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Pro-apoptotic receptor activators (PARAs), including second-generation agonist antibodies and ligands targeting
the TNF receptor superfamily such as TRAIL (TNF-Related Apoptosis-Inducing Ligand), represent a promising
class of cancer therapeutics. Enhancing their apoptotic efficacy through multivalency or controlled thermal
stimulation has been previously demonstrated. In this study, we report the design and optimization of gold
nanorod (GNR)-based nanoconjugates for targeted PARA delivery under near-infrared (NIR)-induced mild hy-
perthermia. Three conjugation strategies—EDC/NHS coupling, Schiff base formation, and strain-promoted azi-
de-alkyne cycloaddition (SPAAC)—were systematically evaluated. Surface functionalization of GNRs with
-COOH, -NHj, and —DBCO groups was confirmed via UV-vis spectroscopy, surface-enhanced Raman spectros-
copy (SERS), X-ray photoelectron spectroscopy (XPS), zeta potential analysis, and transmission electron mi-
croscopy (TEM). Bioactivity assays indicated that SPAAC-mediated click chemistry enabled superior retention of
PARA functionality compared to conventional methods. Notably, GNRs conjugated with an anti-DR4 antibody
selectively triggered apoptosis in cancer cells upon NIR exposure. These results demonstrate that SPAAC-
mediated functionalization enables precise, bioactive nanocarriers for enhanced cancer cell apoptosis under
photothermal control.

1. Statement of significance 2. Introduction

This work presents a robust, bio-orthogonal conjugation strategy Despite significant advances in radiotherapy, chemotherapy,

relying on click chemistry to immobilize pro-apoptotic antibodies on
gold nanorods without loss of bioactivity.

The resulting nanoplatform enables targeted cancer cell killing under
near-infrared-induced mild hyperthermia, with potential for real-time
imaging.

This approach advances the design of multifunctional, antibody-
functionalized nanomaterials for precision cancer therapy and
diagnostics.
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immunotherapy and surgery, cancer remains a worldwide public health
issue [1]. Thermal ablation or photothermal therapy (PTT) has emerged
as a promising complementary strategy, offering localized tumor tar-
geting while minimizing invasiveness. The core principle of PTT in-
volves the design and application of photo-absorbing agents that
efficiently convert light energy into heat. By converting light energy into
heat through photo-absorbing agents, PTT can locally increase the
temperature in a controlled manner, leading to tumor cell damage via
apoptosis and coagulative necrosis [2]. Utilizing near-infrared (NIR)
wavelengths, typically between 800 and 1200 nm, PTT enhances the
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efficacy of chemotherapeutic and immunotherapeutic agents within the
“biological window”, where tissues exhibit minimal light absorption,
thereby allowing deeper penetration and more effective treatment [3].
Despite its potential, the clinical application of PTT faces challenges
related to limited tumor selectivity and, in some cases, insufficient ef-
ficacy. [4]. These limitations have prompted the exploration of
improved photothermal agents and combination strategies. To address
these limitations, the rational design of nanostructured photothermal
agents has emerged as a critical research focus. Gold nanorods (GNRs),
in particular, offer tunable localized surface plasmon resonance (LSPR)
properties through precise control of their aspect ratio, enabling effi-
cient absorption in the NIR region [5-9]. These plasmonic features allow
for localized heating at tumor sites using relatively low laser intensities,
thereby enhancing therapeutic outcomes while minimizing damage to
surrounding tissues [5,6]. However, while GNRs are effective photo-
thermal converters, their translation into targeted therapeutic platforms
requires robust surface functionalization strategies that allow stable
conjugation of bioactive molecules, such as therapeutic antibodies,
without compromising particle stability or therapeutic efficacy [10-13].

Combining PTT with immunotherapy offers novel therapeutic op-
portunities. One such approach involves the use of pro-apoptotic re-
ceptor activators (PARAs), such as TRAIL (TNF-related apoptosis-
inducing ligand), which selectively induce apoptosis in cancer cells by
binding to death receptors DR4 and DR5 [14,15]. The latter can also
trigger apoptosis upon binding of agonist antibodies targeting either
DR4 or DR5. TRAIL belongs to the TNF superfamily, and more specif-
ically, to the subgroup of ligands displaying proapoptotic activities
[16,17], which also includes Fas ligand (FasL) [18], among these, only
TRAIL and its derivatives appear to hold potential for cancer therapy
due to their preferential targeting of cancer cells [19-22].

The therapeutic potential of PARAs is most of the time significantly
enhanced when conjugated onto nanoscale materials, improving their
valency and tumor-targeting capability [23-29]. Likewise, coupling
TRAIL to maghemite nanoparticles (MNPs) not only increases ligand
valency, thereby improving TRAIL-mediated receptor oligomerization
and its pro-apoptotic potential, but also enables the remote-controlled
induction of mild-hyperthermia, which further enhances TRAIL-
induced apoptosis [24]. Consistent with an earlier study demon-
strating that a mild-hyperthermia can significantly increase TRAIL-
induced cell death [30], application of a laser or a magnetic field to
locally increase the temperature using these MNPs proved sufficient to
enhance tumor cell killing [24].

However, the design of effective strategies for the functionalization
of antibodies or ligands onto nanoparticles poses significant challenges.
Specifically, the choice of conjugation chemistry is critical, as it can
profoundly impact the orientation and, consequently, the bioactivity of
the immobilized therapeutic protein. Likewise, while covalent conju-
gation of TRAIL can be achieved either through its N-terminal or C-
terminal end [31], functionalizing antibodies can sometimes compro-
mise both their binding affinity and therapeutic activity [32-34].
Henceforth, non-covalent attachment strategies often suffer from
instability and premature dissociation in biological environments [35],
conventional covalent techniques, such as EDC/NHS chemistry [36],
which target primary amines (e.g., lysines), typically result in random
antibody orientation, potentially masking the antigen-binding site and
reducing efficacy [37,38]. Strategies aiming for oriented conjugation,
such as oxidizing Fc-region glycans to create aldehydes for Schiff base
formation with amine-functionalized nanoparticles, can improve tar-
geting specificity but risk damaging the antibody or ligand during the
oxidation process, potentially diminishing bioactivity [39]. Seeking to
overcome these limitations, bioorthogonal methods like strain-
promoted azide-alkyne cycloaddition (SPAAC) click chemistry have
emerged. This catalyst-free approach offers high selectivity and effi-
ciency under physiological conditions, providing a powerful tool for
site-specific conjugation while minimizing disruption to protein struc-
ture and function [40-43].
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In this study, we aimed to develop a hybrid nanoparticle system that
combines the tumor-targeting capabilities of an immunotherapy with
the localized therapeutic effect of photothermal therapy. Our objective
was to engineer GNR-based nanovectors functionalized with pro-
apoptotic agents to selectively induce cancer cell death [14,44,45].
The choice of targeting DR4 was driven by the knowledge that while
TRAIL binds both DR4 and DR5, DR5 activation can also trigger non-
apoptotic, potentially pro-metastatic signaling pathways [44,46].

Gold nanorods were synthesized using a seed-mediated growth
method [9,47,48], with secondary growth steps to precisely tune their
LSPR to match the 808 nm laser used for PTT. Three conjugation stra-
tegies were then compared for attaching TRAIL, FasL, or anti-DR4 an-
tibodies to the GNRs: EDC/NHS coupling, oriented Schiff base
formation, and SPAAC click chemistry. Among these, the Schiff base
method significantly impaired the target-binding properties and pro-
apoptotic activity of the ligands. In contrast, both EDC/NHS coupling
and SPAAC preserved apoptotic function, but only SPAAC conjugation
maintained full antibody bioactivity. This allowed for a synergistic effect
between NIR-mediated heating and DR4-mediated apoptosis, high-
lighting the promise of SPAAC-based nanovectors in advancing targeted
combinatorial cancer therapy.

