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Early detection of cancer plays a significant role in the effective prognosis, treatment regimen planning, and

patient recovery. The aim of this study was to combine a near-infrared (NIR) contrast agent, a magnetic

resonance imaging (MRI) contrast agent and a therapeutic agent in an all-in-one nanosystem. In

particular, owing to their excellent properties, FesO, magnetic nanoparticles (an MRI contrast agent),

CdTe quantum dots (an NIR optical fluorescence agent), and curcumin (an anticancer drug) were

incorporated in the nanosystem using carboxymethyl chitosan as the coating polymer. The nanosystem

was characterized using DLS, zeta potential analysis,

Fourier transform infrared spectroscopy,

fluorescence spectroscopy, EDX analysis and TEM analysis. The nanoparticles exhibited average sizes
ranging from 100 nm to 170 nm in DI water, PBS and DMEM, with zeta potential in the range of —40 to

—64 mV, indicating good stability. The nanoplatform demonstrated potential as a positive MRI contrast
agent, exhibiting an r, relaxivity of 78.33 mM~t s7t and an r»/r; ratio of 470.95 =+ 15.11 at 7 T, attributed
to second-sphere water interactions. The multifunctional nanoplatform showed great in vitro stability
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and drug encapsulation over two-month period. The MR and NIR optical imaging efficiencies were

evaluated in vitro and in vivo on CT26-bearing mice. The ex vivo signal acquisition was also studied for
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1. Introduction

Cancer remains one of the leading causes of death in the world.*
Early detection of cancer is a keystone for effective patient
prognosis and faster recovery. Precise determination of the
location and size of tumors can facilitate the treatment regimen
and minimize damage to healthy tissues.” The current imaging
techniques for cancer detection include magnetic resonance
imaging (MRI), computed tomography (CT), ultrasonography,
positron emission tomography, and near-infrared (NIR) fluores-
cence.* Each imaging modality possesses its own unique
strengths and limitations; consequently, research on nano-
theranostics is focused on integrating multiple nanoprobes to
capitalize on their complementary advantages, aiming to achieve
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the tumor, liver, spleen, lung and kidney in the mouse model. Results demonstrated the potential of the
prepared multifunctional nanosystem in dual optical MR imaging and passive drug delivery applications.

more accurate and reliable diagnostic outcomes.* Dual-modal
optical-magnetic imaging, which synergistically combines the
high sensitivity of optical imaging with the superior spatial
resolution of magnetic resonance imaging (MRI), enables precise
early detection of tumors and facilitates comprehensive quanti-
tative analysis of pathophysiological processes in vivo.>”
Optical imaging has emerged as a powerful tool in biological
research, providing valuable insights both in vitro and in vivo.®®
Its primary advantages include high sensitivity, rapid image
acquisition, relatively low cost, portability, absence of ionizing
radiation, and the capability to provide multiplex fluorescent
signals simultaneously.’ Nonetheless, in vivo fluorescence
monitoring of biomaterials often produces diffuse signals,
making it challenging to accurately determine the implant
volume or precise anatomical localization. Fluorescence
imaging (FLI) provides important information regarding the
distribution and bioresorption of the labeled degradation
products that are released from the implant. In contrast, MRI
enables pinpointing the precise in vivo anatomical location,
including its 3D shape and volume. In recent years, MRI has
become one of the most versatile techniques for detailed visu-
alization of internal body organs. The incorporation of contrast
agents for MRI provides spatial resolution comparable to that of
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computed tomography (CT) while yielding superior contrast
resolution.” Furthermore, recent studies have demonstrated
the utility of bimodal imaging, combining MRI and fluorescent
labeling, to effectively track cells and proteins during oncology
diagnosis.”>*® Yang et al. reported the synthesis of Fe;O, and
PdS/CdS quantum dots in a multifunctional therapeutic and
diagnostic nanoplatform for deep-tissue bimodal imaging."”

Quantum dots (QDs) are a family of semiconductor fluores-
cent nanocrystals that possess high quantum yields and
demonstrate excellent photo- and bio-stability compared with
organic fluorescent dyes, making them promising imaging
agents [6-8]. Owing to their bright emission, adjustable wave-
lengths, and biocompatibility, quantum dots are particularly
effective for near-infrared (NIR) optical imaging. Their small
size and long-lasting fluorescence make them valuable for pre-
clinical imaging and clinical applications. Additionally, surface
modifications allow QDs to be targeted toward specific tissues
or cells, providing detailed visualization of biological processes.

Magnetic nanoparticles (MNP) have been extensively utilized
in biomedical applications, notably as contrast agents in
magnetic resonance imaging (MRI) and magnetic hyperthermia
therapy.'®* They possess numerous favorable characteristics,
including biocompatibility, biodegradability, and versatility for
functionalization.?® In MRI, MNP enhances the image contrast
by substantially decreasing the transverse relaxation time (T2)
of water protons within tissues in the tumors, liver, or spleen,
and has been implemented in clinical practices.*® However,
conventional MNP are constrained in oncology-related appli-
cations due to their relatively large hydrodynamic size (typically
exceeding 100 nm) and tendency for magnetic aggregation,
leading to rapid removal by macrophages in the liver and
spleen.”* To overcome these limitations, various surface modi-
fication strategies have been developed to prolong systemic
circulation time and enhance contrast in MRI.

