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Introduction: It has been reported that low-molecular-weight hyaluronic acid (LMWHA)
exhibits a potentially beneficial effect on cancer therapy through targeting of CD44 receptors
on tumor cell surfaces. However, its applicability towards tumor detection is still unclear. In
this regard, LMWHA-conjugated iron (Fe;O4) nanoparticles (LMWHA-IONPs) were pre-
pared in order to evaluate its application for enhancing the T2* weighted MRI imaging
sensitivity for tumor detection.

Methods: LMWHA and Fe;O4 NPs were produced using y-ray irradiation and chemical co-
precipitation methods, respectively. First, LMWHA-conjugated FITC was prepared to confirm
the ability of LMWHA to target U§7MG cells using fluorescence microscopy. The hydrodynamic
size distribution and dispersion of the IONPs and prepared LMWHA-IONPs were analyzed using
dynamic light scattering (DLS). In addition, cell viability assays were performed to examine the
biocompatibility of LMWHA and LMWHA-IONPs toward U87MG human glioblastoma and
NIH3T3 fibroblast cell lines. The ability of LMWHA-IONPs to target tumor cells was confirmed
by detecting iron (Fe) ion content using the thiocyanate method. Finally, time-of-flight secondary
ion mass spectrometry (TOF-SIMS) imaging and in vitro magnetic resonance imaging (MRI)
were performed to confirm the contrast enhancement effect of LMWHA-IONPs.

Results: Florescence analysis results showed that LMWHA-FITC successfully targeted the
surfaces of both tested cell types. The ability of LMWHA to target US7MG cells was higher
than for NIH3T3 cells. Cell viability experiments showed that the fabricated LMWHA-
IONPs possessed good biocompatibility for both cell lines. After co-culturing test cells with
the LMWHA-IONPs, detected Fe ion content in the U87MG cells was much higher than that
of the NIH3T3 cells in both thiocyanate assays and TOF-SIMs images. Finally, the addition
of LMWHA-IONPs to the U87MG cells resulted in an obvious improvement in T2*
weighted MR image contrast compared to control NIH3T3 cells.

Discussion: Overall, the present results suggest that LMWHA-IONPs fabricated in this
study provide an effective MRI contrast agent for improving the diagnosis of early stage
glioblastoma in MRI examinations.
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Introduction

Clinically, there exists about a 35% chance that contrast agents will be needed to
improve the image sensitivity of magnetic resonance imaging (MRI) examinations
in order to improve the diagnosis accuracy for tumors and other diseases.' Contrast
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agents used for MRI can be broadly divided into two main
types: T1 and T2.>® T1 contrast agents change the T1
relaxation time of the tissue, and thus increase image
contrast by strengthening the signal. Hence, T1 contrast
agents are often referred to as positive contrast agents. On
the other hand, T2 contrast agents (usually referred to as
negative contrast agents) alter the T2 relaxation time and
relaxivity of the tissue; thereby weakening the signal of
diseased tissue and increasing the contrast with surround-
ing normal tissue as a result.* Since the T2 relaxation time
of abnormal tissues is longer than that of normal tissues,
T2 weighted images are generally used to diagnose inflam-
mation and/or tumor tissue.’ However, several common
MRI contrast agents, including Gd-based compounds and
high-dose Mn”*, have been reported to induce undesirable
side effects in some patients and to have cellular
toxicity.®’

T2 contrast agents usually have the form of superpar-
amagnetic materials. Among these materials, magnetite
(ferrous-ferric oxide, Fe;04) and maghemite (ferrous
oxide, Fe,Os;) have attracted particular attention.>**’
Since, for diameters less than 30 nm, they not only exhibit
superparamagnetic properties but also have excellent bio-
compatibility and magnetic susceptibility.'"® Furthermore,
through appropriate surface modification, iron oxide nano-
particles (IONPs) can be made to target specific ligands on
the cell membrane.''™'* Therefore, they have many poten-
tial applications in medicine, including hyperthermia
treatment,'*'” drug delivery,™”'® biochemical sensing,’
tissue repair,'” and MRI sensitivity enhancement.>*° In
such applications, the surfaces of IONPs are generally
modified using a suitable material in order to enhance
their stability and biocompatibility.®'3'>®