3. Materials and methods
3.1. Materials

Tetrachloroauric acid trihydrate (HAuCly-3H0, 99.99 %), N-
hydroxysuccinimide (NHS, C4H5NO3, >99 %), HRP-conjugated rabbit
anti-human IgG Fc secondary antibody (catalog #31423), and Slide-A-
Lyzer dialysis cassettes with a molecular weight cut-off (MWCO) of
7000 Da (catalog #66710) were sourced from Thermo Fisher Scientific.
Anti-His tag antibody (catalog #MCA1396) and Poly-Prep® chroma-
tography columns (catalog #7311550) were obtained from Bio-Rad.
Protein G Sepharose 4 Fast Flow resin (catalog #17061801) was pur-
chased from Cytiva. Peroxidase AffiniPure™ goat anti-mouse IgG (H +
L) (catalog #115-035-003) was acquired from Jackson ImmunoR-
esearch Laboratories. Cyanin5-DBCO (catalog #FP-AWHFXO0) was pro-
cured from Interchim. Potassium bromide (KBr) was supplied by Prolab.
Sodium acetate (>99.0 %), cetyltrimethylammonium bromide (CTAB,
C19H4oNBr, >99.0 %), sodium borohydride (NaBH,4, >96.0 %), silver
nitrate (AgNO3, >99.0 %), L-ascorbic acid (C¢HgOg, >99.0 %), 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC, CgHiyN3, >97.0 %),
DBCO-NHj3 (C18H16N20), acetic acid (CH3CO2H, >99.7 %) and dimethyl
sulfoxide (DMSO, CyoHgOS, >99.7 %) were obtained from Sigma-
Aldrich. HS-PEG(10 k)-COOH and HS-PEG(10 k)-NH; were acquired
from Iris Biotech. All chemical reactions were conducted using
analytical-grade solvents from Carlo Erba under ambient conditions.
Anhydrous solvents were either used as received from Carlo Erba or
dried with MB-SPS-800 (MBraun) or PureSolv-MD-5 (Inert) systems.
Unless otherwise noted, all reagents from Thermo Fisher Scientific,
Sigma-Aldrich, Iris Biotech, or BroadPharm were used without addi-
tional purification. Reaction progress was monitored using thin-layer
chromatography (TLC) and reverse-phase HPLC-MS. TLC was per-
formed with precoated silica gel 60Fs54 plates (0.2 mm thickness,
Merck). Silica gel column chromatography was conducted using 40-63
pm particle size silica (230-400 mesh, 60 A pore size; Sigma-Aldrich).
Annexin V-FITC (catalog #BLE640945) and 7-AAD (catalog
#BLE420404) were obtained from BioLegend Europe (Amsterdam,
Netherlands). Dialysis membranes with 12-14 kDa MWCO (Spectrum
Lab Spectra/Por) were obtained from Fisher, while 300 kDa MWCO
dialysis tubing was acquired from Interchim (catalog #131450 T). All
aqueous solutions were prepared using ultrapure water with resistivity
exceeding 18.2 MQ-cm.
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3.2. GNRs synthesis and functionalization

GNRs were synthetized by seed-mediated growth method with sec-
ondary growth procedure. All glassware were pre-washed with aqua
regia. Primary growth solution was prepared in 77 mL of 0.122 M CTAB
solution heated at 30 °C. Then, 1 mL of 0.95 M KBr, 1 mL of 22.4 mM
AgNOs3, 20 mL of 4.8 mM HAuCl4-3H30, and 1 mL of 0.11 M L-ascorbic
acid were successively added to the CTAB solution under stirring. Seeds
solution was prepared at 30 °C by a combination of 8 mL of 0.125 M
CTAB solution, 1 mL of 0.10 M KBr solution, 1 mL of a 2.8 mM
HAuCly-3H0 solution, after what 0.6 mL of 10 mM NaBH,4 was injected
under stirring, for 2 min before being left for 3 min. 136 uL of the seeds
solution was injected in the primary growth solution and stirred vigor-
ously for a few seconds before being left for an hour to let GNRs grow.
GNRs size and shape was then homogenized by a secondary growth
consisting of the addition of 5 mL of a 9.5 mM L-ascorbic acid solution at
a 1.8 mL/h rate. Resulting suspension was finally centrifuged twice at
8000 G for 15 min and resuspended in 0.15 mM CTAB.

GNRs functionalization with HS-PEG10k-COOH and HS-PEG10k-
NH,, followed ligand exchange mechanism. A PEG solution was injected
to GNRs suspension with an Au:S = 1:0.24 M ratio. The mixture was
sonicated for one hour before being stirred for one hour. Resulting
suspension was washed twice by centrifugation at 5000 G for 10 min and
resuspended in water. Final suspensions were called GNR-COOH and
GNR-NHj respectively.

Primary amines EDC/NHS - non oriented
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3.3. Coupling strategies

The three different GNRs to antibody coupling strategies are sche-
matized in scheme 1.

Amide coupling of protein to GNR-PEG10K-COOH using EDC/
NHS

1 mL of GNR-COOH were activated by successive injection of EDC 3
mM and NHS 6 mM under stirring with a final molar ratio Au:EDC:NHS
of 1:0.045:0.09. Antibody (Ab) solution in PBS buffer was then injected
in a Au:Ab mass ratio equals to 1:0.5. Mixture was stirred 2 h at room
temperature (RT) and next stirred overnight at 4 °C. Resulting suspen-
sion was finally dialyzed twice using 300 kDa MWCO dialysis tube in 1
Liter of PBS1X.

Sugar moieties oxidation and conjugation of proteins to GNR-
PEG10K-NH;

Antibodies and Fc-fusion proteins were dialyzed in 50 mM acetate
buffer (pH 4.2) and diluted at a concentration of 1 mg/mL in 10 mM
NalO4 (sodium periodate; freshly prepared at 200 mM in acetate buffer).
The mixture was then incubated at 4 °C for 2 h. Samples were then
dialyzed in PBS1X using Slide-A-Lyzer dialysis cassettes 7 kDa MWCO
(ref#66370, ThermoFisher) for 8 h at 4 °C and diluted to 0.1 mg/mL of
protein. Antibody function was analyzed via flow cytometry and
oxidation of sugar moieties was verified using 4-amino-3-hydrazino-5-
mercapto-1,2,4-triazole (sc-209923, Santa Cruz Biotechnology) which
generates a purple dye and an absorbance at 550 nm (not shown).
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Scheme 1. Illustration of the different coupling strategies compared in this study. Top: Random coupling using EDC/NHS chemistry targeting primary amines on the
antibody. Middle: Oriented grafting via glycan oxidation followed by Schiff base formation and reduction. Bottom: Site-specific conjugation using bioorthogonal click

chemistry enabled by a metabolic labeling approach.
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Oxidized antibodies and Fc-fusion proteins were mixed (overnight, 4 °C,
gentle agitation on a rotor) with GNR-PEG10K-NH, at a weight ratio of
1:0.5 (GNR:Protein). To generate stable covalent bond between anti-
body or Fc-Fusion proteins and GNR-NHj, sodium borohydride (NaBHy,
Sigma) was added (4 umole for each 10 pg of antibody) and incubated
for no more than 45 min (at 4 °C with gentle agitation on a rotator) to
reduce Schiff base intermediates and then dialyzed twice using 300 kDa
MWCO dialysis tube (ref#MPE30025, Merck) in 1 Liter of PBS1X.

SPAAC click chemistry oriented conjugation

10 mL of GNR-COOH were activated by successive injection of EDC
3 mM and NHS 6 mM under stirring with a final molar ratio Aw:EDC:NHS
of 1:0.045:0.09. A solution of 5 mM DBCO-NH, in DMSO was added
with a molar ratio Au:DBCO of 1:0.045 (final 0.8 %(v/v) DMSO). The
mixture was stirred overnight at 20 °C and next washed by dialysis
(12-14 kDa cut-off) in water. 1 mL of the newly synthetized GNR-
PEG10K-DBCO was incubated with azide-containing proteins (anti-
bodies or Fe-fusion protein produced in presence of AcsManNAz or
Ac36AzGlcNAc, leading for the antibody to GNR-DBCO-a-DR4-M and
—G, respectively) at a weight ratio of 1:0.5 (GNR:protein) for 4 h at
20 °C. To avoid aggregation of GNRs, free DBCO groups on GNR were
quenched using AzaBODIPY-azide at 20 °C for 2 h. The suspension was
finally dialyzed twice (300 kDa cut-off) in fresh 1 Liter PBS buffer to
remove excess proteins and AzaBODIPY-Nj.

3.4. Synthesis of Wazaby-N3

Compound 1 (refer to Fig. S1) was synthesized following a previ-
ously described method [49].

Synthesis of Compound 2 (Fig. S2): Compound 1 (74 mg, 108 pmol,
1 eq) was dissolved in 15 mL of acetonitrile (CH3CN). Sodium bicar-
bonate (NaHCO3, 45 mg, 541 pmol, 5 eq) and propanesultone (11.5 pL,
130 pmol, 1.2 eq) were added sequentially. The resulting mixture was
refluxed overnight. Upon completion, the reaction mixture was filtered
to remove the excess of base and was concentrated under reduced
pressure. The crude product was purified by semi-preparative high-
performance liquid chromatography (HPLC) and lyophilized, yielding
Compound 2 as a dark green solid (45 mg, 52 % yield).

NMR and MS characterization of Compound 2: IH NMR (500
MHz, MeOD, 298 K) & (ppm): 8.41 (d, J = 9.0 Hz, 4H), 8.11 (d, J = 9.0
Hz, 4H), 7.52-7.41 (m, 6H), 7.32 (s, 2H), 7.25 (d, J = 9.0 Hz, 4H), 3.96
(s, 2H), 3.95 (s, 6H), 3.70 (s, 2H), 3.40-3.34 (m, 2H), 2.95 (t, J = 6.7 Hz,
2H), 2.82 (s, 6H), 2.68 (s, 6H), 2.21-2.11 (m, 2H).

