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Abstract:

Riboflavin carrier protein (RCP) has been shown recently as an alternative biomarker for
cancer diagnosis. Because RCP level in serum has been found to be elevated in breast cancer, prostate
cancer and hepatocellular carcinoma patients comparing to healthy groups. The conventional
method for RCP detection is using radioimmuno assay (RIA) which involves radioactive compounds so
it is considered to be unsafe and require license for performing the assay. In this research, an
alternative method will be developed which is safer, easier and could be more sensitive comparing
to the RIA technique. This new approach will be using superparamagnetic iron oxide nanoparticles
(SPIONs) which have a great potential in nanomedicine due to the unique properties such as
superparamagnetic behavior, stability, biocompatibility and ease of fabrication and surface
engineering. Various synthesis conditions for SPIONs will be performed to achieve different sizes and
different surface coatings of the NPs. After that the nanoparticles will be further conjugated with
different amount of riboflavin (Rf) which is a ligand for RCP to achieve riboflavin functionalized SPIONs
(Rf-SPIONSs). In order to evaluate which synthesis condition give the best candidate for RCP binding,
thermodynamic parameters between the Rf-SPIONs and RCP will be investigated using Isothermal
Titration Calorimetry (ITC) and Differential Scanning Calorimetry (DSC) methods. Results of biophysical
interaction studies will provide an important information of the role of sizes, surface coatings and
quantities of surface ligands to the RCP binding. Fundamental knowledge on the interactions between
Rf-SPIONs and RCP will elaborate the effective process of SPIONs synthesis design. This development

can be applied to accurate cancer detection at early stage worldwide.

Keywords: Magnetic nanoparticles, riboflavin, binding affinity, Isothermal Titration Calorimetry,

Differential Scanning Calorimetry



1. Executive summary
1.1 Introduction to research

Nanomedicine is the field that uses nanomaterials in medical research area for
diagnosis, drug delivery or therapy. The materials for preparing nanoparticles can be organic or
inorganic such as iron oxide, carbon, silica, silver, gold etc. The nanoparticles (NPs) can be further
conjugated to biomolecules such as peptides, antibodies or nucleic acids and can be used as probes
to follow cellular movements and molecular changes associated with pathological symptoms and for
the detection and diagnosis of diseases in early states, especially in cancer research field' (figure 1a).
One of the most widely studied research area is magnetic nanoparticles that have gained extensive
attention because of their unique properties including superparamagnetic behaviour (figure 1b),
stability, biocompatibility and ease of surface chemistry modification. The nanoparticle surface can
be modified with specific ligand that can capture interested proteins. With the magnetism property,
it then can be easily isolated/purified from complex biological environment that contains large
amount of proteins and other biological molecules by applying the magnetic field. This method
therefore can be used as a quick and efficient method for bio-separation application which is very

useful for biotechnology and can be applied into medical applications such as in cancer research

area.
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Figure 1. The magnetic nanoparticles. (a) The magnetic nanoparticle is composed of magnetic core

Applied magnetic field

and the coating with different moieties for additional functionalities. (b) Superparamagnetic iron oxide
nanoparticles have a single magnetic domain because of their small magnetic core and are greatly

magnetized under an externally applied magnetic field'.



In cancer therapy, early detection is the best chance for successful and high survival
rate. The most recent study has shown that riboflavin carrier proteins (RCP) in serum are elevated in
cancer patients?®. Therefore, RCP has potential to be used as a biomarker for early cancer detection.
This research will be involved in developing magnetic nanoparticles decorated with riboflavin which
is the RCP ligand in highly specific manner in order to be further used for an easy and simple technique
for cancer diagnostic tool. The structure of riboflavin is shown in the figure 2. It is a component of
FAD and FMN which plays important role in cellular metabolism, cell growth and development which

is linked to cancer metabolism.
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Figure 2. Structures of Riboflavin, FMN, and FAD.

The superparamagnetic iron oxide nanoparticles (SPION) amino-functionalized with
riboflavin analog will be prepared as shown in the overall scheme below (figure 3). The riboflavin will
serve as a targeting ligand on the surface of nanoparticles to bind to riboflavin carrier protein. The
conditions to prepare the desired size of nanoparticles, the amount of ligands on the surface will be
optimized for the best binding to RCP. The future development of the cancer detection could be
performed directly from patient serum, however, with the magnetic nanoparticles, the isolating
interested protein could also be obtained. This development of the nanoparticles that specifically
target to riboflavin carrier protein will be another essential step to improve the early diagnostic of
breast cancer which will increase the survival rate of patients. The future development could be used
in combination with the chemiluminescence enzyme immunoassay (CLEIA) for detection of RCP

serum.
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Figure 3. Scheme of superparamagnetic iron oxide nanoparticles (SPIONs) functionalized with
riboflavin (Rf-SPIONSs) for riboflavin carrier protein detection. A) Riboflavin analog is prepared for further
conjugation on the SPIONs surface. B) SPIONs are functionalized with a riboflavin analog (Rf-COOH)
that gives the best binding to riboflavin carrier protein (RCP). C) The SPIONs will be investigated the

binding efficiency to RCP in the presence of other proteins.

1.2 Literature review

Magnetic nanoparticles (MNPs) have gained lots of interest in the past decades due
to their unique properties such as superparamagnetism, high magnetic susceptibility and
biocompatibility resulting in a wide range of research applications including catalysis®, biotechnology®,
biomedicine’, and environmental remediation®. The superparamagnetic feature means that the
nanoparticles are magnetized when applying magnetic field however, they lose the magnetic property
after removing the magnetic field. This property allows us to be able to control the particle properties.
For example, we can use the magnetic field when separation is needed and remove the magnetic
field when the particles are required to be dispersed in the medium (figure 4). It can also be controlled
the location of the deposit magnetic nanoparticles using magnetic field’. The magnetic nanoparticles
can be synthesized by different methods such as co-precipitation, thermal decomposition, laser
pyrolysis, micro-emulsion or hydrothermal synthesis. The co-precipitation method is the most facile,
reproducible and convenient approach to synthesize iron oxide from aqueous Fe*'/Fe*" salt solution

by addition base under inert atmosphere at room temperature or higher temperature®. The



superparamagnetic iron oxide nanoparticles (SPIONs) are nanoparticles with a synthetic Y-Fe,O5

(maghemite), Fe;0, (magnetite) or the combination of two.

Figure 4. Magnetic nanoparticles. (a and b) TEM images of Ni magnetic nanoparticles. (c) Ni-MNPs
with and without applying magnet'’. (d) TEM image of Iron oxide nanoparticles with silica surface
coating'®.

Even though there are numerous methods for synthesis of the NPs, maintaining the
stability of the magnetic nanoparticle without agglomeration or precipitation is a challenge. Due to
high surface area to volume ratio resulting in the high surface energy on the nanoparticles and in
order to reduce the high energy, the particles tend to agglomerate causing the low colloidal stability.
This phenomenon will highly effect to MNPs application in biological system which will be used in
aqueous environment. Therefore, numerous materials have been studied to coat on the nanoparticles
surface to improve their stability. The coating could be organic or inorganic such as surfactants',
polymer’, silica™, or carbon'?. Moreover, surface coating will give benefit for further conjugation with
molecules of interest for example, SPIONs were coated with silica and modified surface to have
carboxylic group for conjugated with amylase' or coating with PEG and conjugated with folic acid for
cancer targeting®.

The MNPs have been used in many applications including biomedical and
biotechnological areas. In biomedical area, MNPs have been used in hyperthermia, magnetic
resonance imaging (MRI), cellular therapy and labelling, gene and drug delivery’. In the

biotechnological research, the nanomaterials can be used for bio-separation, biosensing, or



biocatalysis. The superparamagnetic nanoparticles have been promising nanomaterials in these
applications because they are low-cost, scalability, and biocompatibility especially in complex
biological environment. Even though there are numerous applications of using magnetic nanoparticles,
in this research project, we will focus on bio-separation application for medical purpose, specifically
to use such NPs for isolating biomarker protein from complex protein environment in blood serum.
American Society of Clinical Oncology (ASCO) developed a guideline on using biomarker to guide
treatment for breast cancer patients. The current biomarkers such as cancer antigen 15-3 (CA15-3),
cancer antigen 27.29 (CA27.29) and carcinoembryonic antigen (CEA) which could be found in blood
however, the elevated of these antigens could come from other conditions that not related with
cancer as well. Therefore, using combination of biomarker would be better for the doctor to use as
a guideline for treatment of patients or early diagnosis.