Hyaluronic acid (HA) is widely distributed in the con-
nective, epidermal and nerve tissues in the human body
and is the main component of the extracellular matrix.'®2°
The physical and biological properties of HA depend on
its molecular weight and concentration in aqueous solu-
tion. In general, the molecular weight of natural HA varies
widely from 2 kDa (HA oligomers) to 10 MDa (high-
molecular weight HA, HMWHA).?' > HMWHA has
good moisture absorption capability, and thus has excellent
moisturizing and viscoelastic properties. As a result, it is
used extensively in medical applications for osteoarthritis
treatment and wound repair.>* HA also has a high specific-
binding ability for CD44,>?® a marker found in abun-
dance on the surface of cancer cells. Consequently, the
feasibility for modifying the surface of IONPs with HA to

enhance their ability to target cancerous tissue has
attracted significant attention.?~°

HMWHA can be broken down into low molecular
weight hyaluronic acid (LMWHA) in vivo.®!

recent studies have investigated the correlation between

Several

the molecular weight of HA and its physiological
function.*** In general, results have shown that depoly-
merized HA fragments have positive effects on wound

and angiogenesis.**>*3>

healing, immune response
Accordingly, the problem of depolymerizing HMWHA
into LMWHA fragments has attracted great interest in
recent years. The methods proposed thus far for decom-
posing HMWHA can be broadly classified as either che-
mical or physical methods. However, the reaction products
produced in chemical methods have the disadvantage of an
inhomogeneous molecular weight (MW) distribution. In
practice, the cellular targeting efficiency of HA depends
strongly on the MW, and thus HA’s biological effects also
vary widely depending on MW.>® A similar tendency is
also observed when HA is used to modify nanoparticles.>®
Moreover, when using chemical methods to decompose
HMWHA, it is difficult to precisely control the breakdown
point on the long chain of HA molecules.*® Thus, if the
chemical reaction disturbs the structure related to the tar-
geting site of CD44, for example, the biological effect of
the treated HA molecules is significantly reduced.
Besides the chemical methods described above, several
physical methods for depolymerizing HMWHA into
LMWHA have also been proposed, including ultrasonic
agitation,?’ thermal treatment®® and y-ray irradiation.*>’
Among these methods, y-ray irradiation is particularly
effective in producing LMWHA with excellent wound
healing properties.>> A previous report has indicated that
HA-functionalization improved the hydrophilicity, bio-
compatibility, and chemical/structural stability of the NP
and results in high cell capture ability.** In vivo animal
experiments have shown that HA-IONPs are more effi-
cient than commercially available agents in enhancing the
contrast of MR images.*'**> However, there is no evidence
as of yet to show that LMWHA prepared using y-ray
irradiation can also be used to modify nano-Fe;O04 as
a contrast agent for MR imaging. Accordingly, the present
study produces LMWHA by y-ray irradiation, then modi-
fies the LMWHA with fluorescent dye and Fe;O,4 nano-
particles (IONPs) for further investigation and
experimentation. The applicability of LMWHA-IONPs
for MR image enhancement is evaluated by fluorescence
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microscopy, single ion mass spectrometry and T2*
weighted MRI images.

Materials and Methods

Materials

FeCl,»4H,O was purchased from Avantor Performance
Material, Inc. (PA, USA). FeCl;*6H,0, toluene, ammonium
persulfate, potassium thiocyanate, 1-Ethyl-3-(3-dimethylami-
nopropyl) carbodiimide, ethylenediamine and oleic acid were
purchased from Nacalai Tesque (Kyoto, Japan). Hyaluronic
acid (molecular weight 3000 kDa) was purchased from Cheng-
Yi Chemical Industry Co. Ltd. (Taipei, Taiwan). NIH3T3 and
U8TMG cell lines were purchased from the Bioresource
Collection and Research Center, Food Industry Research and
Development Institute (Hsinchu, Taiwan). Fluorescein-5-iso-
thiocyanate (FITC) and 4,6-diamidino-2-phenylindole (DAPT)
was obtained from Molecular Probes, Inc. (Eugene, OR,

USA). DMEM, fetal bovine serum, and penicillin-
streptomycin were purchased from Gibco (Grand Island, NY,
USA). Dimethyl sulfoxide (DMSO), Triton X-100,

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT), and agarose were obtained from Sigma-Aldrich
(St. Louis, MO, USA). All other analytical-grade reagents and

solvents used were purchased from J.T. Baker (NJ, USA).