13C NMR (126 MHz, MeOD, 298 K) & (ppm): 163.7, 159.4, 144.5,
144.4, 143.9, 134.3, 133.9, 130.7, 130.7, 130.0, 130.0, 126.1, 125.7,
121.5,121.3,115.8,115.4,93.5, 87.3, 64.2, 63.9, 56.8, 56.6, 56.2, 51.3,
50.9, 44.3, 30.0, 20.2.1'B NMR (160 MHz, MeOD) & (ppm): —12.75 (br
s).

RP-HPLC-MS: Calculated for Cs7H4gBNsOsST [M] ™: 805.35 Da;
observed: 806.5 Da.

Analytical HPLC: Retention time (tR) = 4.05 min; purity: 98 %.

Synthesis of Wazaby-N3 (Fig. S3): Compound 2 (16 mg, 20 pmol, 1
eq) was dissolved in 5 mL of anhydrous CH3CN. Sodium bicarbonate
(8.3 mg, 99 pmol, 5 eq) and a solution of bromo-PEG4-azide (32 mg, 99
pmol, 5 eq in 200 pL of dry CH3CN, 100 mg/mL) were added. The re-
action mixture was refluxed for 48 h. The inorganic base was removed
by filtration, and the solvent was then evaporated under reduced pres-
sure. The crude material was purified by semi-preparative HPLC and
lyophilized to afford Wazaby-N3 as a dark green powder (12 mg, 52 %
yield).

NMR and MS characterization of Wazaby-N3: 'H{ NMR (500 MHz,
MeOD, 298 K) 6 (ppm): 8.45 (d, J = 9.0 Hz, 4H), 8.13 (d, J = 9.0 Hz, 4H),
7.53-7.43 (m, 6H), 7.41 (s, 2H), 7.27 (d, J = 9.0 Hz, 4H), 4.17 (s, 2H),
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3.96 (s, 6H), 3.88 (s, 2H), 3.83-3.79 (m, 2H), 3.57-3.51 (m, 2H),
3.50-3.42 (m, 16H), 3.23 (t, J = 6.6 Hz, 2H), 3.02 (s, 6H), 2.88 (t, J =
6.6 Hz, 2H), 2.77 (s, 6H), 2.15-2.11 (m, 2H).

13C NMR (126 MHz, MeOD, 298 K) & (ppm): 163.9, 159.0, 144.3,
143.9, 134.2, 133.6, 130.8, 130.5, 130.0, 125.5, 121.3, 115.6, 93.5,
87.3, 71.7, 71.6, 71.6, 71.4, 71.3, 71.1, 65.9, 63.8, 56.6, 52.6, 51.9,
51.1, 30.9, 20.2.'B NMR (160 MHz, MeOD) & (ppm): —12.10 (br s).

RP-HPLC-MS: Calculated for Cs;HggBNgOgS'T [M]™: 1051.5 Da;
observed: 1051.7 Da.

Analytical HPLC: Retention time (tR) = 4.13 min; purity: 98 %.

3.5. Grafting efficiency quantification

Anti-His tag, anti-Mouse IgG and anti-Human IgG antibodies were
used for western-blot semiquantitative estimation of grafted ligands or
antibodies in GNRs suspensions after dialysis. The determined quantity
was then normalized in each case to the sample volume and GNRs
concentration (determined via NTA) in order to express the grafting
efficiency in ng of protein/ug of GNRs.

3.6. Cell culture and antibody or ligand production

Hybridoma producing anti-TfR1 (OKT-9 clone) or anti-DR4 anti-
bodies used for grafting were obtained from LG Standards (ref# ATCC-
CRL-8021) or Covalab [45], respectively and amplified in DMEM High
Glucose (Dutscher, ref# L0104-500) containing 20 % of heat inactivated
FBS. The wild-type TNBC (triple negative breast carcinoma) cell line,
MDA-MB-231 (ATCC ref# HTB-26) and the embryonic kidney cell line
HEK293T (ATCC ref# CRL-3216) were cultured in DMEM High Glucose
supplemented with 10 % FBS (Dutscher, Brumath, France) at 37 °C in
the presence of 5 % CO, and saturated humidity. The DR4 and DR5
double knock-out cell line (MDA-MB-231) was generated using TALENSs
(Transcription activator-like effector nuclease) as described elsewhere
[44] and cultured similarly to the wild-type cell line. Fc-FasL and Fc-
TRAIL were produced via transfection of corresponding expression
vectors using PEI (Dutscher, ref# X0515-500) reagent on HEK293T
cells. Opti-MEM Reduced Serum Medium, supplemented with Gluta-
MAX (ThermoFisher, ref# 51985026), containing when indicated
AcqManNAz (10 uM; Cliniscience, ref# HY-118297) or Ac36AzGlcNAc
(10 pM; Click Chemistry Tools ref# 1258), was used for producing the
antibodies or the Fc-fused ligands. The proteins of interest, contained in
the supernatants, were collected after 5 days of production and purified
using a column containing Protein-G Sepharose 4FF beads using and
acidic elution buffer (100 mM glycine, pH2.7), followed by a neutrali-
zation step using Tris (1 M Tris, pH9).

His-tagged wild-type TRAIL or TRAIL-Mut3 [49] were produced
using BL21 (DE3) pLysS Escherichia coli as described in Radoua et al.
2023 [50].

Depending on the application, the buffer was exchanged for the
purified antibodies or ligands by dialysis against either PBS or Acetate
buffer, using Slide-A-lyzer® Dialysis cassettes (7000 MWCO).

For cytotoxicity studies, 2 x 10* or 1 x 10° cells were seeded into 96
or 6 well plates, respectively, and incubated overnight. For cell death
kinetics, 96 well plates were used with Incucyte®S3 at a 10X magnifi-
cation. Annexin V-FITC was added to the wells at a final dilution of 1/
500th. The cells were treated with the GNRs or soluble ligands as
described in the result section. For fluorescence and brightfield images-
based quantification, the following parameters were used in the Incu-
cyte® software: For precise quantification of cytotoxicity, cells were
recovered (detached and adherents) and 0.75 ng of 7AAD was added per
sample, 10 min before analysis by flow cytometry.
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Brightfield Segmentation adjustment
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Area (um?) filter
0.6 <100

Green Fluorescence Segmentation type

Surface-Fit

3.7. GNR-mediated PTT in-vitro

Cell treated with 1 x 10'° particles/mL of grafted GNR were stimu-
lated using 918 mW NIR laser operating at ~180 mW/cm? and 808 nm
(ref# LRD-0808 Collimated Diode Laser System, Laserglow) combined
with an optic fiber (ref# MAF3L1, Thorlabs) to ensure that NIR laser
rays are delivered accurately to target area (96 well plates for 1.5x10*
adherent cells or 0.2 mL containing 1x10° cells treated in suspension).
Temperature detection is carried out using an infrared camera (detec-
tion wavelength is 8 to 14 uym), the Xi410 model from Optris.

3.8. Characterizations

Transmission Electron Microscopy (TEM): Gold nanorods (GNRs)
morphology and size were characterized using a Hitachi HT7800 TEM
operating at 100 kV. Sample preparation involved drop-casting a diluted
GNR suspension onto carbon-coated copper grids followed by solvent
evaporation.

Nanoparticle Tracking Analysis (NTA): Concentration and hy-
drodynamic size distribution of GNRs (expressed in particles per mL)
were analyzed using a NanoSight NS300 system (Malvern Instruments,
UK). Instrumental settings included a sCMOS camera, a 488 nm blue
laser, camera level 12, and detection threshold 5. Prior to acquisition,
the suspension was equilibrated for 20 s post-injection. Each measure-
ment consisted of three 60 s video recordings at 25 °C, with data aver-
aged across the replicates for final analysis.

UV-Vis Spectroscopy (LSPR Characterization): Localized surface
plasmon resonance (LSPR) of GNRs was evaluated by UV-Vis absor-
bance measurements using a Thermo Multiskan GO microplate reader
(Thermo Fisher Scientific). Aliquots of 200 pL were transferred into 96-
well plates. Spectra were collected from 400 to 1000 nm, with deionized
water serving as the baseline reference.

Surface-Enhanced Raman Spectroscopy (SERS): SERS measure-
ments were performed on dried GNR suspensions using a Renishaw
InVia microspectrometer. A 785 nm diode laser and a 50 x microscope
objective were employed for excitation and signal collection.

X-ray Photoelectron Spectroscopy (XPS): Surface elemental
composition was assessed using a PHI 5000 VersaProbe system with a
monochromatic Al Ka X-ray source (energy = 1486.7 eV). A 200 ym
beam spot, 12 kV accelerating voltage, and 200 W power were applied.
Samples were prepared by sequential deposition of GNR suspension
droplets on a silicon wafer. Spectral fitting and data processing were
conducted using the CasaXPS software suite.