In this study, our focus was on preparing a stable nano-
system containing curcumin as a therapeutic agent and not
particularly on developing novel nanomaterials; MNP as the
MRI contrast agent and QDs as the NIR optical fluorescence
agent. The bimodal imaging applications, namely MR imaging
and NIR optical imaging, as well as drug release, will be eval-
uated. Fe;O, magnetic nanoparticles and CdTe quantum dots
were incorporated into an ultimate system. Carboxymethyl
chitosan (CMCS) was used as the coating polymer on account of
its biocompatibility, and aqueous solubility. Being non-toxic,
anti-cancerous, anti-bacterial, and anti-inflammatory,* curcu-
min (Cur) was chosen as a therapeutic agent in the multimodal
nanoconjugate. By integrating these components, the study
aims to enhance the efficiency of passive targeted delivery, MR
and NIR optical imaging for biodistribution and early tumor
detection, as well as to overcome current challenges in nano-
particle drug delivery systems.

2. Materials and method
2.1 Materials

Ferric chloride hexahydrate (FeCls-6H,0, 97%), ferrous chlo-
ride tetrahydrate (FeCl,-4H,O, 98%), ammonia (NHj3),
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hydrochloric acid (HCI), curcumin (Cur), cadmium bromide
(CdBr,, 99%), and mercaptosuccinic acid (MSA, 99%) were
purchased from Aldrich. Carboxymethyl chitosan (CMCS) with
80% decarboxylation, sodium borohydride (NaBH,, 99%),
tellurium powder (Te, 99.8%), and phosphate buffered saline
(PBS, pH 7.4), Dulbecco's modified Eagle medium (DMEM),
fetal bovine serum (FBS) were purchased from Merck. Other
chemicals were of HPLC grade. Distilled water was used
throughout all experiments.

2.2 Methods

2.2.1 Fabrication of nanoparticles. Magnetic nanoparticles
(MNP) were synthesized following a previously reported
method.* In summary, iron(in) and iron(n) ions, in a 2 : 1 molar
ratio, were dissolved in a 2 M HCI solution. The solution was
transferred into a nitrogen-purged flask. Subsequently, a 2 M
ammonium hydroxide solution was added dropwise under
continuous magnetic stirring until the pH reached 11. The
reaction mixture was then allowed to proceed for 30 minutes at
70 °C. The resulting MNP nanoparticles were washed three
times with water and collected by magnetic separation.

CdTe quantum dots (QDs) were synthesized according to
a previously published procedure.”® Briefly, Te powder and
NaBH, (with a determined amount) were mixed and degassed
under a nitrogen atmosphere in 30 minutes. Next, 2 mL of
degassed distilled water was slowly added, and the mixture was
ultrasonicated for 30 minutes. The temperature was maintained
at 120 °C throughout the reaction, resulting in the formation of
a NaHTe solution. The freshly prepared 0.625 M NaHTe solu-
tion was then rapidly added to a mixture of CdBr, and MSA
(molar ratio of 1:1.5) under a nitrogen atmosphere at room
temperature. The formation of CdTe QDs was evidenced by the
color transition from red to golden yellow.

The as-synthesized MNP and CdTe (at the molar ratio of
10 : 1) were added dropwise to 4 mg mL~" of a CMCS solution.
The mixture was then ultrasonicated for 1 h and stirred for 24 h
to form coated magnetic-fluorescent nanoparticles denoted as
CMCS-MNP-QDs (C1). The emulsion solvent evaporation
method was used to encapsulate Cur onto the CMCS-MNP-QDs
nanoparticles as reported in our previous studies.*® First,
a curcumin solution was prepared in ethanol. The obtained Cur
solution was then slowly added to the CMCS-MNP-QDs
suspension under vigorous stirring. The reaction was allowed
to complete in 24 h in a closed flask. Ethanol was then evapo-
rated by vacuum evaporation and the final product of CMCS-
MNP-QDs-Cur (C3) was achieved. For comparison purposes,
two additional samples were prepared, containing two compo-
nents, namely CMCS-MNP-Cur (C2) and CMCS-QDs-Cur (C4).
The concentrations of each component were kept constant in all
samples: specifically, 2 mg mL~" for MNP, 1 mg mg~" for cur-
cumin and 0.2 mg mL~" for QDs.

2.2.2 Characterization of nanoparticles. Fourier transform
infrared spectroscopy (FTIR, SHIMADZU spectrophotometer)
using KBr pellets in the wave number region of 400-4000 cm™*
was used to characterize the molecular structure of the nano-
systems. Transmission electron microscopy TEM (JEM 1010)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and field emission scanning electron microscopy FeSEM
(Hitachi S-4800) were used to investigate the particle size and
surface morphology of the materials. The FeSEM technique was
also used to confirm the elemental compositions of the samples
by energy dispersive X-ray spectroscopic (EDX) analysis. The
hydrodynamic size, polydispersity index (PDI), and zeta-
potential of the nanoparticle dispersions were determined
using a Nano-ZS 90 instrument (Malvern Panalytical, UK). The
samples were moderately diluted before testing. The optical
properties of the nanoparticles were determined using UV-vis
spectroscopy (UV-vis Aligent 8453) and fluorescence spectros-
copy (iHR550 (Horiba) spectrometer with an excitation source of
a 405 nm diode laser).

