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ABSTRACT: A combination of biomedical imaging and photodynamic therapy (PDT) in a
single nanomaterial would be a breakthrough in nanomedicine. However, devising a single
photosensitizer capable of efficient PDT without requiring an external oxygen source under
typically hypoxic tumor conditions, combined with high photostability, biocompatibility, and
renal clearance, remains a challenge. Atomically precise ultrasmall (<2 nm) gold
nanoclusters (AuNCs) are emerging as potential multifunctional biomedicines, encompass-
ing imaging, diagnosis, and therapy in a single nanoplatform. Herein, we report bioderived
cellulose nanocrystal-supported gold nanoclusters (CNC-AuNCs) with selective mono or
multiheteroatom (Ag, Pd, and Pt) substitution at the core of the nanoclusters. The
replacement of one or more gold atoms significantly modulates their emission wavelengths,
photoluminescence quantum yields, as well as excited-state relaxation kinetics. These
materials can easily penetrate the cells, accumulating in the cytoplasm and emitting bright
luminescence. While the nanocomposites are highly biocompatible, they can produce
reactive oxygen species (ROS) through the formation of free radicals (O2

−· and ·OH) upon
exposure of light. The synergistic effect of the light absorption by the matrix and the diverse excited-state relaxation pathways of the
nanoclusters results in the efficient generation of ROS in variable concentrations, ultimately leading to the complete destruction of
targeted cancer cells via Type-I photodynamic effect. The optimal ROS efficacy combined with minimal cytotoxicity suggests a
universal strategy for developing strong PDT-I agents, paving the way for versatile nanomaterials in theranostic applications.
KEYWORDS: gold nanoclusters, cellulose nanocrystals, photosensitizer, ROS, theranostics

1. INTRODUCTION
Photodynamic therapy (PDT) is an emerging, non- or
minimally invasive therapeutic approach that has gained
significant attention in the field of medical science for the
treatment of various diseases, including cancers.1,2 PDT
involves the administration of a photosensitive agent, known
as a photosensitizer (PS), which is targeted to the tumor
tissues.3 Upon exposure to specific wavelengths of light, the PS
generates reactive molecular species, such as singlet oxygen or
free radicals, leading to localized cell damage and eventual
destruction of the targeted cells.1,4,5 Although PDTs offer
several advantages, including being minimally invasive,
selectively targeting, causing minimal scarring, and reducing
systemic side effects, their use has so far remained primarily
limited to the treatment of skin cancers, such as actinic
keratoses and some early stage nonmelanoma skin cancers.6,7

Drawbacks include limited tissue penetration of light, photo-
sensitivity, poor biodegradability, cytotoxicity or side effects
from photosensitizing drugs, the prerequisite for an external
source of oxygen, accumulation in the liver and kidneys after

treatments, and effectiveness limited to skin conditions.1,8 The
most widespread organic PSs used in PDT, consisting of
porphyrin-based molecular systems, exhibit limited depth of
effectiveness, poor selectivity, hydrophobicity issues, and high
photosensitivity. For example, Chlorin e6 (Ce6) is one of the
FDA-approved organic PSs that demonstrates the required
clinical properties for PDT.9 However, in addition to its poor
solubility and limited tissue penetration, Ce6 could also be
responsible for localized photosensitive reactions, potential
damage to surrounding tissues, pain, and inflammation, as well
as possible risks of burns, blistering, and allergic reactions.3,9,10

On the other hand, inorganic PSs, such as TiO2 and ZnO
nanoparticles or semiconductor quantum dots, show poor
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biocompatibility along with potential long-term toxicity and
side effects associated with their persistent accumulation in
specific tissues and organs.1,11−13 Therefore, ensuring renal
clearance after treatment is essential to prevent accumulation
and adverse effects.14−16

In recent years, the combination of nanotechnology and
biomedical imaging has advanced significantly in the field of
medical science, especially in nanotheranostics, that is, the use
of a single nanosystem for combined diagnostics and targeted
therapy. Among these innovations, gold nanoclusters (AuNCs)
have emerged as versatile agents with potential in theranos-
tics.17,18 AuNCs are ultrasmall assemblies of gold atoms,
typically 1−2 nm in diameter.19,20 These nanoclusters (NCs)
possess high surface area, excellent biocompatibility, and
tunable optical properties due to their ultrasmall size and well-
defined structure, making them ideal candidates for imaging
and PDT.20−24 In addition, easy renal clearance further
promotes AuNCs as potentially suitable systems for non-
invasive imaging and therapeutic purposes while minimizing
tissue accumulation and long-term toxicity.14 However, their
poor photoluminescence (PL) quantum yields (QYs),
compared with those of quantum dots or organic PSs, restrict
their potential applications. Huang et al. have described the
successful development of Ce6-conjugated silica-coated
AuNCs with a phototheranostic formula that offers higher
cellular uptake and fluorescence imaging-guided enhancement
of PDT.25 Similarly, Zhang et al. have reported an AuNC-
based Ce6 delivery nanoplatform for targeted PDT, in which
the nanoprobes exhibit rapid Ce6 release within hours.26

Vankayala et al. have shown a distinctive multifunctional TAT
peptide (peptide sequence: N-GRKKRRQRRR-C)-conjugated
AuNC-based theranostic nanoplatform designed for nuclear
targeting, enabling simultaneous fluorescence imaging, gene
delivery, and long-wavelength near-IR light-activated photo-
dynamic cancer therapy.27 Finally, Han et al. have shown that
lipoic acid-functionalized AuNCs could produce a strong two-
photon photodynamic (PD) effect without requiring any
external source of oxygen (Type-I PDT).28

In an active PS, not only the PL QY, but also the detailed
nanosecond (ns) and subnanosecond relaxation cascade from
singlet (S1) and triplet (T1) excited states to ground state
impacts PD effects.29,30 Such excited-state relaxation pathways
could influence energy deposition in living tissues and control
the ability of the PS to convert absorbed light into cytotoxic
reactive molecular species. The optical population of the T1
state, and the subsequent molecular relaxation from it, can
transfer electrons to cellular oxygen or water molecules,
ultimately leading to the generation of singlet oxygen and free
radicals.29 As a result, the relaxation dynamics, electron
population, lifetime, and excited-state relaxation pathways of

AuNCs are the key factors controlling the precision, efficiency,
and selectivity of Type-I PDT.