This biomarker protein is a riboflavin carrier protein (RCP) which has evidence to show that it
is significantly elevated in cancer patients such as breast cancer, hepatocellular cancer, prostate
cancer””. For example, in breast cancer patient, the RCP level in patient serum is about 3-4 fold higher
than the healthy group and the RCP level is also related with the progression of the disease”.
Therefore, RCP could play important role in early detection of such cancers.

The potential of using nanoparticles and riboflavin carrier protein in cancer therapy have
been explored. The nanoparticles were functionalized with riboflavin (Rf) which is a ligand for RCP. It
has been shown that the RCP bind to Rf-functionalized nanoparticles and facilitates the uptake of the
RCP-Rf-NP into cancer cells. For example, Rf was conjugated with the fifth generation (G5)
poly(amidoamine) (PAMAM) dendrimer and showed that it can be targeted to deliver anticancer drug
methotrexate (MTX) to KB cancer cells via Rf receptor mediated mechanism'’. In addition, the
conjugated Rf-PAMAM was further studied and it was shown that chemically modified Rf at N-3
position at an isoalloxazine head gave about 5 times lower K than chemically modified at a (D)-
ribose unit attached at the N-10 position by isothermal titration calorimetry (ITC) and differential
scanning calorimetry (DSC) methods'®. Atomic Force Microscopy technique was also used to
investigate the interaction between G5(Rf)-gold nanoparticles and the RCP by detecting the changes
in particle height distribution'®. This method serves as a quantitative analysis to monitor the nanoscale

interaction between the Rf functionalized NPs and the RCP.



Moreover, the Rf was conjugated to N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer
and served as a targeting agent for delivering mitomycin C (MMC) to human breast cancer both MCF-
7 and SKBR-3 cells?. Not only the copolymer nanoparticles have been used for cancer therapy, the
Ultrasmall Super Paramagneic Iron Oxide nanoparticles (USPIONs) have also been studied for the
cancer therapy by functionalizing the USPIONs with flavin mononucleotide (FMN) as a specific target
to cancer cells (PC-3) and activated endothelial cells (HUVEC)”. It showed high specific uptake by
both PC-3 and HUVEC cells and due to their high T2-relaxivity, it can be used as a tool for molecular
MRI.

Even though there are increasing number of research in utilizing the riboflavin system for
development of drug delivery to cancer, there is so far no evidence of using riboflavin-nanoparticle
complex for early cancer diagnose application. Therefore, this research will be an essential step and
important knowledge for future development of nanomaterials for RCP serum detection which will
be greatly benefit to early cancer diagnose. The conventional RCP determination is using radioimmuno
assay (RIA) method which is very sensitive and highly specific however it is unsafe, requires high
precaution and licensing because the involvement of radioactive compounds®. It has been shown
that applying magnetic nanoparticles for separation could give higher performance in detection of
serum glycipan-3 which is highly expressed in hepatocellular carcinoma than the RIA method in term
of linear range, limits of detection and total assay time®. Therefore, this development of Rf-SPIONs
could have great potential to be used for separation, identification and quantitating RCP which could
be easier, faster and safer than using the radioactive compound and would be an excellent alternative

method for RCP detection. It also provides outstanding applicability in other tumor marker detections.

1.3 Objectives
1.3.1 To prepare various stable and biocompatible riboflavin functionalized
magnetic nanoparticles (different size and different amount of riboflavin).
1.3.2 To understand the binding affinity and biophysical interaction between
different amounts of ligands and riboflavin carrier proteins.
1.3.3 To understand the binding affinity and biophysical interaction between
different surface coating on nanoparticles and riboflavin carrier proteins.

1.3.4 To investigate on the specificity and sensitivity of Rf-SPIONs to RCP.



1.4 Methodology
This project comprises interdisciplinary effort of nanoparticle preparation, physico-

chemical properties of the nanoparticles and the riboflavin carrier protein.

1.4.1 Purification of riboflavin carrier protein
Riboflavin carrier protein (RCP) will be purified from chicken white egg using column

chromatography.

1.4.2 Synthesis of uncoated SPIONs (B-SPIONs)

FeCl,-4H,0 and FeCl;-6H,0 were dissolved in water. The mixture was heated to 80
°C with vigorous stirring under a N, atmosphere. NH,OH was added to the solution which rapidly
changed the color to black. The reaction was maintained at this temperature for 10 minutes. The NPs
were washed several times with water by magnetic decantation and redispersed in water as stock

solution.

1.4.3 Synthesis of poly(methacrylic acid) (PMAA)-coated SPIONs (P-SPIONs)

B-SPIONs stock solution was dispersed in water and SDS was added, then the solution
was stirred and heated to 70 °C followed by addition of neat MAA. After 45 minutes, K,S,04 solution
was added, and the solution was further stirred for 2 hours. The NPs were washed several times with
water to remove excess coating agents and then separated by magnetic decantation and dried in an

oven for subsequent characterization.

1.4.4 Synthesis of citrate-coated SPIONs (C-SPIONs)
FeCl,-4H,0 and FeCl;-6H,0 were dissolved in water and refluxed at 70 °C under N,
atmosphere with vigorous stirring for 30 minutes. NH,OH was added and the reaction was maintained

at this temperature for another 30 minutes. Tri-sodium citrate dihydrate solution was added and the

temperature was raised to 90 °C for 1 hour. The resulting C-SPIONs were washed with water and

separated by magnetic decantation and then redispersed in water as stock solution.

1.4.5 Synthesis of riboflavin-citrate ester (CARf)

Riboflavin and citric acid were dissolved in phenol and the reaction was heated to

reflux condition at 140 °C. The reaction was prolonged for 4 hours then was cooled down to room



temperature. The resulting ester was isolated by precipitation in diethyl ether followed by vacuum

filtration and was used as crude product without further purification.

1.4.6 Coating of SPIONs with CARf

B-SPIONs and riboflavin-citrate ester were mixed in water and stirred under N,

atmosphere at 90 °C for 90 minutes. The resulting Rf-SPIONs were washed with water and isolated

using magnetic decantation.

1.4.7 SPIONs characterization

Functional groups and surface coatings of the particles were studied by infrared
spectrometry (Perkin Elmer Frontier FTIR spectrometer and Bruker ALPHA FTIR spectrometer). The
particle size and morphology were analyzed using a transmission electron microscope (FEI Tecnai T20,
USA). Bound proteins formed in coronas were analyzed by SDS-polyacrylamide gel electrophoresis

(SDS-PAGE).

1.4.8 Investigation of colloidal stability in biological-relevant media

The synthesized SPIONs and coronas were suspended in water, PBS, DMEM, DMEM
with 10% FBS, RPMI or RPMI with 10% FBS. Size and zeta potential were measured at different times
of incubation to determine the stability of the particles in each medium using a Nanosizer 90 ZS

(Malvern Instrument, UK).

1.4.9 Binding of Rf-SPIONs with RCP

Binding affinity of Rf-SPIONs with RCP was measured using Isothermal Titration
Calorimetry (MicroCal PEAQ-ITC, Mavlvern Panalytical). Experiments were performed in 50 mM Tris
buffer (pH 7.5) using following parameters: 25 °C, 750 rpm, 150 s between injections with 19 injections

of 2 uL each.

2. Results
2.1 SPIONs characterization
The synthesized B-SPIONs were irregular in shape with diameter ~6 nm when
observed under transmission electron microscope (Figure 5). FTIR spectrum of B-SPIONs shows
characteristic peak of Fe-O bonds at around 540 cm. Broad peak at 3200 cm™ represents O-H

stretching of hydroxyl groups. Coating of PMAA and citrate did not increase the size of SPIONs. The



coatings were confirmed by FTIR spectra. P-SPIONs shows C-H stretching peaks of PMAA at 2855 and
2924 cm™ with symmetrical stretching of carboxyl groups at 1400 cm™ (Figure 6).

Coating of B-SPIONs with CARf was confirmed by measuring fluorescence activity. The
Rf-SPIONs shows broad fluorescence emission at ~524 nm when excited at 440 nm matching that of

free riboflavin molecules.
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Figure 5. TEM images and size distribution of a) B-SPIONSs, b) P-SPIONs and ¢) C-SPIONSs.