Preparation of Oleic-Acid Coated Fe;O4

Nanoparticles

Fe;04 nanoparticles were prepared using a co-precipitation
method. Briefly, FeCl,*4H,0 and FeCl;*6H,O were dis-
solved in an NH,OH solution in a ratio of 1:3 and then stirred
for 30 minutes. The solution was heated at 85°C for 15
minutes and then allowed to cool to room temperature,
resulting in the spontaneous precipitation of [ONPs.** The
IONPs were coated with oleic acid (OA) as described in
a previous report™ and separated from the solution using
a strong magnet (Figure 1A). The isolated OA-IONPs were
washed with pure water and dried in an oven overnight. The
dispersibility and particle size distribution of the OA-IONPs
were examined using a transmission electron microscope
(TEM, H-600, Hitachi, Ltd., Tokyo, Japan) and an electro-
phoretic light scattering device (NanoBrook 90Plus Zeta,
Brookhaven Instruments, NY, USA), respectively.

Preparation of LMWHA-Fe;O4 NPs and

FITC-Labeled LMWHA
LMWHA (200 kDa, Figure 1B) was prepared by exposing
commercial HMWHA (3000 kDa) to a cobalt-60 irradiator

(Point Source, AECL, IR-79, Nordion, Canada) with
a dose of 1 kGy/h for 20 hours at room temperature.®
LMWHA-IONPs were then prepared by mixing OA-
IONPs (in toluene) and LMWHA (in 1IN NaOH) under
vigorous stirring for 24 hours. Once the OA coating on the
IONPs was replaced by LMWHA, the LMWHA-IONP
sample was collected via ultra-filtration and centrifugation
(8000 rpm for 10 minutes) (Figure 1C). The pH of the
collected LMWHA-IONPs was adjusted to 7 via the addi-
tion of 0.1 N HCI solution and the NPs were then freeze
dried and placed into storage (Figure 1D).

FITC-labeled LMWHA was prepared by dissolving
2.5 mg fluorescein-5-isothiocyanate (FITC) in 20 mL of
dimethyl sulfoxide (DMSO). A 2 pL of ethylenediamine
solution was added to the sample and the solution was
stirred for 3 hours. The LMWHA activation solution was
prepared by mixing 250 mg of LMWHA solution with
0.125 g of 1-Ethyl-3-(3-dimethylaminopropyl) carbodii-
mide in 50 mL ultrapure water. The FITC and ethylene-
diamine solution was slowly dropped into the LMWHA
activation solution and vigorously stirred for 48 hours to
prompt a reaction. Finally, FITC-labeled LMWHA was
obtained using a dialysis procedure (8000 mol units) for
48 hours. The product was then freeze dried and placed
into storage for subsequent experimentation.

In vitro Cell Experiments
Targeting Ability of FITC-Labeled LMWHA
The targeting ability of LMWHA was evaluated using nor-
mal fibroblast (NIH3T3) and glioblastoma (U87MG) cell
lines. Cells were seeded onto Petri dishes at a density of
1x10* cells/mL then incubated with Dulbecco’s modified
eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin at
37°C with a 5% CO, supplement. Cells with various densi-
ties (1x10% 5x10*, 1x10° and 5x10° cells/mL) were then
further incubated with FITC-labeled LMWHA at concentra-
tions 0of 0, 0.5, 1, 2 and 4 mg/mL for 30 minutes at 4°C. After
labeling, cells were washed twice with PBS and the corre-
sponding fluorescence intensity was detected using a multi-
label plate reader (Plate Chameleon Multi-label Detection
Platform, Hidex Oy, Turku, Finland) with excitation and
emission wavelengths of 488 nm and 518 nm, respectively.
The ability targeting of FITC-labeled LMWHA was
also examined by means of fluorescence imaging.
Briefly, NIH3T3 and U87MG cells were cultured on
cover glasses until full confluence. Cells were then co-
cultured with FITC-labeled LMWHA and fixed with 4%
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Figure | Oleic acid-coated IONPs (A) modified with cobalt-60 irradiated LMWHA (B) to form an LMWHA-IONP solution (C). Freeze-drying was carried out to obtain
powdered LMWHA-IONPs (D). Transmission electron microscopy (TEM) image of prepared LMWHA-IONPs shows excellent dispersive property. Particles exhibited

a spherical core and were surrounded by a transparent oil shell (E).

