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ARTICLE INFO ABSTRACT

Keywords: This study demonstrates a new candidate for targeted magnetic resonance imaging (MRI) contrast agent (CA)
Contrast agent based on holmium nanoparticles. MRI is one of the most powerful diagnostic tools in cancer diagnosis which
Folic acid

enables anatomical images of soft tissues with a resolution much higher than other imaging techniques. Holmium
has been known for its high magnetic moment which can improve MRI signals as T2-MRI CA. This research
focuses on modifying folic acid (FA) on the surface of polyethyelene glycol coated- holmium nanoparticles to
deliver holmium nanoparticles selectively to the cancer-overexpressed FA receptors, such as cervical cancer. Their
preparation and characterization with several analytical instruments such as transmission electron microscopy to
observe their shape and size, thermal gravimetric analysis, ultraviolet and infrared spectroscopies to investigate
the FA and polyethylene glycol molecules on nanoparticles are also included. From the results, morphology
images show a narrow size distribution below 20 nm after the functionalization of polyethyelene glycol-coated
holmium nanoparticles with and without FA modification. Based on ultraviolet and infrared spectrum analysis, the
presences of FA and polyethylene glycol molecules on nanoparticles were also identified. The typical peaks of FA
at around 280 and 360 nm were found on FA-modified nanoparticles spectras. In addition, infrared spectroscopy
results at around 2800 cm™! originated from polyethylene glycol molecules on nanoparticles was also observed.
Furthermore, based on a preliminary cytotoxicity study, there are no significant differences between polyethylene
glycol-coated nanoparticles modified with and without FA in terms of toxicity. Based on these results, FA-modified
holmium nanoparticles showed promising preliminary results to be utilized as targeted MRI CA for diagnostic
purposes.

Holmium nanoparticles
Magnetic resonance imaging

1. Introduction sounds. Each of these techniques differ in terms of energy source,

resolution, sensitivity, penetration limit, and application of imaging

Medical imaging plays a crucial role in the clinical diagnosis
and biomedical research by facilitating the visualization of internal
organs and early detection of diseases. The development of med-
ical imaging techniques has increased significantly over the past
few decades, as these techniques aid in identifying pathological re-
gions, observing the disease mechanisms, and assessing treatment
processes [1-7]. There is various type of imaging technique, such
as X-rays, computed tomography (CT), magnetic resonance imag-
ing (MRI), positron emission tomography (PET), single photon emis-
sion computed tomography (SPECT), optical imaging, and ultra-
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agents [8,9].

Among these imaging techniques, MRI provides excellent soft-tissue
contrast for high spatial resolution imaging of structure deep bodies,
without radiation and ionization risk [2]. MRI contrast agents (CAs)
are often used to enhance the contrast between normal and abnormal
tissues. MRI-CAs can be categorized into two groups: T;-weighted CAs
(e.g., gadolinium-based) ([10-13], which produce brighter images by
shortening the longitudinal relaxation time of protons, and T,-weighted
CAs, which produce darker MRI images by shortening the protons trans-
verse relaxation time [9,14-17].
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Holmium ions (Ho®*) is considered as the promising candidate for
efficient T, MRI CAs because it has the highest magnetic moment
(~10.5 pB) among other lanthanides and can cause considerable trans-
verse relaxation of hydrogen protons in free water due to the fast spin
relaxation of their 4f electrons [15,18,19]. However, Ho3* complex
has a short circulation time (~10712 s) and limited targeting ability
[18,19]. This challenge can be overcome by controlling the size of
holmium. Therefore, designing Ho3* in nano-size is significantly devel-
oped [1,14,15,18,20,21]. Nanosystems are believed to play an impor-
tant role in the future medical clinic due to their versatility and advan-
tageous pharmaco-kinetic features, such as excellent biocompatibility,
prolonged blood-circulation time, improve their tumors accumulation in
body, and most importantly, their ability to carry multiple components
in one system [9,22].

In addition, its radioisotope, '®°Ho, can emit beta rays (1.85 MeV)
which are essentials for therapeutic applications and gamma rays
(80.57 keV) for diagnostic purposes [23]. These benefits are especially
attractive in the case of radionuclide therapy. Combining diagnostic
imaging and therapeutic agents in a single system with nano-size, called
nanotheranostics, is regarded to be the key of a high-precision cancer
treatment.