2.2 Colloidal stability B-SPIONs, P-SPIONs and C-SPIONs were resuspended in
commonly used biological media: water, PBS, DMEM, DMEM with 10% FBS, RPMI and RPMI with 10%
FBS and the colloidal stability was evaluated by determination of the hydrodynamic size using
dynamic light scattering (figure 7). The uncoated SPION showed rapid aggregation in water, giving a
diameter >1 um (figure 7a). Surface modification of SPION with either PMAA or citrate resulted in a

smaller hydrodynamic size (~100 nm) and maintained for at least 24 hours.

In PBS, B-SPIONs had an average diameter of ~500 nm (figure 7b), however after
prolonged incubation for 24 hours, aggregation was observed resulting in an average particle diameter

of size ~1 um, similar to what was observed in water. The sizes of the P-SPIONs and C-SPIONs were
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Figure 6. FTIR spectra of B-SPIONs, P-SPIONs and C-SPIONSs.

~100 nm, however, after prolonged incubation in PBS, the size of C-SPIONs increased to ~300 nm,

whereas the P-SPIONs remained the same size.
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Figure 7. a)-f) Hydrodynamic diameters of B-SPIONs, P-SPIONs and C-SPIONs in water, PBS, DMEM,
DMEM+10% FBS, RPMI and RPMI+10% FBS respectively. Black and grey bars represent 0 and 24

hours of incubation respectively.



In cell culture media, all samples were highly unstable resulting in aggregation with
particle sizes >1 pm (figure 7c). Surprisingly, addition of FBS to the culture medium significantly
reduced the sizes of all samples especially SPION-PMAA for which the hydrodynamic size decreased

from 1 um to ~100 nm (figure 7d-f).
2.3 Binding of Rf-SPIONs with RCP

Binding of Rf-SPIONs with RCP was studied using ITC technique. The riboflavin-
conjugated SPIONs showed binding signature when titrated with RCP solution. Dissociation constant
(Kp) between the particles and RCP was around 13 pM which is higher than that of free riboflavin (127
nM). Control experiments were performed by titrating of B-SPIONs with RCP and Rf-SPIONs with bovine

serum albumin (BSA) which both showed no binding activity.
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Figure 8. Integrated heat plot of binding between a) free riboflavin and RCP, b) Rf-SPIONs and RCP,

¢) Rf-SPIONs and BSA and d) B-SPIONs and RCP.



3. Conclusion and Discussion

The synthesized B-SPIONs were successfully coated with PMAA and citrate molecules as
evidenced from FTIR spectra. Peaks at around 1400 and 1600 cm™ of both P-SPIONs and C-SPIONs
represent symmetric stretching and vibration mode carboxyl eroups which suggest symmetrical
chelation of carboxyl groups of PMAA and citrate with SPIONs surface”. The coatings did not
significantly increase the size of SPIONs but provided more spherical surface especially for P-SPIONs
as observed from TEM images.

Riboflavin was conjugated to citric acid through refluxing in phenol. The riboflavin-citrate ester
was mixed with B-SPIONs to yield Rf-SPIONs with riboflavin moiety as ligand. The riboflavin-citrate
ester was expected to bind to SPIONs surface through carboxylic groups in similar manner as citrate
molecules. The coating was confirmed by fluorescent emission of the NPs at ~524 nm when excited
at 440 nm. In addition, CARf molecules also provide surface stabilization as Rf-SPIONs showed
hydrodynamic diameter of ~100 nm while uncoated B-SPIONs showed size of ~1 um.

Binding of Rf-SPIONs was studied using ITC technique. The Rf-SPIONPs showed binding with
RCP with Ky of ~13 pM. High Ky values indicate weak binding between ligands and enzymes. RCP
binds strongly to free riboflavin with Ky as high as 127 nM. The weaker binding between Rf-SPIONs
and RCP when compared to free riboflavin ligands could be due to steric hindrance of the short ligand
preventing successful binding. Specificity between Rf-SPIONs and RCP was confirmed by control
experiments. Titration of Rf-SPIONs with BSA showed no binding similar to titration of B-SPIONs with
RCP.

To conclude, SPIONs were synthesized and their stability in biological environment was
studied and enhanced by coating with either PMAA polymer or citrate molecules. Citrate was further
conjugated with riboflavin molecules and used as stabilizing agents with riboflavin terminal available
for RCP binding. The Rf-SPIONs were confirmed to bind specifically to RCP with Ky of 13 uM. The
specificity of Rf-SPIONs with RCP suggest potential use of the material as tool for separation of RCP.
However, improvement of the ligands for lower K value or stronger binding might be needed for

further effective uses.



4. Output
4.1 International conference
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- Prapainop, K.; Miao, R.; Aberg, C.; Salvati, A.; and Dawson, K. A. “Reciprocal
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nanoparticles uptake in non-phagocytic cells”. Nanoscale. 2017, 9, 11261.

- Wid Mekseriwattana, Yotsakorn Tantiapibalkul, Kanlaya Prapainop. The
preparation of superparamagnetic iron oxide nanoparticles for investigation of
interaction between nanoparticles and cells. ScienceAsia (Under revision)

- Wid Mekseriwattana, Supreeya Srisuk, Ruttanaporn Kriangsaksri, Nuttawee
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Nanoparticles have great potential as drug delivery vehicles or as imaging agents for treatment and dia-
gnosis of various diseases. It is therefore crucial to understand how nanoparticles are taken up by cells,
both phagocytic and non-phagocytic. Small interference RNA has previously been used to isolate the
effect of particular receptors in nanoparticle uptake by silencing their expression. Here we show that,
when it comes to receptors with overlapping function, interpretation of such data has to be done with
caution. We followed the uptake of silica nanoparticles by scavenger receptors in A549 lung epithelial
cells. While we successfully knocked-down gene expression of several different receptors within the
scavenger receptor family (SR-Al, MARCO, SR-BI, LOX-1 and LDLR) this caused reciprocal up and down
regulation of the other scavenger receptors. Subsequent nanoparticle uptake experiments in silenced
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cells exhibit a complex behaviour, which could easily be misinterpreted if reciprocal regulation is not
considered. Preliminary identification of the actual scavenger receptors involved can be found by
disentangling the effects mathematically. Finally, we show that the effects are still present under more

rsc.li/nanoscale realistic biological conditions, hamely at higher serum concentrations.
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Introduction

Nanoparticles are promising in medical applications, both as
drug delivery vectors and for diagnosis. However, despite
numerous synthesized nanoparticles exhibiting excellent tar-
geting in in vitro studies, successful translation to the clinic
has been more limited and the majority of nanoparticles do
not reach their desired target." Therefore understanding the
fundamental science of how nanoparticles interact with cells
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is an essential step towards improved nanoparticle design for
enhanced efficacy.” Most nanoparticles readily enter cells and
interact with the cellular machinery using energy-dependent
processes.” This is particularly so in the case of the mono-
nuclear phagocyte system,* a fact that hinders the potential for
using nanoparticles as drug delivery vehicles. Nanoparticle
uptake can be described in terms of an initial adhesion of the
nanoparticle to the cell membrane followed by internalisation
of the nanoparticle into the cell® and subsequent trafficking to
different subcellular locations. Which receptors and uptake
pathways are involved in the internalisation is, however, still
largely unsettled.

Scavenger receptors (SRs) are transmembrane proteins of at
least eight different subclasses (A-H). Class A scavenger recep-
tors are widely expressed on macrophages® and two of the
major subtypes, scavenger receptor AI/Il and macrophage
receptor with collagenous structure (MARCO), have been
found to facilitate the uptake of nanoparticles.”” Also scaven-
ger receptors of class B have been reported to be involved in
the uptake of nanoparticles.’® Here we focus on how scavenger
receptors mediate the uptake of amorphous silica (SiO,) nano-
particles in non-phagocytic A549 lung epithelial cells.
Consistent with the general observation, silica nanoparticles
have been shown to be taken up by various cell types, includ-
ing macrophages and lung epithelial cells."*™** While several
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studies have specifically investigated the uptake of silica nano-
particles via scavenger receptors in phagocytic cells”*>™” here
we set out to understand the role of scavenger receptors in
non-phagocytic lung epithelial cells, using A549 cells as a
model system. A549 are human lung carcinoma epithelial cells
which can be grown in adhesion in vitro.

