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Cancer is one of the leading causes of death worldwide and represents a significant burden on global
health systems. Many existing chemotherapy treatments come with severe side effects, ranging from hair
loss to cardiotoxicity, and many types of cancer express chemotherapy resistance, such as triple-negative
breast cancer. This study presents a novel boron/nitrogen-doped carbon nano-onion (BN-CNO) based
nanocarrier system that can deliver doxorubicin (DOX) to cancer cells via a pH-dependent drug release
mechanism. The nanocarrier formulation consists of a hyaluronic acid/phospholipid conjugate
(HA-DMPE) that is non-covalently bound to the BN-CNOs upon which DOX is loaded via n—= stacking
interactions. The HA-DMPE/BN-CNO/DOX system enhances the uptake and anticancer effects of DOX in
MDA-MB-468 and MDA-MB-231 TNBC cells whilst reducing the cardiotoxicity of DOX in AC-16 human
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1. Introduction

Resulting in over 600000 deaths per year globally, breast
cancer represents a significant burden on health systems
throughout the world and is a leading cause of mortality." In
almost half of all cases, this disease has no specific risk
factors other than age and gender. Triple-negative breast
cancer (TNBC) is a type of malignancy that lacks receptors for
oestrogen, progesterone, and human epidermal growth factor,
making it challenging to target with therapeutic agents. TNBC
accounts for 10-20% of invasive breast cancer cases and is
highly invasive and prone to drug resistance, making it chal-
lenging to treat.”

Doxorubicin (DOX), an anthracycline antibiotic, is the most
effective chemotherapy drug used to combat TNBC.? DOX acts
by intercalating into DNA, inducing DNA damage by forming
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adducts and single-strand breaks. Additionally, by trapping
topoisomerase II enzymes once bound to DNA, DOX further
impairs DNA repair processes, ultimately leading to apopto-
sis.* As is often the case with chemotherapy treatments, DOX
comes with severe side effects, the most serious of which is
cardiotoxicity, which can occur due to DOX-induced apoptosis
and oxidative stress.”® Consequently, adverse effects restrict
the dose and length of DOX regimens, limiting their clinical
potential.

Nanotechnology can be leveraged to circumnavigate the tox-
icity of DOX (and other chemotherapy drugs)—a range of doxo-
rubicin-based nanocarrier systems exists in the literature.”
Carbon nanomaterials (CNMs) such as carbon nanotubes, full-
erenes, carbon dots, and carbon nano-onions are often used in
these systems, as they have a rich library of surface modifi-
cations available to them,® allowing for a range of molecules to
be attached. Folic acid®™" and hyaluronic acid (HA)'>"® are
some of the most commonly used targeting ligands, possibly
due to their small molecular size and affordability. However
peptides'® and antibodies'® have also been used. The base
nanoparticles for these systems are often oxidised to increase
water solubility.’®"® In combination with oxidation, or if pris-
tine CNMs without covalent modification are desired, disper-
sants such as polyethylene glycol (PEG),"® polydopamine,*
and nanocrystalline cellulose®" can be used as alternatives to
achieve effective nanocarrier dispersion.

Fluorophores such as AlexaFluor™ >* can be used to track
nanocarriers during in vitro experiments, and a myriad of
photosensitisers and drug molecules offer effective anti-

This journal is © The Royal Society of Chemistry 2025
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cancer payloads.” This enables combining cancer imaging,
targeting, and treatment into a single strategy known as
theragnostics.

The use of multi-functional polymers in nanocarrier
systems is of great interest, as multiple functionalities can be
incorporated into the polymer coating; for example, Lai et al.
functionalised nanodiamonds with an oligo(ethylene) glycol
methyl ether acrylate-based polymer that incorporated gemci-
tabine via an acid-sensitive linker to produce a pH-responsive,
water-soluble anticancer nanocarrier.”® Zhou et al. used a
similar approach, coating carboxylated multi-walled carbon
nanotubes (CNTs) with a folic acid/poly-L-lysine conjugate
polymer and, subsequently, loading the nanocarrier with DOX
to create a drug delivery system for the treatment of liver
cancer.**

In our previous studies, HA-DMPE has been used to dis-
perse pristine CNOs, which increased their solubility and
showed excellent uptake in CD44" human breast carcinoma
cells compared to CD44~ human ovarian carcinoma cells—
these HA-DMPE-coated CNOs also displayed high biocompat-
ibility in zebrafish.*® Of relevance to the current study, we
also investigated the dispersibility properties of HA-DMPE in
conjunction with BN-CNOs, finding that functionalising
BN-CNOs with the HA-DMPE conjugate resulted in stable dis-
persions in water, even at a 10:1 nanoparticle-to-conjugate
mass ratio.®

We also utilised the HA-DMPE conjugate in an HA-DMPE/
CNT/DOX nanocarrier system, which was produced by non-co-
valently attaching HA-DMPE to CNTs and loading DOX.?” This
study is relevant as it allowed us to optimise the HA-DMPE
conjugate for carbon-based nanocarriers and drug delivery
applications. A range of HA molecular weights was tested, and
it was found that HA-DMPE prepared from a 200 kDa HA
polymer resulted in the highest cellular uptake and anticancer
activity, and DOX-free HA-DMPE/CNT demonstrated excellent
biocompatibility.>”

In a separate study, we further demonstrated the viability of
HA-DMPE with CNM-based nanocarriers. Functionalised nano-
diamonds were shown to be biocompatible in pancreatic,
breast, and lung cancer cell lines, exhibiting high uptake via
CD44-mediated endocytosis.”® These HA-DMPE-functionalised
nanodiamonds localised within the nuclei of all three cell
types, underscoring their potential as promising nanocarriers
for anti-cancer drug delivery.®

One of the challenges, as well as a fundamental benefit of
nanocarrier research, is leveraging both the intrinsic pro-
perties of the nanomaterial and incorporating multifunctional
components to enhance the complexity and efficacy of these
formulations. In this study, boron/nitrogen co-doped carbon
nano-onions (BN-CNOs) are utilised as the core scaffold of the
nanocarrier system, as detailed in Scheme 1. This material has
many intrinsic benefits; it could be used for boron neutron
capture therapy,> photothermal therapy,®® and the presence
of dopants increases the aqueous solubility of the BN-CNOs
compared to undoped nano-onions.*' Increased solubility is
particularly advantageous as it allows for easier preparation of
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drug delivery systems. These properties can be leveraged to
add another dimension of targetability and anticancer efficacy
to nanocarrier systems. These multi-layered, fullerene-like
nanoparticles display excellent biocompatibility in zebrafish
and in NIH3T3 and MCF-7 cells.** Our group has developed a
simple, environmentally friendly method of producing
BN-CNOs in large quantities.*

A bioconjugate polymer consisting of HA linked to 1,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) is uti-
lised in this work. The purpose of this HA-DMPE conjugate is
threefold; firstly, the HA acts as a targeting ligand for the
CD44 receptor, which is overexpressed in breast cancer® and,
notably, in the case of DOX, isn’t expressed in human cardio-
myocytes.*® Secondly, the phosphate groups of DMPE and
oxygen-rich functionalities of HA may contribute to the
improved dispersion of carbon nanomaterials. Finally, the
alkyl chains of the phospholipid non-covalently anchor the
polymer to the surface of CNMs via hydrophobic interactions.
This approach prevents damage to the CNM structure, which
can otherwise result from covalent modification—for example,
oxidation is known to strip dopants from the surface of
BN-CNOs.”!

In this project, we enhance the BN-CNO nanocarrier
scaffold by incorporating doxorubicin (DOX) alongside the
HA-DMPE conjugate, leveraging previously discussed benefits.
The inclusion of DOX introduces a pH-sensitive drug-release
control mechanism. This system exploits the acidic microenvi-
ronment of cancer cells, which results from increased CO, and
lactic acid production.>® Under acidic conditions, the amine
group of DOX becomes highly protonated, increasing its posi-
tive charge and hydrophilicity, leading to its release from the
BN-CNO surface. In contrast, DOX remains less charged in
neutral physiological conditions and stays bound to the nano-
carrier, allowing for controlled drug retention.