2.2.3 In vitro stability. The stability of all formulations in
PBS and DMEM media was tested over a two-month period
using DLS. The drug encapsulation efficiencies (EE) of three
NPs were quantified. After centrifuging at 30000 rpm for
15 min, the supernatant of the NPs solution was collected and
analyzed using HPLC (UV detector of DAD wavelength 425 nm).
The test was performed three times, followed by calculating the
EE according to the equation below:

loaded curcumin

EE(%) = 100

8 X
total curcumin used

2.2.4 In vitro curcumin release. In vitro curcumin release
from C3 NPs was determined using the dialysis method. Briefly,
a 1.0 mL suspension of C3 NPs was placed in a dialysis bag with
a 6-kD cutoff, then immersed in 10 mL of PBS containing 1% (w/
v) Tween-80 as the release medium and incubated at 37 °C with
stirring at 100 rpm. The drug release profile was evaluated in
PBS at three different pH levels (7.4, 6.5 and 5.5). Moreover, to
determine the impact of the conditioned medium from
cultured colon cancer cells, the in vitro release of curcumin was
measured when C3 NPs were incubated in the supernatant of
the CT-26 cell conditioned medium (CM-CT26) to mimic the
components of the tumor microenvironment. The release
kinetics was compared to those determined in control media
(Dulbecco's modified Eagle medium; DMEM and fetal bovine
serum; FBS). 1 mL of the sample was replaced with a fresh
medium at specified intervals (3, 6, 9, 12, 24, 48, 72, and 96 h),
and the concentration of curcumin in the supernatant was
measured using HPLC after centrifugation at 17 000 x g for
10 min. The release profile of curcumin from free curcumin or
C3 NPs was calculated according to the formula:

Cur release(%)
- (1 -

2.2.5 In vitro MR imaging and relaxivity measurements.
The NPs solutions were prepared by adding four different
concentrations of Fe, approximately 0.1, 0.2, 0.3, and 0.5 mM, to
the agarose 1% solution. Agarose 1% was used as the control
sample. 200 pL of each NP solution was filled in an Eppendorf
tube and a 7 T MR imaging vertical spectrometer fitted with an

(amount of curcumin in C3 NPs at time point) 100
(initial amount of curcumin in C3 NPs)
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ultra-shielded refrigerated magnet (300 WB, Bruker, Avance II,
Wissembourg, France) was used for in vitro MR imaging. A RF
quadrature birdcage coil with an internal diameter of 40 mm
(Bruker) and an active shielded gradient channel of 200 mT m ™"
was used for the measurement. A multi-slice multi-echo T1 and
T2 map was performed for all the samples. The Paravision 5.1
software allowed the acquisitions with the following parame-
ters: for T1 mapping: repetition time (TR) = 3000 ms; echo time
(TE) = 24 ms, and for T2 mapping: TR = 15 000 ms and TE = 44
ms. For both T1- and T2-mappings, the matrix size = 128 x 64,
the field of view = 3.17 x 3.0 cm?, flip angle = 180°, and slice
thickness = 1.5 mm were used. The mean and standard devia-
tions for T1 and T2 of each phantom were calculated over
aregion of interest (ROI) placed in the centre of each phantom.
The r; and r, relaxivity values were calculated from the slope of
the inverse of the longitudinal relaxation time (1/T1) and the
transversal relaxation time (1/T2), respectively, versus concen-
tration plots of Fe concentration.

2.2.6 Optimization of near-infrared fluorescence optical
imaging. In vitro fluorescence imaging was performed using the
French Biospace Lab optical imaging system, and PHOTON
IMAGER OPTIMA optical imaging system software was used for
the analysis. A NIR excitation (A.x)/emission (A.y) filter set was
used in our experiments with various excitation and emission
wavelengths corresponding to curcumin (e, = 412, 437,
462 nM; Aep, = 497, 522, 547, 572 nm) and QDs (A = 487, 512,
537 nm; Ay = 672, 697, 722, 747 nm). The collected images
were processed uniformly, and the number of photons per
second per centimeter square per steradian (ph s~ em 2 sr™ %)
was used for the analysis. The ROI was delineated, and the
average fluorescence intensity value was measured. For the
different ROIs, mean radiance was calculated using the M3
vision software (BioSpace Lab, France). All measured values are
expressed as the mean + standard deviation. The collected
measurement values were tested for normality. Two indepen-
dent sample t-tests were used for statistical analysis when they
were in line with a normal distribution (p < 0.05 was statistically
significant). To clarify the NPs contrast, the region of interest
was delineated, the average fluorescence intensities of the NPs
(C) and the background (C,) were collected, and the ratio of NPs
divided by the background (radiance enhancement ratio) was
used to express the NPs-background contrast, and the agarose
1% was selected as the background.

2.2.7 Invivo MRI experiments. Studies were carried out on
Balb/C female normal mice (Janvier, St. Genest de Lisle,
France). Animal experiments were conducted according to
European and national guidelines and were approved by the
institutional ethics committee (CEEA34.JS.142.1).