Small interference RNA (siRNA) has been used as a tool for
studying the role of specific receptors in nanoparticle
uptake.'®'® For example, we have previously synthesized trans-
ferrin-functionalized nanoparticles whose uptake into cells
was lowered upon silencing the transferrin receptor,
suggesting that those nanoparticles do, indeed, target the
transferrin receptor.'® Naturally, knowing a particle is recog-
nised by a receptor does not imply full knowledge of the sub-
sequent internalisation mechanism. Nevertheless, it constitu-
tes essential information on the very first step of the uptake
process. Here we use siRNA silencing for scavenger receptor-
mediated uptake of silica nanoparticles. However, for receptors
within a family that share function, selective knock-down can
cause difficult to predict effects on other receptors within the
family. We demonstrate this within the scavenger receptor
family and show the complex behaviour of nanoparticle
uptake that ensues and the complications that arise in inter-
preting the behaviour.

Results and discussion

A549 lung epithelial cells express scavenger receptors such as
SR-A, MARCO, SR-BI, LOX-1 and LDLR (Table S2}). The level of
transcripts specific for SR-BI is higher than other scavenger
receptors, as previously reported in human bronchial epi-
thelial cells.”® RNA interference was introduced to knockdown
the expression of several scavenger receptors in A549 cells.
Two separate duplexes of validated siRNAs, targeting separate
regions of the target mRNA, were used (Table S1f). The
efficiency of gene silencing was determined by measuring the
relative reduction in scavenger receptor expression using qPCR
(Fig. S1t). The siRNA with the highest efficiency of silencing
each respective scavenger receptor was selected for the further
experiments.

As model systems, different sizes of fluorescent silica nano-
particles (10, 50 and 200 nm) were used to investigate the
effect of nanoparticle size in their uptake mechanisms by
scavenger receptors. The nanoparticles were synthesised as
described previously, with a silica core surrounded by an argi-
nine shell that prevents dissolution.>! Basic size characteriz-
ation by dynamic light scattering of the nanoparticles
dispersed in the relevant media is presented in Table S3.1 In
serum-free MEM the silica nanoparticles exhibit sizes of
about 18, 59 and 240 nm, that is, roughly the intended
sizes. However, upon dispersion in serum-containing medium
(10%, 30% and 50%) the average size of the 10 and 50 nm
nanoparticles increases substantially, most likely due to
nanoparticle agglomeration. The 200 nm nanoparticles, in
contrast, remain mostly well-dispersed. In what follows we
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will nevertheless refer to the nanoparticles by their intended
sizes.

In general, silica nanoparticles are known to enter cells,
including the A549 cells used here, and extensive information
is already available on their intracellular behaviour and final
fate inside cells.>'"** This is also true for the specific silica
particles, and variations thereof, we employ here."®*"** In
order to determine whether these nanoparticles are taken up
by scavenger receptors, polyinosinic acid (poly I), a known
non-specific scavenger receptor ligand, was used to block
uptake by scavenger receptors; polycytidylic acid (poly C) was
used as a negative control (Fig. 1A). Cellular uptake of the 50
and 200 nm nanoparticles was decreased after pre-incubation
with poly I, but not with the negative control poly C; however,
the uptake of the 10 nm nanoparticles was unchanged
(Fig. 1A) even as the concentration of poly I was increased up
to 500 pg ml™" (Fig. S21). This selective inhibition of nano-
particle uptake by poly I suggests that the uptake of the 50 and
200 nm silica nanoparticles is mediated by scavenger recep-
tors, while the 10 nm nanoparticles might be taken up by
different mechanism(s).

We next explored the role of each scavenger receptor in
nanoparticle uptake by using cells silenced for specific scaven-
ger receptors (Fig. 1B-D). Surprisingly, most of the silenced
cells do not show a reduction of nanoparticle uptake, but
rather uptake is increased after silencing scavenger receptors.
The only exception is LDLR silenced cells, which showed lower
uptake of the silica nanoparticles (of all sizes) after silencing.
Notably, in LOX-1 silenced cells, the 50 and 200 nm nano-
particles are taken up to a much higher extent than in control
cells (Fig. 1C and D).

Even though the uptake mechanism seems to be complex,
we further investigated whether the uptake of silica nano-
particles in cells silenced for a particular scavenger receptor
(SR-A, SR-BI, MARCO, LOX-1 or LDLR) is due to other scaven-
ger receptors. The silenced cells were thus pre-incubated with
the non-specific scavenger receptor inhibitor poly I (again
using poly C as a control) prior to exposure to the 50 and
200 nm silica nanoparticles. In all cases, uptake is reduced by
pre-incubation with inhibitor, but not with negative control
(Fig. 1E and F). Using fucoidan as a scavenger receptor inhibi-
tor gives the same outcome (Fig. S31). The results suggest that
the increased uptake in cells silenced for a particular receptor
is possibly due to the up-regulation of one of the other non-
silenced scavenger receptors.

To validate the hypothesis that up-regulation of other sca-
venger receptors is the cause of increased uptake after silen-
cing a given scavenger receptor, we further investigated how
the expression of the other scavenger receptors were affected
by silencing a specific receptor (Fig. 2). The results show that,
though we successfully knocked down the mRNA expression
level of each individual scavenger receptor, silencing a specific
scavenger receptor not only reduces the mRNA expression level
of the receptor of interest, but can also lead to up- or down-
regulation of the other receptors. For example, silencing the
SR-A receptor, while reducing the mRNA expression level of

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Role of scavenger receptors in cellular uptake of silica nanoparticles in A549 cells. (A) Nanoparticle uptake after pre-incubation with inhibitor
as a function of inhibitor concentration. Cells were pre-incubated with either poly | (inhibitor) or poly C (negative control) at different concentrations
for 30 min before being exposed for 3 h to 100 ug mL™* of 10, 50 and 200 nm silica nanoparticles dispersed in 10% foetal bovine serum. Results are
presented as the median cell fluorescence intensity (MFI) due to nanoparticle uptake relative to cells without pre-incubation with inhibitor. (B—D)
Nanoparticle uptake in A549 cells silenced for the scavenger receptors SR-A, MARCO, SR-BI, LOX-1 and LDLR or negative silencer control (Neg).
Cells were silenced for 72 h before exposure for 3 h to 100 pg mL™ of (B) 10 nm, (C) 50 nm and (D) 200 nm silica nanoparticles dispersed in 10%
foetal bovine serum. (E—F) Nanoparticle uptake in scavenger receptor silenced cells pre-incubated with inhibitor. A549 cells were silenced for 72 h
as above and then pre-incubated with either poly | or poly C (5 pg ml™) for 30 min prior to exposure for 3 h to 100 ug mL™ (E) 50 nm or (F) 200 nm

silica nanoparticles.

SR-A to 30%, also up-regulates the MARCO, LOX-1 and LDL
receptors (Fig. 2A). In contrast, silencing the MARCO receptor
causes down-regulation not only of MARCO, but concomitantly
induces the down-regulation of SR-A, SR-BI and LOX-1
(Fig. 2B). Furthermore, Fig. 2C shows that silencing SR-BI
decreases the expression of all investigated receptors (SR-A,
MARCO and LDLR) except LOX-1, which is up-regulated.
Interestingly, in LOX-1 silenced cells, the MARCO receptor is
up-regulated 3 fold compared to control cells, while SR-BI and
LDLR are unaffected (Fig. 2D). In LDLR silenced cells, the
knockdown causes up-regulation of LOX-1 but down-regulation
of SR-A and MARCO (Fig. 2E). This reciprocal up-regulation
was also previously observed upon silencing SR-A and CD36 in
mouse macrophage RAW 264.7 cells.*® Overall, these results
suggest partly overlapping functions and sensitive regulation
to balance the function of these receptors.

This journal is © The Royal Society of Chemistry 2017

Based on these results, the origin of the complicated behav-
iour of the uptake under silenced conditions (Fig. 1C and D) is
clear. For example, the lowered uptake of silica nanoparticles
in LDLR silenced cells (Fig. 1C and D) do not simply mean
that the LDLR receptor is the major player in their cellular
uptake, because other scavenger receptors (SR-A and MARCO)
are also down-regulated (Fig. 2E). Conversely, up-regulation of
a receptor in cells silenced for a certain receptor could also
enhance the uptake of nanoparticles into those cells.
Therefore, if siRNA is used to reduce the expression of a par-
ticular receptor and there is no change in nanoparticle uptake
behaviour, it does not necessarily imply that the receptor is
not involved in the uptake mechanism because the cells might
compensate the lack of that particular receptor by over-
expression of others. Hence interpretation of results from
knockdown gene expression has to be done with caution.

