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Abstract. In the diagnosis and treatment of cancer, the nano drug delivery systems have been
intensively researched for many years because they are capable of concentrating drugs at the
target for a longer time, while protecting other tissues in the body. Recently,, fluorescent-
magnetic nanomaterials have attracted much attention from researchers in biomedicine due to
these multifunctional nanomaterials have great prospects for application in multimodal
biomedical imaging in combination with chemotherapy and hyperthermia. However, the factors
affecting fluorescent intensity of fluorescent magnetic nanomaterials have not been investigated.
In this study, we examined the dependence of fluorescent intensity on different factors in the
synthesis process of FesO,-cyanine 5.5 nanoparticles. The results showed that FesO,
nanoparticles needed to be covered with a layer of NH, group before reacting with cyanine 5.5-
NHS ester. The best cyanine 5.5 NHS ester : Fe;O4 and cyanine 5.5 NHS ester : APTES ratios
were 1 : 20 and 1 : 3, respectively. The drug delivery did not affect much the fluorescent
property while increasing the excitation wavelength could lead to an increase in the fluorescent
intensity of the system. These results are the basis to continue to evaluate the potential of Fe;0,-
cyanine 5.5 nanoparticles in further in vitro and in vivo biological tests.
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1. INTRODUCTION

Optical imaging has been a major cornerstone of histology, biological assays and
microscopes for decades because of the high spatial resolution and exceptional detection
sensitivity of this method. In particular, multi-channel images distinguish optical images from
other imaging methods. Due to the large optical image window, typically between 400 and 1200
nm, it is possible to use multiple fluorescence probes in a single experiment without significant
inconsistencies between image channels. Hence, fluorescence imaging has great potential to
facilitate the observation of multiple molecular targets in cells and tissues [1].
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Fluorescence imaging, as opposed to white light imaging, can be used to visualize the
surface tissue and a high signal/background ratio can be achieved in marked tissue. To observe
the penetration of drugs inside the cell, fluorescent molecules have also been attached to the
drug delivery system. Binding fluorescent molecules (fluorophore) such as fluorescein (emitting
green) or rhodamine (emitting red) to materials to locate and observe their distribution in
biological experiments has been implemented for many years. However, these fluorescent
molecules had weak luminescent intensity and were blurred after a few minutes of operation [2].
Another challenge with fluorescence imaging is the spontaneous fluorescence of body tissues
within the visible region of the electromagnetic spectrum. Therefore, a new class of fluorescent
molecules that emit in the near-infrared (NIR) region (650-1000 nm) has attracted much
attention from scientists, as they give low background signals and relatively deep penetration
into the biological matrix [3, 4].

Recently, fluorescent-magnetic nanoparticles have been well investigated for multimodal
imaging applications [5, 6]. In the studies, the near-infrared fluorescent fluorophore, cyanine 5.5
(Cy5.5), was used for labeling the presence of nanoparticles in cells.

Many studies have shown that nanosystems containing magnetic particles often have
reduced fluorescent intensity (quenching effect) due to the presence of Fe;O,4 [2]. A study has
developed a highly sensitive detection of nucleolin based on the magnetic separation-assistant
fluorescence resonance energy transfer inhibition strategy by using Cy5.5-AS1411 as the donor
and Fe;O4-polypyrrole core-shell nanoparticles as the NIR guenching acceptor [7].

In some previous studies, we have reported the synthesis and biomedical application of
some magneto-fluorescent nanosystems [8 - 10], however, their fluorescent intensity was not
much focused.