In summary, in this study, we further expand on our nano-
carrier research by preparing, characterising and investigating
the HA-DMPE/BN-CNO/DOX nanocarrier for the targeted deliv-
ery of DOX to CD44 overexpressing cancer cells. The thera-
peutic efficacy of this nanocarrier was compared to both free
DOX and Caelyx®—a PEGylated liposomal formulation of DOX
approved by the European Medicines Agency (EMA) in 1996°°
to assess its performance in DOX uptake and anticancer
activity assays. This comparison allows us to evaluate the
potential of the HA-DMPE/BN-CNO/DOX nanocarrier as a
more effective alternative to current DOX formulations.

The Caelyx® formulation has many benefits over free DOX,
enhancing its pharmacokinetic profile and increasing its circu-
lation time. This results in increased tumour DOX concen-
tration and, therefore, higher efficacy than free drug. The main
drawback of liposomal DOX formulations is their poor stabi-
lity.” This is an issue that can be overcome by CNM-based
nanocarriers, which are very stable. Another benefit of CNM-
based nanocarriers is the vast range of covalent and non-
covalent functionalisation options available, allowing for a
range of targeting, drug, and tracking moieties to be incorpor-
ated into these systems.
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Scheme 1 Nanocarrier preparation|(1) DOX-loading of BN-CNOs to prepare the HA-DMPE-free BN-CNO/DOX; (2) HA-DMPE-loading of BN-CNOs
to prepare the DOX-free HA-DMPE/BN-CNOs; and (3) the subsequent DOX-loading of HA-DMPE/BN-CNOs to prepare HA-DMPE/BN-CNO/DOX.
All wt% ratios of the BN-CNO-based nanocarriers formulated and investigated in this study are tabulated in the inset. Procedures and experimental
conditions for the loading processes are detailed in the Materials and Methods section.

2. Experimental were purchased from Sigma Aldrich (Arklow, Ireland). DMSO
(99.9%, for spectroscopy) was purchased from Thermo Fischer
Scientific (Dublin, Ireland). The phospholipid 1,2-dimyristoyl-
Detonation nano-diamond powder (uDiamond® Molto, 4.2 +  sn-glycero-3-phosphoethanolamine (DMPE) was purchased
0.5 nm crystal size) was purchased from Carbodeon from Merck (Milan, Italy). 200 kDa sodium hyaluronate (HA)
(Pakkalankuja, Finland). Boric acid (>99.5%) and all buffers was purchased from Lifecore Biomedical (Chaska, MN, USA),

2.1 Materials

12110 | Nanoscale, 2025, 17, 12108-12123 This journal is © The Royal Society of Chemistry 2025
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and doxorubicin hydrochloride (DOX-HCl) was purchased
from TCI Europe N.V. (Zwijndrecht, Belgium). The HA-DMPE
conjugate was synthesised as previously described, specifically
utilising HA of 200 kDa molecular weight.*”

Boron/nitrogen co-doped carbon nano-onions (BN-CNOs)
were synthesised by thermally annealing a mixture of detona-
tion nanodiamonds (DNDs) and boric acid under an inert
atmosphere.** Briefly, DNDs and boric acid (30% w/w) were
homogenised through vigorous shaking in a glass vial. The
resulting mixed powder was then placed in a graphite crucible
and heated to 1650 °C for 1 h in a GSL-1750X-KS-UL tube
furnace (MTI Corporation) under He. The material was then
air-annealed at 450 °C for 4 h in a KSL-1200X-J box furnace
(MTI Corporation).

2.2 HA-DMPE/BN-CNO nanocarrier preparation

BN-CNOs were non-covalently functionalised with HA-DMPE
to prepare HA-DMPE/BN-CNOs of desired wt% ratios. Briefly,
BN-CNOs (5 mL, 1 mg mL™") were dispersed with HA-DMPE in
deionised water by sonication for 1.5 h in an Elmasonic S30
ultrasonic bath. The water temperature in the sonicator was
maintained at <30 °C. The dispersion was then centrifuged in
a glass centrifuge tube at 400 RCF for 5 min (Yingtai
Instrument Co. TG16). The top 4 mL was carefully taken and
checked by dynamic light scattering (DLS) to confirm the
removal of large aggregates, and by UV-vis absorption spec-
troscopy to determine the BN-CNO concentration. The dis-
persion was then diluted with 0.01 M pH 7.4 PBS to form a
20 mL solution with a BN-CNO concentration of 125 pg mL ™,
and this solution was then sonicated for a further 15 min. A
black dispersion of HA-DMPE/BN-CNOs was obtained.

2.3 DOX loading and quantification

DOX was then loaded onto the HA-DMPE/BN-CNO nanocarrier
by adding DOX to the sonicated black dispersion of HA-DMPE/
BN-CNOs and stirring in the dark at room temperature for
72 h. The HA-DMPE/BN-CNO/DOX nanocarrier dispersion was
then transferred to a glass centrifuge tube and centrifuged at
10000 RCF for 5 min, following which the supernatant was
decanted and retained. This process was repeated with 3 x
20 mL PBS washings. All the washings were combined, and the
amount of unbound DOX was quantified by UV-vis spec-
troscopy by measuring the absorption intensity at 480 nm. For
drug release studies, UV-vis absorption spectroscopy, DLS and
ZP analysis, the reddish-black sediment was immediately
redispersed in buffer/deionised water by sonicating for 1 min
and shaking. For all other analyses, the sediment was dried in
a vacuum oven at 40 °C for 16 h to yield a powder.

The final HA-DMPE/BN-CNO/DOX nanocarrier was pre-
pared at different wt% ratios of the individual components. In
summary, the following wt% formulations were prepared and
investigated: 20/100/120, 10/100/120, 5/100/100. Control for-
mulations containing no DOX, or no HA-DMPE, were also pre-
pared. Regarding the DOX-free HA-DMPE/BN-CNOs, the wt%
formulations of 20/100/0, 10/100/0 and 5/100/0 were prepared.

This journal is © The Royal Society of Chemistry 2025
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Regarding the HA-DMPE-free control, a wt% formulation of
BN-CNO/DOX of 0/100/100 was prepared.

From the UV-vis absorption spectroscopy analyses, drug
loading efficiency (DLE) and drug loading content (DLC) were
calculated using eqn (1) and (2).

amount of loaded drug

DLE (%) =
(%) total amount of drug used in loading

100 (1)

mass of loaded drug
DLC (Wt%) = —x100  (2)
mass of drug-loaded nanocarrier

2.4 Physicochemical characterisation

All UV-vis absorbance characterisation was performed on a
Shimadzu UV-2600 instrument with 1 cm path-length quartz
cuvettes. Samples were diluted to 5 ug mL ™" in deionised water
and sonicated for 5 min. Background correction was
performed.

Attenuated total reflection Fourier-transform infrared spec-
troscopy (ATR-FTIR) was carried out on a Thermo Fischer
Scientific Nicolet™ Summit™ FTIR instrument with an
Everest ATR accessory containing a diamond crystal and a
DTGS KBr window detector, with measurements taken at room
temperature, and background correction performed immedi-
ately prior to analysing each material. The spectra were
recorded with a resolution of 0.482 cm™, accumulating 64
scans per sample for DOX and HA-DMPE, and 128 scans for
bare and functionalised BN-CNO nanomaterials. Norton Beer
Strong apodization and atmospheric suppression were auto-
matically applied, with an airPLS baseline correction applied
to the spectra of all BN-CNO materials®® (lambda parameter
set to 3000).

DLS and zeta potential (ZP) analyses were performed using
a Malvern Zen 3600 ZetaSizer in backscattering mode (173°);
quartz and disposable ZP cuvettes were used for DLS and ZP,
respectively. Samples were diluted to 5 pg mL™" in deionised
water and sonicated for 5 min. Samples were equilibrated to
25 °C and measured in triplicate, with each sample subjected
to individual measurement cycles of at least 1 min.