Nanoscale, 2017, 9, 11261-11268 | 11263
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Fig. 2 Expression levels of several scavenger receptors upon silencing a specific receptor. (A) SR-A; (B) MARCO; (C) SR-BI; (D) LOX-1 and (E) LDLR
were silenced and the mRNA expression levels of all the indicated receptors determined using gPCR. Results are presented as the mRNA quantity
relative to negative control (Neg) and the scavenger receptor intended to be silenced is shown in green.

Nevertheless, we can attempt to understand the behaviour
to some extent by considering the effect that silencing one
receptor has on the expression of the other receptors (Fig. 2)
and correlating that with the uptake (Fig. 1C and D). For
example, silencing LDLR causes a substantial increase in the
expression of LOX-1, while none of the other receptors are up-
regulated (Fig. 1E). However, uptake of nanoparticles into
LDLR silenced cells is not higher than control cells, neither
for the 50 nm nor for the 200 nm silica nanoparticles (Fig. 1C
and D, respectively). This could suggest that LOX-1 is not
involved in the uptake of the 50 and the 200 nm silica nano-
particles. As another example, silencing of LOX-1 causes a sub-
stantial up-regulation of MARCO (Fig. 2D) with a concomitant
increase in the uptake for both the 50 and the 200 nm silica
nanoparticles (Fig. 1C and D, respectively). This could suggest
that MARCO is involved in their uptake.

We may take this one step further by using a simple math-
ematical model to perform such considerations “automati-
cally”. We now illustrate the basic idea behind such an
approach. Thus let J be the total flux, via all pathways, of nano-
particles into cells. This flux is not directly measured (in these
experiments), but for the exposure times reported here (Fig. 1)
we may assume that the cellular fluorescence due to nano-
particle uptake is roughly proportional to this flux, ie., fluo-
rescence = J x time. The underlying assumption is that after
some time the initial transient, due to nanoparticles adsorbing
to the outer cell membrane, is negligibly small compared to
the number of nanoparticles inside the cell, something we
have previously shown to be the case.” Furthermore, 3 h is still
short compared to the diluting process of cell division which
takes place at time-scales of days, again something we have
shown previously.>® Thus, the total flux is, in essence, measur-
able and may be approximated with the results shown in
Fig. 1C-E.

11264 | Nanoscale, 2017, 9, 11261-11268

We now write the total flux into cells as the sum of fluxes
via all the different pathways

J= ZjSR,iNSR,i +J'
i

where the first term represents the fluxes due to the receptors
explicitly studied here, and the second term the flux, ', due to
all other pathways. Ngg ; is the number of receptors of the sca-
venger receptor type 7, and jsg; is the flux per number of such
receptors. In non-silenced cells, we use the equation essen-
tially as-is, i.e.,

us 'us : us
.] _.] = E ]SR,iNSRyi
i

where the superscript ‘us’ denotes ‘unsilenced’. However, for
silenced cells we rewrite the expression to

s

s _7's _ ©AzUS Nsr,i

J =] = SR, SR,i prus
i

SR,i

where the superscript ‘s’ denotes ‘silenced’. The reason for
this reformulation is that the expression now contains the
ratio of the number of receptors in silenced to non-silenced
cells, Nig /Ny ;» L.e., the up/down-regulation of the receptor.

It is now possible to extract the flux via the measured sca-
venger receptors, jsg Ngg 7, from the experimental data; that is,
it is possible to extract via which receptors the particles enter
under normal conditions. We use the data in Fig. 1E and F for
the fluxes of the 50 and 200 nm silica nanoparticles, respect-
ively. For the total flux, J, we use the average of the results with
no blocking agent and with the negative control blocking
agent (poly C); for the flux via other receptors, J/, we use the
results with blocking agent (poly I). The ratio of the number of
receptors in silenced to non-silenced cells, N, ,/Ng;;, we
approximate with the mRNA expression levels “measured

This journal is © The Royal Society of Chemistry 2017
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(Fig. 2). Using all conditions, we then have 6 equations
(unsilenced cells and 5 different silencing conditions) to
extract 5 unknowns. We do this by least-square minimisation,
with the added condition of the fluxes being positive, propa-
gating the errors in the fluxes.

Fig. 3 shows the results. It suggests that the uptake of both
particles occurs predominately via the MARCO and LDLR
receptors, with some involvement of LOX-1 in the case of the
50 nm silica nanoparticles. The main weakness in this
approach is that not all scavenger receptors have been
included in the study, and it is possible that differential up/
down regulation of other scavenger receptors could also con-
tribute. Uptake taking place via non-scavenger receptors does,
however, not cause issues (as long those receptors are not
blocked by poly I), because this has been excluded from the
analysis by using the blocking experiments (Fig. 1E and F).
Another concern is the relation between the actual number of
receptors at the cell membrane and the mRNA levels measured
(Fig. 2). Still, using the extracted receptor fluxes to predict (or,
rather, postdict) the uptake under all measured conditions
shows a reasonable description of the overall data (Fig. S47).
While further studies would be needed to confirm the con-
clusions, this exercise nevertheless shows the potential for
extracting which receptors are involved in the uptake process
from rather complex datasets.

To address whether the effects remain in more realistic bio-
logical environments (i.e., in the presence of higher amounts
of serum), cells were exposed to silica nanoparticles dispersed
in different amounts of serum and assessed for uptake as
above (Fig. S51). Addition of serum decreased the uptake of all
nanoparticles, in particular the 200 nm silica nanoparticles
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that show almost no uptake when dispersed in 30% foetal
bovine serum, as previously observed.'®*® The reduction of
uptake in the presence of higher concentrations of protein
was, furthermore, observed both for foetal bovine and human
serum, again as observed previously.>®

Though the nanoparticles were taken up less in higher con-
centrations of serum, pre-incubation with scavenger receptor
inhibitor (poly I) reduces uptake further, compared to the
absence of inhibitor (Fig. S61). Subsequently, nanoparticle
uptake in high serum concentrations in cells silenced for sca-
venger receptors was investigated. Uptake of 10 nm nano-
particles showed similar behaviour upon silencing specific sca-
venger receptors when the nanoparticles were dispersed in
30% and 50% foetal bovine serum (Fig. 4A and D) compared
to under normal cell culture conditions (10% foetal bovine
serum; Fig. 1B). Similarly, the 50 nm silica nanoparticles
showed high uptake in LOX-1 silenced cells in both 30% and
50% foetal bovine serum (Fig. 4B and E), as in lower serum
amounts (10% foetal bovine serum; Fig. 1C). The 200 nm
nanoparticles, on the other hand, have a very low uptake when
dispersed in 30% and 50% foetal bovine serum and therefore
no difference in uptake among silenced cells could be
observed.

Experimental
Materials and methods

Nanoparticle preparation and characterization. Silica nano-
particles with an arginine shell were kindly provided by
Dr Eugene Mahon prepared as previously described.”’ The
nanoparticles were dispersed in the relevant media prior to
measurement of their hydrodynamic diameter and zeta poten-
tial on a Malvern Nanosizer ZS. Size measurements were aver-
aged over 3 x 11 runs at 25 °C, while zeta potential experi-
ments were averaged over two runs of between 10 and 100
scans at 25 °C.

Human serum. To prepare human serum (HS) for this study,
blood samples were collected from approximately 10 different
volunteers under approval from the Human Research Ethics
committee at University College Dublin, Ireland. Clot activator
was added to the blood, after which it was incubated at room
temperature for 45 min and centrifuged for 15 min at 2000
RCF. The supernatant (serum) was collected and preserved in
cryovials at —80 °C. Before performing an experiment the
serum was allowed to thaw on ice.

Cell culture. Tissue culture reagents were purchased from
GIBCO Invitrogen Corporation/Life Technologies Life Sciences
(Carlsbad, CA) unless otherwise specified. Fucoidan, polyinosi-
nic acid (poly I) and polycytidylic acid (poly C) were purchased
from Sigma-Aldrich (Ireland). A549 cells (ATCC-CCL-185) were
maintained as monolayer cultures in MEM supplemented with
10% foetal bovine serum (cMEM) at 37 °C and 5% CO,.