Accumulation of holmium nanoparticles in cancer cells can be
achieved by passive- and active-targeting strategies. In passive target-
ing, nanoparticles tend to passively accumulate in cancer sites using
the EPR effect via extravasation through gaps between endothelial cells
from the leaky vasculature [24]. In active targeting, nanoparticles are
functionalized with various specific ligands which are overexpressed on
certain cancer cells, to increase the targeting specificity in cancer cells
while prevent the cytotoxic effects in normal cells [22,24].

Folic acid (FA, Mr: 38 kDa) is one of the cancer-targeted bioligand
with high specific binding affinity to folate receptors (FRs) on can-
cer cells (Kd = 10719) [25,26]. FRs has overexpressed in various hu-
man carcinomas, such as breast, ovary, kidney, lung, and so on, while
healthy tissue demonstrates limited FRs expression. The physiological
FA is transported using FRs via receptor-mediated endocytosis [22].
This targeting ligand has been widely used for modification (e.g., on
nanoparticles) for enhancing specificity and accuracy of NPs by cancer
cells, including HeLa cells ([17,22,24,27,28].

In this study, folic acid (FA) modified PEGylated holmium nanopar-
ticles are developed. Polyethyleneglycol (PEG) molecule was also at-
tached in order to enhance their biocompatibility toward cancer cells
of interest, such as cervix and ovarian cancers [15,29-31]. FA molecule
attached on the surface of PEGylated nanoparticles’ features were care-
fully synthesized and characterized in this research. The comparison of
their characteristics with unmodified-FA PEGylated nanoparticles with
several instruments, such as transmission electron microscopy (TEM)
to observe their shape and size, thermal gravimetric analysis (TGA),
Fourier-transform infrared (FTIR-) and UV- spectroscopies to investi-
gate their group functionalization on nanoparticles were focused on this
research. Therefore, nanoparticles will be suitable for nano-diagnostic
applications in the near future.

2. Experimental method
2.1. Materials

All reagents and solvents used were of analytical grade, purchased
from Sigma-Aldrich. “H,0” pure was obtained from a Milli-Q System.

2.2. Instruments

TEM was performed on JEOL JEM-2100 by dispersing samples in
heptane and evaporation over a 400-mesh copper grid. Thermogravi-
metric analysis (TGA) was conducted by using a Perkin Elmer Thermo-
gravimetric Analyzer from 30 to 850 °C (10 °C/min) under air atmo-
sphere. Zeta-potential (z) measurements were carried out on Malvern

Chinese Journal of Analytical Chemistry 53.1 (2025) 100478

Zetasizer NanoZs. UV Spectra were measured on UV-6300PC VWR Dou-
ble Beam Spectrophotometer and FTIR spectroscopy was performed on
FTIR-380 Shimadzu by preparation of samples in KBr pellets.

2.3. Preparation of oleic acid coated NaHoF, nanoparticles (HoNPs-OA)

HoNPs-OA were prepared by mixing 1 mmol HoCl;, 15 mL Oleic
acid (OA), and 15 mL 1-Octadecene (ODE) in a 100 mL three-necked
flask. Under the vacuum condition, these mixtures were then heated to
100 °C in order to form a clear solution, and subsequently, cooled to
room temperature. After several minutes, 2.5 mmol sodium hidroxide
(NaOH) and 4 mmol ammonium fluoride (NH4F) were added into the
previous flask and then slowly heated, stirred, and degassed with nitro-
gen flow at 100 °C to form a clear orange solution. Subsequently, the
mixtures were heated again to 295 °C for 1 h under the nitrogen at-
mosphere. After the solution was cooled naturally, nanoparticles were
then separated via centrifugation (10,000 r/min for 15 min) and washed
with ethanol/heptane (1:1 v/v) three times. The hydrophobic HoNPs-
OA were dried in the oven for 24 h and can be stored under room tem-
perature in heptane as alternative.

2.4. Preparation of silanes conjugated polyethyelene glycol folic acid
(APTMS-PEG-FA)

FA (44 mg, 0.1 mmol) was dissolved in 1 mL of dry dimethylsul-
fooxide (DMSO) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC, 38.2 mg, 0.2 mmol) was added to the solution.
The mixture was stirred for 3 h after which N-hydroxysuccinimide (NHS,
11.5 mg, 0.1 mmol) was added. The mixture was stirred for 24 h. After
formation of FA-NHS was confirmed via UV- and -IR spectroscopies, 18
uL of (3-aminopropyl) trimethoxysilane (APTMS) was added to the so-
lution. The reaction mixture was stirred for 24 h at room temperature.
The obtained product was freeze dried and characterized with UV- and
-IR spectroscopies.