The incorporation of certain heteroatoms in specific sites
within the AuNCs provides a route to control their optical and
electronic properties, PL QYs, and relaxation dynamics, by
tuning their absorption and emission transitions.31−34 Indeed,
the type, concentration, and distribution of dopant elements in
the Au core of the NCs can have a significant impact on their
optical properties while also preventing aggregation and
minimizing surface defects, ultimately leading to increased
resistance against degradation or photobleaching.31,34

Although the incorporation of heteroatoms significantly alters
the optical and electronic properties responsible for the
catalytic activity of AuNCs, their influence on PDT is still
largely unknown. Moreover, tightly controlled chemical
strategies for heteroatom doping are paramount, as both the
concentration of dopants and the size of the resultant NCs play
crucial roles in restraining their cytotoxicity.35

Herein, we demonstrate a new strategy to achieve well-
controlled and position-dependent mono- and multimetal
substitution of Ag, Pt, and Pd on matrix-supported AuNCs
functionalized by glutathione. Steady-state and time-resolved
optical spectra, along with DFT calculations, are used to fully
model the overall photocycles of these nanosystems. The
specific positioning and number of heteroatoms in the core of
the AuNCs influence the optical responses and excited-state
relaxation pathways. As a result, the cellulose nanocrystal-
supported nanoclusters (CNC-NCs) show strong photo-
dynamic effects while being nontoxic. The results are very
promising in view of the development of AuNCs as a new
family of nanomedicines for simultaneous imaging and PDT.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterizations

Our strategy enables the controlled assimilation of mono- and
bimetallic dopants into the core of gold nanoclusters,
producing PL with excited-state relaxation dynamics that differ
significantly from those of the parent NCs. Details of the
synthesis are provided in Section 4. Notably, the substitution
of Au atoms in the core of AuNCs with mono- and bimetallic
heteroatoms is made possible by the assistance of −OSO3

−

groups over the surfaces of cellulose nanocrystals (CNCs),
providing a supporting matrix.36 Through this approach, we
achieve precise control with minimal number of dopant
elements in AuNCs, allowing the development of a range of
Ag-, Pd-, and Pt-doped or codoped AuNCs with enhanced and
tunable optical properties. The whole process is summarized in
Figure 1. While in the absence of CNCs, the introduction of
AgNO3 into an aqueous solution of HAuCl4 or H2PtCl6 results

Figure 1. Schematic representation of the preparation of Ag-doped and Ag/Pt or Ag/Pd codoped AuNCs over the surfaces of cellulose nanocrystals
(CNCs).
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in rapid aggregation; however, preadsorption of metal ions
onto CNCs stabilizes the precursors via −OSO3

− groups.
To confirm the composition of the nanoclusters over CNC

surfaces, atomic absorption spectroscopy (AAS) as well as
inductively coupled plasma mass spectrometry (ICP-MS) were
performed. The results confirm the success of the procedure
and show that all of the dopants are present only in trace
amount relative to the gold (Tables S1 and S2, Supporting
Information), i.e., from one to three dopant atoms per cluster.
The STEM images in Figure 2a−f reveal that all samples
present a quite similar morphology.36,37 The particles, ca. 1.3
nm in size, are grafted over the CNC surfaces regardless of the

dopant elements. Dynamic light scattering further confirms
that the heteroatom doping does not significantly affect the
size or stability of these nanocomposites (Table S3, Supporting
Information). This implies that the addition of dopant atoms
to AuNCs does not significantly alter their overall size,
structure, or the pattern of nanoclusters over CNCs. While
AuNCs exhibit a nearly neutral zeta potential at acidic and
neutral pH, they become strongly negative at alkaline pH due
to deprotonation of the carboxylic acid group in glutathione
(Table S3, Supporting Information). On the contrary, CNCs
consistently maintain high negative zeta potentials across pH
ranges, providing a stable matrix for AuNCs without disrupting

Figure 2. (a−f) STEM images and (g) Pd 3d, (h) Pt 4f, and (i) Ag 3d XPS spectra of different heteroatom-doped CNC-NCs.
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their surface charge (Table S3, Supporting Information).
Additional information is obtained from X-ray photoelectron
spectroscopy (XPS). Au 4f (Figure S1a, Supporting
Information) and C 1s (Figure S1b, Supporting Information)
XPS spectra reveal that the surface functionalities as well as the
oxidation states of Au in all of the samples with mono- or
multimetal doping are quite similar. In addition, S 2p spectra
(Figure S1c, Supporting Information) again confirm the
presence of both −OSO3

− groups over the CNC surfaces
and the Au−S bonds in these clusters.36,37 In conclusion, no
major discrepancies have been observed in the morphologies
and surface functionalities of CNCs and AuNCs in the absence
and presence of different heteroatoms. Finally, Pd 3d, Pt 4f,
and Ag 3d XPS spectra (Figure 2g−i) validate the presence,
within the NCs, of trace amounts of Pd, Pt, and Ag atoms,
respectively. Interestingly, while all Pt atoms in these NCs
remain in the Pt (0) oxidation state, Pd atoms exhibit mixed
valence states, Pd (II) (major) and Pd (0) (minor), in all of
the Pd-doped samples.

2.2. Optical Properties

To investigate the effect of heteroatoms on the photophysical
properties of AuNCs, the aqueous dispersions of CNC-NCs
have been analyzed by steady-state, nanosecond (ns), and
femtosecond (fs)-resolved spectroscopic measurements. The
UV−vis spectra (Figure S2, Supporting Information) show
featureless absorption profiles from 300 to 800 nm, appearing
to be dominated by scattering from the CNCs. Photo-
luminescence excitation (PLE) spectra of the CNC-NCs at
their PL maxima, being unaffected by scattering, allow one to
elucidate the effect of the dopants on their optical absorption
(Figure S3, Supporting Information). Usually, the substitution
of Au by Ag atoms into gold nanoclusters causes blue shifts in
their absorption bands.31,38,39 A similar trend has also been
noticed after the introduction of Ag atoms in CNC-AuNCs.
We observe that the PLE peak maximum blueshifts by about
40 nm upon going from CNC-AuNC to CNC-AuNC@Ag. On
the contrary, two absorption peaks have been observed in
CNC-AuNC@AgPd, one at the position already seen for
CNC-AuNC@Ag (339 nm) and an additional red-shifted one

Figure 3. (a) Normalized steady-state PL spectra of undoped and monometal- and bimetal- doped CNC-AuNCs, excited at 410 nm.
Corresponding time-resolved PL spectra of (b) CNC-AuNC, (c) CNC-AuNC@Ag, (d) CNC-AuNC@AgPd, and (e) CNC-AuNC@AgPt at 7 ns
and 1 μs delays, highlighting the presence of the green and orange/red bands. (f, g) PL spectra of CNC-AuNC@AgPt at relevant delays,
highlighting (f) rise and (g) spectral shift of the red band. (h,i) Decimal semilogarithmic plots of the green (h) and orange/red (i) band decays.
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centered at 398 nm.40 CNC-AuNC@AgPt shows a similar PLE
spectrum with respect to CNC-AuNC@AgPd; however, the
secondary peak at 398 nm is much less prominent in this case.
Each sample presents a distinctive steady-state PL spectrum
(Figure 3a), with a peak position ranging from 600 to 700 nm.
Despite the degree of control of the atomic structures of the
alloy NCs, there are boundary conditions imposed by the
chemical properties of the dopants and the stability of the
structure. The peak patterns are quite different from each other
and depend solely on the dopant elements. The absolute
quantum yields (QYs), listed in Table S5 (Supporting
Information), reveal that Ag doping results in a substantial
rise in PL efficiency (from 3.5 to 23% PL QY), while Pd or Pt
doping implies a sharp decrease of the PL QY (1.9 and <0.1%
QY, respectively). Moreover, a significant drop down of the PL
QYs from CNC-AuNC@Ag (QY = 23%) to CNC-AuNC@
AgPd (QY = 2.9%) or CNC-AuNC@AgPt (QY = 4.4%) has
been observed by introducing either Pd or Pt atoms in Ag-
doped AuNCs, with the resulting NCs having QYs quite
comparable to that of the undoped CNC-AuNCs (QY =
3.5%). We chose [Au25(SR)18]−1 (SR = glutathione) as a
theoretical model, not an experimentally confirmed structure,
to understand how doping affects the optical properties and
excited-state dynamics in AuNCs. The observed trends in PL
QYs can be elucidated by DFT calculations (Figures S4 and
S5, Supporting Information), showing that accumulation of Pt
and Pd atoms in the clusters results in a HOMO−LUMO gap
smaller than that of both the undoped and Ag-doped AuNCs.
On the other hand, further codoping with one additional Ag
atom in the outer core of the NCs has a minor effect on their
HOMO−LUMO gap (Table S4, Supporting Information).
Because the substantial QY enhancement has been well