Blocking of scavenger receptors with inhibitors. A549 cells
(80000 cells) were seeded onto 24 well plates (Greiner Bio-One,
UK) and incubated for 24 h. Subsequently, the medium was

Nanoscale, 2017, 9, 11261-11268 | 11265
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Fig. 4 Effect of the concentration serum in cellular uptake of silica nanoparticles in A549 cells. Nanoparticle uptake in A549 cells silenced for the
scavenger receptors SR-A, MARCO, SR-BI, LOX-1 and LDLR or negative silencer control (Neg). Cells were silenced for 72 h before exposure for 3 h to
100 pg mL™t of (A, D) 10 nm, (B, E) 50 nm and (C, F) 200 nm silica nanoparticles dispersed in 30% (A, B, C) or 50% (D, E, F) foetal bovine serum.
Results are presented as the median cell fluorescence intensity (MFI) due to nanoparticle uptake.

removed, the cells were washed with serum free MEM and the
cells incubated with either poly I, poly C or fucoidan at
different concentrations for 30 min. Next, the inhibitor solu-
tion was removed and a suspension of 100 pg ml™"
particles in cMEM added to the cells. The cells were incubated
with the nanoparticles for 3 h, after which they were analysed
by flow cytometry.

Real-time polymerase chain reaction (qPCR). RNAs were
extracted by Invitrap Spin Cell RNA mini kit (STRATEC
Molecular, Germany). The RNA was then reversed transcribed
to cDNA by High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Ireland). The mRNA levels were measured
by real time PCR (ABI PRISM 7700 detection system, Applied
Biosystems, Ireland) using Power SYBR® Green PCR Master
Mix (Applied Biosystems, Ireland). Silencer Select siRNA
(Ambion, Ireland) was used for silencing scavenger receptors
in A549 cells. Two siRNAs (Table S1t) were used to knockdown
expression of each scavenger receptor in order to compare the
efficiency of gene silencing.

Cell silencing and flow cytometry. A549 cells (13 000 cells)
were seeded onto 24 well plates (Greiner Bio-One, UK), and
incubated for 24 h prior to silencing of the gene coding
for SR-A, SR-BI, MARCO, LOX-1 or LDLR. Next, the cells
were transfected with 30 pmol of Silencer Select siRNA
(Ambion, Ireland) using Oligofectamine (Invitrogen, Ireland)
according to the manufacturer’s instructions. Negl silencer
was used as a negative control. Cells were transfected with
siRNAs for 72 h prior to exposure to nanoparticles in all
experiments.

nano-
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In order to expose the cells to the nanoparticles, cells were
washed for 10 min in serum free MEM. The medium was then
replaced by the nanoparticle dispersions and incubated
further. All nanoparticle dispersions were freshly prepared by
diluting the nanoparticle stock in different concentration of
serum-containing MEM.

To prepare the samples for flow cytometry, the cells were
washed 3 times with DPBS and harvested with trypsin/EDTA.
Cell pellets were then fixed at room temperature with 4% for-
malin solution neutral buffered (Sigma, Ireland) for 20 min
and re-suspended with constant volumes of DPBS before cell-
associated fluorescence (15 000 cells per sample) was detected
using an Accuri C6 reader (BD Accuri Cytometers Inc.,
Ireland). The results are reported as the median of the distri-
bution of cell fluorescence intensity, averaged over 2 indepen-
dent replicas; error bars represent the standard deviation
between replicas.

Conclusions

In this work, we report evidence of reciprocal up and down
regulation of other scavenger receptors after knock-down of a
specific scavenger receptor in A549 lung epithelial cells. This
indicates overlapping role of these receptors and complicates
the interpretation of experiments where silencing a receptor is
used to identify the role of that receptor in uptake of, in our
case, nanoparticles. Exposing cells to 10, 50 and 200 nm silica
nanoparticles, we show that the 50 and 200 nm silica nano-

This journal is © The Royal Society of Chemistry 2017
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particles are taken up by scavenger receptors also in
these non-phagocytic cells, similarly to previous reports for
phagocytic cells."®

The reciprocal up and down regulation of scavenger recep-
tors leads to complex behaviour when studying uptake of the
silica nanoparticles in silenced cells. For example, knock-down
of the LOX-1 receptor does not lead to a decreased uptake but
rather a higher uptake of both the 50 and 200 nm silica nano-
particles. Knowing that the MARCO scavenger receptor is sub-
stantially up-regulated under these conditions suggests that
MARCO mediates uptake of these nanoparticles, but this
interpretation can only be made with access to the expression
levels of the other receptors. We illustrate the idea behind
such considerations using a mathematical model that uses the
expression levels to disentangle the pathways. The results
show an involvement of the MARCO and LDLR receptors in
the uptake of the 50 and 200 nm silica nanoparticles, but we
should stress that the procedure is mainly illustrative. That is,
the higher uptake could potentially also be due to up-
regulation of other receptors not included in this study. We
did not attempt to investigate all such potential co-regulators
systematically. Future studies need to confirm these
conclusions with alternative methodology, for example over-
expression of the relevant receptors.>

Increasing the serum concentration of the medium the
nanoparticles are dispersed in towards more realistic concen-
trations reduces uptake rate, as previously observed.'®?®
However, the involvement of scavenger receptors in the uptake
remains.

This study sheds light on the importance of scavenger
receptors in the uptake of nanoparticles by non-phagocytic
cells, but more generally highlights complications when using
RNA interference to study nanoparticle cellular uptake. Since
many biological systems have strong links between receptors,
uptake experiments could easily be misinterpreted in the
absence of a thorough and systematic investigation.
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Abstract. Superparamagnetic iron oxide nanoparticles (SPIONs) have been extensively studied in
biomedical applications for therapeutic or diagnostic purposes. Stability is one of the key determinants
dictating successful application of these nanoparticles (NPs) in biological systems. In this study, SPIONs
were synthesized and coated with two protective shells: poly(methacrylic acid) (PMAA) or citric acid
(CA) and the stability was evaluated in biologically relevant media together with effect of serum protein
supplementation. The stabilities of SPION, SPION-PMAA and SPION-CA in water, DMEM, RPMI,
DMEM with 10% (v v!) and RPMI with 10% (v v!) fetal bovine serum were determined. Without
protective shells, the NPs were not stable and formed large aggregates in all media tested. CA improved
the stability of the NPs in water, but was not very effective in improving stability in cell culture media.
Addition of serum slightly improved colloidal stability of SPION-CA, whereas inclusion of serum
significantly improved the colloidal stability of SPION-PMAA. Serum proteins also found to enhance
cellular viability of MCF-7 breast cancer cells after exposure to high concentrations of SPION-PMAA
and SPION-CA. Different patterns of serum proteins binding to the NPs were observed and cellular
uptake in MCF-7 cells were investigated. The stabilized SPION-PMAA and SPION-CA NPs showed
uptake activity with minimal background attachment. Therefore, the importance of colloidal stability of
SPIONS for utilizing in future therapeutic or diagnostic purposes is illustrated.

Keywords: superparamagnetic iron oxide nanoparticle, biological media, colloidal stability, cancer cell
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Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs) have shown great potential in biomedical
applications both in vitro and in vivo for therapeutic or diagnostic purposes such as cell labelling,
biological separation and tracking (1-4). In general, SPIONSs are coated with protective shells such as
polymers, silica, or surfactants (5-8). Surface coating is an important component of the SPIONSs as it
enhances their stability by protecting the nanoparticles (NPs) from agglomeration and oxidation from
the environment. Additionally, coatings could provide available surface functionalities for further
modification with other desirable ligands, increase the biocompatibility, and reduce reticuloendothelial
system (RES) elimination while increasing nanoparticle uptake by specific cells (5, 7, 9). It has been
shown that surface modifications lead to different surface properties and cellular responses to the NPs.
NPs with negative surface charges usually exhibit lower cytotoxicity and have less non-specific uptake
than positively-charged NPs. Thus, the negatively charged surface is more compatible for use in cellular
studies (10, 11). Poly(methacrylic acid) (PMAA) and citric acid (CA) are anionic coatings that we
focused on in this study because these coatings are able to increase SPIONs stability in aqueous systems
(6, 12).