paraformaldehyde. Cell membranes were punctured with
0.1% Triton x-100 and 4.6-diamidino-2-phenylindole
(DAPI) was added to each cover glass to enhance nuclear
staining. After staining, the cover glasses were mounted on
cover slides with Prolong® Diamond Antifade Mountant
(Molecular Probes™, Life Technologies, Monza, Italy),
obtained

DMiS8,
Microsystems, Wetzlar, Germany) fitted with a CCD cam-
era (Leica DFC7000 T).

Cytotoxicity of LMWHA-Fe;O,4 NPs
The cytotoxicity of LMWHA and LMWHA-IONPs was
tested on NIH3T3 and U887MG cells using the standard

and fluorescence images were using

a fluorescence microscope (Leica Leica

ISO 10993-5 procedure. Prior to the test, 400 mg of
LMWHA-IONPs were immersed in 2 mLL. DMEM at
37°C for 24 hours. The supernatant was then added to
cultured NIH3T3 and U87MG cells until reaching
a concentration of 0.2 mg/mL. For each cell line,
cytotoxicity determined using the MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide) method by reading the 570/690 nm absorbance
using a microplate reader (EZ Read 400, Biochrom,
Holliston, MA, USA). During these tests, DMEM contain-
ing 2% dimethyl sulfoxide (DMSO) was used as the posi-
tive control, while cells cultured without additive were

was

used as a blank group.

https://doi.org/10.2147/IJN.S307648
DovePress
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Time-of-Flight Secondary lon Mass

Spectrometry Analysis

NIH3T3 and US7MG cells were cultured in 6-well culture
plates at a density of 5x10° cells/mL for 24 hours. 1 mg/
mL of LMWHA-IONPs was then added to the culture
media for an additional 24 hours. The media were
removed and cells washed twice with PBS and then fixed
with glutaraldehyde. Time-of-flight secondary ion mass
spectrometry (TOF-SIMS) (PHI TRIFT IV, ULVAC-PHI,
Kanagawa, Japan) was performed by applying a Bis"
primary ion beam (operated at 30 keV) to the sample
surface.** The binding of LMWHA-IONPs to NIH3T3
and U87MG cell surfaces was evaluated by detecting the
Fe ion signal (m/z 56) and phospholipid (m/z 86 and m/z

184) signals*>*® over a surface area of 200x200 pum?.

Fe lon Content on Cell Surface

The targeting ability of LMWHA-IONPs was determined
by evaluating the quantity of Fe ions on cell surfaces
using the thiocyanate method. NIH3T3 and US7MG
cells with various densities (1.0 x 10* ~ 5.0x10° cells/
mL) were pre-treated with 1 mg/mL LMWHA-IONPs for
24 hours. 30% hydrochloric acid was added to the cells
and the resulting solution maintained at 55 °C for 3 hours.
Ammonium persulfate was added and the solution was
left to stand at room temperature for 15 minutes. Finally,
the formed Fe®" ions were reacted with SCN™ ions by
adding potassium thiocyanate (KSCN) to the solution.
The resulting blood-red complex [Fe(SCN)¢]*~ was
detected by a microplate reader (EZ Read 400,
Biochrom, Holliston, MA, USA) at a wavelength of 570
nm. Finally, the concentration of IONPs on the cell sur-
faces was determined by referencing a calibration curve
constructed using the optical density readings obtained for
of standard with known Fe**

concentrations.

a series solutions

T2*-Weighted Images of Cells Treated

with LMWHA-Fe;0, NPs

NIH3T3 and US7MG cells were cultured with 2 mg/mL of
LMWHA-IONPs for 24 hours in culture medium at room
temperature. Phantom samples for MRI imaging were
prepared according to a previous report.*” Briefly, 5 mL
agarose gel was filled into each well of a 6-well culture
plate and placed in an ultrasound bath to remove air
bubbles. Meanwhile, labeled NIH3T3 and U87MG cells
were washed twice with PBS and then re-suspended in