established as a fingerprint of successful Ag doping in the
central position,36,41 the absence of a comparable enhancement
in the bimetallic AgPt- and AgPd-doped NCs strongly suggests
that the Pd or Pt dopants compete with Ag in occupying the
central position of the nanocluster.42

Time-resolved PL measurements show that the broad
steady-state PL spectrum arises from the composition of a
green (G) and an orange/red (O/R) band, with lifetimes in
the nanosecond and μs range, respectively (Figure 3b−g).
Interestingly, a gradual rise of the O/R band concurrently with
the nanosecond decay of the G-band was also observed, as
exemplified in CNC-AuNC@AgPt in Figure 3f. Such a result
endorses the idea that the state responsible for the O/R band
emission (O/R state) is populated from the one determining
the G-band emission (G state). Furthermore, the long decay
lifetimes of the O/R band suggest that the O/R state has a
strong triplet character, and, consequently, that the process
responsible for its initial population from the G-state manifold
(discontinuous arrow in Figure 4e) is an intersystem crossing
(ISC).43,44 Finally, a red shift was observed during the decay of
the R−O band (Figure 3g). The peak wavelength and relative
intensity of the two components depend upon the specific
sample, as reported in Table S6 (Supporting Information). It is
worth noting that the O/R component is always dominant. In
particular, nanosecond-resolved PL measurements reveal that
both the green and the orange/red emissions (Figure 3h,i)
decay biexponentially. The former shows lifetimes of τ1 ranging
from ∼1 to ∼5 ns and τ2 ∼ (7 to 16) ns (Figure S6 and Table
S7, Supporting Information), whereas the latter shows lifetimes
of τ1 ∼ 500 to 900 ns and τ2 ∼ 2 to 3 μs (Figure S7 and Table
S8, Supporting Information).

Figure 4. Transient absorption spectra of (a) CNC-AuNC, (b) CNC-AuNC@Ag, (c) CNC-AuNC@AgPd, and (d) CNC-AuNC@AgPt (pumped
at 400 nm) at several pump−probe delays. (e) Schematic representation of the photocycle, highlighting the main transitions with time scales of the
relevant processes, as obtained by fitting the kinetic traces obtained from TA and nanosecond-resolved fluorescence data. Table 1
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Finally, femtosecond-resolved transient absorption (TA)
measurements have been performed to investigate the
subnanosecond dynamics of the CNC-NCs (Figure 4a−d).
Notably, the spectra are dominated by a broad and scarcely
structured positive excited-state absorption (ESA) signal
covering the whole spectral range. Such a broad ESA signal
arises from several unresolved transitions from the initial
excited state to a large variety of accessible higher excited
states, while the stronger TA signal in CNC-AuNC and CNC-
AuNC@Ag indicates larger extinction coefficients of the
associated transitions. For CNC-AuNC and CNC-AuNC@
Ag, the ESA signal shows a defined peak around 450 nm,
which disappears anyway within a few picoseconds (ps) as a
consequence of an internal conversion (IC) from the initially
excited states down to the emissive ones.36 On the other hand,
CNC-AuNC@AgPd and CNC-AuNC@AgPt exhibit a down-
ward dip in the spectra, resulting from the superposition
between the positive ESA envelope and a narrower, negative
signal. As the spectral position of the dip matches that of the
G-band emission, this signal can be interpreted as stimulated
emission (SE), whereby the interaction between the probe
pulse and the photoexcited system causes the decay of the
latter to the ground state and the contextual emission of a
photon, resulting in a negative differential absorption signal.45

The observation of SE features can be seen as a way to detect
PL from a transient absorption measurement. As shown in
Figure 4c,d, this component is visible only at long pump−
probe delays, corresponding to the downward dip at 520−530
nm in the spectra at 250 ps. The slow rise of such a signal
clearly indicates that the G state is not populated
instantaneously. In contrast, relaxation processes such as the
above-mentioned IC from higher energy states within the G
manifold drive the system from the initially excited high energy
states to the G state. The apparent lack of a comparable SE
signal in the cases of CNC-AuNC and CNC-AuNC@Ag, in

spite of these two samples also displaying a G-band, is most
likely due to the SE contribution being buried under the very
intense ESA signals. The overall shape of the TA signal in
CNC-AuNC and CNC-AuNC@Ag, especially at short times, is
very different from that in CNC-AuNC@AgPd and CNC-
AuNC@AgPt. The differences provide experimental evidence
of the radically different PDOS in monometal- doped versus
bimetal doped CNCs, as predicted by DFT calculations
(Figures S4 and S5, Supporting Information). However, the
different doping appears to influence much more the upper
excited states than the first excited state from which steady-
state emission is obtained. In fact, TA spectral shapes undergo
quite dramatic changes from sample to sample, the differences
being much more pronounced than those observed among the
steady-state emission spectra (Figure 3a).

Kinetic traces at relevant wavelengths are extracted from the
TA signal and fitted by a multiexponential decay model
function (Figure S8, Supporting Information). As reported in
Table S9 (Supporting Information), the subnanosecond
relaxation dynamics of all samples are essentially described
by two time scales τ1′ and τ2′. While the former is always on
the order of 0.1 ps, the latter strongly changes from sample to
sample. The shorter time scale can be interpreted as an IC
from the initial excited state to the G state, while the longer
corresponds to a slower relaxation within the G-state manifold
(Figure 4e). Only after this τ2′ relaxation is the steady state
emitting state finally populated, as inferred from the delayed
appearance of the SE signal.