Another requirement for the effective use of NPs in biological applications is stability under
physiological conditions. Proteins in biological media could be absorbed on the NPs and alter their
stability, potentially resulting in different cellular behaviour and cytotoxicity from the original forms of
the NPs (13-18). Despite the importance of the impact biological media has on NP activity, in vitro and
in vivo studies characterizing CA and PMAA surface coatings on SPIONSs in physiological environments
is limited. Thus, in this study, SPIONs coated with negatively-charged poly(methacrylic acid) (SPION-
PMAA) and citric acid (SPION-CA) are investigated for stability in biological media with and without
the presence of serum proteins, and for differences in the cellular uptake responses in breast cancer cells.
This study will provide important information for better understanding the influence of surface coatings
on the NP stability and activity, which will allow for improved design of SPIONs for in vivo

applications.

Materials and methods

Materials

Ferrous chloride tetrahydrate (FeCly-4H,0), ferric chloride hexahydrate (FeCls-6H.0),
methacrylic acid (MAA), sodium dodecyl sulfate (SDS), potassium persulfate (K»S.0s), neutral red,
potassium hexacyanoferride, sodium thiosulfate and sodium carbonate were obtained from Sigma-

Aldrich. Ammonia solution (NH4OH, 25%) and tri-sodium citrate dihydrate were obtained from Merck.
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Hydrochloric acid was obtained from Riedel-de Haen. Silver nitrate was obtained from RCI Labscan.
EDTA disodium salt dihydrate was obtained from Vivantis. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) was obtained from PanReac AppliChem. Dulbecco's Modified Eagle's
Medium (DMEM), Roswell Park Memorial Institute’s medium (RPMI), fetal bovine serum (FBS) and
Penicillin/Streptomycin (P/S) were obtained from Gibco. Bovine serum albumin (BSA) was obtained
from Capricorn Scientific. Dimethyl sulfoxide (DMSQ) was obtained from Fisher Scientific. Sodium
chloride, potassium chloride, di-sodium hydrogen phosphate dihydrate and potassium dihydrogen
phosphate were obtained from VWR Chemicals. All chemicals were used as purchased without further

purification.

Synthesis of SPIONs

SPIONs were synthesized by a co-precipitation method modified from Petcharoen and Sirivat
(29). In brief, FeCl,-4H,0 (0.75 g) and FeCls-6H20 (2.5 g) were dissolved in 45 mL water. The mixture
was heated to 80 °C with vigorous stirring under N, atmosphere. NHsOH (25%, 5 mL) was added to the
solution which rapidly changed the color to black. The reaction was maintained at this temperature for
10 minutes. The NPs were washed several times with water by magnetic decantation and dispersed in

water as stock solution.

Synthesis of SPION-PMAA

The coating process was performed using a protocol modified from that reported by Yu and
Chow (20). SPION stock solution (10 mL) was dispersed in 200 mL water. SDS (1.15 g) was added,
and the solution was stirred and heated to 70 °C followed by addition of 1 mL of neat MAA. After 45
minutes, K>S;0s solution (0.13 g mL%, 15 mL) was added, and the solution was further stirred for 2
hours. The NPs were washed several times with water to remove excess coating agents and then

separated by magnetic decantation and dried in an oven for subsequent characterization.

Synthesis of SPION-CA

The citrate coated SPIONs were synthesized following the method reported by Nigam et al.
(21). Briefly, FeCl,-4H,0 (3.7 g) and FeCls-6H,0 (0.87 g) were dissolved in 40 mL water and refluxed
at 70 °C under N atmosphere with vigorous stirring for 30 minutes. NH4sOH (25%, 10 mL) was added
and the reaction was maintained at this temperature for another 30 minutes. Tri-sodium citrate dihydrate
solution (0.75 g mL%, 2 mL) was added and the temperature was raised to 90 °C for 1 hour. The resulting
SPION-CA were washed with water and separated by magnetic decantation and then dispersed in water

as stock solution.

Preparation of SPIONSs corona



84
85
86

87
88
89
90
91

92
93
94
95
96

97

98

99
100
101
102
103
104
105
106

107
108
109
110
111
112
113
114

Stock solutions of SPION, SPION-PMAA and SPION-CA were dispersed in DMEM with 10%
FBS to final concentration of 0.2 mg mL™ and incubated at room temperature for 24 hours. The coronas

were separated using centrifugation for further experiments.

Nanoparticle characterization

Functional groups and surface coatings of the particles were studied by infrared spectrometry
(Perkin Elmer Frontier FTIR spectrometer and Bruker ALPHA FTIR spectrometer). Hydrodynamic size
and zeta potential were analyzed using a Nanosizer 90 ZS (Malvern Instrument, UK). The particle size

and morphology were analyzed using a transmission electron microscope (FEI Tecnai T20, USA).

Stability evaluation of the magnetic colloidal suspension

SPION, SPION-PMAA, SPION-CA were suspended in water, phosphate buffered saline (PBS),
DMEM, DMEM with 10% FBS, RPMI or RPMI with 10% FBS. Size and zeta potential were measured
at different times of incubation using a Zetasizer Nano-ZS90 to determine the stability of the particles

in each medium.

Effect of SPION, SPION-PMAA and SPION-CA on MCF-7 cells viability

MCEF-7 cells were cultured in DMEM medium supplemented with 10% of FBS and 1% P/S.
Cells were maintained at 37 °C with 5% CO; in a humidified incubator. The cells were seeded onto a
96-well plate with a cell density of 8 x 10% cells per well and incubated for 24 hours. Different
concentrations of SPION, SPION-PMAA and SPION-CA were mixed with DMEM in the presence or
absence of FBS and added to the cells. After 6 and 24 hours of treatment, the media was removed. The
cells were washed with PBS then 100 puL of MTT solution (0.5 mg mL™ in DMEM medium) was added
and incubated for 3 hours at 37 °C under 5% CO- in a humidified incubator. After incubation, the media
was removed and 100 pL of DMSO was added to each well. Cell viability was determined by measuring
the absorbance at 540 nm using a microplate reader (Tecan Spark 10M).

Cellular uptake

MCEF-7 cells were cultured in DMEM medium supplemented with 10% of FBS and 1% P/S.
Cells were maintained at 37 °C with 5% CO, in a humidified incubator. The cells were seeded onto a
24-well plate containing circular coverslips with a cell density of 1 x 10° cells per well and incubated
for 24 hours. The medium was discarded and replaced with fresh medium containing 50 pug mL* of
either SPION, SPION-PMAA or SPION-CA.. After 24 hours of incubation, the cells were washed once
with DMEM medium followed by 3 washes with PBS, and fixed with 3.6% paraformaldehyde. The cells

were immersed in 2% ferrocyanide/2% HCI solution for iron staining followed by counter staining in
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0.5% neutral red solution. NPs uptake was observed under an optical microscope (Nikon Eclipse T
E2000-U).

Results

Nanoparticle characterization

The size and morphology of the SPION, SPION-PMAA and SPION-CA particles were
observed by TEM as shown in figure 1. The TEM images showed that uncoated SPION had an irregular
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Figure 1. TEM images and size distribution of a) SPION, b) SPION-PMAA and ¢) SPION-CA.
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shape with a diameter of around 6 nm. Surface coating with PMAA or CA did not significantly increase
the size, but promoted a more spherical morphology with a smoother surface compared to the uncoated
SPION.

FTIR spectra were recorded to confirm NP surface modification as shown in figure 2a. The
peaks around 540 cm™ observed in all three samples represent the vibration of Fe-O bonds which is a
characteristic peak of iron oxide. Hydroxyl groups on the nanoparticle surface are evidenced by the
stretching vibrational peaks at around 1620 and 3200 cm™. The coating of PMAA on the SPION was
confirmed by the observation of C-H stretching peaks at 2855 and 2924 cm™. The peak which appeared
at 1400 cm™ can be attributed to symmetrical stretching of a C=0 bond, suggesting symmetric binding
between the polymer and the nanoparticle surface. SPION-CA showed peaks at 1406 and 1580 cm™

which correspond to the symmetric stretch of COO™ and vibration of C=0 from citrate molecules.
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Figure 2. a) FTIR spectra of SPION, SPION-PMAA and SPION-CA. b) FTIR spectra of BSA and
coronas of SPION, SPION-PMAA and SPION-CA.
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Stability evaluation of the magnetic colloidal suspension

SPION, SPION-PMAA and SPION-CA were suspended in commonly used biological media:
water, PBS, DMEM, DMEM with 10% FBS, RPMI and RPMI with 10% FBS and the colloidal stability
was evaluated by determination of the hydrodynamic size using dynamic light scattering (figure 3). The
uncoated SPION showed rapid aggregation in water, giving a diameter of >1 um (figure 3a). Surface
modification of SPION with either PMAA or CA resulted in a smaller hydrodynamic size (~100 nm)
which was maintained for at least 24 hours.
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In PBS, uncoated SPION had an average diameter of ~500 nm, however after prolonged
incubation for 24 hours, aggregation was observed resulting in an average particle diameter of size ~1
um, similar to what was observed in water. The sizes of the SPION-PMAA and SPION-CA NPs were
~100 nm. After 24 hours, size of SPION-CA increased to ~300 nm, whereas the SPION-PMAA
remained the same size.