5.3 mg of H,N-PEG-COOH were dissolved in 0.005 mmol of NHS-
FA and stirred at room temperature for 24 h. The mixing solution
was filtered and the supernatant was diluted with water and dialyzed
against water for two days. The resulted FA-PEG-COOH solution was
freeze dried and then dissolved in 500 pL of DMSO. Afterwards (3-
Aminopropyl) trimethoxysilane (APTMS) 1.25 pL (0.005 mmol) was
added. The mixing solution was stirred at room temperature for 24 h.
The final compound of APTMS-PEG-FA was freeze dried and character-
ized with UV- and -IR spectroscopies.

2.5. Preparation of folic acid modified holmium nanoparticles (Ho NPs —
PEG-FA)

10 mg of HoNPs-OA (in 100 L of heptane) were mixed with 10 mL
of toluene. To this mixture, 500 L of TEA, 10 uL of Milli-Q water and
APTMS-conjugates were added, and the reaction mixture was placed
in an ultrasonication bath for 5 h at 50 °C. After that, 10 mL of hep-
tane were added, and the functionalized nanoparticles were then cen-
trifuged. The obtained holmium nanoparticles were then washed with
acetone (3x) and dried overnight in a desiccator placed under vacuum.
For comparison, pegylated-Ho NPs without FA molecule were also pre-
pared with similar method (HoNPs-PEG). The number of FA molecules at
the surface of nanoparticles was then quantified using UV-spectroscopy
by measuring typical peaks at 280 and 360 nm.

2.6. Cell culture

HeLa cells were cultured regularly in T-75 flask using Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% Fetal Bovine serum
(FBS) and 1% Penicillin-Streptomycin (10 mg/mL) until 90% of conflu-
ence was reached (5-7 days).
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Fig. 1. TEM images of HONPS-OA (A), HoNPs-PEG-FA (B), and HoNPs-PEG (C), at scale bar of 50 nm.

2.7. Cytotoxicity assay

HeLa cells (1 x 10* cells per well) in 200 yL of DMEM medium were
seeded into a 96-well plate for one day. The next day, the medium in
each well was replaced for a fresh medium containing PEGylated HoNPs
with and without folic acid (HoNPs-PEG-FA and HoNPs-PEG) with dif-
ferent concentrations (0-200 ug/mL) and then incubated at 37 °C with
5% CO, for 24 h. After the incubation time, 10 uL of CCK-8 solution
were added to each well and cells were incubated for another 4 h. The
absorbance of each well was measured at 460 nm by using a microplate
reader (n = 5).

3. Results and discussion
3.1. HoNPs-OA

In this study, oleic acid coated NaHoF, nanoparticles (HoNPs-OA)
were prepared by using the solvothermal method [1,32] for nanoparti-
cles’ synthesis. Through this method, nanoparticles can be simply con-
trolled under the heating at certain temperatures with the help of closed
and inert environment synthesis. In order to obtain the good spherical
and uniform size of nanoparticles the reactants ratio involved, such as
OA-ODE and NaOH-NH,4F can be variated [33]. HONPs-OA were syn-
thesized by using ratio of 1:1 and 1:1.6 for OA-ODE and NaOH-NH,4F,
respectively. Surfactants OA are commonly used in order to prevent ag-
glomeration of nanoparticles.

HoNPs -PEG-FA

Fig. 1 shows TEM images of spherical HONPs-OA produced by this
method with the diameter below 20 nm. In addition, the presence of
OA molecules on the surface of nanoparticles was identified by FTIR
spectroscopy at 2924 and 2855 cm~! (Fig. 2) which were originated
from oleyl residues of OA molecules.

3.2. Folic acid modified PEGylated HoNPs (HoNPs-PEG-FA)

Holmium nanoparticles were purposed to be functionalized with FA
molecules. FA will act as a targeting vector that helps to specifically
deliver nanoparticles to certain cancers (e.g., cervix and ovarian). In
addition, PEG molecules were also attached on nanoparticles not only
enhance their biocompatibility towards cancer cells but also prevent the
agglomeration of nanoparticles [32,34].