The information obtained from steady-state, nanosecond,
and femtosecond-resolved measurements allows us to devise a
comprehensive picture of the photocycle, as schematized in
Figure 4e. Following the initial photoexcitation, the system
initially experiences an IC (rate = 1/τ1′) into the G-state
manifold. The system then undergoes cooling, transitioning
from “hot” to “cold” states within the emitting G manifold,

Figure 5. (a) ROS production by different CNC-NCs in 786-O cells using DCFH-DA assay-specific probes under a dark environment and upon
illumination with blue light (405 nm) for 30 min. ESR spectra of DMPO-OOH adducts containing 1 M DMPO in aqueous solution with (b)
different CNC-NCs before and after light irradiation and (c) CNC-AuNC@Ag at different light irradiation times including 1, 3, and 5 min. (d)
ESR spectra of singlet oxygen adducts generated by CNC-AuNC@Ag in aqueous solutions containing 1 M TEMP before and after light irradiation.
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with kinetics (rate = 1/τ2′) that strongly depend on the specific
sample. From the “cold” G state, the system either returns to
the ground state, resulting in the G-band emission, or
undergoes an intersystem crossing transition to the O/R
state, characterized by substantial triplet character. The
measured rate 1/τG is the combined rate of these two
processes. From the O/R state, the system finally reaches the
ground state, producing the O/R emission (rate = 1/τR). The
values of these time scales are summarized in the table
embedded in Figure 4. Interestingly, the values of τR are almost
identical from AuNC to AuNC@Ag, but then decrease more
than 2-fold in the order AuNC@Ag > AuNC@AgPd >
AuNC@AgPt (Table 1). Therefore, the permanence time in
the triplet state significantly depends on the doping patterns.
Moreover, τ2′ strongly increases from undoped CNC-AuNC to
its doped counterparts. Therefore, another important effect of
doping heteroatoms on the photocycle is to significantly slow
down the cooling process within the G-state manifold.
2.3. ROS Generation and Type-I Photodynamic Effect

CNC-NCs are found to produce effective ROS upon exposure
to light. To prove this phenomenon, we have tested ROS
production in 786-O human renal cell carcinoma cells by using
a DCFH-DA assay-specific probe.21,23,28 The exposure of cells
preincubated with CNC-NCs to blue light (λex = 405 nm) for
30 min led to a strong increase in the ROS levels as compared
to the control (unexposed) cells (Figure 5a). Among the
doped clusters, the highest level of ROS induction has been
observed for CNC-AuNC@Ag and CNC-AuNC@AgPd
composites, whereas it is lowest for CNC-AuNC@AgPt. The
intracellular ROS production has been further confirmed by
confocal microscopy, using the DCFH-DA assay. In this
regard, the 786−0 cells are exposed to blue light (405 nm, 310
mW) for 30 min in the presence of CNC-AuNC@Ag (Figure
S9, Supporting Information). A strong increase in green
fluorescence was observed in the cells treated with CNC-
AuNC@Ag and exposed to blue light, compared to the control
cells, confirming intracellular ROS production upon light
exposure. To evaluate the mechanistic pathways of such ROS
generations, electron spin resonance (ESR) was performed. In
this context, the 5,5-dimethyl-1-pyrrolinen-oxide (DMPO)-
based spin-trapping technique was executed to determine the
formation of superoxide anions (O2

−·) and hydroxyl radicals
(·OH) under the exposure of light.28 It is observed that CNC-
NCs can produce DMPO−OH spin adducts under light
irradiation, confirming that ROS generation is significantly
dependent on the formation of O2

−· or ·OH radicals, i.e., Type-
I PD effect (Figure 5b).

The highest signal intensity was perceived for CNC-
AuNC@Ag followed by CNC-AuNC@AgPd. Indeed, the
highest efficacy can be attributed to the lifetime of the T1
state (Figure 3, Table 1), which decreases in the same order as
the dopant element, e.g., Ag > AgPd > AgPt. In fact, longer

residence in the triplet state increases the probability of energy
transfer for ROS generation. The signal intensity was also
observed to be directly proportional to the irradiation time,
irrespective of the dopant elements (Figures 5c and S10a−c,
Supporting Information). Analogous to DMPO, we have
employed 2,2,6,6-tetramethyl-4-piperidone (TEMP) as a
radical scavenger for the detection of singlet oxygen (1O2).

28

However, no evident signal was observed from 1O2, declining
the Type-II PD effect (Figures 5d and S10d−f). So, we can
conclude that, because the O/R band has a strong triplet
character and as its population dynamics is governed by ISC,
the measured lifetime τR sets the time window for Type-I
electron transfer to generate O2

−·/·OH. Accordingly, the τR
ordering (CNC-AuNC@Ag > CNC-AuNC@AgPd > CNC-
AuNC@AgPt) reflects the ROS generation efficiency.
2.4. Cytotoxicity, Biomedical Imaging, and PDT

Having clarified the structure and photophysical properties of
CNC-NCs, we investigated their biomedical applications for
theranostics. To ensure the cell permeability and imaging
capability of these CNC-NC nanocomposites, A549 carcinoma
epithelial cells were treated with their aqueous suspension (100
μM with respect to the Au atoms) and incubated for 24 h. The
results demonstrate that the NCs were internalized by the cells
into the cytoplasm and emitted bright luminescence under 458
nm excitation (Figure 6a,c,e). Corresponding z-stack images
further confirm the significant cellular uptakes for all of the
NCs (Figure 6b,d,f).

To address the cytotoxicity of CNC-NCs, cell counting kit 8
(CCK-8) assays were performed on NIH3T3 cells, in which no
obvious cytotoxicity was observed under the experimental
conditions (Figure S11, Supporting Information). To evaluate
the PD effect of the CNC-NCs at the cellular level,
phototoxicity was tested in the S180 sarcoma cell line under
UV irradiation at 350 nm excitation (Figure 6g). For this
experiment, the CCK-8 assay was performed with 250 μM
CNC-NCs (with respect to the Au or metal atoms). All CNC-
NCs, irrespective of the dopant elements (except CNC-
AuNC@AgPt), show negligible toxicity to S180 cells in dark
conditions. However, under light irradiation, the cell viability
gradually decreased with an increase in the exposure time.
After 30 min of continuous irradiation, CNC-AuNC@Ag
shows the highest PD efficacy compared to the undoped CNC-
AuNCs, followed by CNC-AuNC@AgPd. In contrast, the cell
viability reaches a minimum within 60 min of irradiation using
CNC-AuNC@AgPd as the PS. The results indicate that CNC-
AuNC@Ag and CNC-AuNC@AgPd can kill cancer cells with
a high efficacy. This is presumably due to the highest amount
of ROS productions by the nanocomposites under the
experimental conditions via PDT-I with the formation of
O2−· or ·OH radicals, favored by a higher lifetime of the triplet
state where the photoinduced reaction takes place.