X-ray photoelectron spectroscopy (XPS) was carried out on
an AXIS Supra instrument (Kratos Analytical, UK) equipped
with a 120 W Al Ka (1486.6 eV) monochromatic source.
Samples were deposited on an Si substrate and spectra were
calibrated using the C 1s peak. Survey and core level spectra
were acquired using 160 eV and 20 eV pass energy, respectively.
Data was processed with CasaXPS v23.3 software, with peak
fitting carried out using the Lorentzian function after
Tougaard background subtraction. Quantification was carried
out using Kratos RSF software. Data was plotted using Origin.
Additionally, the survey spectra of the DOX-loaded nano-
carriers revealed the presence of fluorine (Fig. S4C-Ef).
Specifically, an F 1s peak at 688.9 eV, which is highly character-
istic of the —-CF, bonding environment, and an F Auger peak
was also observed at 835 eV. These signals originated from the
PTFE-lined caps of the amber vials used to protect the light-
sensitive DOX in the DOX-loaded materials. Silicon contri-
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butions were also observed in the 20/100/0 wt% HA-DMPE/
BN-CNO/DOX survey spectrum (Fig. S4Bt), specifically Si 2p
and Si 2s peaks, present at 101 eV and 152 eV, respectively.
These signals originated from the silicon substrate used for
the XPS analysis. Due care was taken to exclude the F and Si
contributions from the quantitative interpretation of the data.

A Bruker ICON instrument operating in PeakForce
Tapping™ mode utilising ScanAsyst Air™ optimisation was
used for AFM analysis. Solid samples were dispersed in DMSO
at 5 ug mL~" by sonicating for 5 min. These were drop-cast
onto freshly cleaved mica and dried on a 70 °C hotplate for
5 min. The mica had previously been attached to a glass
microscopy slide using superglue. Glass pipettes, Petri dishes
and vials were used to prevent nanoplastic contamination.
Samples were analysed immediately under ambient conditions
using Bruker ScanAsyst Air HPI tips (0.25 N m™" spring con-
stant, 55 kHz resonance frequency, 2 nm tip radius), and the
z-axis of the instrument was calibrated using a 21 nm standard
(Bruker). All AFM images were taken using NanoScope soft-
ware and are 500 nm x 500 nm. The scan rate and samples/
line were set to 2 Hz and 208, respectively. Gwyddion software
was used for image processing. Each micrograph was levelled
by fitting a plane through three points and corrected using
step line correction. Individual particles were selected using
the mask function, and grain distributions were exported to
Origin for size distribution analysis.

HRTEM images were taken using an image-corrected
ThermoFisher Scientific Titan Cube instrument with an oper-
ating voltage of 80 kV and in a ThermoFisher Scientific Tecnai
F30 working at 300 kv. HAADF-STEM images were acquired
using a probe-corrected Titan low-base instrument equipped
with a high-brightness gun (X-FEG) and operating at 120 keV.
Convergence angle was 25 mrad, and acceptance angle was
48 mrad. Samples were dispersed in deionised water and de-
posited on a holey carbon film supported by a copper TEM
grid before drying at ambient temperature.

2.5 DOX release studies

DOX release was performed in triplicate, with independent
experiments carried out in both 0.01 M pH 7.4 PBS, and 0.01
M pH 5.2 sodium acetate buffer, at 37 °C. Briefly, a portion of
the selected buffer and a brown glass vial were allowed to equi-
librate in a water bath. The nanocarrier was dispersed in
10 mL of equilibrated buffer in the vial by sonicating for 1 min
and shaking; a stir bar was added, and the vial was returned to
the water bath and stirred at 600 rpm. 1 mL aliquots were
sampled at a series of time points—specifically, samples were
taken at 0.5, 1, 2, 3, 6, 24, 48, and 72 h, with 96 and 120 h data
points included for the extended studies of the 20/100/
120 wt% HA-DMPE/BN-CNO/DOX formulation. The vial was
removed from the water bath, shaken, and 1 mL was abstracted
and transferred to a glass centrifuge tube. 1 mL of equilibrated
buffer was added to the vial to keep the volume at 10 mL. The
vial was then shaken and put back in the water bath. 1 mL of
buffer was also added to the sample in the centrifuge tube.
This sample was centrifuged at 10 000 RCF for 5 min. The top

12112 | Nanoscale, 2025, 17, 12108-12123
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1 mL was carefully taken, and the concentration of the
released DOX was determined by UV-vis spectroscopy at
480 nm. The absorbance at 675 nm was subtracted from the
entire spectrum to remove interference from any remaining
BN-CNOs. Finally, drug release efficiency (DRE), reported as a
mean * standard deviation of the three independent experi-
ments, was determined using eqn (3).

amount of drug released
amount of drug loaded

DRE (%) = x 100 (3)

2.6 Invitro studies

2.6.1 Cell culture. Human breast cancer cell lines MCF-7,
MDA-MB-468, MDA-MB-231, and human cardiomyocytes AC16
were purchased from ATCC (Manassas, VA). Cells were grown
in DMEM medium, supplemented with 10% v/v fetal bovine
serum (FBS) and 1% penicillin-streptomycin in a humidified
atmosphere at 37 °C, 5% CO,.

2.6.2 CD44 receptor expression. The expression of the
CD44 cell surface receptor was evaluated by flow cytometry as
previously described.*® 1 x 10° cells were rinsed and fixed with
2% w/v paraformaldehyde (PFA) for 2 min, washed three times
with PBS and stained with the anti-CD44 antibody (Abcam,
Cambridge, UK; dilution: 1:50) for 1 h on ice, followed by an
AlexaFluor 488-conjugated secondary antibody (Millipore,
Burlington, MA; dilution: 1:100) for 30 min. 1 x 10° cells were
analysed with EasyCyte Guava™ flow cytometer (Millipore),
equipped with the InCyte software (Millipore). Control experi-
ments included incubation with a non-immune isotype
antibody.

2.6.3 Cellular uptake. 1 x 10° cells were seeded into a
96-well black plate, left untreated (control condition) or incu-
bated for 1, 3, 6, and 24 h with free DOX, Caelyx®, 20/100/
0 wt% HA-DMPE/BN-CNO, or various HA-DMPE/BN-CNO/DOX
formulations with equivalent DOX concentrations of 1 nM, 10
nM, 100 nM, 1 pM, and 10 pM. For competition assays, cells
treated with 20/100/120 wt% HA-DMPE/BN-CNO/DOX were co-
incubated for 24 h with 200 pg mL™" HA (CA, as competitor) or
an anti-CD44 blocking antibody (CB, as inhibitor) diluted 1/10
in the culture medium. Cells were washed twice with 300 pL
PBS, resuspended in 400 pL ethanol/HCl 0.3 N (1:1 v/v), and
sonicated (10 bursts of 1 s, Labsonic Sonicator, Aubergne,
France). A 50 pL aliquot was used to measure the intracellular
content of proteins with the BCA kit (Sigma-Merck). The
remaining sample was used to read the intracellular fluo-
rescence of DOX, taken as an index of drug uptake, using a
Synergy HT Microplate Reader (Bio-Tek Instruments), an exci-
tation wavelength of 485 nm, and an emission wavelength of
553 nm. Results were expressed as nmol mg ™" cellular proteins,
according to a titration curve of doxorubicin previously set.

2.6.4 In vitro toxicity. 1 x 10* cells were seeded into a
96-well white plate, left untreated (control condition) or incu-
bated for 24, 48, or 72 h with free DOX, Caelyx®, the DOX-free
20/100/0 wt% HA-DMPE/BN-CNOs, or various HA-DMPE/
BN-CNO/DOX formulations with a final equivalent DOX con-

This journal is © The Royal Society of Chemistry 2025
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centration of 1 nM, 10 nM 100 nM, 1 pM, 10 pM. For extended
studies with the 20/100/120 wt% HA-DMPE/BN-CNO/DOX for-
mulation, incubation times of 96 and 120 hours were also
used. To ensure DOX equivalence in the DOX-free 20/100/
0 wt% formulation, the samples were diluted in cell culture
medium to match the BN-CNO concentration of the DOX-
loaded formulations. The competition assays were conducted
as described in the section detailing cellular uptake pro-
cedures. Cell viability was measured by the ATPlite
Luminescence Assay System (PerkinElmer, Waltham, MA), as
per the manufacturer’s instructions. Results were analysed by
a Synergy HT Microplate Reader (Bio-Tek Instruments,
Winooski, VT). The luminescence units of the untreated cells
were considered 100%; the luminescence units of the other
experimental conditions were expressed as percentages versus
untreated cells.