Zeta Potential Measurements: The surface charge of GNRs in sus-
pension was measured using a Malvern Zetasizer Nano ZS (Malvern
Instruments, UK), operated with DTS Nano v7.11 software. Measure-
ments were conducted using an absorption coefficient of 3.320 and
refractive index of 0.200, corresponding to gold nanoparticles.

Nuclear Magnetic Resonance (NMR) Spectroscopy: 1H, 13C, HB,
and '°F NMR spectra were recorded at 298 K using a Bruker Avance Neo
500 MHz spectrometer equipped with a 5 mm BBOF iProbe. Chemical
shifts (8) are reported in parts per million (ppm) relative to internal
standards: Tetramethylsilane TMS (*H, 3C), BF3-Et,0 (*!B), and CFCl;
(*F). Calibration was performed using residual solvent signals, and for
other nuclei, external reference-based zero calibration was used. Mea-
surements were performed at the “Plateforme d’Analyse Chimique et de

Threshold (GCU)

Edge split ON Area (um?) filter
1.5 Edge sensitivity: 0 <30

Synthese Moléculaire de I’Université de Bourgogne” (PACSMUB).

RP-HPLC-MS Analysis: Reverse-phase HPLC-MS analyses were
conducted on a ThermoFisher Vanquish system equipped with a UV-Vis
diode array detector and an ISQ-EM single quadrupole mass spectrom-
eter. The system included a temperature-controlled autosampler (20°C)
and column oven (25°C). Separations were performed on a Phenomenex
Kinetex C18 column (2.6 um, 2.1 x 50 mm) using a binary gradient of
acetonitrile with 0.1 % formic acid (solvent B) and 0.1 % aqueous formic
acid (solvent A, pH 2.1). The elution gradient ranged from 5 % to 100 %
B over 5 min, followed by isocratic elution at 100 % B for either 3 or 5
min (for hydrophobic compounds), at a flow rate of 0.5 mL/min. UV
detection was performed at 214, 254, 280, and 650 nm, with full-
spectrum collection from 220-700 nm. Mass spectra were recorded in
both positive and negative electrospray ionization (ESI) modes, using
full scan acquisition (100-1000 m/z), centroid mode, 1 s scan time.
Instrumental parameters included: source CID voltage = 20 V; vaporizer
temperature = 282 °C; ion transfer tube = 300 °C; positive mode voltage
= 43 kV; negative mode voltage = -2 kV; sheath gas pressure = 49.9
psig (3.4 bar); auxiliary gas = 5.7 psig (0.35 bar); sweep gas = 0.5 psig
(0.035 bar).

Semi-Preparative HPLC Purification: Purification procedures were
carried out on a Shimadzu semi-preparative HPLC system composed of
two LC-20AT pumps, a SPD-20A UV/Vis detector, SIL-10AP autosam-
pler, FRC-10A fraction collector, and CBM-20A controller. Chromato-
graphic separation was achieved using a SiliCycle C18 column (10 pm,
10 x 250 mm) with a binary mobile phase of water (0.1 % formic acid)
and acetonitrile. The flow rate was maintained at 20 mL/min. The
elution gradient was programmed as follows:

Time (min) % Ho0 (0.1 % FA) % ACN
0 90 10
2 90 10
5 80 20
65 20 80

UV detection was conducted at 220, 260, 600, and 700 nm.

Photophysical Characterization: UV-Vis absorption spectra were
recorded using a SAFAS FLX-Xenius spectrophotometer. Absorption
maxima (Amax, nm) and molar extinction coefficients (g, M Lem™)
were determined. Fluorescence emission spectra were measured under
steady-state conditions using the same instrument. Spectra were cor-
rected for instrument response. Measurements were performed in quartz
cuvettes (1.5 mL, 1 cm path length) with sample concentrations adjusted
to yield absorbances of 0.3-1.0 for UV and 0.035-0.1 at the excitation
wavelength for quantum yield (®) determinations.

Relative quantum yields were calculated by comparison with a
standard aza-BODIPY derivative (® = 0.36 in CHCl3, Aexc = 670 nm)
[52]. All measurements were conducted in DMSO (spectroscopic grade
> 99.9 %, Sigma-Aldrich) and PBS at 298 K. The quantum yield was
computed using the following equation:

_ Grad, 72
o, = (Dref <Grad,zf) <ﬁ>

Where ® is the fluorescence quantum yield, Grad is the slope of the
integrated fluorescence intensity vs. absorbance plot at the excitation
wavelength, and 1 is the solvent refractive index (DMSO: 1.477; CHCl3:
1.446; PBS: 1.337).
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Fig. 1. TEM images of synthetized gold nanorods (GNRs). (a) and (b) show magnified views. The dimensions of the GNRs (width and length) are indicated in nm.

3.9. Statistical analysis

Differences between selected groups were compared to non-
parametric one-way analysis of variance (ANOVA) with Tukey’s multi-
ple comparison test. All statistical analyses were performed using Prism
version 10.2.3 software (GraphPad Software, San Diego, CA.). P values
*<0.05, **<0.01, ***p < 0.001 and ****p < 0.0001 were considered
significant.

4. Results and discussion
4.1. Synthesis of the GNRs

Gold-nanorods were characterized by TEM as shown in Fig. 1. The
average size of the synthesized GNRs (Fig. 1) was 75.6 + 6.3 nm length
and 18.1 + 2.6 nm in width. Predominantly, monodisperse GNRs were
obtained (Fig. 1-a), though other shapes such as spheres, cubes, and
bipyramids were also observed, albeit in smaller quantities (Fig. 1-b).
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Fig. 2. (a) UV-visible spectra, (b) Raman spectra, (c) XPS spectra, and (d) high-resolution N1s XPS spectra of the GNRs, either unmodified or functionalized with

various PEG derivatives, including DBCO.
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The resulting suspension exhibited a transverse localized surface plas-
mon resonance (LSPR) band at 524 nm and a very intense longitudinal
LSPR band at 812 nm (Fig. 2-a). This is favorable for photothermal ap-
plications, especially with laser stimulation typically used at 808 nm,
where temperatures up to 80 °C were achieved at varying concentrations
(not shown).

After functionalization with either carboxylated or aminated PEG, a
shift in the LSPR profile was observed (Fig. 2-a), attributable to the
change in refractive index of the surrounding PEG molecules around the
GNRs [51]. To confirm the presence of grafted PEGs, Raman spectros-
copy, zeta potential measurements, and XPS measurements were per-
formed. Surface-enhanced Raman spectroscopy (SERS) spectra present
the differences between CTAB-capped GNRs and PEGylated GNRs
(Fig. 2-b).

Characteristic CTAB bands are visible in the GNR spectra at 761
em ! and 964 cm™! corresponding to CH;, deformation and C-N and C-C
stretching with CH3 deformation, respectively [52]. These peaks are
absent in the PEGylated GNRs spectra. For GNRs-COOH and GNRs-NHj,
intense bands appear at 861 cm ™! and 1143 cm ™}, attributed to skeleton
vibration of PEG and twisting vibration of CHy [53]. Additionally, a
band at 1041 cm ™!, present only in the PEGylated GNRs spectra, cor-
responds to antisymmetric stretching and confirms the presence of PEG
molecules on the GNRs [54]. X-ray photoelectron spectroscopy (XPS)
spectra (Fig. 2-¢) for the N1s region show a weak peak for GNRs, but only
background noise for PEGylated GNRs. High-resolution spectra of Au 4f
for all sample are presented in (Fig. 2-d).

The atomic concentrations inferred from the XPS analysis are
detailed in Table 1 and show the relative amounts of O1s, Cl1s, and N1s.

Nitrogen is present in the initial CTAB-capped GNRs, where CTAB
was used in excess. However, after PEGylation, the samples do not seem
to contain any nitrogen. This is even true for aminated PEG, for which
nitrogen was not detected due to its presence within the high molecular
mass polymer and the relatively low sensitivity of XPS, which is around
0.1 %. The absence of nitrogen in PEGylated GNRs suggests the removal
of cytotoxic CTAB, making these GNRs suitable for further biological
studies. The increased amount of oxygen around 30 and 40 % in the
functionalized GNRs, indicates efficient PEG grafting. Finally, the dif-
ference between the suspensions was evaluated by their zeta potential
measurement. At a pH of 6, CTAB-capped GNRs had a zeta potential (ZP)
value of +40.6 mV, which shifted to —24.3 mV for GNRs-COOH and 0.3
mV for GNRs-NH; (Fig. S4). This shift reflects the replacement of the
positively charged quaternary ammonium headgroup of CTAB with the
respective PEGylated functional groups. The negative ZP for GNRs-
COOH confirms the presence of deprotonated carboxyl groups
(-CO0"), while the near-neutral ZP (0.3 mV) for GNRs-NH2 at pH 6 is
consistent with the primary amine groups being only partially proton-
ated near their effective surface pKa (Fig. S4). Importantly, despite the
near-neutral ZP of GNRs-NH2 offering limited electrostatic repulsion,
the presence of the long (10 k) PEG chains provides significant steric
hindrance. This steric stabilization mechanism is expected to contribute
to colloidal stability, and indeed, the functionalized GNR suspensions
appeared initially stable against immediate aggregation following
preparation and during characterization.