SPION and SPION-CA NPs were all highly unstable in cell culture media such as DMEM and
RPMI, exhibiting aggregation with particle sizes >1 um (figure 3c and 3e). Upon addition of FBS to the
culture media, sizes of both samples were significantly reduced. SPION-PMAA showed the highest
stability with hydrodynamic size ~500 nm in DMEM but started to form aggregates after 24-hour
incubation with size increased to ~1.4 um. Supplementation of FBS greatly improved the stability for
SPION-PMAA for which the hydrodynamic size decreased from 1 um to ~100 nm (figure 3d and 3f).
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Figure 3. a)-f) Hydrodynamic size of SPION, SPION-PMAA and SPION-CA in water, PBS,
DMEM, DMEM+10% FBS, RPMI and RPMI+10% FBS respectively. Black and grey bars represent

0 and 24 hours of incubation, respectively.

These size reductions in the presence of FBS could be due to the adsorption of serum proteins onto the
particle, forming a protein corona on the surface which can act to prevent particle aggregation.
Formation of protein coronas were confirmed by FTIR spectroscopy (figure 2b). Coronas shows
strong absorption peaks at around 1540 and 1640 cm™ matching those of BSA proteins. These peaks are
attributed to vibrational modes of C=0 and N-H bonds in amide linkages. SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed to observe patterns of proteins on the NPs surface. The
results show different patterns of protein bands for NPs with different coatings which could be

responsible for the differences in the degree of stabilization observed among each of the NPs (figure 4).
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From all the above results, among the prepared nanoparticles, SPION-PMAA had the smallest size with
no changes in size even after 24 hours of incubation, indicating the best stability across the investigated

media.
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Figure 4. Protein coronas pattern observed from SDS-PAGE. Lane 1, 2 and 3 represent coronas of
SPION, SPION-CA and SPION-PMAA respectively.

Effect of SPION, SPION-PMAA and SPION-CA on MCF-7 cells viability

To evaluate the potential use of the obtained magnetic NPs in cancer cells, a cellular viability
assay was performed for MCF-7 breast cancer cells after NPs exposure (figure 5). With serum-free
medium, the cells treated with uncoated SPION maintained nearly 100% viability, indicating the low
toxicity of the NPs. In contrast, for SPION-PMAA and SPION-CA, the cell viability reduced to less
than 80% when incubated for 24 hours. However, these negatively-charged SPIONs modified by PMAA
or CA showed higher cellular biocompatibility than succinic anhydride-modified NPs that was
previously reported with ~30% toxicity at 10 ug mL™* (22). Surprisingly, upon addition of FBS, the cell
viability increased to over 80% for all samples. These results demonstrate that serum proteins can reduce
the toxicity of the NPs towards the breast cancer cells which could be related to the formation of protein

coronas on the NP surface altering the surface properties both physically and chemically.
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Figure 5. a), b) Cell viability after NPs treatment for 6 and 24 hours respectively in DMEM. c), d) Cell
viability after NPs treatment for 6 and 24 hours respectively in DMEM+10% FBS. Black, grey and white
bars represent SPION, SPION-PMAA and SPION-CA respectively.

Cellular uptake

In order to evaluate the potential uses of the SPION in relation to its stability, cellular uptake
experiments of the NPs in MCF-7 cells were performed. Significant aggregation of SPION was observed
in biological media. The NPs (stained in blue color) tended to accumulate on the cells (stained in pink
color) and on the coverslip surface, resulting in high non-specific background signal which interfered
with cellular uptake experiments. On the other hand, SPION-PMAA, which possesses the highest
stability with a size around 160 nm in complete DMEM showed a clean background with clear
observation of NPs internalization into the cells. Despite the larger size of SPION-CA, the NPs shows
significant higher cellular uptake when compared to SPION-PMAA. These results emphasize the

importance of colloidal stability of the NPs in biomedical applications.
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Figure 6. a)-c) Cellular uptake of SPION, SPION-PMAA and SPION-CA to MCF-7 cells respectively.

Discussion

As nanoparticles became widely explored as tools for biomedical applications, maintaining their
stability in physiological environments is one of the main challenges. To maximize bioavailability, NPs
are commonly modified with hydrophilic surfaces (23, 24). However, the presence of biomolecules and
complex ions in biological systems could alter NPs behavior. To tackle this issue, cell culture media are
widely used as models resembling biological systems (25-27).

Typical culture media are buffered solutions containing serum proteins such as albumin and
globulins along with amino acids and essential metal ions. lonic strength is proved to be directly involve
with degree of agglomeration of NPs (28). From the results, both SPION and SPION-CA tended to be
aggregate when exposed to culture media. For uncoated SPION, with the surface containing O-H groups
resulting from oxidation processes (29), electrostatic screening of the reactive hydroxyl groups with
metal ions could occur, thus, lead to stability disruption (30). Coating of citrate molecules provided
electrostatic repulsion to the SPIONs and greatly stabilized the NPs in water. However, when exposed
to high ionic strength of culture media, the NPs formed aggregates resulting in size >1 pum. These
phenomena agree with the previous research where divalent ions such as Ca?* and Mg?" present in
biological systems are able to form complexes with citrate ligands and destabilize the surface (31).
Unlike small molecules, PMAA provides electronic repulsion with extra steric hindrance to prevent
electronic screening and divalent metal ions chelation. Therefore, resulting in greater degree of
stabilization in cell culture media with largest size of 500 nm in DMEM and increased to ~1.4 um when
left for 24 hours (figure 3b).

Beside surface modification, serum proteins were reported to be non-trivial to NPs behavior
(32, 33) and, when used at proper concentration, could promote colloidal stability (31, 34). In this
research, FBS was found to stabilize all SPION samples in biological media as observed from sizes

reduction (figure 3d and 3f). Albumin proteins presenting in FBS are known to attach on NPs surface,
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forming protein coronas. With corona formation, NPs surface is protected and contacting with ions is
prevented, thus, reducing interference from the electrolytes.

The importance of stabilization of the NPs in biological uses is demonstrated in cellular uptake
experiments with MCF-7 breast cancer cells. SPION-PMAA, exhibiting highest colloidal stability,
showed clear cellular uptake with minimal non-specific attachment to the coverslip and cell surface. The
non-stable uncoated SPIONs formed large aggregates, therefore, cellular uptake could not be clearly
observed. Surprisingly, SPION-CA showed the highest cellular uptake despite larger hydrodynamic
diameter when compared to SPION-PMAA. These results could be due to the steric hindrance of PMAA
showing adverse effects on cellular uptake behavior or different in surface charge distribution and
concentration as previously reported that negatively-charged NPs tend to be uptake more into the cells
(10, 11).

Conclusion

In conclusion, we have demonstrated the effect of serum proteins on the stability, cytotoxicity and
cellular uptake activities of SPION, SPION-PMAA and SPION-CA. As destabilizing effects of
biological environment originated dominantly from ions complexation. Modification of the NPs surface
to prevent direct electrostatic interaction through steric hindrance is one method to stabilize the NPs.
The presence of serum proteins in the environment could also enhance the stability of the NPs by
formation of protein coronas with additional effect on reducing the cytotoxicity toward MCF-7 breast
cancer cells. However, for biomedical applications, balancing between steric and electronic properties
is essential for utilization of NPs as demonstrated with higher uptake level of SPION-CA. Therefore,
this research emphasizes the importance of NPs behavior in relevant biological environmental
conditions which is important for development and improvement of safe and effective targeting NPs for

cancer therapeutic or diagnostic applications.
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