MRI acquisitions were conducted on a 7 T vertical spec-
trometer equipped with an ultra-shielded refrigerated magnet
(300 WB, Bruker, Avance II, Wissembourg, France) and an RF
birdcage coil with a 40 mm inner diameter (Bruker), along with
a nominal 200 mT m™" actively shielded gradient coil. Mice
were anaesthetised with gaseous isoflurane at 1.5% in an air/O,
mixture at 0.5 L min™"' and 0.2 L min™', respectively. The
respiration rate was monitored throughout the procedure,
along with the temperature in the cradle. To monitor the NPs'

RSC Adv, 2025, 15, 21269-21283 | 21271


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03379a

Open Access Article. Published on 23 June 2025. Downloaded on 6/12/2026 4:04:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

passive targeting, T2*weighted MRI images were obtained
using a fast low-angle shot (FLASH) sequence 4 hours post-
injection (dosage of NPs: 15 mg kg™ ). Whole-body imaging of
the mice was performed using the following parameters: FLASH
images employing a Hermitian pulse, echo time (TE) = 5 ms,
repetition time (TR) = 350 ms, and a flip angle of 40°, triggered
by respiration. A field of view of 3 x 3 cm?, matrix size of 256 x
256 corresponding to 117 um x 117 pm in-plane resolution,
and 23 to 26 slices with a thickness of 1 mm were utilised,
resulting in an acquisition time of approximately 6 minutes. All
MRI data were transferred to and analysed on a computer
equipped with MRI-specific software (ParaVision version 5.1).
All images were captured at the same depth to facilitate the
comparison of NPs-mediated darkening. The animals were then
sacrificed.

For data processing, the MRI image of each slice was opened
in Image] software (National Institutes of Health, Bethesda)
using the BrukerOpener plugin, and the ROI corresponding to
the tumor was drawn. The pixel intensity distributions were
obtained for each slice of the tumor and then compiled using
MATLAB software (R2023a, Natick, Massachusetts, United
States) for the whole tumor. To assess the effectiveness of the
treatment and compare the different groups of mice, the
percentage below the 25th percentile and above the 75th
percentile, respectively, %p25 and %Ap75, a post-treatment
methodology was used.® Briefly, the pixel intensity distribu-
tion of each tumor was obtained from T2-weighted images, and
the percentage of pixels under the value Iy,s = 0.25 X
(Intensitymax — Intensitynmi,) and the percentage of pixels above
the value Ip;5 = 0.75 X (Intensityn.x — Intensityy,) were
calculated and written as %p25, %Ap75 using the Matlab soft-
ware. The two-tailed Student's ¢-test with unequal variance was
used to compare the two groups, and the values p are obtained.

2.2.8 In vivo and ex vivo NIR fluorescence imaging. For in
vivo imaging, 10 mice were anesthetized with a ketamine/
xylazine mixture (80 mg kg /10 mg kg ') and divided into
two groups. After IV administration of a 13.5 mg kg™ dose in
150 pL of C3 NPs using a 26 G needle, a compression point at
the injection site was performed for 10 seconds to avoid
bleeding. At specific times after injecting the samples, i.e., at 5,
15,30 min, 1 h, 3 h, 6 h, and 24 h, mice were anesthetized with
isoflurane (induction: 2% isoflurane in an air/oxygen mixture at
1 L min~"; maintenance: 0.5-1.5% isoflurane in an air/oxygen
mixture at 1 L min~'), then placed under a lamp (non-
heating) for 30 seconds to inject the probes systemically. The
mice were then placed under the camera (on a heating tray) and
imaged with a photon counter (the Photon IMAGER Optima
system, Biospace Lab, France) for 2 minutes (excitation/
emission = 487/697 nm). All acquired images of the whole
body of small animals are shown at the same scale. After the
acquisition, ROI was measured to show different fluorescence
intensities at the signal reception locations, such as the tumor,
liver, kidney, and spleen.

Then, all mice were sacrificed, and the tumors, livers,
spleens, lungs, and kidneys were collected for ex vivo signal
acquisition.
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2.2.9 Ethical statement. All animal procedures were per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of the University of Paris, referral CEEA34
apafis 18.037 and approved by the Animal Ethics Committee
No. 34 of the University.

2.3 Statistical analysis

One-way ANOVA and Student's t-test were used for statistical
analysis (p < 0.05) using the Sigma Plot 15 software. The experi-
ments were performed three times and the data are expressed as
the mean + SD of three independent measurements.

3. Results and discussion

3.1 Properties of nanoparticles

FTIR spectra of CMCS-MNP-QDs-Cur and their constituents are
shown in Fig. 1. It can be seen that some characteristic peaks
were shifted in the spectrum of C3 NPs compared to those of
pure components. Particularly, the characteristic peak of the
C=0 bond of chitosan and curcumin at 1629 cm ™' was
observed at 1564 cm ™', which overlapped with the mixed
vibrations at 1512 em ™" of curcumin. The symmetrical COO-
stretching of CMCS (1422 cm™') overlapped with the C=C
aromatic vibration of curcumin (1431 cm '), which shifted to
1402 cm ™! in the C3 NPs spectrum.?”?* The peak at 596 cm™"
attributed to the Fe-O bond vibration also appeared in the
spectrum of C3 NPs.® Fig. 1B presents the fluorescence spectra
of the four nanosystems. A high-intensity peak at 684 nm was
observed in the CMCS-MNP-QDs (C1) spectrum, corresponding
to the fluorescence of CdTe QDs. Curcumin exhibited a broad
emission peak between 460 and 550 nm, which was recorded at
526 nm in the spectrum of C2 NPs. These two peaks were also
observed in the fluorescence spectra of C3 and C4 NPs with
a slight shift. The emission peak of QDs was shifted to 690 nm,
while that of Cur was blue-shifted to 518 nm.