To measure cell necrosis, the release of lactic dehydrogen-
ase (LDH) in the extracellular medium was measured, as pre-
viously reported.*® The cell culture medium was centrifuged at
12 000 RCF for 15 min to remove cellular debris. Cells were
washed twice with PBS, detached with 0.1 mL mL™" trypsin/
EDTA, resuspended in 0.2 mL of 82.3 mM triethanolamine
phosphate-HCI (pH 7.6), and sonicated on ice with two 10 sec
bursts. LDH activity was measured in 50 pL supernatant and
5 pL cell lysates, incubated for 6 min at 37 °C with 20 mM
pyruvic acid and 5 mM NADH. The rate of NADH oxidation
was followed by measuring the absorbance at 340 nm using a
Synergy HT Microplate Reader. Both intracellular and extra-
cellular enzyme activities were expressed as mmol NADH oxi-
dised/min/dish: extracellular LDH activity was expressed as a
percentage of the total (intracellular + extracellular) LDH
activity.

2.6.5 Statistical analysis. All biological data is reported as
mean + standard deviation of three independent experiments.
The results were analysed by a one-way ANOVA with post hoc
Tukey’s test. For cell viability and uptake studies, significance
was determined using the following thresholds: *p < 0.05,
**p < 0.01, and ***p < 0.001 indicate significant differences
compared to DOX alone, while ° < 0.05, °°p < 0.01, and
°°°p < 0.001 denote significant differences compared to Caelyx®.

Control studies for cellular uptake and cellular viability
were conducted for all analyses; however, due to the volume of
the in vitro results presented in the article and ESI,T they are
not shown in full. However, for clarity, control data is included
in Fig. 4A. Competitive co-incubations with excess HA or an
anti-CD44 blocking antibody (CA and CB, respectively) were
also conducted and presented in all relevant cellular uptake
and viability studies to assess the specificity of CD44-mediated
uptake.

The DLE, DLC, pH 5.2 DRE, and pH 7.4 DRE of all formu-
lations (three replicates each) were analysed using principal
component analysis (PCA). Origin software was used for this
analysis; each data point was expressed as %, with %
HA-DMPE being the controlled variable. The data was normal-
ised using a standard scalar and a correlation matrix was con-
structed. Eigenvalues were computed from this correlation
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matrix and two eigenvectors were identified to be responsible
for much of the variance (96.73%), eigenvectors were extracted
from these two eigenvalues and used to produce a biplot with
DLE, DLC, pH 5.2 DRE, and pH 7.4 DRE represented as vectors
and each sample represented as a point.

3. Results and discussion
3.1 Nanocarrier preparation

The first step in the synthesis of this nanocarrier was the non-
covalent functionalisation of BN-CNOs with the HA-DMPE con-
jugate polymer through a simple, environmentally friendly
sonication procedure. A non-covalent approach was taken to
avoid using toxic solvents and reagents. This one-step functio-
nalisation was performed in water and did not require any
purification/removal of byproducts. The multifunctional bio-
compatible polymer imparts dispersibility and targetability to
the BN-CNOs, allowing them to seek CD44 overexpressing
cancer cells. A HA molecular weight of 200 kDa was chosen as
this was previously found to be optimal for cancer cell
targeting.”’

BN-CNOs were produced by thermally annealing detonation
nanodiamonds in the presence of boric acid. This step is also
environmentally friendly as it requires no solvents and does
not produce waste products. A second annealing step in air
was performed to remove any amorphous carbon impurities.

DOX was then reversibly attached to the polymer-coated
BN-CNOs to form the HA-DMPE/BN-CNO/DOX nanocarrier
system; various ratios of polymer and drug were tested to find
the optimal composition. The anthracycline backbone of the
DOX was leveraged to non-covalently load the drug onto the
BN-CNO surface via n-n stacking interactions. The primary
amine on DOX allows for pH-triggered release, as it is proto-
nated at the low pH of cancer cells.>® This increases its solubi-
lity and causes it to be released from the nano-onion.

3.2 Physicochemical characterisation

The assembled nanocarrier was then analysed by DLS, UV-vis
absorption and ATR-FTIR spectroscopy, AFM, HRTEM, and
HAADF-STEM to confirm HA-DMPE and DOX functionalisa-
tion and determine its physicochemical properties.

The UV-vis absorption spectra, presented in Fig. S1,T high-
light the optical properties of the individual components
(DOX, HA-DMPE) and the DOX-free and DOX-loaded nano-
carriers; 20/100/0 and 20/100/120 wt%, respectively. The UV-vis
spectrum of the DOX-free 20/100/0 formulation shows signifi-
cant absorption across the whole range, with a band concen-
trated at 256 nm corresponding to the = — n* electronic tran-
sition of C=C bonds. An additional absorption maximum is
observed at 210 nm in the DOX-loaded system due to &1 — 7*
transitions from additional C=C bonds in the anthracycline
backbone of the drug molecule. Drug loading also imparts two
weak absorption bands at 505 nm and 549 nm, resulting from
n — 7* transitions due to the C=0 groups of the DOX. The 20/
100/120 wt% HA-DMPE/BN-CNO/DOX formulation strongly
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absorbs across the whole UV-vis range, indicating the material
remains well dispersed. Interestingly, upon attachment to the
BN-CNO surface, the 217 nm © — ©* and 477 nm/497 nm n —
n* peaks from the DOX are blue-shifted and red-shifted,
respectively. This confirms attachment via n-r stacking inter-
actions and results from the orbital overlap between the DOX
and the BN-CNO surface.

The non-covalent HA-DMPE surface functionalisation and
DOX loading were further confirmed by ATR-FTIR (Fig. S2t). In
contrast to the bare BN-CNOs, hydroxyl bending vibrations are
observed at 1430 cm ™" in the 20/100/0 and 20/100/120 wt% for-
mulations, resulting from the presence of HA-DMPE. The fully
assembled 20/100/120 nanocarrier displays N-H bending at
1570 cm™' and C-O stretching at 753 cm™" from DOX and
HA-DMPE functionalisation.

The DLS and ZP values (Table 1) and spectra (Fig. S37)
reveal noticeable size differences between drug-loaded and
drug-free formulations. This could be explained by the ~50%
increase in ZP observed across all formulations upon DOX
loading. The positively charged DOX shields the negative
charges on the BN-CNOs surface and the phosphate and car-
boxyl groups of the HA-DMPE.

Loading DOX onto the DOX-free 20/100/0, 10/100/0 and 5/
100/0 wt% HA-DMPE/BN-CNO formulation resulted in a size
increase, with a size trend inversely proportional to the
HA-DMPE content. This can be expected as the HA-DMPE con-
jugate aids in stabilising the dispersion.

The 20/100/0 and 10/100/0 HA-DMPE/BN-CNO formulations
exhibit hydrodynamic diameters of 280 + 93 nm and 483 +
169 nm, respectively. Although these formulations have similar
surface charges (Table 1), the difference in hydrodynamic dia-
meter suggests that HA-DMPE disperses the nanocarrier via
both steric and electrostatic repulsion. This is further supported
by observations in the 20/100/120 wt% HA-DMPE/BN-CNO/DOX
and 10/100/120 formulations, where the latter shows a signifi-
cantly larger size (719 + 593 nm vs. 411 + 125 nm) despite
similar ZP values (-7.8 + 1.8 mV and —7.3 + 0.1 mV for 20/100/
120 and 10/100/120, respectively). The intricate relationship
between nanoparticle surface chemistry and solution dynamics
means there is no straightforward linear correlation between
HA-DMPE content and hydrodynamic diameter.