PBS. Cell suspensions with concentrations of 1.0x10°,
5.0x10° and 1.0x10° cells/mL were mixed with agarose
and filled into the wells containing agarose described
above. Following ultrasound treatment, the plate was
allowed to cool and an additional 5 mL of agarose
was added to cover the resulting cell layer. MRI imaging
was then performed using a 1.5 T MRI device (Signa
HDxt superconductor clinical MR system, GE Medical
Systems, Milwaukee, WI, USA). For each cell line, the
phantom dish was placed in the magnetic field chamber of
the MRI device and T2* weighted images were acquired
with a slice thickness of 4 mm, a repetition time of 170
msec, an echo time of 6.756 msec, an echo number of 1,
an echo train length of 1, a matrix size of 256 x 256,
a pixel bandwidth of 114.922, a flip angle of 20°, and
a specific absorption rate of 0.00354923. Quantification
of the labeled cells in the gel samples was performed by
measuring the gray level of the detected T2* weighted
images using commercial image analysis software (Image
Pro Plus,
MD, USA).

Media Cybernetics, Inc., Silver Spring,

Statistical Analysis

For fluorescence intensity, cell viability, and Fe ion content
tests, the mean values and standard deviations of each
measurement were recorded. One-way analysis of variance
(ANOVA) with Tukey’s post hoc tests (SPSS Inc.,
Chicago, IL, USA) were performed to examine differences
between samples. A p-value lower than 0.05 was consid-
ered to be statistically significant in each case.

Results
Morphology of the oleic-acid coated IONPs was observed
by TEM (Figure 1E). These particles exhibited a spherical
core surrounded by a transparent oil shell. The OA-IONPs
demonstrated a good dispersibility in water (Figure 1E)
with a polydispersity index (PDI) of 0.132. OA-IONP
diameters were found to be concentrated in the range of
4~12 nm (94.4%) with a average of 6.13 nm (Figure 2A).
The Zeta potential read from the electrophoretic light
scattering device was —48.22 mV. When NPs were con-
jugated with the y-ray irradiated LMWHA, particle dia-
meter increased to 500~900 nm (72.1%) (Figure 2B).
When NIH3T3 cells were treated with FITC-labeled
LMWHA (control group), only the nuclei showed a blue
color (Figure 3A and B). However, when U87MG cells
were treated with FITC-labeled LMWHA, obvious green
fluorescent signals were observed (Figure 3C and D) on cell
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Figure 2 Particle diameter distributions of (A) oleic acid-coated IONPs and (B) LMWHA-IONPs.

Figure 3 Optical (A, C, E) and fluorescent (B, D and F) microscope images of NIH3T3 (A and B) and U87MG (c, d) cells co-cultured with FITC-labeled LMWHA. FITC-
labeled LMWHA (green fluorescence) is observed on surface of U87 MG cells (F). White arrows identify FITC-labeled LMWHA on the cell surface.

surfaces (Figure 3E and F). Figure 4 shows detected fluores-
cence intensities of the NIH3T3 and U87MG cells seeded at
various densities and cultured with different concentrations of
FITC-labeled LMWHA. For both cells lines, fluorescence
intensity increased with increasing cell density and culture
concentration. However, for each cell density and LMWHA
concentration, U87MG cells exhibited higher fluorescence
intensity than NIH3T3 cells. For example, the NIH3T3 cells

had a maximum fluorescence intensity of 1257.3 £ 103.3
when seeded with a density of 5x10* cells/mL and cultured
with 4 mg/mL FITC-labeled LMWHA (Figure 4A), whereas
U8TMG cells exhibited a fluorescence intensity of 9896.7 +
400.5 (an improvement of almost 8 times) under the same
culturing conditions (Figure 4B).

Viability of NIH3T3 and U8S87MG cells was evaluated
using MTT assays. Cells cultured with DMSO showed
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Figure 5 Cell proliferation assay results for (A) NIH3T3 and (B) U87MG cells cultured with neat LMWHA and LMWHA-IONPs. **Denotes p < 0.01.

a significantly lower viability than the blank sample (Figure 5).
However, no significant change was observed in the viabilities
of cells treated using LMWHA or LMWHA-IONPs.