Table 1 presents the hydrodynamic size and zeta-potential
results of the nanoparticle systems. The hydrodynamic sizes
of the nanosystems were measured in DI water, PBS and DMEM
and 1 ranged from 96 nm to 167 nm. These values are within the
recommended size range for various biomedical applications
that allow for better biodistribution, enhanced cellular uptake,
and controlled release of therapeutic agents.” In PBS and
DMEM media, the nanoparticle sizes increased slightly
compared to those in DI water. This could be due to protein
adsorption, particle aggregation, or the presence of ions in
these media.** The PDI values in all cases were found to be in
the range of 0.1-0.3, indicating the monodispersity of the
prepared nanoparticles. Besides, the zeta potentials in DI water
of the four nanoparticles range from —63.7 to —40.0 mV, sug-
gesting excellent stability of all four nanosystems. The presence
of Fe;0, and CdTe QDs nanoparticles was also confirmed in the
EDX spectra of C3 NPs (Fig. 2A). TEM images of C3 NPs showed
Fe;0, particles with a diameter of approximately 15 nm and
CdTe QDs particles with a smaller size of 2-5 nm decorated on
the surface of Fe;O,. These results are consistent with earlier
reports on MNPs and CdTe QDs.*"*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fourier transform infrared spectra of CMCS-MNP-QDs-Cur (C3) nanoparticles and their constituents (A), and photoluminescence (B)

spectra of the four NPs.

Table 1 Hydrodynamic sizes and zeta-potentials of the four NP systems

In water In PBS In DMEM
Sample Z-Average (nm) PDI Z-Average (nm) PDI Z-Average (nm) PDI Zeta potential (mV)
CMCS-MNP-QDs (C1) 96.2 0.236 110 0.146 105 0.117 —53.5
CMCS-MNP-Cur (C2) 167.1 0.257 176 0.202 170 0.136 —63.7
CMCS-MNP-QDs-Cur (C3) 128.1 0.352 122 0.104 125 0.084 —-50.7
CMCS-QDs-Cur (C4) 135.9 0.356 148 0.154 150 0.162 —40.9
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Fig. 2 EDX spectrum (A) and TEM image (B) of C3 NPs.

3.2 Invitro stability

The storage stability of four NPs was evaluated by monitoring
changes in particle size and encapsulation efficiency of cur-
cumin over a 60 days period at 25 °C. The average particle
diameters of all formulations remained stable for 60 days
(Fig. 3A), with only slight fluctuations in the PBS and DMEM
media (p > 0.05), indicating that they were able to maintain
their size for a relatively long time. This indicates no particle
aggregation and excellent stability for biological applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Compared to C2 and C4 NPs, the reduction in size of QDs-
decorated curcumin-loaded nanosystem (C3) may be attrib-
uted to two primary factors: the enhanced water dispersibility
of the encapsulating CMCS polymer and the robust hydro-
phobic magnetite core.**** The Fe;O, molecules that have been
modified on their surface offer the NH, group to create
a hydrogen bond with the ~OH groups of curcumin and CMCS,
and they can also generate a positive surface charge to attract
the negatively charged curcumin through electrostatic inter-
action.**® Compared with the particle size of the other NPs, C3

RSC Adv, 2025, 15, 21269-21283 | 21273


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03379a

Open Access Article. Published on 23 June 2025. Downloaded on 6/12/2026 4:04:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

—&— C1-DMEM

—a—C1-PBS
A —e—C2-PBS —<— C2-DMEM
2009 —a—C3-PBS —»— C3-DMEM
—v—C4-PBS  —e— C4-DMEM

8

Particle size (nm)
3
L

N
=)
1

T
0 10 20

Tite (days) *° %0 8

View Article Online

Paper

100 A

Encapsulation efficiency of Curcumin (%)

.30 60
Time (days)

Fig. 3 Changes of particle sizes of the four NPs incubated in PBS and DMEM (A), and encapsulation efficiency (B) over 60 days.

NPs with an average size of 120 nm in PBS and DMEM solu-
tions were still suitable for better curative effects through the
EPR effect. Regarding the encapsulation of curcumin, it was
observed that the formulation showed a non-significant
change in encapsulation efficiency during 60 days, and no
drug degradation was detected (Fig. 3B). These observations
indicate that curcumin encapsulated into the polymeric core
remained stable for two months of storage.

3.3 Invitro curcumin release

The release of free curcumin was used as a control. Free curcu-
min showed a burst release within 12 h at a pH of 7.4; mean-
while, only about 35% and 52% of curcumin were released at pH
5.5 and 6.5, respectively (Fig. 4A). As free curcumin has low
solubility in acidic conditions, the release was lower at pH 5.0
than at pH 7.4. On the other hand, the opposite occurs in the C3
NPs. Curcumin was released from C3 NPs in a gradual and
continuous manner since the polymer was swollen but not
broken at pH 5.5 and 37 °C. The final cumulative drug release
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was 83.33% at pH 5.5 within 96 h. Compared to pH 7.4 in PBS,
the enhanced release was observed at pH 6.5. The cumulative
release profile of curcumin from C3 NPs at pH 5.5 was the
largest, which stemmed from the protonation of amino groups
and the disruption of hydrogen bonding between the carboxyl
group of CMCS and the hydroxyl group of curcumin in acidic
environments.** Acidic conditions enhance curcumin delivery to
tumor cells due to lower pH; therefore, they mitigate harm to
normal cells. Similar curcumin release behavior has been
observed in other nanocarriers, such as pH-responsive polymeric
nanoparticles,>” hollow mesoporous silica NPs,*® and pectin/
gelatin hydrogel,* primarily due to the hydrophobic properties
of curcumin. In line with our findings, the study by Zhai et al.
showed the sustained release and maximum curcumin release at
pH 5.5 from curcumin-loaded pH-sensitive tri-block copolymer
of PCL-PDEA-PSBMA micelles, while a relatively lower release
occurred at the physiological pH of 7.4.* The enhanced release at
pH 5.5 is attributed to the PDEA block, which could be proton-
ated, leading to a faster drug release in an acidic environment.*®