Table 1 DLS and ZP studies|hydrodynamic diameter (d) and zeta
potential (ZP) values of HA-DMPE/BN-CNO/DOX formulations (5 pg
mL™ in deionised water). The hydrodynamic diameters represent a
number percentage distribution mean, and all values represent a mean
+ standard deviation of n > 3 measurements

HA-DMPE/BN CNO/DOX (wt%) d (nm) ZP (mV)

20/100/0 280 + 93 —13.6 + 1.2
20/100/120 411 +125 -7.8+1.8
10/100/0 483 + 169 ~15.2+1.0
10/100/120 719 + 593 —-7.3+0.1
5/100/0 300 + 104 -19.2+0.8
5/100/100 424 + 117 -10.4 0.2
0/100/100 200 + 49 —14.6 1.2

793 + 262
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The XPS survey spectrum of BN-CNOs (Fig. S4At) confirmed
the presence of boron (B 1s; 190 eV), carbon (C 1s; 284.5 eV),
nitrogen (N 1s; 398 €V), and oxygen (O 1s; 532 eV); these
elements were observed in all samples. Elemental analysis
(Table S1;t all samples) revealed that BN-CNOs contained
6.5% O, 4.1% N, and 3.7% B. The high-resolution core-level C
1s XPS spectrum of BN-CNOs is displayed in Fig. 1A and the
corresponding chemical states and percentage contributions
for BN-CNOs and all other samples for C 1s are detailed in
Table S2f for B 1s and Cl 2p in Table S3,f and for N 1s and O
1s in Table S4.1 The C 1s spectrum shows over 80% sp” C, the
majority of which is in the inner fullerene-like layers, which
are sp> in nature.*’ A small amount of C (6%) is sp® hybri-
dised, these are likely the atoms adjacent to defect sites con-
taining B/N/O. The rest of the carbon in the BN-CNOs is
bound to O and N, with a strong (9%) n-n* contribution con-
firming the presence of de-localised electrons within the
BN-CNOs. The B 1s spectrum of BN-CNOs reveals that the
highest proportion of B (49%) is bonded with O, followed by N
(34%), then C (17%). The absence of a n-n* shake-up satellite
adjacent to the B 1s and N 1s lines rules out hexagonal BN,*?
implying the B is evenly incorporated into the hexagonal CNO
lattice. The N 1s spectrum shows that the majority of the nitro-
gen (63%) is pyridinic in nature,*® whilst 31% of the nitrogen
is bonded to B, in the form of B-N-C bonds.** The remainder
of the N contribution is split between pyrrolic and graphitic
environments, which can be expected given the sp” lattice
structure of the BN-CNO surface. A discussion of the effects of
HA-DMPE functionalisation on the XPS spectra of the 20/100/0
sample can be found in the ESL{

Loading DOX further increases the complexity of the XPS
spectra, as can be seen in the case of the 20/100/120 wt%
HA-DMPE/BN-CNO/DOX sample. The survey spectrum and
elemental analysis of this sample (Fig. S4E and Table S1f)
confirm a 4.5% increase in O compared to DOX-free
HA-DMPE/BN-CNOs and the addition of a Cl 2p contribution
(199 eV, 0.5 at%) from the chloride counterion of the DOX
hydrochloride salt. A small Na 1s peak was observed at 1071
eV, this is from the sodium present in the PBS buffer used in
DOX functionalisation. The high-resolution core level C 1s
spectrum of the 20/100/120 wt% sample (Fig. 1C) exhibits
differential charging at 282.9 eV, possibly due to its insulating
properties. An 18% decrease in sp> carbon and a 4% decrease
in sp® carbon is observed upon loading DOX onto the
HA-DMPE/BN-CNOs. This corresponds to a 5% increase in C
bound to O/N from the C and O-containing groups in the DOX
and dilution from the differential charging feature. A 0.5%
increase in the n—n* contribution is observed, from the DOX
anthracycline backbone. A small (2.5%) B-B contribution at
188 eV was observed in the B 1s spectrum of the 20/100/120
sample. The rest of the B was present as B-C (13%), B-N
(51%), and B-O (33%), like the pristine BN-CNOs. The CI con-
tribution was split between Cl-Na (196.5 eV, 20%) and Cl-H
(198.3 €V/199.9 eV, 80%). The 20/100/120 N 1s spectrum dis-
plays a 36% reduction in N-B contribution compared to
HA-DMPE/BN-CNOs, with a pyridinic N peak at 398.2 eV

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 XPS studies | High-resolution core level XPS spectra of (A) BN-CNOs (top row; C 1s, B 1s, N 1s, and O 1s); (B) the 20/100/0 wt% HA-DMPE/
BN-CNO/DOX formulation (middle row; C 1s, B 1s, N 1s, and O 1s); and of (C) the 20/100/120 wt% HA-DMPE/BN-CNO/DOX formulation (bottom
row; C1s, B1s & Cl 2p, N 1s, and O 1s). Spectra include experimental data (grey, scatter) and the fitted peak deconvolution envelope (grey, line).

accounting for 18.1% of the N present. The majority (54%) of
the N is present as pyrrolic/NH, groups resulting from the
BN-CNOs themselves and the DOX, respectively. Whilst the
increased O content contributes to the solubility of the nano-
carrier, the primary amine groups can be easily protonated,
increasing the overall surface charge of the system. The
increased solubility of DOX upon protonation of this amine is
exploited for pH-triggered release. A 36% decrease in the
Ngraphiti/NH contribution is observed upon DOX loading,
owing to the extra NH, groups from the DOX. The O 1s spec-
trum of the 20/100/120 wt% formulation is similar to DOX-free
20/100/0 wt% formulation, with 16% and 8% increases in
O=C and O-C contributions diluting the O-C=O0 contribution
to 63%, this is due to the extra hydroxyl and carbonyl groups
of the DOX.

XPS survey spectra, elemental analysis, high-resolution C
1s, B 1s/Cl 2p, N 1s, and O 1s spectra, and contribution details
from high-resolution spectra for the 5/100/100 and 10/100/120
samples can be seen in Fig. S4, Table S1, Fig. S5 and Tables
S2-S4,1 respectively. Trends were observed in the changes of

This journal is © The Royal Society of Chemistry 2025

elemental composition with increasing HA-DMPE and DOX
content. O content increases with more DOX and HA-DMPE
being added, this affects the surface charge and drug release
kinetics of the nanocarrier. A sharp decrease in the ratio of
sp®/sp® C is seen with increased functionalisation, along with
a reduction in n-n* contribution.

Atomic force microscopy (AFM) was used to analyse both
BN-CNOs and the functionalised nanocarrier comprising
20/100/120 wt% HA-DMPE/BN-CNO/DOX to assess the impact
of functionalisation on particle size and aggregation.
Representative AFM micrographs are shown in (Fig. 2A and B)
with corresponding line profiles shown in (Fig. 2C and D). Size
distribution analysis has also been carried out over a series of
micrographs to assess the comprehensive nanoparticle size in
the bulk composition. Size distribution results are shown in
(Fig. 2E and F), and additional AFM micrographs are shown in
(Fig. S67)

The mean height of BN-CNOs from AFM analysis was 6.79 +
1.46 nm (n = 500). Their small size and low polydispersity
make them excellent nanocarrier scaffolds, as they are small
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Fig. 2 AFM, HRTEM and HAADF-STEM studies|AFM micrograph of (A)
BN-CNOs and (B) 20/100/120 wt% HA-DMPE/BN-CNO/DOX; their
respective line profiles (C & D); and their respective size distributions (E
& F). Electron microscopy studies depicting a HRTEM image of

BN-CNOs (G), and a HAADF-STEM image of the 20/100/120 wt%
HA-DMPE/BN-CNO/DOX formulation (H).

enough to enter cells.*>*® Functionalisation with HA-DMPE
and DOX at a wt% ratio of 20/100/120, the HA-DMPE/BN-CNO/
DOX nanocarrier resulted in an expected increase in mean
height, measured at 30.77 + 23.63 nm (n = 287). Whilst
examples of single functionalised BN-CNOs can be seen in the
AFM line profile of HA-DMPE/BN-CNO/DOX, the majority of
the nanocarrier consists of aggregates containing multiple
BN-CNOs held together by large chains of HA-DMPE.