Table 1
Atomic concentrations of selected elements determined by XPS analysis for
GNRs, PEGylated GNRs, CTAB, and the various PEG derivatives.

Sample Cls (%) 0O1s (%) N1s (%)
GNRs 92.8 3.9 3.3
GNRs-COOH 70.1 29.2 0
GNRs-NH 61.4 38.0 0

CTAB 94.4 0.7 4.4
HS-PEG(10 k)-COOH 66.8 33.1 0
HS-PEG(10 k)-NH, 66.7 33.2 0
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4.2. EDC/NHS-mediated functionalization of PARAs and biological
assessment

EDC/NHS-mediated functionalization of PARAs onto nanoparticles
has been reported to maintain or even sometimes enhance their bio-
logical antitumoral activity [24,31]. For instance, we have demon-
strated that TRAIL could be functionalized to maghemite nanoparticles
through carboxylic or amino groups without altering its pro-apoptotic
activity [31]. Similarly, conjugating TRAIL to 100 nm magnetite nano-
clusters via EDC/NHS chemistry not only modestly enhanced TRAIL’s
apoptotic activity but also enhances TRAIL’s anti-tumoral potential, at
equivalent concentrations, when combined with a laser or an electro-
magnetic field to induce mild hyperthermia [24].

To avoid the unwanted pro-motile signaling properties of DR5
[44,55], we first use an anti-DR4 antibody (a-DR4), along with two
other PARAs, the soluble TRAIL (TRAIL-8R or mut3 [49]) or Fc-Fas
ligand [56], as a proof of concept. These were conjugated to COOH-
functionalized GNRs using EDC/NHS. Our objective was to compare
the pro-apoptotic activity of these functionalized nanoparticles to their
soluble counterparts. Following functionalization and dialysis, GNRs
were analyzed using NTA. As shown in Fig. 3, the mean size of the GNRs
ranged from 74 to 106 nm, with the majority measuring between 72 and
76 nm + 4 nm.

The pro-apoptotic potential of GNR-COOH grafted with PARAs was
assessed against the triple negative breast cancer cell line MDA-MB-231
or its isogenic cell line derivative, engineered to lack both DR4 and DR5
expression (DKO) [44]. Notably, PEG-functionalized GNR-COOH
exhibited no toxicity towards MDA-MB-231 cells, regardless of con-
centration (Fig. 4a and 4c). This result confirms the absence of CTAB in
the final preparation, the compound used to cap GNRs during their
synthesis, which is highly toxic for cells, consistent with the XPS
findings.

As expected, GNR-COOH-TRAIL-8R retained comparable pro-
apoptotic activity as soluble TRAIL-8R, inducing apoptosis in WT
MDA-MB-231 cells in a dose-dependent manner (Fig. 4-a). However, as
expected, it failed, even at the highest tested concentration, to induce
apoptosis in the TRAIL-receptor deficient MDA-MB-231 DKO cells
(Fig. 4-b). Consistently too, functionalization of soluble Fas ligand (Fc-
Fas L), another PARA, also enabled the preservation of Fas ligand’s pro-
apoptotic potential, as assessed in both the WT MDA-MB-231 and MDA-
MB-231 DKO cells (Fig. 4-c), consistent with the fact that both isogenic
cell lines express Fas, the cognate Fas ligand receptor (not shown).
Functionalization of the anti-DR4 using the EDC/NHS, although less
efficient in inducing apoptosis[45], as compared to TRAIL-8R or Fc-Fas
ligand (Fig. 4), also retained, albeit to a lower extent, the antibody’s
pharmacological properties (Fig. 4-e and 4-f). The direct effect of these
functionalized GNRs is visually represented in Fig. S5, where cell
morphology and apoptosis (green staining) are shown in the presence of
GNR-COOH-Fc-FasL, GNR-COOH-TRAIL-8R, GNR-COOH-a-DR4 or void
GNR (GNR-COOH), in both the parental and TRAIL-deficient DKO cells.

4.3. Schiff base strategy for oriented functionalization of PARAs and
biological assessment

Given that TRAIL-induced apoptosis relies on the full engagement of
the agonist receptors [57,58], we aimed to optimize the orientation of
our agonists pro-apoptotic receptor activators (PARAs) [15], to maxi-
mize the activation of TRAIL or Fas agonist receptors. We first explored
the Schiff base strategy, which involves the oxidation of polysaccharides
contained in the heavy chain of most immunoglobulins, to orientate the
conjugation of the antibodies onto GNRs. Because TRAIL does not har-
bor glycosylation site, contrary to FasL which harbors both putative N-
and O-glycosylation sites [16], we opted to functionalize a recombinant
version of TRAIL fused to the human constant immunoglobulin chain
(Fc-TRAIL), similar to Fe-FasL. This strategy yielded GNRs with a mean
size ranging from 95 to 127 nm + 7 nm (Fig. 5), approximately 20 nm
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Fig. 3. NTA analysis of GNR-COOH conjugates functionalized via EDC/NHS coupling with TRAIL-8R, Fc-FasL or an anti-DR4 monoclonal antibody.

larger than GNR-COOH (74 to 106 nm).

Covalent binding through the Schiff base strategy, contrary to EDC/
NHS, however, did not preserve the antitumoral activity of the tested
PARAs. Likewise, none of the functionalized PARAs, including Fc-FasL,
were able to induce apoptosis in MDA-MB-231 parental cells (Fig. 6a),
despite the high sensitivity of these cells to Fas ligand (Fig. 4c and
Fig. 6b). Likewise, Annexin-V staining, an early apoptosis marker, was
detectable with Fc-FasL at concentrations as low as 160 pg/mL (Fig. 6-
b).

The absence of enhanced functionality with the Schiff base strategy,
compared to EDC/NHS (Fig. 4), is likely due to the oxidation step, which
may have significantly altered the immunoreactivity of the ligands and/
or antibodies. This hypothesis is supported by the finding that in addi-
tion to the loss of pro-apoptotic activity, as described above, oxidation of
our antibody targeting DR4 drastically impaired its binding capabilities
(Fig. 6-d). By contrast, oxidation of the anti-TfR1 antibody (a-TfR1) did
not affect its binding to MDA-MB-231 cells (Fig. 6-¢), indicating that the
loss of reactivity is not universal. However, since TfR1 does not trigger
cell death, GNR- NH»-a-TfR1 remained non-toxic to MDA-MB-231 cells
(Fig. 6-a). These findings suggest that the Schiff base functionalization
approach is not suitable for the TNF superfamily ligands or antibodies
tested in this study, due to the detrimental effects of oxidation on their
immunoreactivity.

4.4. SPAAC click chemistry strategy for oriented functionalization of
PARAs and biological assessment

In order to avoid the loss of immunoreactivity due to the oxidation
step, we next explored the strain-promoted alkyne-azide cycloaddition
(SPAAC) click chemistry strategy to graft an anti-DR4 agonist antibody.
For this approach, PEG-10K-DBCO GNRs were synthesized and charac-
terized using XPS, UV-Visible spectroscopy, and Raman spectroscopy
(Fig. 2). The addition of new bands in the SERS spectra indicates the
presence of DBCO groups (Fig. 2-b), and a weak N1s peak was detected
in the XPS analysis (Fig. 2-c). The DBCO-coupled GNRs were slightly
smaller than GNR-COOH or GNR- NHj, with an average size of 61.4 +
0.9 nm as determined by NTA. This reduction in size may be due to the

hydrophobic nature of the DBCO groups causing a contraction in the
molecular layer surrounding the GNRs.

Functionalization of the a-DR4, as seen from two independent
batches, yielded larger nanoparticles than those obtained with other
functionalization techniques. The size of the GNR-DBCO particles
ranged from 59 to over 126 nm + 20 nm (Fig. S6). To enhance stability,
prevent aggregation, and enable in vivo optical imaging, reactive sites on
the GNRs were quenched with Wazaby-N3, an Aza-BODIPY (AzaB) de-
rivative. Wazaby refers to a water-soluble AzaB. Aza-BODIPYs present
numerous advantages compared to other fluorophores [59-61],
including high chemical and photochemical stability, as well as excel-
lent photophysical properties in the NIR-I region (700-900 nm). Their
poor water solubility [61], however, makes their use for biological ap-
plications challenging. A strategy was therefore previously devised to
improve their hydrophilicity, by substituting the fluorine atoms on the
boron atom with propargylamine derivatives [62], resulting in the
development of the so called Wazaby dyes. Using this method, com-
pound 1 was easily obtained and was next desymmetrized to add on one
side a water-solubilizing group (in this case, a sulfonate group) and on
the other side a PEG moiety bearing an azide function (Fig. S1). A
detailed characterization (HPLC chromatogram and NMR spectrum) of
compound 2 and Wazaby-N3 is provided Figs. S2 and S3, respectively,
as well as photophysical characterizations (Fig. S7 and Table S1).