B 100+

90 —=—CM-CT26
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801  —a—rBS
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(A) Drug release at pH 7.4, 6.5, and 5.5 and (B) kinetics of the release of curcumin from C3 NPs in the presence of CM-CT26, DMEM and
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Similar results have been reported in the literature, where cur-
cumin was covalently conjugated to the hydrophilic terminals of
Poloxam 188 chains, which would be broken down and result in
the faster release of curcumin in pH 6.4 and pH 5.0, compared to
that in the physiological pH 7.4.** The cancer cells were then
cultured and the supernatant of the conditioned medium was
collected and measured for the release profile of curcumin. The
curcumin release from C3 NPs exposed to CM-CT26 for 96 h was
significantly higher than those exposed to DMEM and FBS,
60.42% compared to 27.81 and 25.32%, respectively (p < 0.0001)
(Fig. 4B). Thus, an enhanced release of curcumin from C3 NPs
was observed after being exposed to low pH and CM-CT26,
mimicking the tumor pH conditions.

The MRI contrast enhancement capabilities of C1, C2, and
C3 were evaluated using in vitro MR images captured at varying
iron concentrations under both T1-weighted and T2-weighted

View Article Online
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modes. Fig. 5A shows the T2-weighted images of the nano-
conjugates. As the Fe concentration increases, the T2-weighted
MR images appear darker. This could be due to a decrease in the
spin-spin relaxation time (T2) because the protons of water
molecules are affected by the dipole moment of the nano-
systems. Additionally, the carboxyl groups of CMCS promote the
adsorption of water molecules on the nanosystem surface,
thereby altering the longitudinal relaxation time (T1).** Fig. 5B
illustrates the linear relationship between relaxation rate (R, =
1/T1 and R, = 1/T2) and Fe concentration. The slopes of the
plots represent longitudinal relaxivity (r;) and transverse relax-
ivity (r,) (Table 2). While C2 exhibited the highest r, value, the
highest r,/r; value was obtained for C3 NPs. Previous studies
have also indicated that the incorporation of drugs such as Dox
or curcumin can improve the r, value.**** Therefore, C2 and C3
exhibit the potential to be T2-contrast enhancement agents.
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3.4 Invitro and in vivo MRI measurements

To unveil the potential of NPs as a contrast agent for MRI, the
dual-mode T1- and T2-weighted MR images, along with the
corresponding longitudinal and transverse relaxation rates at
various concentrations, were evaluated using a Bruker 300 WB
magnet at 25 °C in 25 mM of phosphate buffer (Fig. 5A and B).
Because of the practical applicability to in vivo systems, all the
experiments were done in PBS. The phantoms were prepared in
a microtube with different concentrations of Fe (0, 0.1, 0.2, 0.3,
and 0.5 mM). As shown in Fig. 5C, both T1- and T2-weighted MR
images exhibited evident concentration-dependent signals of
brightness and darkness. The r; relaxivity was obtained for five
different concentrations of Fe using an inversion recovery pulse.
The plot of the longitudinal relaxation rate 1/T1 versus Fe
concentration is linear and shows r, relaxivities of 0.19585,
0.18182 and 0.16632 mM ' s~ ' for C1, C2 and C3 NPs, respec-
tively (Fig. 5D). Also, the r, relaxivities of these NPs were ob-
tained using a saturation transfer pulse at 7 T as 28.80847,
61.02424 and 78.32859 mM ™" s ', respectively. These values
were obtained from the slope of the linear plot of transverse
relaxation rate 1/T2 versus the concentration of Fe in PBS
(Fig. 5E). The relaxivity must be derived from the second sphere
water relaxation, which is the hydrogen bonding interaction of
the bulk water molecule with oxygen atoms in the structure of
the Fe;0, core of NPs. Fig. 5F indicates that the relaxivity ratio
1r,/ry of C3 NPs was 470.95 £ 15.11, which is 1.4 times higher
than that of C2 NPs (335.63 + 13.90) and 3.2 times higher than
that of C1 NPs (147.09 + 8.99). This difference (p < 0.001) was
also evident in T2-weighted MR imaging (Fig. 5D), highlighting
the superior performance of C3 NPs as a contrast agent for MRI
imaging. This indicated the ability of curcumin and QDs to
enhance the signal in vitro of C3 NPs. In a previous study, we
demonstrated that the chemical structures of the drug (ie.,
doxorubicin) and dye agent (i.e.,, cyanine 5.5) significantly
contribute to the enhancement of the T2 relaxivities of Fe;O,
NPs through - and p-7 conjugation.*> Remarkably, the r,/r;
value of C3 NPs was much higher than that of doxorubicin-QDs-
Fe;04-alginate NPs at 7 T, also presented in our previous
study.*® Another study by Ghorbaanee et al. also showed that the
presence of curcumin increased the negative contrast in MRI
images as compared to curcumin-free NPs.** The r, of
curcumin-loaded Fe;0,-PEI-CUR NPs increased by about 20%
compared to the non-curcumin-loaded Fe;O, nanoparticles.
The effectiveness and passive targeting of C3 NPs by MRI
imaging was assessed using a post-processing methodology
previously described with a new parameter.*” The pixel intensity
distribution on the T2*weighted images was quantified to
generate %p25 and %Ap25, which were used as reference
parameters to compare the various groups (Fig. 6A and B). The
proportion of pixels below the threshold was computed and
recorded as %p25 (0.25(Intensityy,a.x — Intensitymi,)). %Ap0.75
was defined as % above the 75th percentile computing bright
intensity pixels attributed to inflammation by MRI. There was
a substantial difference (p < 0.0001) in %p25 between the
injected mice and non-injected mice (35.78% and 5.77%,
respectively). This indicated the passive accumulation of C3 NPs
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in these tumors. This finding could be explained by the particle
size range of C3 NPs, which was within the range of 100-200 nm
for the enhanced permeability and retention effect (EPR).* Also,
the CT26 tumor showed the ability to increase blood vessels
around it, forming these highly vascularized tumors, which can
improve permeability and retention of C3 NPs.*** Moreover,
the %Ap0.75 in the treated tumor was significantly higher
compared to the control groups, p < 0.001, with the %Ap75
increasing from 3.83% for the control to 18.67% for C3 NPs,
a factor of 4.9 (Fig. 6E). Six hours after injecting the C3 NPs, the
%p0.25 and %Ap0.75 remarkably increased compared to those
in the control mice, reflecting necrosis and inflammation,
respectively, which are the expected consequences of the NP
treatment.