Figure 6 shows the TOF-SIMS images of the NIH3T3
(upper) and U87MG (lower) cells co-cultured with
LMWHA-IONPs. Note that the m/z 56, 86 and 186 signals
correspond to Fe ions, CsH;,N" fragments, and the head
group (CsH;sNPO,") of phosphatidylcholine on the cellular
membrane, respectively. Comparing the m/z 56 signals of the
two cell lines, it is seen that the U§7MG group signal is more
pronounced and abundant than that of the NIH3T3 group.
Figure 7 shows the m/z 56 and 186 convolution images of the
two cells. For U§7MG cells (Figure 7B), the m/z 56 signal is
located mainly around the boundary of m/z 186 (the CsH;,

N" fragments). In other words, the IONPs mainly target the
cellular surface rather than the cell interior.

The quantity of Fe ions on NIH3T3 and U87MG cells
cultured with LMWHA-IONPs was determined using the
thiocyanate colorimetry method. Fe ion content on
US7MG cells was significantly higher than on NIH3T3
cells for each of the considered culture concentrations
(Figure 8). For example, given a seeding density of
1.0x10% cells/mL, the quantity of Fe ions on US7MG
cells was 1.4 times higher than on NIH3T3 cells (p <
0.01). Moreover, at the highest seeding density of
5.0x10° cells/mL, the difference between Fe ion contents
of the two cell lines increased to almost three times
(» <0.01).
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Figure 6 TOF-SIMS images of NIH3T3 and U87MG cells co-cultured with LMWHA-IONPs. (Note that m/z 56, 86 and 186 signals represent Fe ions, C5HI2N" fragments,
and head group (C5HI5NPO4") of PC on cellular membrane, respectively. Scale bar indicates 100 pum.).

Figure 7 Convolution TOF-SIMS images of (A) NIH3T3 and (B) U87MG cells cultured with LMWHA-IONPs. The m/z 56 signal (red image representing Fe ions) in Fig. (B)
shows enhanced targeting of LMWHA-IONPs on U87MG cellular surface. (Scale bar indicates 100 um.).

T2* weighted MR images of IONPs showed a black
pattern (Figure 9A) compared to the blank control (Figure
9B). Images for NIH 3T3 (Figure 9C) and U87MG (Figure
9D) cells cultured without LMWHA-IONPs were clear and
white. The T2* weighted MR images of the tested NIH 3T3
and U87MG cells were captured (Figure 10A) and the
signal intensity quantified. For both cell lines, the intensity
of T2* weighted MR images reduced with an increasing
cell density (Figure 10B). However, at a cell density of
1.0x10° cells/mL, the signal intensity of US7MG cells

was around 1.1 times higher than that of NIH3T3 cells.
Furthermore, at the highest cell density of 1.0x10° cells/mL,
the signal intensity of U87MG cells increased to around 1.3
times that of NIH3T3 cells (p < 0.05).

Discussion

It has been reported that several biodegradable and bio-
compatible materials such as poly-l-lysine, citric acid,
oleic acid, and carboxymethyl-dextran can be used as
coating agents for obtaining stabilized and biocompatible
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TONPs.” 41348 In this study, the surfaces of IONPS were
coated with OA during the NP preparation process in order
to minimize the oxidation effect and reduce particle
agglomeration. In 2020, Tiar and coauthors tested IONPs
coated with various fatty acids and found that IONPs
coated with OA exhibited the smallest PDI (0.154), hydro-
dynamic size, and a narrow particle size distribution when
compared to [ONPs coated with other fatty acids.* In this
study, The PDI of prepared OA-IONPs (0.132) was close
to the result of the previous study, and the zeta potential of
the prepared OA-IONPs was found to vary in the range of
—40 mV to —60 mV. Collectively, these physical character-
istics and the TEM image presented in Figure 1E, provide
proof that the prepared OA-coated IONPs have good
dispersibility.'>** In addition, the majority of these

Figure 9 T2* weighted images of the (A) blank, and (B) LMWHA-IONPs in agarose. (C) and (D) show T2* weighted images of agarose with NIH3T3 and U87MG cells

cultured under LMWHA-IONPs free conditions.
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Figure 10 (A) T2* weighted images of NIH3T3 and U87MG cells cultured with LMWHA-IONPs at different seeding densities. (B) Quantitative analysis of T2* weighted

images. *Denotes p < 0.05.