The HRTEM image of BN-CNOs (Fig. 2G) highlights the mul-
tilayered structure of the material. As seen in the HAADF-STEM
image (Fig. 2H), the multilayered structure is retained in the 20/
100/120 wt% HA-DMPE/BN-CNO/DOX system.

3.3 DOX loading and release

The loaded DOX was quantified by UV-vis spectroscopy, and
the values are reported in Table 2. DLE, DLC, and DRE values
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Table 2 Drug loading and release studies|DLC, DLE, and DRE values of

noted HA-DMPE/BN-CNO/DOX wt% formulations. The values represent
a mean of triplicate independent experiments + standard deviation

HA-DMPE/

BN-CNO/DOX DLC DLE DRE@pH 7.4 DRE@pH 5.2
(wi%) wi%) (%) (%) (%)
20/100/120 36.6+1.4 573+14 6.7+0.6 84.0 £+ 4.8
10/100/120 36.0+14 51.3+1.7 7.7+0.3 37.7+£1.7
5/100/100 44,7 +0.5 92.0+1.5 4.8+1.0 48.3 + 8.4
0/100/100 48.7 0.0 96.7+0.9 5.6+0.5 14.0 + 0.8

were calculated as per eqn (1), (2) and (3), respectively. The
best DLC value achieved was 45% for the 5/100/100 wt%
HA-DMPE/BN-CNO/DOX formulation and 48% for the formu-
lation without HA-DMPE. These values are comparable to
other reported DOX/CNM systems, which typically range from
4% to 65%.” Moreover, the 20/100/120 system showed a DRE
value of 84%, which is favourable compared to many reported
systems where less than 50% of the drug is typically released.”

Formulations with low or no HA-DMPE content (5/100/100
and 0/100/100 wt%) exhibit higher DLC values of 45% and
48%, respectively, compared to those with higher HA-DMPE
content (20/100/120 and 10/100/120 wt%), which have DLCs of
37% and 36%. This inverse relationship suggests that the
HA-DMPE conjugate occupies the pores in the BN-CNOs,
leaving less space for DOX binding. The DRE values further
support this, showing a direct correlation between HA-DMPE
content and DRE—with the 20/100/120 formulation achieving
the highest DRE of 84%, highlighting the critical role of
HA-DMPE in promoting drug release. This demonstrates that
by fine-tuning the HA-DMPE wt% content in the HA-DMPE/
BN-CNO/DOX formulation, both DLC and DRE values can be
effectively customised.

Notably, the DRE values observed in this study were signifi-
cantly higher than those from our previous DOX/CNT/
HA-DMPE study (~20%).”” This difference is likely due to the
aforementioned filling of the BN-CNO pores by HA-DMPE, pre-
venting DOX from being encapsulated within the pores on the
BN-CNO surface. In contrast, encapsulation can often be the
case with CNTs.”” Consequently, in the HA-DMPE/BN-CNO/
DOX system, the DOX remains bound to the surface of the
BN-CNOs, making it more readily accessible for release.

The drug release behaviour of the various HA-DMPE/
BN-CNO/DOX formulations was assessed at both neutral (pH
7.4) and acidic (pH 5.2) conditions, the latter specifically to
evaluate the pH-controlled release imparted by the DOX in the
system. The cumulative DOX release profiles are reported in
Fig. 3 with the corresponding percentage release and standard
deviation values, based on triplicate measurements, provided
in Table S5.1 In addition to having the highest DRE, the 20/
100/120 wt% formulation displayed the largest difference in
released drug from pH 5.2 to pH 7.4, with a 12-fold increase
observed. To investigate whether the remaining bound DOX in
the 20/100/120 sample could be liberated in acidic conditions
by increasing release time, extended-release studies were per-
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Fig. 3 Drug release studies|Cumulative DOX release profiles over 72 h
for 20/100/120, 10/100/120, 5/100/100 and 0/100/100 wt% formu-
lations of the HA-DMPE/BN-CNO/DOX nanocarrier in (A) pH 7.4 buffer
(0.01 M PBS), and (B) pH 5.2 buffer (0.01 M sodium acetate). The region
marked in grey for the pH 7.4 and pH 5.2 release profiles have been
zoomed in (C) & (D), respectively.

formed with 96 h and 120 h time points (Fig. S77). All the for-
mulations had delayed drug release, which improves the
efficacy of the DOX by controlling its kinetic profile. The
HA-DMPE-containing formulations displayed an initial DOX
burst release within the first 6 h at pH 5.2, this serves to
rapidly achieve effective therapeutic concentration of the drug
in the target tissue. A slow, sustained release of DOX is then
observed for the remaining time points, which could maintain
an effective drug concentration in the target tissue. This could
prevent efflux of excess DOX from cells, thereby improving its
efficacy whilst reducing potential side effects. The concen-
tration of DOX released can be customised by controlling the
amount added during loading.

3.4 Invitro tests

Three representative cell lines were chosen, namely MCF-7,
MDA-MB-468, and MDA-MB-231. Both MDA-MB cell lines were
selected to model late-stage, DOX-resistant triple-negative
breast cancer (TNBC), and their flow cytometry results
(Fig. S87) confirmed high CD44 receptor expression in both
lines (76.1% and 89.3%, respectively). MCF-7 cells were chosen
to represent DOX-sensitive breast cancer and were found to
express only small amounts of CD44 (2.4%).

The toxicity of the blank (no drug loaded) nanocarrier (20/
100 wt% HA-DMPE/BN-CNO) was tested in the three represen-
tative cell lines at 24, 48, and 72 h. The cell viability results
(Fig. 4A) show that in all cell lines, viability was at least 75%
up to a concentration of 15 pg mL ™" at 72 h, meaning the
DOX-free nanocarrier was non-cytotoxic. There were, however,
significant differences between the blank and nanocarrier
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results, particularly in the MDA-MB cell lines. For example, the
viability at 72 h went from 100% (blank) to 81% and 75% for
the highest concentration point for MDA-MB-468 and
MDA-MB-231, respectively. This could be due to the significant
expression of CD44 in both cell lines.

These cytotoxicity results are comparable to our previously
published studies on pristine CNOs non-covalently modified
with HA-DMPE,*® as well as CNOs covalently functionalised
with a hyaluronic acid through a diamino-PEG linker.*®

In this study, Caelyx® was used as a standard for compari-
son in the DOX uptake and anticancer activity assays. To deter-
mine the role of CD44 in the nanocarrier’s efficacy, two com-
petitive co-incubations were performed, CA (100-fold excess of
HA) and CB (CD44 blocking antibody).

In MCF-7 cells with low cell-surface CD44-receptor
expression (2.4% positive cells), there was very little difference
in uptake from straight drug compared to nanocarrier formu-
lation, with only the 1 pM equivalent DOX concentration point
showing any significant difference at 24 h. In this case, both
the 10/100/120 and 20/100/120 wt% HA-DMPE/BN-CNO/DOX
formulations outperformed DOX alone (by over 25%) and
Caelyx® (by over 35%).

As for the MDA-MB-468 cell line, which has a relatively high
cell-surface CD44 expression (76.1% positive cells), the 20/100/
120 formulation outperformed DOX at the 1 uM concentration
point by 27%, and it beat both DOX and Caelyx® at 10 pM
equivalent DOX concentration by 39% and 31%, respectively.
The most significant improvement in DOX uptake was seen in
the highly CD44-expressing MDA-MB-231 cell line (89.3%
CD44 positive cells), with the 20/100/120, 10/100/120, and 5/
100/100 formulations surpassing DOX at the 10 nM concen-
tration point by 32%, 47%, and 64%, respectively. The same
three nanocarriers also outperformed Caelyx® at 100 nM and
1 uM equivalent DOX concentration. At the highest concen-
tration point, the 20/100/120 and 10/100/120 wt% formulations
also exceeded both DOX and Caelyx®. The 20/100/120 formu-
lation performed best from a DOX uptake standpoint, impart-
ing over two times the intracellular DOX concentration com-
pared to the drug alone and Caelyx®. Fig. S91 also shows sig-
nificant uptake improvements over DOX and Caelyx® at 1, 3,
and 6 h with various formulations. The addition of CA (co-
incubation with competitor) and CB (co-incubation with
inhibitor) vastly reduced DOX uptake in the two CD44-expres-
sing MDA-MB cell lines compared to 20/100/120 alone, whilst
no significant differences were observed in the MCF-7 cells.
For example, DOX uptake at the highest concentration point
for the 20/100/120 system was reduced from 1.64 nmol mg™*
protein to 0.49 (CA) and 0.48 nmol mg ™" protein (CB), proving
that the nanocarrier is targeting this receptor and it is essen-
tial for HA-DMPE/BN-CNO/DOX uptake.