Conjugation of Wazaby-N3 to the remaining DBCO sites of the
nanoparticles efficiently prevented their aggregation (not shown).
Additionally, this quenching step with Wazaby-N3 allowed for the semi-
quantitative immunoblotting of the anti-DR4 antibody, as well as other
PARAs, to approximate the amount of protein functionalized onto the
GNRs. Specifically, GNRs samples loaded onto SDS-polyacrylamide gels
(Fig. S8-a) after heat denaturation and reduction, as shown in Fig. S8-b,
could be semi-quantified against known concentrations of soluble anti-
DR4 antibody. The denaturation process appeared to break the cova-
lent bonds linking the antibody to the GNR, thereby facilitating quan-
tification (Fig. S8-b). However, without heating and reduction, a large
proportion of the antibody remained attached to the GNRs, as evidenced
by the presence of immunoreactivity in the stacking gel (Fig. S8-b).

Similarly, AzaB was visible in the SDS-PAGE, but unlike the
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Fig. 4. Pro-apoptotic activity of EDC/NHS-functionalized GNRs conjugated with Fc-FasL, TRAIL-8R, and anti-DR4 monoclonal antibody, assessed by
Annexin V staining and flow cytometry. Panels (a), (c), (e) show Annexin V staining of parental MDA-MB-231 stimulated with varying amounts of estimated GNR
(particles/mL) or related PARA concentration (ng/mL) for 24 h, as indicated. Panels (b), (d) and (f) show the response of TRAIL-receptor (DR4-/- and DR5-/-
)-deficient cells under the same condition. Cells were stimulated with void GNRs (GNR-COOH), soluble ligands (TRAIL-8R or Fc-FasL), soluble monoclonal anti-DR4
antibody a-DR4) or their corresponding GNR conjugates (GNR-COOH-TRAIL-8R, GNR-COOH-Fc-FasL or GNR-COOH-a-DR4). GNR concentrations are indicated as
108 particles/mL (PM), and grafted PARA concentrations are reported in ng/mL. Statistical significance, based on three independent experiments, is indicated by

asterisks (**p < 0.01, ****p < 0.0001).

antibody, the dye was consistently released from the GNRs and thus
migrated faster in the gel (Fig. S8-c). An example of the quantification
from the SDS-PAGE, presented in Fig. S8-b, is shown in Fig. S8-c, along
with a summary of all quantifications performed for GNR-DBCO func-
tionalized with the anti-DR4 antibody after SPAAC using both reactive
sugars (AC3-6AzGlcNAc and AC4ManNAz, referred to as —G and —M,
respectively). Regardless of the reactive sugar used, the grafting of anti-
DR4 onto the GNRs, as shown in Fig. S8-e, was reproducible. The
conjugation efficiency of anti-DR4 antibodies to the GNR-DBCO-AzaB
platform was evaluated as described in Supplementary Fig. S8-d-e,
with typical grafting densities ranging from ~ 8 to 15 ng of antibody per
ug of GNRs (Fig. S8-e). For the apoptosis assays presented in Fig. 8, the
GNR concentrations employed corresponded to antibody doses ranging
from 5.6 to 24.5 ng/mlL, as detailed below.

Even though the highest concentration of antibody functionalized
onto GNR-DBCO-AzaB-a-DR4 did not exceed 25 ng/mL, this formulation

exhibited strong pro-apoptotic activity, as evidenced by fluorescent
microscopy and Annexin V staining in MDA-MB-231 cells, regardless of
the reactive sugar used to conjugate DR4 to the GNR (Fig. 7-a and -b). As
expected for a selective compound, the anti-tumoral activity of GNR-
DBCO-AzaB-a-DR4 was significantly reduced in MDA-MB-231-DKO
cells, whose survival remained unaffected by the treatment (Fig. 7-a
and -c). Flow cytometry quantification of apoptosis rates demonstrated
that even low concentrations (5.6 to 24.5 ng/mL equivalent antibody
amount) of GNR-DBCO-AzaB-a-DR4 induced apoptosis in 51 % to 64 %
of parental MDA-MB-231 cells (Fig. 7-b). By contrast, similar or even
tenfold higher amounts of soluble anti-DR4 antibody induced less than
20 % apoptosis in these cells (Fig. 4-e), suggesting that antibody
conjugation enhanced its pro-apoptotic activity by increasing valency.
In MDA-MB-231 DKO cells, which lack DR4 (Fig. 7-c), GNR-DBCO-AzaB-
a-DR4 treatment resulted in less than 7 % apoptosis, which is compa-
rable to the spontaneous apoptosis rate of 5 % to 7 % observed without
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Fig. 5. NTA analysis of GNR-NH; (PEG10K-NH;) functionalized using the Schiff base strategy with Fc-TRAIL, Fc-FasL, anti-TfR1 or an anti-DR4 mono-

clonal antibodies.

treatment (Fig. 7),
formulation.

further highlighting the specificity of this

4.5. Effects of DR4-functionalized gold nanorod-mediated photothermal
therapy on cell viability and apoptosis in MDA-MB-231 cell lines

We then assessed whether the pro-apoptotic activity of the GNR-
DBCO-AzaB (GNR-DA) conjugated with the anti-DR4 antibody (GNR-
DA-a-DR4) could be enhanced by NIR photothermal therapy (PTT) in
MDA-MB-231 cells as illustrated Fig. 8-a. First, we evaluated the hy-
perthermic properties of GNR-DAs under NIR, which resulted in a sig-
nificant, time-dependent temperature increase in treated wells
compared to untreated controls (Fig. 8-b). Infrared thermal imaging
further confirmed this effect, revealing localized “hot spots” reaching
approximately 43 °C within less than three minutes of NIR exposure,
demonstrating the efficient photothermal conversion capability of the
GNRs (Fig. 8-b).

The combination of (GNR-DA-a-DR4) and PTT led to a marked
reduction in cell viability over time in MDA-MB-231 but not in DR4-
deficient cells, as measured by real-time microscopy using the Incu-
cyte S3 live microscope device (Fig. 8-c). To quantify more precisely the
percentage of MDA-MB-231 cells undergoing apoptosis after NIR pho-
tothermal therapy, we modified the experimental settings (Fig. 8-c).
Specifically, instead of stimulating cells in 96-well plates at 2x10*
adherent cells per well, in 200 L, as shown in Fig. 8-a, we stimulated
cell in suspension (1x1 0°® cells) in the same volume but this time ina 1.5
mL micro-Eppendorf tube. This adjustment was chosen in order to be
able to maintain the laser’s focus and to compare the effects of PTT with
mild hyperthermia, which was induced by incubating the cells in a water
bath at 42 °C for 1 h (Fig. 8-d).

With the experimental setup illustrated in Fig. 8-d, we demonstrated
that mild-hyperthermia, induced either by a short 1 h exposure of the
cells at 42 °C or a 3 to 5 min time stimulation with a NIR laser (808 nm),
consistently and significantly enhanced the pro-apoptotic activity of
GNR-DA-a-DR4 in MDA-MB-231 cells (Fig. 8-e and -f). Flow cytometry
dot plots revealed a pronounced increase in Annexin V-FITC and 7AAD
staining in cells treated with GNR-DA-a-DR4, particularly when sub-
jected to mild hyperthermia (Fig. 8-e). While treatment with either GNR-
DA-a-DR4 alone or hyperthermia (42 °C incubation) resulted in 10 % to
18 % apoptosis in parental MDA-MB-231 cells, their combination
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significantly increased cell death to 40 %. This effect was further
amplified to 50 % with the addition of NIR exposure (Fig. 8-f). In
contrast, MDA-MB-231 DKO cells, which lack DR4, exhibited 6 % cell
death in untreated conditions, 8 % with GNR-DA-a-DR4 alone, and 18 %
with hyperthermia alone. Notably, combining GNR-DA-a-DR4 with
hyperthermia in these cells resulted in no additional increase, main-
taining apoptosis at 18 % (Fig. 8-f). As excepted, the combined PTT and
GNR-DA-0-DR4 treatment in MDA-MB-231 DKO cells did not signifi-
cantly alter the apoptotic rates compared to mild hyperthermia alone,
yielding 18 % to 19 % cell death with either an incubation at 42 °C or a
stimulation with NIR (Fig. 8-f).

Altogether, our findings demonstrate that conjugating an anti-DR4
antibody to gold nanorods can efficiently enhance its pro-apoptotic ac-
tivity under PTT in DR4-expressing MDA-MB-231 wt cells. The study
underscores the potential of this innovative approach, where the syn-
ergy between PTT and apoptosis induction significantly enhances cell
death. Utilizing GNR-antibody conjugates combined with NIR repre-
sents a promising strategy, extending beyond anti-DR4 antibodies, to
trigger apoptosis in cancer cells, leveraging the localized heating effect
to amplify pro-apoptotic activity.