We further tested the effects of isolated AuNCs and CNC-
AuNC@Ag composites on the 786-O cells (Figure 7a). To test
cytotoxicity, 10,000 cells were seeded in each well of 12-well
plates (Corning). Twenty-four h after seeding, the medium in
selected wells was replaced with medium containing 100 μM of
either AuNCs or CNC-NCs (relative to metal atom
concentration). Afterward, the cell proliferation was monitored
based on confluency using an Incucyte S3 Live-Cell Analysis
System (Essen BioScience, Inc.). It was not possible to assay
cell confluency in the case of CNC-NCs due to the high
background signal from the CNC substrates. Therefore, we

Table 1. Characteristic Timescales of the photocycles for
CNC-NCs. For a Biexponential Process, the Reported Value
Represents the Weighted Average of the Two Components.

sample τ2’ (s) τG (s) τR (s)

CNC-AuNC 3.00 × 10−12 4.03 × 10−9 2.45 × 10−6

CNC-AuNC@Ag 2.53 × 10−11 3.02 × 10−9 2.52 × 10−6

CNC-AuNC@AgPd 5.33 × 10−11 6.35 × 10−9 1.21 × 10−6

CNC-AuNC@AgPt 8.10 × 10−11 6.08 × 10−9 1.04 × 10−6
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have used the 786-O PG cell line, which stably expresses the
palmitoylated form of green fluorescent protein (GFP) and
used the GFP count as an indicator of proliferation. While
both AuNCs without light exposure and light exposure without
AuNCs have little to no effect on the proliferation of 786-O
PG cells, a strong reduction in proliferation has been observed
under 405 nm LED light (310 mW) exposure in the presence
of AuNCs (Figures 7a and S12, Supporting Information).
Subsequently, the effect of CNC-AuNC@Ag on cell
proliferation was tested (Figure 7b−e). The results demon-
strate that the cells in the wells containing CNC-AuNC@Ag
and exposed to blue light show the highest reduction in
proliferation compared to both AuNCs and control. The
results signify that while CNC-NC composites are highly
biocompatible, they can generate ROS through the formation
of O2

−· or ·OH radicals upon exposure to UV or blue light,

enabling them to destroy the cells completely through the
Type-I PD effect.

After in vitro studies, we have tested the photodynamic
effect on an ex ovo chicken embryo xenotransplantation model
that has been developed in our lab.46 The main advantage of
chicken embryo culture is that the cells, organoids, and pieces
of tissues of different origins can be transplanted onto the
CAM (chorioallantoic membrane), where they become
vascularized without eliciting immune rejection.47,48 Xeno-
transplantation into chicken embryos is perfect for primary
screening experiments that could be performed in a high
throughput way without losing the high degree of complexity
of in vivo systems. Because of high levels of autofluorescence in
chicken embryos, we have used neuroblastoma SH-SY5Y cells
for ex ovo experiments. SH-SY5Y cells were genetically
modified to express both eGFP and Firefly luciferase, making
it possible to detect not only fluorescent but also bio-

Figure 6. (a, c, e) Representative microscopy images (overlapped bright field and confocal) and (b, d, f) z-stacks (2.0 μm intervals) of A549
carcinoma epithelial cells incubated with CNC-NCs (100 μM) for 24 h, λex = 458 nm. Incubated CNC-NCs are (a, b) CNC-AuNC@Ag, (c, d)
CNC-AuNC@AgPd, and (e, f) CNC-AuNC@AgPt. (g) Photodynamic effect of the different types of CNC-NCs on murine sarcoma S180 cells
under 350 nm excitation for 0, 30, and 60 min.

Figure 7. (a) Growth curves of 786-O PG cells treated with either AuNCs or CNC-NCs calculated based on the GFP count. (b−e) Representative
green fluorescence images of 786-O PG cells before and after LED exposure. (b) Untreated 786-O PG cells before LED exposure. (c) Untreated
786-O PG cells after LED exposure. (d) CNC-AuNC@Ag-treated 786-O PG cells before LED exposure. (e) CNC-AuNC@Ag-treated 786-O PG
cells after LED exposure.
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luminescent signals.49 While we observe a decrease in the
luciferase signal in the majority of control (untreated)
spheroids after 2 days ex ovo, spheroids treated with CNC-
AuNCs@Ag and light (405 nm) completely lost bio-
luminescence at the same time point (Figure 8). To detect
the mechanism of PDT-induced cell death, SH-SY5Y cells
were stained with an Annexin V apoptosis marker. While
control (untreated) cells as well as cells treated only with
CNC-AuNCs@Ag or exposed only to light did not show an
increase in the Annexin V red fluorescent signal, the cells
treated both with CNC-AuNCs@Ag and light were charac-
terized by high levels of apoptosis (Figure S13, Supporting
Information).

3. CONCLUSIONS
In conclusion, we have developed a versatile nanoplatform for
enhanced PDT by devising a synthesis method of gold-based
alloy nanoclusters supported by bioderived cellulose nano-
crystals, acting as efficient photosensitizers. These nanoclusters
were modified with a trace amount of heteroatoms like Ag, Pd,
and Pt to engineer their electronic level structures, photo-
luminescence properties, and excited-state relaxation pathways.
The CNC-NC composites show high biocompatibility with
intense fluorescence intensity after internalization into the cell
cytoplasm, making them ideal candidates for theranostics.
Although both AuNC and CNC-NC composites exhibit
minimal cytotoxicity in the absence of light, CNC-AuNC@
Ag and CNC-AuNC@AgPd show a significant reduction in
cell proliferation under exposure to blue light, far greater than
that observed with AuNCs alone·. This is probably due to the
synergistic effect of NCs and CNCs in which the CNC matrix
could absorb the light in the same region and transfer it to the
NCs with minimal losses. As a result, the favorable photo-
physical properties of the NCs over the matrix are capable to
generate effectual free radicals (O2

−· and ·OH) upon exposure
to UV or visible light, leading to the destruction of cells
through the Type-I photodynamic effect.

4. EXPERIMENTAL SECTION

4.1. Materials
HAuCl4·3H2O, PdCl2, H2PtCl6, glutathione, hydrochloric acid,
sulfuric acid (64%), 5,5-dimethyl-1-pyrrolinen-oxide (DMPO), and
2,2,6,6-tetramethyl-4-piperidone (TEMP) were purchased from
Sigma-Aldrich and used as received. Whatman 1 and Whatman 541
filter papers and Spectra/Por 1 standard dialysis tubing (Mw cutoff 6−
8 kDa) used in the CNC preparation were purchased from VWR.
Ultrapure Milli-Q water (18 Ω) was used in all experiments.

4.2. Synthesis of CNCs
Sulfonate-ester functionalized CNCs were prepared through the acid
hydrolysis of cotton filter paper (Whatman No. 1), following a
previously reported procedure.50 Briefly, the filter paper was
mechanically ground into a powder. Fifteen mg of this fine powder
underwent hydrolysis with sulfuric acid (64%, 300 mL) at 45 °C for
45 min under gentle stirring (32 rpm). The reaction was halted by
diluting the solution 10-fold with deionized water and allowing it to
stand for 20 h. The supernatant was then discarded, and the residual
CNC suspension underwent two washes with deionized water,
followed by centrifugation. This suspension was further purified
through dialysis in deionized water until the conductivity of the
dialysate was less than 5 μS cm−1. Finally, the CNC suspension was
filtered through a Whatman 541 filter paper and stored at 4 °C for
subsequent use.