3.5 Invitro NIR optical imaging

To optimize the excitation and emission wavelengths of each
NPs, the radiance enhancement ratio and signal-to-noise ratio
(SNR) were determined by fluorescence imaging in solution
(Table 2). The C1 NPs exhibited the best signal quality and most
trustworthy data for fluorescence imaging when excited at
487 nm with a 697 nm emission (Fig. 7A). These wavelengths
were close to the excitation and emission wavelengths of QDs.
Besides, the radiance enhancement ratio of C2 NPs was under
1.0, and the signal-to-noise ratio was also relatively low at all
wavelength conditions (Fig. 7B). At an excitation wavelength of
487 nm and an emission wavelength of 697 nm, the contrast

21278 | RSC Adv, 2025, 15, 21269-21283

between the C3 NPs and the background was the highest
(Fig. 7C), with a radiance enhancement ratio of 15.03 and an
SNR of 279.31. Without Fe;O, NPs, meanwhile, fluorescence
optical images of C4 NPs showed the optimal excitation and
emission wavelengths at 512 nm and 697 nm, respectively
(Fig. 7D). This phenomenon could be explained by the inter-
action between Fe;O0, NPs and curcumin/QDs encapsulated in
the CMCS polymer of C3 NPs. It was demonstrated that the
interaction between the drug and Fe;O, NPs caused both blue-
shift and quenching effects in the radiance enhancement ratio
and signal-to-noise ratio of fluorescence optical imaging.*>*
Thus, the ideal parameters for in vivo fluorescence imaging for
biodistribution of C3 NPs are the highest radiance enhance-
ment ratio and SNR at the excitation/emission wavelength of
487/697 nm.

3.6 In vivo and ex vivo NIR optical imaging

The inclusion of different therapeutic modalities, as well as the
clinical need for visual diagnosis and monitoring treatment
progress, have become more important in the development of
“all-in-one” nanotheranostics. Herein, to demonstrate the
ability of C3 NPs to undergo passive targeting and treatment by
the quantitative MRI signal, the in vivo behavior of the C3 NPs
was investigated by measuring the average radiance of optical
imaging in the mice model (Fig. 8A). After intravenous
administration of C3 NPs (13.5 mg QDs per kg body), the tissue
biodistribution was determined at seven time points (5 min,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Fluorescence imaging in solutions at different excitation and
emission wavelengths of (A) C1 NPs, (B) C2 NPs, (C) C3 NPs, and (D) C4
NPs.

15 min, 30 min, 1 h, 3 h, 6 h, and 24 h) (Fig. 8B). Fig. 8C-F
illustrate the average radiance (ph s™' em 2 sr™ ') in fluores-
cence intensity of the tumors, liver, kidneys, and spleen,
respectively. As shown in Fig. 8G, at 5 min post-injection,
a weak fluorescence signal was detected at the tumor site,
indicating gradual accumulation of the C3 NPs due to
permeability and retention (EPR) effect. It has been reported
that nanomaterials within the 20-200 nm range can extrava-
sate and accumulate in tumors via the EPR effect, allowing for
the passive accumulation of C3 NPs in the tumor areas.’>*
Also, impaired lymphatic drainage hinders the elimination of
NPs from the tumor tissue, resulting in increased NP accu-
mulation.”® Meanwhile, the fluorescence intensity progres-
sively increased over time, and the maximum fluorescence was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Schematic illustration showing the treatment regimen:
CT26 cell inoculation in the two mouse flanks. The mice (n = 5)
received C3 NPs treatments; (B) the FL images of mice treated with
various time points; (C—F) average FL intensity in tumors, liver, kidney,
spleen, respectively; (G) quantitative analysis of the biodistribution in
(B); (H) FLI ratios of tumors/liver and liver/kidneys. Statistical analysis
was performed with a two-tailed Student's t-test with unequal vari-
ance, *p value < 0.05, **p value < 0.01, ***p value < 0.001.