4.6. Discussion

Pro-apoptotic receptor activators (PARAs), particularly TRAIL re-
ceptor agonists, have been explored as promising oncology targets
[63-65], despite setbacks in clinical trials due to the discontinuation of
several formulations and their combinations with conventional chemo-
therapies [64-66]. For example, the recombinant TRAIL dulanermin has
reached a phase III clinical trial to evaluate its efficacy combined with an
alkylating agent (cis-platinum) and a vinca alkaloid (vinorelbine), that
interferes with microtubule assembly, for treating patients suffering
from non-small cell lung cancer (NSCLC) [67]. The study demonstrated
that the combination of dulanermin with chemotherapy significantly
improved both progression-free survival and objective response rates.
However, the trial also revealed a synergistic toxic profile in the cohort
of 342 patients with advanced NSCLC (stage IIB and IV), attributed
primarily to conventional chemotherapeutic drugs rather than TRAIL.
These findings confirm the safety of TRAIL administered to patients but
underscore the critical need for optimized TRAIL formulations.

The first generation of PARAs were either produced as soluble
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Fig. 6. Assessment of the pro-apoptotic function of TNF ligands and anti-DR4 antibodies grafted onto GNRs using oxidation and Schiff base reduction. (a)
Parental MDA-MB-231 cells (WT) were treated for 24 h with TRAIL (Fc-TRAIL and anti-DR4) or Fas (Fc-FasL) receptor agonists, either grafted onto GNRs or in their
free form, as described in the materials and methods. Apoptosis was quantified using Annexin V staining and flow cytometry. Nanoparticle concentrations for
stimulation were 2.5, 5, or 25 x 108 particles/mL (PM). Fas and TRAIL receptor agonists were used at a concentration of 1000 ng/mL. TfR1 was included as a control.
(b) Dose-dependent apoptotic response of WT MDA-MB-231 cells to increasing concentrations of Fc-FasL, quantified using Annexin V staining and S3 Incucyte® live-
cell imaging. Data are expressed as arbitrary units of fluorescence intensity. (c) Representative fluorescence and phase-contrast images of Annexin V-stained MDA-
MB-231 cells treated as in (b), with selected magnified views at 16 h. Green, rounded, and detached cells indicate Annexin V+ cells undergoing apoptosis. Images of
MDA-MB-231 DKO cells, which lack both DR4 and DRS5, after stimulation with Fc-FasL and anti-DR4 antibody are also shown. (d) and (e) Flow cytometric analysis of
WT and DKO MDA-MB-231 cells stained with anti-DR4 or anti-TfR1 antibodies, either oxidized or unmodified. Unstained and isotype control antibodies are included
for reference. Empty histograms correspond to MDA-MB-231 DKO cells, while filled histograms show parental (WT) cells. Statistical significance, based on three
independent experiments, is indicated as follows **p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 7. Evaluation of the pro-apoptotic function of anti-DR4 antibody grafted onto GNRs using SPAAC click chemistry. (a) Parental (WT) or TRAIL-Deficient
DKO MDA-MB-231 cells were stimulated with GNRs functionalized with anti-DR4 antibody (a-DR4) using either AC3-6AzGlcNAc (G) or AC4ManNAz (M),
respectively and merged annexin V fluorescent staining / brightfield pictures of treated cells were collected 8 and 16 h after stimulation, using the S3 Incucyte®. (b)
Parental (WT) or (c) TRAIL-receptor-Deficient DKO MDA-MB-231 cells were stimulated as described above with increasing amounts of GNRs, and apoptosis was
quantified by flow cytometry. Statistical significance from three independent experiments is indicated as:*p < 0.05, ****p < 0.0001.

trimeric form (TRAIL) or divalent agonist antibodies. These formula-
tions are not optimized to trigger apoptosis in cancer cells, their rela-
tively low valency does not allow proper receptor oligomerization and
caspase-8 activation [68]. As demonstrated in our study (Fig. 7) and
corroborated by previous research studies [25,31,69-72], increasing the
valency of anti-TRAIL-receptor agonists or TRAIL itself increases their
pro-apoptotic potential. This principle is now well-admitted worldwide,
prompting the development of second-generation PARAs [14,23], with
higher valency to improve their efficacy and clinical translation. Ap-
proaches to increasing TRAIL valency include engineering a single
TRAIL chain fused to the heavy chain of human immunoglobulins, such
as Eftozanermin alfa (Eftoza), currently in clinical trials by ABBVIE [69]
or TRAIL receptor agonist antibody isotype class switching to IgMs [73].
Additionally, various nanoparticle-based strategies have been explored
to enhance TRAIL’s pro-apoptotic potential [70,71,74-76].

To our knowledge, our study is the first to report a nano-
formulation that combines the site specific orientation of anti-DR4
antibodies with gold nanorods (GNRs) using bioorthogonal click
chemistry, thereby maximizing receptor engagement and therapeutic
selectivity. Previous work involving DR5 antibody conjugation to GNRs
typically relied on EDC/NHS chemistry [77,78], which leads to random,
often inefficient antibody orientation. Our study provides, thus the
demonstration that conjugation of an agonistic anti-DR4 antibody onto
GNRs via bio-orthogonal DBCO-mediated click chemistry significantly
enhances its pro-apoptotic potential. This effect is further amplified
when combined with PTT, leveraging the photothermal properties of
GNRs. Compared to conventional EDC/NHS conjugation, biorthogonal
click chemistry enabled oriented functionalization of the DR4 antibody,
providing stronger pro-apoptotic activity. In contrast, Schiff base-
oriented functionalization, abolished DR4 antibody’s
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immunoreactivity due to the oxidation step, completely inhibiting its
pro-apoptotic potential. Furthermore, while EDC/NHS, in our hands,
with the exception of TRAIL (Fig. 4-a), did not increase PARAs pro-
apoptotic activity, as evidenced with Fc-FasL or the anti-DR4 antibody
(Figs. 4 and 7), the click chemistry approach significantly increased
apoptosis induction. These findings were supported by immunochemical
estimations of PARA conjugation yields and comparable cell death
percentages across equivalent PARA concentrations. Thus, only the
oriented click chemistry strategy successfully enhanced the pro-
apoptotic activity of the DR4 agonist antibody.

A key achievement of this work is the substantial and reproducible
antibody loading attained on the GNRs via our SPAAC methodology. Our
semi-quantitative analysis definitively shows typical grafting densities
of 8 to 15 ng of anti-DR4 antibody per ug of GNRs (Supplementary
Fig. S8-e), corresponding approximately 11 to 21 antibody molecules
per individual GNR. Notably, this experimentally determined range
closely aligns with theoretical predictions based on nanoparticle surface
area and steric constraints. Although precisely calculating the absolute
maximum antibody capacity is inherently complex at the nanoscale
level, a rational design-based estimate serves as a useful benchmark for
evaluating functionalization efficiency. The complexity arises from: (i)
deviations between the geometric surface area (~4303 nm? from TEM-
based models) and the chemically available surface due to atomic-scale
surface features and potential impurities; (ii) the conformational
behavior of the PEG(10 k)-DBCO layer, which may adopt “mushroom”
or “brush” structures that modulate surface accessibility [79,80]; (iii)
the effective footprint of the conjugated antibody (an IgG is ~ 14.5 nm
% 8.5 nm), which, despite site-specific conjugation aiming for an “end-
on” orientation (estimated footprint ~50-70 nm?), can exhibit some
orientational flexibility and requires significant spacing [81-83]; (iv)
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Fig. 8. Enhanced Pro-Apoptotic Potential through the Combination of GNR-DBCO-AzaB-a-DR4 and NIR Stimulation (a) Schematic illustration of the
experimental setup used to record temperature changes and cell death overtime in a 96-well plate, where cells are exposed to Gold Nanorods (GNRs) under near-
infrared (NIR) radiation. Apoptosis was tracked using the live microscope Incucyte S3 system. (b) Average temperature increase over time in cells exposed to NIR
stimulation. Time-dependent temperature changes in cells treated with GNRs (+GNR-DA) and without (—GNR-DA) across eight independent experiments are shown
as indicated in orange and blue lines, respectively. The right panel shows three examples of infrared thermal images highlighting “hot spots” at different temperatures
(43.1 °C, 42.7 °C, 43.3 °C) during NIR exposure in GNR-treated cells. (¢) Time-lapse analysis of apoptosis in wild-type (WT) MDA-MB-231 cells (upper panel) and
double knockout (DKO) cells (lower panel) treated with GNR-a-DR4 combined with photothermal therapy (PTT), GNR-a-DR4 alone, GNR-PTT, GNR alone, and
unstimulated controls. Apoptosis was assessed using Annexin V staining using the Incucyte S3 system, with results presented in arbitrary units over a 20 h period. (d)
Schematic illustration of the second experimental design with which PTT was applied to cells in suspension in a 200 uL micro-Eppendorf tube as indicated. (e)
Representative flow cytometry dot plots showing Annexin V-FITC and 7-AAD staining in WT and DKO cells, either untreated or treated with GNR-a-DR4, with or
without PTT as described in (d). (f) Quantification of cell death in WT and DKO cells, either untreated or treated with GNR-DA-a-DR4 at 37 °C or following PTT as

indicated in panel (d). Statistical significance from three independent experiments is indicated as:

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

substantial steric hindrance from already bound, bulky antibodies
impeding the approach of subsequent antibodies to nearby reactive sites;
(v) the practical impossibility of achieving 100 % DBCO functionaliza-
tion on all PEG linkers due to their dynamic nature and ensuring all
DBCO groups are optimally exposed; and (vi) the intrinsic efficiency
limitations of the DBCO-azide click reaction on a crowded and hetero-
geneous nanoparticle surface[84].