4.3. Synthesis of AuNCs
The synthesis of AuNCs was done by the procedure outlined by Luo
et al.51 In a nutshell, 500 μL (20 × 10−3 M) of an aqueous solution of
HAuCl4·3H2O and 150 μL (100 × 10−3 M) of glutathione in water
were simultaneously introduced into 4.35 mL of Milli-Q (18 Ω) water
at 25 °C, employing gentle stirring with a magnetic stirrer. Stirring
was continued for an additional 15 min until a colorless solution was
achieved. The reaction mixture was then subjected to heating at 70 °C
for 24 h in an oil bath, with constant stirring at 500 rpm. Ultimately,
the solution was cooled to room temperature and stored at 4 °C.

4.4. Synthesis of CNC-AuNCs and Metal-Doped
CNC-AuNCs
The syntheses of CNC-AuNCs and metal-doped CNC-NCs were
performed according to our previous procedure.36 Briefly, 500 μL (20
× 10−3 M) aqueous solution of HAuCl4·3H2O was mixed with 4.35

Figure 8. Representative bioluminescent images of SH-SY5Y spheroids placed on the CAM ex ovo: (a) control before exposure of light, (b) control
after 2 days of light exposure, (c) treated with AuNCs@Ag, and (d) treated with AuNCs@Ag after 2 days of light exposure. (e) Quantification of
bioluminescent signals from all the spheroids used. Bioluminescent signals were taken and quantified using the in vivo imaging system Caliper IVIS
Spectrum.
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mL of an aqueous CNC dispersion (14.5 mg/mL) under gentle
stirring. For the synthesis of CNC-AuNC@Ag, CNC-AuNC@Pd, and
CNC-AuNC@Pt, 50 μL (20 × 10−3 M) of AgNO3, H2PdCl4, and
H2PtCl6 were simultaneously introduced with 450 μL (20 × 10−3 M)
of HAuCl4 into the aqueous CNC solution. Stirring persisted for 1 h
to facilitate the absorption of Au (III) ions onto the negatively
charged surface of CNCs. Subsequently, 150 μL (100 × 10−3 M) of
glutathione aqueous solution was introduced to the reaction mixture,
and stirring continued for an additional 15 min, followed by stirring at
70 °C for 24 h. After cooling the solution to room temperature, the
product was isolated through centrifugation at 4500 rpm for 3 h. The
supernatant was discarded, and the residue (CNC-NCs) was
promptly mixed with 5 mL of water, followed by vortexing to achieve
a colloidal dispersion. The resulting dispersion was stored at 4 °C for
future use.

4.5. Optical Absorption
Steady-state absorption spectra were acquired at room temperature on
diluted aqueous solutions of CNC-NCs by an AVANTES optical fiber
spectrophotometer based on a multichannel CMOS detector.

4.6. Steady-State Photoluminescence
Steady-state photoluminescence spectra were recorded at room
temperature from diluted aqueous solutions of CNC-NCs in a 1 cm
cuvette by exciting each sample with 0.1 mJ, 5 ns laser pulses at 410
nm (obtained from a tunable laser) and dispersing their PL on an
intensified CCD camera. The camera was triggered to acquire spectra
within a window of 100 μs (sufficient to collect the whole emission)
and slightly delayed (1 ns) with respect to the exciting pulse to
exclude scattering effects. PLE spectra were measured by an
Edinburgh Instruments FLS1000.

4.7. Nanosecond Time-Resolved Spectroscopy
Nanosecond-resolved PL measurements were performed via the same
setup described in Section 4.6, by appropriately varying the width and
delay of the measurement window in order to follow the PL decay.
Kinetic traces were obtained by evaluating the integrated photo-
luminescence signal as a function of the delay time and fitted via a
biexponential decay model in the form: y(t) = A1exp(−t/τ1) +
A2exp(−t/τ2).

4.8. Transient Absorption Spectroscopy
TA (pump−probe) measurements were performed on the home-built
setup described elsewhere,52 pumped via the 50 fs, 800 nm laser
pulses (fwhm = 30 nm, 350 mJ energy per pulse) produced by a 5
kHz Ti:sapphire femtosecond amplifier (Spectra Physics Solstice-
Ace). Said pulses were split 80%/20% via a beam splitter in order to
generate the 400 nm pump and broadband probe, respectively. The
former was obtained via second harmonic generation (20% efficiency,
50−100 nJ/pulse) in a 250 mm β-BBO crystal, subsequently isolated
from the residual fundamental by a Schott BG40 filter, and chopped
at 500 Hz, whereas the latter was obtained by focusing the 800 nm
beam on a 1 mm quartz cell containing D2O, generating a “white
light” pulse extending from 400 to 750 nm. Both the pump and probe
were subsequently focused using a single parabolic mirror in such a
way that they overlapped within the sample, which was continuously
flowing in a 0.2 mm thick flow cell. The pump−probe delay was
controlled by a motorized delay stage placed on the pump arm. The
transmitted probe was then dispersed by a home-built monochroma-
tor (3 nm resolution) and focused on a 1024-pixel detector (Glaz
Linescan-I) with single shot capabilities. In a typical measurement, the
signal was obtained by averaging 5000 pumped and unpumped
spectra for each pump−probe delay, with the delay scanned at least 10
times. The raw data were then subjected to correction procedures
aimed at eliminating the effects of cross-phase modulation (XPM)
and group velocity dispersion (GVD), thereby obtaining the final data
presented in the paper, which have a temporal resolution of about 80
fs. The decay kinetics, extracted analogously to the nanosecond-
resolved ones, were fitted by a multiexponential decay model
convoluted with a (Gaussian) instrumental response function.

4.9. Absolute Quantum Yield Measurements
Absolute QY measurements were performed according to the
protocol reported elsewhere.53 The aqueous solutions of CNC-NCs
were placed in thin silica tubes, inserted into a Labsphere integrating
sphere, and excited (both directly and indirectly) via a 405 nm CW
laser diode. The integrating sphere signal was then collected via the
AVANTES multichannel spectrometer already described in Section
2.1.

4.10. Atomic Absorption Spectrometry (AAS)
The samples were diluted with 2% HNO3 to dilution ratios of 1:10
(Ag, Pt, and Pd) and 1:100 (Au). The elements were analyzed from
the diluted solution samples with AAS using ThermoScientific ICE
3000.

4.11. Inductively Coupled Plasma Mass Spectrometry
(ICP-MS)
ICP-MS was performed by a ThermoScientific ICP-SFMS ELE-
MENT XR inductively coupled plasma mass spectrometer. This
analysis was performed in accordance with the standards SS-EN ISO
17294−2:2023 and US EPA Method 200.8:1994 in a laboratory
accredited to ISO 17025. The testing was conducted by the laboratory
service provider, Measurlabs.

4.12. DLS and Zeta Potential Measurements
The measurements were performed by a Zetasizer Nano ZS 90
(Malvern Instruments, UK) at room temperature. The instrument was
equipped with a 633 nm red laser and 90° detection optics, which
measure the particle size in the range from 0.3 nm to 5 μm. Samples
were adjusted to different pH values using 0.1 M HCl and 0.1 M
NaOH solutions.

