce
the need for high doses of free Dox, commonly used in conven-
tional chemotherapy, ultimately minimizing adverse side effects
for cancer patients.

4. Conclusions

In summary, Trp-Cu NC demonstrated strong potential as an
efficient nano-drug carrier for the targeted release of Dox to
cancer cells. The drug-binding interaction and pH-responsive
release were characterized using steady-state and time-resolved
FRET analyses. At neutral pH, Trp-Cu NC formed a stable
nanoconjugate with Dox, resulting in large rod-shaped particles
in a ‘FRET ON’ state. This indicated high drug-binding effi-
ciency and a strong interaction between the nanocluster and
Dox. When exposed to an acidic environment (pH 5.5),
mimicking the tumor microenvironment, the nanoconjugate
underwent a significant reduction in particle size (~2.7 £
0.1 nm), approximating that of the free Trp-Cu NC. This
change, accompanied by an increase in the fluorescence life-
time of the nanocluster and a transition to the ‘FRET OFF’
state, confirmed the release of the drug. Cytotoxicity assays
further validated that the Trp-Cu NC carrier enhances Dox’s
therapeutic efficacy by enabling selective cancer cell death at
relatively low drug concentrations, while reducing toxicity to
normal cells. This selective action decreases adverse effects on
healthy tissues—an essential requirement for effective cancer
therapy. Collectively, these findings underscore the potential
of Trp-Cu NC as a promising nanoplatform for advancing
cancer treatment strategies.
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