Accounting for these design constraints, we estimated a geometric
upper limit of ~ 71 antibodies per GNR, and applied a conservative
packing efficiency factor of ~ 0.2 to reflect steric and functionalization
limitations. This yields a theoretical grafting density of ~ 14 antibodies
per GNR, or ~ 12.2 ng of antibody per pug of GNRs—remarkably

consistent with our experimental findings. The strong agreement be-
tween predicted and measured values, combined with high inter-batch
reproducibility (Fig. S7-e), highlights the efficiency and robustness of
our functionalization platform. These results reinforce the suitability of
the SPAAC method for achieving controlled and predictable biointerface
design in antibody-functionalized nanomaterials.

Gold nanorods have emerged as a highly versatile platform for
photothermal therapy (PTT), owing to their strong near-infrared (NIR)
absorption and tunable plasmonic properties. The design of such GNR-
based theranostics has seen significant progress. Pioneering work by
Huang et al. demonstrated the dual functionality of anti-EGFR antibody-
conjugated GNRs in targeted cancer cell imaging and selective
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photothermal ablation [10]. Through the application of surface plasmon
resonance, these GNRs enabled efficient destruction of malignant cells at
half the laser energy required for nonmalignant counterparts. Advances
in conjugation strategies, particularly strain-promoted azide-alkyne
cycloaddition (SPAAC) using DBCO chemistry, have significantly
improved antibody orientation and preserved bioactivity [85], under-
scoring the importance of sophisticated material surface engineering.
Combinatorial platforms, such as cisplatin-polypeptide-wrapped GNRs,
have demonstrated synergistic effects by integrating chemotherapy with
PTT, effectively suppressing tumor growth in triple-negative breast
cancer models [86]. These strategies capitalize on the high photo-
thermal conversion efficiency of GNRs under optimized laser parame-
ters, which enables localized hyperthermia (~41-42 °C) [87]. Beyond
therapy, GNRs also offer distinct advantages for fluorescence imaging
due to their unique optical features, such as two-photon luminescence
(TPL) and emission in the NIR-II window. Xiao et al. integrated intrin-
sically cytotoxic NIR dyes with GNRs to enable simultaneous imaging
and therapy via TPL-guided activation [88,89]. More recent innovations,
such as donor-acceptor-donor (D-A-D) structured boron-
dipyrromethene dyes, have pushed emission deeper into the NIR-II
range (1000-1700 nm), enabling real-time, high-resolution imaging
with enhanced tissue penetration during both photodynamic and pho-
tothermal therapy [90]. Gold nanorod vesicles (AuNR Ves) have further
advanced theranostics by integrating NIR-II photoacoustic imaging with
stimuli-responsive drug release, where complement activation was
effectively mitigated through PEGylation [91].

Consistent with previous findings from our team demonstrating that
TRAIL’s pro-apoptotic potential can be increased in MDA-MB-231 by
either mild hyperthermia [30] or photothermal therapy, when conju-
gated to iron nanoparticles [24] we now demonstrate that gold nanorods
conjugated with an agonist anti-DR4 antibody respond effectively to
near-infrared (NIR) stimulation, with PTT further enhancing apoptosis
in a DR4-specific manner (Fig. 8). Compared to conventional PTT or
TRAIL-based therapies, this nanovector offers a dual-function strategy,
as it combines tumor-selective targeting and cytotoxicity via anti-DR4
with the remote, heat-inducing properties of GNRs. Importantly, given
that this PTT approach inhibits a key negative regulator of the TRAIL
pathway, which is thermally suppressed by mild hyperthermia, it en-
ables a reduction of the activation threshold of the TRAIL-mediated pro-
apoptotic pathway, resulting in a synergistic enhancement of cell death
[24,30].

Recent advances in the field support the value of such synergistic
approaches. For example, the photosensitizer NBDPBr has demonstrated
a high singlet oxygen quantum yield (® = 66 %) and strong photo-
thermal conversion efficiency (n = 43 %) when encapsulated in
amphiphilic F-127 polymer nanoparticles, enabling photoacoustic
imaging-guided PTT/PDT in tumor models [92]. While this system
shows excellent performance, it lacks the ability to trigger receptor-
mediated apoptotic pathways, as provided by our DR4-targeted strat-
egy. Similarly, B-2TPA, a donor-acceptor—donor structured dye, was
developed to overcome limitations in NIR absorption and photothermal
efficiency. When encapsulated in nanoparticles, B-2TPA demonstrated
enhanced singlet oxygen generation (® = 6.7 %) and high photothermal
conversion efficiency (n = 60.1 %), validated in both in vitro and in vivo
models [90].

Our approach aligns with these emerging technologies while offering
an added layer of therapeutic specificity. By incorporating DR4-specific
antibody conjugation, we introduce targeted photothermal sensitization
along with receptor-mediated apoptosis induction, a dual mechanism
not typically available in current NIR-responsive agents. This strategy
holds promise for improving tumor selectivity and minimizing systemic
toxicity.

Although we have not yet been able to assess in vivo toxicity and
biocompatibility due to the limited stability, low synthetic yield, and a
pronounced tendency of the GNRs to adhere to container surfaces
(including plastic and glass), we remain optimistic about their potential.
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Gold nanorods are widely regarded as promising nanomaterials for
biomedical applications, including photothermal therapy (PTT), due to
their relatively low inherent toxicity compared to other inorganic
nanomaterials [11-13,88,93-100].

Toxicity profiles of GNRs hinge on surface chemistry rather than
aspect ratio. Cetyltrimethylammonium bromide (CTAB)-coated GNRs
induce apoptosis through mitochondrial ROS generation, but this
toxicity can be abolished by replacing CTAB with biocompatible poly-
mers such as PSS or PAH [101-103]. DBCO click chemistry minimized
complement activation compared to thiol-maleimide conjugation,
reducing hematocrit fluctuations and platelet depletion in vivo [85].
Long-term studies (15 months) confirmed the safety of PEGylated or
rifampicin-conjugated GNRs, with no residual toxicity observed in mu-
rine models [102]. Bioorthogonal strategies, such as pretargeting with
tetrazine-modified GNRs, further enhanced specificity and reduced off-
target effects in stem cell homing applications[104]. These advance-
ments underscore the importance of rational surface engineering to
balance therapeutic efficacy with biosafety, paving the way for clinical
translation of GNR-based theranostics.

Although current limitations such as low synthetic yield and surface
adhesion of GNRs, prevented full evaluation of the DR4 agonist antibody
DBCO-grafted onto gold nanorods for NIR-induced photothermal effi-
ciency and receptor-mediated apoptosis in vivo, the biocompatibility of
GNRs is well-established when appropriate surface modifications are
applied. CTAB, a toxic synthesis surfactant, can be replaced with PSS,
PAH, or PEG to mitigate cytotoxicity the critical need to remove cetyl-
trimethylammonium bromide (CTAB), a highly toxic surfactant used
during GNR synthesis [105,106]. For full biocompatibility, future
studies should explore surface modification of PARA-functionalized
GNRs such as PEGylation or hydrophilic sulfoxide-containing poly-
mers [97,107], in order to improve colloidal stability and assess their
biodistribution and safety profile in vivo.

5. Conclusion

This study provides the first demonstration that site-specific func-
tionalization of a pro-apoptotic DR4 agonistic antibody onto DBCO-
grafted gold nanorods (GNRs) via click chemistry, enhances both NIR-
induced photothermal efficiency and receptor-mediated apoptosis. Un-
like conventional conjugation methods (e.g., EDC/NHS or Schiff base),
our SPAAC strategy preserves antibody bioactivity and promotes ther-
apeutic selectivity.

Our dual-action platform, which integrates receptor targeting and
activation with remote photothermal therapy (PTT), outperforms
existing TRAIL- or dye-based systems efficacy. This technology also
opens new possibilities for real-time image-guided therapy due to the
optical properties of GNRs and their compatibility with contrast agents
like Wazabi [90,92].

Future work will focus on surface engineering to improve stability
and yield, and in vivo validation, but these findings already mark a
substantial step toward clinically translatable, highly selective cancer
nanotherapies.
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