Moreover, in order to further utilize nanoparticles for theranostic
applications, firstly, the hydrophobic OA-layer of nanoparticles must be
converted to hydrophilic one by using APTMS. APTMS was conjugated
with PEG-FA and then attached to the nanoparticles by using ligand
exchange method.

PEG-FA was firstly prepared via activation of the carboxylic groups
of FA through a reaction with NHS in the presence of a coupling reagent
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) as NHS-FA. Af-
ter FA molecule was identified on FTIR- and UV- spectrum of NHS-FA,
PEG (as H,N-PEG-COOH) was further reacted with NHS-FA and per-
formed PEG-FA. Subsequently, PEG-FA was reacted with APTMS to form
APTMS-PEG-FA. The final product APTMS-FA was then modified on
nanoparticles via 5 h sonication at 50 °C. For comparison, APTMS was

Fig. 2. FTIR results of HONPS-OA (blue), HONPs-PEG-FA
(red), and HoNPs-PEG (green).
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PEG (red).

also reacted with only PEG and then attached to nanoparticles. UV- and
FTIR- spectroscopies analysis was conducted to confirm the PEG and FA
molecules on holmium nanoparticles.

From FTIR results, characteristic of PEG molecule was evident for
HoNPs-PEG-FA and HoNPs-PEG, at 2875 and 2926 cm™!, respectively
(Fig. 2). In addition, from UV analysis, typical peaks of FA molecules at
around 280 and 360 nm were also found in HONPs-PEG-FA but not in
HoNPs-PEG (Fig. 4). Moreover, TGA profiles (Fig. 4) were also demon-
strated the significant weight loss about 25% after the conjugation with
PEG and/or FA groups suggesting the decomposition of FA and PEG
molecules at the surface of nanoparticles (Fig. 3).

The TEM image (Fig. 1B) shows a slight increase of the diameter
to about 2 nm for FA modified and non-modified PEGylated HoNPs
(HoNPs-PEG-FA and HoNPs-PEG). Their zeta potential was also calcu-
lated to -17.3+1.26 and -7.97+1.09 nm, respectively. These nanoparti-
cles show a good colloidal stability, which is also a crucial characteristic
for further biomedical applications.
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Fig. 5. Hela cells viability assays by CCK-8 after treatement with HoNPs-PEG-
FA (black) and HoNPs-PEG (grey) for 24 h at holmium nanoparticles concentra-
tion of 0-200 ug/mL (n = 5).

3.3. Preliminary cytotoxicity study

The cytotoxicity of PEGylated HoNPs modified with and without
Folic acid (HoNPs-PEG FA and HoNPs-PEG) were investigated by using
cell counting kit-8 (CCK-8) viability assay [35]. In this study, heLa cells
(derived from human cervical carcinoma) [36] were incubated for 24
h with the above-mentioned nanoparticles at the concentration range
from 25 to 200 pg/mL of nanoparticles. After both of nanoparticles’
treatment, it is evident that more than 90% of cells are still viable. In
addition, the viability of the cells did not significantly decrease even
at the highest concentration of nanoparticles (200 yg/mL) for Ho-NPs-
PEG or HoNPs-PEG-FA (Fig. 5). Therefore, FA molecule did not have
toxic effect at those range concentrations. Based on this preliminary cy-
totoxicity study, the concentration of 200 g /mL nanoparticles will be
utilized for futher in vitro studies.

4. Conclusion

In conclusion, TEM images show the narrow size distribution below
20 nm after the functionalization of PEGylated HoNPs with and without
FA. The presences of FA and PEG molecules on holmium nanoparticles
were also identified based on UV- and FTIR- analysis. The typical peaks
of FA at around 280 and 360 nm were found on FA modified HoNPs
spectras. In addition, FTIR- analysis result at around 2800 cm~! was also
originated from PEG molecule on nanoparticles. Furthermore, based on
preliminary citotoxicity study, there are no significant differences be-
tween PEGylated HoNPs modified with and without FA in terms of toxi-
city. Therefore, the FA modified holmium nanoparticles PEG-coated are
promising as a new candidate for targeted MRI CA for diagnostic pur-
poses.
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