4.13. X-ray Photoelectron Spectroscopy
The measurements were conducted using a Kratos AXIS Ultra DLD
X-ray photoelectron spectrometer, employing a monochromated
AlKα X-ray source with an energy of 1486.7 eV, operated at 100
W. For the survey spectra, a pass energy of 80 eV and a step size of 1.0
eV were utilized, while the high-resolution spectra employed a pass
energy of 20 eV and a step size of 0.1 eV. Photoelectrons were
gathered at a 90° takeoff angle within ultrahigh vacuum conditions,
maintaining a base pressure typically below 1 × 10−9 Torr. The X-ray
beam spot diameter was 1 mm, and the analysis area for these
measurements was set at 300 μm × 700 μm. Multiple spots on each
sample surface were probed for both survey and high-resolution
spectra to ensure homogeneity and to identify any surface charge
effects. The high-resolution spectra of the samples endured charge
correction with respect to the position of the C−O bonding of
carbon, set at 286.5 eV.

4.14. Scanning Transmission Electron Microscopy (STEM)
STEM of CNC-NCs was conducted using a JEM-2200FS Double Cs-
corrected transmission electron microscope operating at an
acceleration voltage of 200 kV with field-emission guns. For STEM
analyses, specimens were prepared by drop-casting from aqueous
dispersions onto ultrathin-carbon-coated copper grids with a thickness
of less than 10 nm, followed by a 1 min incubation period, after which
excess material was removed using a filter paper. The dimensions of
the NCs over CNC surfaces were determined from the micrographs
by using ImageJ software.

4.15. Electron Spin Resonance (ESR) Spectroscopy
To detect free radicals by electron spin resonance (Magnettech,
Bruker, MS5000X V5.7), 40 μL of 1.0 M 5,5-dimethyl-1-pyrroline n-
oxide (DMPO) in water was added to 500 μL of 250 μM of different
CNC-NCs. The mixture was then irradiated with 405 nm light and
measured using an ESR spectrometer. To detect singlet oxygen, 40 μL
of 1.0 M 2,2,6,6-tetramethyl-4-piperidone (TEMP) was added to the
same amount of different CNC-NCs and then exposed to 405 nm
light during the measurement. Then, the experiment was repeated
under different light irradiation times (1, 3, and 5 min).
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4.16. Computational Methods
All of the calculations were done using a DFT code GPAW.54 The
wave functions were described with real-space uniform grids. The grid
spacing was 0.2 Å in this work. PBE functional was used for the
exchange-correlation energy55 and the van der Waals interactions
were described by the Tkatchenko−Scheffler model.56 Per atom, the
electronic configuration of valence electrons is Au(5d106s1), Ag-
(4p64d105s1), Pt(5p65d96s1), Pd(4p64d10), C(2s22p2), and H(1s1).
The remaining electrons were treated as a frozen core. The geometry
was considered to be converged during the structure optimization
when the maximum residual force was below 0.05 eV/Å.

4.17. Cell Imaging
Human epithelial carcinoma cells (A549) were used to assess the
internalization of CNC-NCs (a generous gift from Prof. Kostiainen,
Aalto University). The cells were seeded in an observation chamber
(μ-slide Angiogenesis, Ibidi) containing Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and antibiotics (100 μg/mL streptomycin and 100 U/mL penicillin).
After 1 day in an incubator (ICO50 CO2 incubator, Memmert Co.) at
37 °C under a 95% air/CO2 atmosphere, the cell culture medium was
removed. The cells were washed once with phosphate-buffered saline
(PBS) and incubated with the desired CNC-NC solution (100 μM
with respect to the Au or metal atoms). After an additional day in the
incubator, the solution was discarded, and the cells were washed once
with PBS. Finally, the well was completely filled with PBS, covered by
a glass slide, and the cells were imaged upside down.

Cell imaging was performed using a confocal microscope (LSM
710, 60×/1.4 oil immersion objective, λex = 458 nm, λem = 463−735
nm). Images were exported from the instrument software (Zeiss Zen
Black) in the CZI format and further processed with Fiji.

4.18. Cytotoxicity Studies
4.18.1. Without UV Exposure. A cell counting kit (CCK-8,

Sigma-Aldrich Co.) was used to evaluate the effect of gold clusters on
the viability of murine sarcoma cells (S180) and noncancerous murine
fibroblast cells (NIH3T3). The kit was used according to the
manufacturer’s instructions. A cell suspension (100 μL, 5000 cells per
well) was dispersed in a 96-well plate containing DMEM medium
supplemented with 10% FBS and antibiotics (100 μg mL−1

streptomycin and 100 U mL−1 penicillin). The plate was preincubated
at 37 °C under a 95% air/5% CO2 atmosphere for 1 day. The medium
was then changed with a solution containing cell medium, PBS,
distilled water, and the desired gold cluster solution to achieve Au
concentrations C of 0, 10, 50, 100, 150, 200, 250, 500, 750, and 1000
μM. The plate was then incubated for 1 day under the same
conditions as above. The solution in each well was replaced with 100
μL of supplemented DMEM, and the absorbance at 450 nm of each
well was measured at t = 0 (t0) using a Synergy H1 hybrid microplate
reader (BioTek). CCK-8 solution (10 μL) was then added to each
well, and the plate was put in the incubator for 2 to 4 h. The
absorbance at 450 nm was read again (t1). Each sample was tested at
least three times.

C
A A

A A
Cell viability, (%) 100

C t C t

C t C t

, ,

0, 0,

1 0

1 0

= ×
= =

4.18.2. With UV Exposure. CCK-8 was used to evaluate the
effect of Au plus UV light on the viability of S180 and NIH3T3 cell
lines. The kit was used according to the instructions of the
manufacturer. A cell suspension (200 μL, 10,000 cells per well) was
dispersed in a 48-well plate containing the supplemented DMEM
medium. The plate was preincubated in the incubator for 1 day. The
medium was then replaced with a solution containing cell medium,
PBS, distilled water, and the desired CNC-NC solution to achieve the
Au concentration C of 250 μM. The plate was then incubated for 1
day under the same conditions as described above. The solution in
each well was replaced with 200 μL of supplemented DMEM and half
of the well plate was then covered with aluminum foil to protect it
from UV. The well plate was then exposed to UV light (λex = 350 nm,

distance from UV source = 25 cm, power = 12 W) for 30 or 60 min.
Then, the absorbance of each well at 450 nm was measured at t = 0
(t0) using the microplate reader. CCK-8 solution (20 μL) was then
added to each well, and the plate was incubated between 2 and 4 h in
the incubator. The absorbance at 450 nm was then read again (t1).
Each sample was tested at least three times.

C
A A

A A
Cell viability, (%) 100

(UV) (UV)

(no UV) (no UV)
C t C t

C t C t

, ,

0, 0,

1 0

1 0
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4.19. Photodynamic Therapy on Human Renal Cell
Carcinoma
The human 786-O cells with stable expression of palmitoylated green
fluorescent protein (PG) were cultured at 37 °C in RPMI 1640
medium (Biowest) supplemented with 10% fetal bovine serum
(Gibco, Grand Island, NY, USA) and 1% Penicillin/Streptomycin
(Thermo Fisher Scientific, USA).