obtained after 6 h post-injection, which reaffirmed the in vivo
tumor passive targeting effects of C3 NPs. Subsequently, with
the passage of time, the fluorescence intensity in the tumor
progressively decreases, with only a weak fluorescence
observed after 24 h, suggesting that C3 NPs could be metabo-
lized gradually over time. In addition, according to the distri-
bution pattern shown in Fig. 8G, the C3 NPs accumulated
faster in the spleen within the first 30 min after injection, and
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at 1 h post-injection, the accumulation in the liver increased
up to the highest signal of the injected dose. The accumulation
of nanoparticles in the spleen, liver, and kidneys gradually
decreased from 1 h to 24 h, which may be related to the
elimination process of C3 NPs. Furthermore, the FLI intensity
ratios of the tumors/liver at all time points were higher than
1.0, suggesting greater accumulation in tumor cells than in the
liver (Fig. 8H). On the other hand, the FLI intensity of the liver/
kidneys was approximately 0.5 at all seven time points.

21280 | RSC Adv, 2025, 15, 21269-21283

Compared to the liver, the rate of accumulation in the kidneys
during the studied time interval was remarkably higher. These
results affirm that C3 NPs can passively accumulate at the
tumor efficiently and facilitate the monitoring of treatment
progress by NIR fluorescence optical imaging. In another
report, Tamarov et al. have shown that the PEG-BPSi-Cy7.5 NPs
exhibited high fluorescence and were observed in the stomach,
intestine, and kidney.** This finding demonstrated that NPs
underwent the hepatobiliary clearance pathway, where the NPs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were transported from the liver to the stomach and small
intestine and could be finally removed from the body by fecal
excretion. Zheng et al. have also shown that the intravenously
administered curcumin@IR783 nanocolloid accumulated in
the tumor site via the EPR effect, and the fluorescence signal at
the tumor site peaked at 24 h.>® Notably, the liver exhibited
a robust fluorescent signal, which was attributed to the retic-
uloendothelial system absorption and drug hepatorenal
metabolism as reported in other studies.**>

After 24 h post injection, the mice were sacrificed, and major
organs including the liver, spleen, lungs, and kidneys, as well as
the tumor, were resected to evaluate the tissue distribution of
C3 NPs (Fig. 9A and B). From the qualitative analysis of the
images, a higher average radiance intensity was observed from
the tumors of mice injected with the nanoparticles compared to
control mice (Fig. 9C). This also indicated that the fluorescence
emission from the tumor occurred as a result of the accumu-
lation of nanoparticles via the EPR effect. In mice treated with
C3 NPs, the liver/kidneys ratio was generally lower than 1.0, and
in particular, the detected tumors/liver ratio was lower than 0.5
(Fig. 9D). Clearly, part of the NPs eventually accumulated in the
liver, spleen, and kidneys, which are the organs responsible for
eliminating alien bodies from systemic circulation. Interest-
ingly, a 4.09-fold higher fluorescence was observed from the
lungs of C3-NPs-injected mice than that of the control mice. The
signals from these tissues may be a result of some free QDs
dissociated from the C3 NPs. Gabuzenko et al. have observed
that QDs accumulated in the lungs and spleen 1 hour after
intravenous administration.’” Yaghini et al. also found that bio
CFQD® nanoparticles were predominantly accumulated in the
liver and spleen till 90 days after IV injection in rats.”® The
accumulation of QDs in the liver and spleen after systemic
injection has been frequently reported and is associated with
the clearance of NPs from the circulatory system by mono-
nuclear phagocytic system cells.>**°

4. Conclusion

In a nutshell, we report an ultimate system CMCS-MNP-QDs-
Cur composed of the NIR dye QDs, consisting of the natural
compound curcumin as the therapeutic agent and Fez;O,
magnetic nanoparticles as the contrast agent. The nanosystems
exhibited small particle sizes within the 100-200 nm range with
excellent stability in both DI water, PBS, and DMEM media.
Moreover, the encapsulated curcumin remained stable for more
than two months of storage. The MRI results of C3 NPs
demonstrated their passive accumulation in tumor areas 6
hours post-injection. The nanosystem shows promise as a T2-
weighted MRI contrast agent, with an r, relaxivity of 78.33
mM ' s7' and an r,/r; ratio of 470.95 + 15.11 at 7 T, primarily
due to the second-sphere water interactions. The in vivo treat-
ment results evidenced an increase in necrosis and inflamma-
tion at the tumor site, correlated with the proportion of pixels
falling below the 25th and above the 75th percentiles in inten-
sity on the T2*-weighted images. The NIR optical imaging of the
incorporated CdTe QDs effectively assessed the in vivo bio-
distribution of the nanoparticles. These interesting results

© 2025 The Author(s). Published by the Royal Society of Chemistry
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indicate the potential application of the multimodal nano-
system for in vivo MRI and NIR optical imaging as well as
passive targeting.
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