As for the anticancer effects of the nanocarrier, Fig. 4C
reveals no significant differences observed between DOX and
nanocarrier at 72 h in MCF-7 cells, even with CA and CB,
further highlighting the role of the CD44 receptor. In the
MDA-MB-468 cell line, the 20/100/120 formulation reduced cell
viability to 72% at the 100 nM concentration, whereas DOX
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Fig. 4 MCF-7, MDA-MB-468, and MDA-MB-231 cellular uptake and viability|Representative in vitro studies, where (A) is MCF-7, MDA-MB-468, and
MDA-MB-231 cell viability with varying concentrations of 20/100/0 DOX-free HA-DMPE/BN-CNO system at 24, 48, and 72 h; control studies
('CTRL’) are included in all experiments but are only shown here for clarity. (B) Shows cellular uptake studies in MCF-7, MDA-MB-468, and
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(C) shows MCF-7, MDA-MB-468, and MDA-MB-231 cell viability at 72 h with DOX, Caelyx®, and varying HA-DMPE/BN-CNO/DOX formulations at a
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°°p < 0.001 vs. Caelyx®. Competitive co-incubations with excess HA or anti-CD44 blocking antibodies are labelled as CA and CB, respectively.

reduced it to 85%. At both 1 uM and 10 pM, the 20/100/120
and 10/100/120 formulations imparted significant decreases in
cell viability compared to DOX and Caelyx®, with the most
concentrated 20/100/120 formulation reducing cell viability to
48%, compared to 78% for DOX and 73% for Caelyx®. Again,
the most potent anticancer effects were seen in the
MDA-MB-231 cell line.

At 1 pM equivalent DOX concentration, all the formulations
displayed significant increases in efficacy compared to DOX
and Caelyx®, whilst at 10 pM, all the HA-DMPE-containing for-
mulations surpassed DOX and Caelyx®. The 20/100/120 formu-

12118 | Nanoscale, 2025, 17, 12108-12123

lation reduced cell viability to 44%, almost half that of DOX
alone (76%) and Caelyx® (74%). The addition of CA and CB
significantly increased the viability of the MDA-MB cells,
whilst minor differences were observed in the MCF-7 cell line;
this further highlights the essential role of the CD44 receptor.

The 20/100/120 formulation provided the best uptake and
anticancer viability in CD44 expressing cells, particularly in
the MDA-MB-231 line at 72 h and 10 pM equivalent DOX con-
centration. Significant antiproliferative improvements over
DOX and Caelyx® were also seen at the shorter incubation
times of 24 and 48 h (Fig. S10A and Bf).

This journal is © The Royal Society of Chemistry 2025
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To further capture the antiproliferative effects of the best-
performing system, viability assays for DOX alone and the 20/
100/120 wt% formulation (with and without competitive co-
incubation) were extended to 96 h and 120 h (Fig. S10C and
D). A significant decrease in viability compared to DOX alone
was seen in both MDA-MB cell lines, with MDA-MB-231 cell
viability being reduced to just 9% at 10 pM equivalent DOX
concentration at 120 h compared to 32% with DOX. Compared
to our previous DOX/CNT/HA-DMPE study, the HA-DMPE/
BN-CNO/DOX shows significantly improved efficacy compared
to the DOX control.>”

The reduced cell viability was likely attributable to cell
necrosis, as indicated by the dose- and time-dependent
increase in extracellular LDH. This trend followed the decrease
in cell viability induced by DOX, Caelyx®, and the 20/100/120,
10/100/120, and 5/100/100 formulations, with the 20/100/
120 wt% formulation surpassing the others (Fig. S11A-Ef).
Also, necrotic cell death was abrogated by co-incubating the
20/100/120 wt% formulation with an excess of HA or blocking
anti-CD44 antibody (Fig. S11A-E¥), supporting the hypothesis
that the increased cytotoxicity was driven by CD44-mediated
endocytosis and resulted from the necrotic action of DOX, the
typical mode of cell death elicited by the drug in responsive
cells.*®

Targeting CD44 in TNBC has recently emerged as a promis-
ing approach to improve the delivery of DOX in this aggressive
tumour. For instance, HA-conjugated photoactivable DOX-
loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles
(PLGA) nanoparticles (NPs) have successfully increased the
drug delivery and the cytotoxic potential against 2D and 3D
TNBC cells.** Whilst this study achieved a high DLC, their
DRE was less than our system’s, releasing 42% of bound DOX
in 45 h. Similarly, PLGA NPs were used to co-deliver DOX and
a prodrug of thymoquinone, which reduces the efflux of DOX
via P-glycoprotein in TNBC,>° overcoming the strong chemore-
sistance often associated with this type of tumour. Whilst high
DRE (~100%, 80 h), their DLC was low at 14%. HA-conjugated,
poly(ethylenimine)-made NPs have proved their efficacy also
when co-loaded with DOX and the FBXO44 CRISPR-KO vector
specifically targeting TNBC cancer stem cells in vitro and in
xenografts.”’ Utilising a dual pH/redox(glutathione) triggered
drug release, Wang et al. achieved a DRE of 60% and DLC of
14%, both lower than that of our HA-DMPE/BN-CNO/DOX
system.

Nanodiamonds (NDs) modified with protamine sulphate
and decorated with HA on the outer surface were also loaded
with DOX, co-encapsulated with the photosensitiser indocya-
nine green and the HSP70 small molecule inhibitor apopto-
zole: these NDs performed better than free DOX when tested
against MDA-MB-231 cells subjected to photothermal treat-
ments.>® Although the co-delivery of multiple drugs is very
attractive in oncological-based nanomedicine, it presents a
level of complexity and possible undesired drug-drug inter-
action that may lead to unexpected toxicities or decreased
efficacy of DOX in humans. Our system, including biocompati-
ble carbon-based NPs, DOX and HA as key components, sim-
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plifies the NPs production and limits the possible occurrence
of side effects, increasing at the same time DOX efficacy over
the current standard of treatment Caelyx®.

As previously mentioned, cardiotoxicity—primarily driven
by apoptosis-mediated cardiomyocyte death and oxidative
stress—is a limiting factor in DOX treatments and often
increases cancer patient mortality.® Indeed, a very recent paper
proposed a co-delivery of DOX and cardioprotective agent
Saikosaponin A with HA-modified zeolitic imidazolate frame-
work-8 (ZIF-8) nanoparticles that successfully reduced TNBC
growth and promotes cardioprotection in Balb/C mice with the
murine TNBC 4T1 model.*> To investigate the ability of
HA-DMPE/BN-CNO/DOX to reduce the side effect profile of
DOX, cell uptake and viability studies were carried out on
AC16 human cardiomyocytes. Cell uptake studies have been
carried out at 1, 3, 6 h (Fig. S12A¥), and 24 h (Fig. 5A), and cell
viability studies have been carried out at 24, 48 h (Fig. S12B¥),
and 72 h (Fig. 5B). LDH release studies were also carried out in
AC16 at 24, 48 and 72 h (Fig. S137).