prepared IONPs have a diameter ranging from 4 to 12 nm
(Figure 2A). This diameter is less than 30 nm; hence, it
can be inferred that these IONPs are superparamagnetic.'’
Notably, even though the LMWHA-IONPs have a much
larger diameter of 500-1000 nm, this has no apparent
effect on their properties as an MRI imaging material.**
In actuality, the major effect of particle size of IONP on
MRI imaging is to determine suitability for application as
a negative or positive contrast agent.® It has been reported
that a large nanoparticle size can enhance negative contrast
while a small analog can enhance the positive contrast of
MR images.’ Because the HA used in this study did not
involve the imaging process, it is reasonable to suggest
that the IONPs fabricated in this study are adequate for the
fabrication of MRI contrast agent.

Nanoscale fluorescent probes have been developed that
improve the operation of cancer treatments, such as mag-
netic hyperthermia.>® Qhattal and Liu (2011) investigated
the effect of HA molecular weight on endocytosis of HA-
grafted liposomes by cancer cells.”® Their results showed
that the cellular targeting efficiency of HA depends
strongly upon molecular weight. Since the specific ability
of fluorescence-labeled HA to target cancer cells has been
reported in previous studies, this was used as the control
group in the present study.’' Figure 3B and D present
fluorescence images of the present NIH3T3 and US7MG
cells co-cultured with FITC-labeled LMWHA. The
USTMG cells exhibited a greater number of surface

fluorescence spots (Figure 3F). In other words, the y-
irradiated LMWHA successfully targets the HA receptors
on the US7MG cell surface. Referring to Figure 4, it can
be seen that for a given cell density and culture concentra-
tion, fluorescence intensity of US7MG cells (Figure 4B) is
around 8 times higher than that of NIH3T3 cells (Figure
4A). This finding is reasonable since U§7MG is a cancer
cell, and therefore contains a greater number of CD44
receptors on its cell membrane compared to normal
fibroblasts.?®*” Notably, since the ability of y-irradiated
LMWHA to target tumor cells is different for normal
cells, y-irradiated LMWHA has significant potential as
a modifier for producing MRI contrast agents.
Biocompatibility is a crucial concern for the clinical
application of MRI contrast agents. For example, a high
dose of Mg-based MRI contrast agent may have serious
adverse effects on some patients.*” Hence, HA is com-
monly used to modify the surface of MRI contrast agents
in some way to reduce their cytotoxicity and improve their
stability.8 Fe;04 NPs are a common candidate for the
production of MRI contrast agents. However, while poly-
NPs

performance,'? their toxicity poses a serious concern in

mer-coated Fe;Oy4 have an excellent contrast

biomedical applications.> Consequently, many studies
have employed HA to conjugate magnetic NPs with
improved biocompatibility and reduced cytotoxicity.*?%*
In the present study, cytotoxicity of fabricated IONP com-

posites were assayed on NIH3T3 fibroblasts and US7MG
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glioblastoma cells according to the ISO 10993-5 standard,
as was done in a previous study.'”> Our results showed that
U87MG and NIH3T3 cells treated with neat LMWHA or
LMWHA-IONPs showed no significant difference in via-
bility compared to the blank group (Figure 5). In other
words, the present results are consistent with previous
studies that showed treatment with y-irradiated HMWHA
has no effect on the vitality of biological cells.'>**-°
Mass spectrometry imaging (MSI) is an important ana-
Iytical tool for label-free chemical imaging of diverse
molecules in biological specimens.”® Secondary ion and
laser desorption ionization MS are two major MSI devices
of NPs
biomolecules.>* There is potential use of MSI image data

used for simultaneous detection and
as a base for future big data and machine learning imaging
applications.>~°® TOF-SIMs is a highly sensitive cell sur-
face analysis technology in which a high-energy primary
jon beam (a Bi** ion beam in the present study) is used to
ionize the surface of a tested sample so that the secondary
ionized molecular fragments emitted from the sample sur-
face can be analyzed. By examining the m/z signals of
these secondary ions, both the entire image of the whole
tissue and that of specific chemical fragments can be
reconstructed.*>” In performing the TOF-SIMS analysis
of cellular membranes, Nygren et al chose phosphatidyl-
choline (PC), an abundant phospholipid on the cellular
membrane, as a detecting target and used m/z 86 (CsH,,
N" fragments) and m/z 184 (head group (CsH,sNPO,") of
PC) signals to reconstruct the image.****>” TOF-SIMs
images have been widely used for analyzing the interac-
tion between inorganic materials and cells. For example,
Kokesch-Himmelreich et al cultured osteoblast-like cells
on strontium-enriched bone cement and analyzed their
mineralized extracellular matrix by TOF-SIMs. Their
results confirmed that metal ions released by artificial
biomaterials and subsequently accumulated within biolo-
gical cells can be detected by TOF-SIMs.*’