We tested the effect of CNC-NCs under blue-light exposure
(M405L4-C2−405 nm, 310 mW Collimated LED for Leica DMI,
1000 mA) on the proliferation of 786-O PG. 10,000 cells were seeded
into each well of the 12-well cell culture plate (Corning). Twenty-four
h post seeding, the media in selected wells were replaced with media
containing 100 μM of different CNC-NCs (with respect to the Au or
metal atoms). The cells were further incubated for 24 h, after which
the wells were exposed to light for 30 min. The proliferations of 786-
O PG cells were assayed for several days after light exposure by
measuring the green fluorescence using interval imaging analysis by an
Incucyte S3 Live-Cell Analysis System (Essen BioScience, Inc.).
4.20. Detection of Intracellular Reactive Oxygen Species
(ROS)
ROS production was evaluated in 786−0 cells by using a DCFH-DA
assay-specific probe kit (Abcam, ab113851). The cells were seeded in
DMEM medium supplemented with 10% fetal bovine serum (FBS)
and antibiotics (100 μg/mL streptomycin and 100 U/mL penicillin)
at a density of 30,000 cells per well in a 96-well plate (Corning, 3599)
and incubated overnight at 37 °C in a CO2 incubator. The following
day, the culture medium was replaced with fresh medium, and
nanoclusters or CNC-NCs were added to each well to achieve a final
concentration of 100 μM. After 24 h of incubation, the cells were
washed once with phosphate-buffered saline (PBS). After that, 100 μL
of 25 μM 2’,7’-dichlorofluorescin diacetate (DCFH-DA) solution was
added to each well, and the plate was incubated at 37 °C for 45 min in
the dark. The cells were washed once with a supplemented buffer,
after which 100 μL of this buffer containing 10% fetal bovine serum
was added to each well. The cells were then exposed to blue light for
30 min. Cell imaging and quantification of the total green
fluorescence integrated intensity were performed using the IncuCyte
S3 system.

To detect ROS production with confocal microscopy, 786−0 cells
were seeded at a density of 30,000 cells per well in 8-well IBIDI 80826
plates. The following day, the culture medium was changed, and
CNC-AuNC@Ag was added to each well with a final concentration of
100 μM. After 24 h incubation, the cells were washed with PBS
followed by the addition of 100 μL of DCFH-DA solution (25 μM).
After incubation at 37 °C for 45 min in the dark, the cells were
washed again with 1× buffer solution. Subsequently, 100 μL of the
supplemented buffer containing 10% fetal bovine serum was added to
each well. The cells were then exposed to blue light (405 nm) for 30
min. Confocal fluorescence images were taken by a Leica SP8
FALCON confocal microscope using a 20 × water immersion
objective with excitation and emission wavelengths of 485 and 535
nm, respectively.
4.21. Culturing Neuroblastoma SH-Sy5y Cells
Neuroblastoma cells SH-SY5Y, genetically modified to express eGFP
and Firefly luciferase,49 were cultured in a 1:1 mixture of MEM
(Merck, M4655−500 ML) and F-12 Nutrient Mix (Gibco,
11765054) supplemented with 10% FBS and 1% penicillin/
streptomycin/glutamine (Gibco, 10378016) in a 5% CO2 incubator
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at 37 °C. Cell numbers and viability were tested with Trypan Blue
Stain (T10282 Invitrogen) in a TC20 Automated Cell Counter
(145−0101 Biorad); viability was in the range of 95−97%.

4.22. Apoptosis Detection
Apoptotic cells were detected by using Annexin V (Sartorius, 4641)
red dye staining. Neuroblastoma cells were plated into glass bottom
ibidi μ-Slide 8-well plates (in 200 μL of MEM/F-12) and cultured for
2 days. After that, cells were treated with CNC-AuNCs@Ag solution
(1:10 dilution), and the next day, they were exposed to light for 30
min. Annexin V was added to the cells immediately after light
exposure in a 1:400 dilution. Cells were imaged using a Zeiss LSM
780 confocal microscope 30 min after staining with Annexin V and on
day 3.

4.23. Chicken Embryo Ex Ovo Culture
The fertilized Hy-line White (Hy-line International) eggs were
acquired from Haaviston Siitoskanala, Panelia, Finland. Upon arrival,
the fertilized eggs were kept in a refrigerator at 15 °C. Three days
prior to starting ex ovo cultures, the eggs were placed in a humified
incubator at 37.5 °C on an automated egg turner. On day 3 of
embryonic development, the eggs were carefully opened by making a
vertical crack in the shell on the dorsal side of the embryo.46 The
contents of the eggs were carefully transferred to a glass bowl filled
with water and covered with a plastic cling to create a hammock-like
waterbed. The glass bowl was then covered with a Petri dish to reduce
water loss through evaporation. After that, ex ovo cultures were kept
in a 5% CO2 incubator at 37 °C.

4.24. Preparation of Neuroblastoma Spheroids
For preparation of SH-SY5Y spheroids, 5 × 104 cells were seeded in
200 μL of medium per well in a 96-well ultralow adherent plate
(ThermoScientific, 174925) and centrifuged for 3 min at 1000 rpm
(M10 Microplate Swinging Bucket Rotor for ThermoScientific SL8
centrifuge). Spheroids were kept for 2−3 days in a 5% CO2 incubator
at 37 °C before transfer to the CAM.

4.25. Xenotransplantation of SH-SY5Y Spheroids on the
CAM and PDT Experiments
The membrane rings used in the CAM transplantation were prepared
from 12-well cell culture inserts with a 0.4-μm-pore poly(ethylene
terephthalate) (PET) membrane. The sides of the cell culture inserts
were trimmed to a height of 2−3 mm using a handsaw. The insets
were sterilized using 70% ethanol. The membrane reservoir was then
rinsed with PBS and the culture medium. The spheroids were then
gently placed onto the membrane in 200 μL medium and allowed to
attach in a CO2 incubator for 1−2 h. After that, the spheroid-
containing membrane rings were carefully placed onto the CAM (on
days 7−8 of embryonic development). The next day, spheroids were
treated with 20 μL of CNC-AuNCs@Ag solution, and the next day,
they were exposed to light for 30 min. Spheroids were observed under
an Olympus SZ61 fluorescent stereomicroscope to detect the GFP
signal (Supplementary Videos S1 and S2) and under an IVIS
spectrum imaging chamber to detect the luciferase signal (Figure 8).

4.26. Bioluminescence Detection Using the IVIS Spectrum
Bioluminescence imaging was used to quantify the size of the tumor
spheroids before and 2 days after light treatment. Luciferin (10 μL of
30 mg/mL solution per ring) was added to membrane rings
containing spheroids approximately 30 min prior to imaging. The
bioluminescence signal was detected and quantified using the in vivo
imaging system Caliper IVIS Spectrum. During the procedure,
embryos were carefully placed inside the IVIS Spectrum imaging
chamber. Parameters such as focus, binning, exposure time, and field
of view were optimized to ensure high-quality image acquisition.
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