The AC16 uptake of the 20/100/120 formulation at 24 h and
the highest concentration tested was almost 70% lower than
DOX, with no significant differences compared to Caelyx®. At
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Fig. 5 Human cardiomyocyte studies|AC16 24 h cell uptake (A) and
72 h cell viability (B) with varying concentrations of DOX, Caelyx®, and
the 20/100/120 wt% HA-DMPE/BN-CNO/DOX formulation. Statistical
significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001 vs. DOX,
and °p < 0.05, °°p < 0.01, °°°p < 0.001 vs. Caelyx®.
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72 h and 10 pM equivalent DOX concentration, the AC16 cell
viability was 44% higher for the 20/100/120 wt% formulation.
Similarly, cell viability for 20/100/120 was significantly higher
than DOX for 10 nM, for 1 nM it was comparable to DOX.
Although the 20/100/120 cell viability was slightly lower than
Caelyx®, the HA-DMPE/BN-CNO/DOX nanocarrier significantly
reduces DOX-induced toxicity in human cardiomyocytes
(Fig. 5B). This is likely due to AC16 not-expressing the CD44
receptor.®*

Moreover, LDH release in the AC16 cell line was signifi-
cantly lower with the 20/100/120 wt% formulation compared
to DOX (Fig. S131). Notably, this reduction was comparable to
that observed with Caelyx®, highlighting the reduced side
effect profile of our nanocarrier.

3.5 Principal component analysis (PCA)

To determine the effects of varying HA-DMPE content on drug
loading and release parameters, principal component analysis
(PCA) was performed. The variables are visualised in the biplot
in Fig. 6. Two components (PC1 and PC2) were found to
account for the majority (96.72%) of variance. Apart from an
outlier at the 5% HA-DMPE level, the replicates can be
grouped into tight clusters, highlighting the reproducibility of
the DOX loading/release procedure. The angle between the
DLE and DLC vectors is small, meaning they are closely associ-
ated; they also have a strong correlation with the most signifi-
cant component (PC1), which is primarily a measure of how
much DOX is on the nanocarrier. PC1 has a weak negative cor-
relation with pH 5.2 and pH 7.4 DRE, meaning that increasing
the amount of DOX on the nanoparticle makes it harder to
release all the bound drug.

PC2 accounts for 21.86% of the variance and has a minimal
correlation with DLE and DLC. It has a strong positive corre-
lation with DRE at pH 5.2 and a strong negative correlation with
pH 7.4 DRE, meaning it primarily measures the effectiveness of
the pH-triggered release mechanism. PC2 also correlates with

HA-DMPE (wt%)
27 e o5
g . ©10 0
8 1{ e pH 5.2 DRE °
g * 5
S DLE
© DLC
@
S 4] @ pH 7.4 DRE
o )
O
a

_2 p

-2 -1 0 1 2
PC1 (74.86 % variance)

Fig. 6 Principal component analysis|Two-dimensional principal com-
ponent analysis biplot; line length represents the loading of each vari-
able and the angles between lines represent their correlation.
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HA-DMPE content, this suggests that in future studies a higher
ratio of HA-DMPE could be used to further improve DOX
release. The downside to this is that more HA-DMPE means less
space on the BN-CNO surface is available for DOX binding,
therefore in future studies the amount of HA-DMPE should be
finely tuned to optimise these parameters.

4. Conclusions

In conclusion, a pH-responsive, CD44-targeted DOX nano-
carrier system for the treatment of triple-negative breast cancer
has been developed. The system consists of a HA-DMPE conju-
gate non-covalently bound to BN-CNOs and then loaded with
DOX. As the three-component HA-DMPE/BN-CNO/DOX nano-
carrier can be formulated at different wt% ratios, we have pre-
pared and evaluated a range of formulations of varying ratios.
The nanocarriers were characterised by DLS, ZP, AFM,
HRTEM, XPS, FTIR, and UV-vis.

A key finding of this study is that by fine-tuning the wt%
ratio of HA-DMPE/BN-CNO/DOX in the formulation, we can
optimise therapeutic outcomes. For instance, by adjusting the
content of the HA-DMPE component—a bioconjugate
designed for targeted drug delivery and improved dispersion
of carbon nanomaterials—we observed that we can impart
control over both DLC and DRE, as observed in the higher
drug release efficiency with increased HA-DMPE content and
the inverse relationship between HA-DMPE levels and drug
loading capacity. This underscores the potential to optimise
therapeutic outcomes by adjusting the HA-DMPE/BN-CNO/
DOX formulation wt% composition.

With respect to drug release efficiency, of the various for-
mulations produced, the 20/100/120 wt% HA-DMPE/BN-CNO/
DOX ratio was found to have the best drug release efficiency,
with 84% of bound drug released after 72 h and a drug
loading content of 37%.

In vitro studies were carried out on the DOX-free and DOX-
loaded HA-DMPE/BN-CNO/DOX nanocarrier to evaluate their
cellular viability, uptake and therapeutic efficacy. The cyto-
toxicity of the DOX-free nanocarrier was tested in MCF-7,
MDA-MB-468, and MDA-MB-231 cell lines, and based on the
results it was found to be biocompatible.

The cellular uptake of various HA-DMPE/BN-CNO/DOX for-
mulations was compared to DOX alone and to the liposomal
DOX formulation Caelyx®. The 20/100/120 formulation signifi-
cantly increased DOX uptake and cytotoxic efficacy compared
to the drug alone and Caelyx® in both highly CD44-expressing
cell lines (MDA-MB-468 and MDA-MB-231).

The role of CD44 in the enhanced uptake of the HA-DMPE-
containing formulations was confirmed through competition
and inhibition assays with the 20/100/120 wt% formulation.
Co-incubation with an excess of HA as a competitor (CA) or an
anti-CD44 blocking antibody as an inhibitor (CB) significantly
reduced uptake in the highly CD44-expressing MDA-MB-468
and MDA-MB-231 cells, while having minimal effect in the low
CD44-expressing MCF-7 cells. The cell viability studies mir-
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rored these findings, showing that the DOX-loaded 20/100/
120 wt% formulation had minimal effect on viability when CA
or CB was added. Moreover, the cytotoxic efficacy of the DOX-
loaded formulations increased in proportion to their wt%
HA-DMPE content.

Notably, the cellular uptake and cytotoxicity of the nano-
carrier system in AC16 human cardiomyocytes showed signifi-
cant improvements over DOX and were comparable to
Caelyx®. At the highest concentration tested, uptake of the 20/
100/120 wt% formulation was nearly 70% lower than DOX,
while at 72 h, cell viability was 44% higher than with DOX,
demonstrating a considerable reduction in cardiotoxicity.

In summary, this study demonstrates the development of a
pH-responsive, CD44-targeted HA-DMPE/BN-CNO/DOX nano-
carrier for the treatment of triple-negative breast cancer (TNBC).
Through careful optimisation of the HA-DMPE/BN-CNO/DOX
wt% ratios, the 20/100/120 formulation exhibited superior drug
release efficiency, enhanced cellular uptake, and increased cyto-
toxic efficacy compared to DOX alone and Caelyx®, particularly in
highly CD44-expressing cancer cells. Selectivity towards CD44-
expressing cells was confirmed through competition and inhi-
bition assays. Importantly, the nanocarrier also demonstrated a
reduced cardiotoxicity profile in human cardiomyocytes compared
to DOX alone. Future work will focus on elucidating the mecha-
nism of TNBC cell death, which could aid our understanding of
how the nanocarrier overcomes DOX resistance, and further opti-
mising the formulation to enhance therapeutic outcomes.
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AFM Atomic force microscopy

BN-CNO Boron/nitrogen doped carbon nano-onion
CNM Carbon nanomaterial

CNT Carbon nanotube

CA Co-incubation with CD44 competitor

CB Co-incubation with CD44 inhibitor

DOX Doxorubicin

DLC Drug loading content
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DLE Drug loading efficiency

DRE Drug release efficiency

DLS Dynamic light scattering

HAADF-STEM High-angle annular dark-field scanning trans-
mission electron microscopy

HRTEM High-resolution transmission electron
microscopy

HA-DMPE Hyaluronic  acid-1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine

PBS Phosphate-buffered saline

TNBC Triple-negative breast cancer

XPS X-ray photoelectron spectroscopy.
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