In the present study, TOF-SIMs images of NIH3T3 and
U87MG cells co-cultured with LMWHA-modified IONPs
showed that U87MG cells exhibited an obviously stronger
Fe ion signal (m/z 56) than NIH3T3 cells (Figure 7). This
result is consistent with the finding that y-ray irradiated
LMWHA has a strong ability to target the surface of
U87MG glioblastoma cells (Figure 3). In addition, Figure
8 shows that US7MG cells have a far higher Fe ion content
than NIH3T3 cells. Thus, combining these results with
those shown for fluorescence intensity (Figure 4), it can

be confirmed that LMWHA-IONPs provide an effective
means of distinguishing tumor cells from normal cells.

To investigate NPs modified by HA for cancer ima-
ging, Payne et al compared the contrast in MR and fluor-
escence imaging.”' Their results demonstrated that HA
incorporating magnetic NPs and a fluorophore provides
a significant contrast enhancement effect for tumor resec-
tions and is thus beneficial in improving the patient’s
prognosis. In the present study, the ability of LMWHA-
IONPs to target CD44-abundant glioblastoma cells was
investigated by both fluorescence observations (Figure 3)
and MR imaging (Figure 10). Imaging results showed that
as cell density increased, the intensity of the MR image
reduced significantly for both US§7MG and NIH3T3 cell
lines. In other words, the contrast of the corresponding
T2* weighted images was improved in both cases. It is
noted that these findings are consistent with those of pre-
vious reports on the use of HMWHA-IONPs as a MR
contrast agent.”**'*?> A quantitative analysis showed that
the reduction in the image intensity for U§7MG glioblas-
toma cells was higher than for NIH3T3 cells (Figure 10B).
This result is to be expected since there are more CD44
receptors on the cellular membrane of cancer cells (glio-
blastoma) than on normal fibroblast cells,****” and hence
LMWHA-IONPs show a stronger targeting ability.

It has been reported that IONPs can also be used in
various antitumor treatments. For example, during mag-
netic hyperthermia and photothermal therapy, alternating
magnetic fields and near-infrared lasers can trigger [ONPs
in the tumor cells and heat the tumor by typically 41-55 °
C, which results in the destruction of tumor cells. In
addition, photo-dynamic therapy can trigger IONPs in
tumor cells and induce antitumor activity through the
release of radical oxygen species.'>® However, in order
to achieve this antitumor goal, two points must be met:
First, IONPS need to be internalized by tumor cells.'®>° In
2019, Alphandery et al tested the antitumor activity of
IONPs synthesized from magnetotactic bacteria (magneto-
somes). They found that these chained IONPs can be
internalized in US7MG cells so that tumor cells can be
destroyed by exposure to an alternating magnetic field.>”
Second, the amount of IONP must be sufficient, reaching
a concentration of 1 mg/mL.'***®" However, as seen in
Figures 3 and 7, the probe-conjugated LWMHA can target
only cell surfaces and not the inside of U§7MG cells. This
may be due to the HA modification increasing the overall
particles volume and preventing the LMWHA-modified
INOPs from entering and accumulating inside the cells.

International Journal of Nanomedicine 2021:16

3799

Dove:


https://www.dovepress.com
https://www.dovepress.com

Huang et al

Dove

This is a possible limitation for the application of current
LMWHA-modified INOPs in an anti-glioblastoma role.

Conclusion

In conclusion, the LMWHA-IONPs prepared in the pre-
sent study have shown a strong specific-binding ability to
U87MG glioblastoma cells. As a result, they yield
a significant improvement in the MR image contrast of
cancer cells. Hence, even though further in vivo and ani-
mal experiments are required, it appears that LMWHA-
IONPs have significant potential as an MRI contrast agent
for the detection of cancer and tumor cells.
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