In a study on the decay fluorescent intensity of orange acridine, a typical fluorescent dye, in
the presence of magnetic Fe;O4 nanoparticles at different concentrations from 0 to 6250 ng/mL,
it was found that at concentrations of Fe;O, nanoparticles lower than 0.0625 ng/mL, the
fluorescent intensity decreased sharply as the concentration of FesO, nanoparticles increased. In
the range of Fe;O, nanoparticle concentrations from 0.0625 to 1.25 ng/mL, the fluorescent
intensity of orange acridine decreased linearly as the nanoparticle concentration increased; and
when the concentration of FesO, nanoparticles exceeded 1.25 ng/mL, fluorescence was
essentially undetectable. These findings suggested that magnetic fluorescent composites with
optimized fluorescence properties could be obtained by carefully controlling the Fes;O,
nanoparticle composition, which provided a better understanding of the interaction between
magnetic nanoparticles and luminescence of fluorescent molecules [11].

Although the effect of Fe;O, concentration on fluorescent intensity have already
investigated, other factors like polymer coating method, nanoparticle composition, exited
wavelength, etc. have not been studied. In this study, we synthesized different Fe;O,-Cyanine
5.5 nanosystems in order to determine how the synthesis parameters affected the fluorescent
intensity of the nanosystems.

2. MATERIALS AND METHODS
2.1. Materials

Iron (1) chloride hexahydrate (FeCl;.6H,0), iron (Il) chloride tetrahydrate
(FeCl,.4H,0), ammonia (NH;), hydrochloric acid (HCI), Doxorubicin HCI, 1-ethyl-3- (3-
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dimetylaminopropyl) carbodiimite (EDC), and N-hydroxysuccinimide (NHS) were purchased
from Aldrich. Alginate (Alg) with a molecular weight of 10000 was obtained from Sigma-
Aldrich. Chitosan, poly (lactide) - tocopheryl polyethylene glycol succinate (PLA-TPGS), (3-
Aminopropyl) triethoxysilane (APTES), and phosphate buffered solution (PBS, pH 7.4) were
purchased from Merck. Cyanine 5.5-NHS ester was provided by Lumiprobe. The other
chemicals were of analytical grade. All chemicals were used without further purification.

2.2. Methods
2.2.1. Synthesis of Fe;O, nanoparticles

Fe;O, nanoparticles were synthesized by the co-precipitation method of Fe?" and Fe®" salts
by NH,OH, according to the reaction equation:

2Fe® + Fe®* + 80H — FeyO, + 4H,0

Specifically, Fe** and Fe* salts were accurately weighed in a molar ratio of 1 : 2 and
dissolved in 35 mL of 2 M hydrochloric acid to limit the hydrolysis of the iron salts. The mixture
was put into a 3-neck flask. Before the reaction, N, was pumped into the flask for 20 min to
remove all the air. 2 M NH; solution was slowly added to the flask (2 drops/s) until the pH of the
solution reached around 10 under magnetic stirring condition at 80 °C for 30 min in N,
atmosphere. The mixture changed in color from the brown to black precipitate. The precipitate
was separated by magnet and washed with distilled water to neutral. The precipitate of Fe;O,
nanoparticles was then redispersed in distilled water by ultrasonic vibration for 30 min to obtain
a 4 mg/mL Fe;0O, solution.

2.2.2. Binding Cyanine 5.5

Table 1. Sample compositions (mg/mL).

Sample  FesO, APTES  Alginate  Chitosan PLA-TPGS Cyanine 5.5-NHS

ester

N1 2 1 0.1

N2 2 1 0.1

N3 2 1 0.1

N41 2 0.3 1 0.2
N42 2 0.3 1 0.1
N43 2 0.6 1 0.1
N51 2 0.3 1 0.2
N52 2 0.3 1 0.1
N53 2 0.6 1 0.1
N52D 2 0.3 1 0.1

Fe;O, nanoparticles were bound with cyanine 5.5 according to the following general
procedure, with detailed composition shown in Table 1.
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10 mg of Cyanine 5.5-NHS ester was dissolved in 5 mL of Dimetylformamide (DMF) to
obtain a solution of cyanine 5.5-NHS ester at a concentration of 2 mg/mL. PLA-TPGS was
dissolved in tetrahydro furan (THF) solvent to a concentration of 2 mg/mL. Alginate was
dissolved in water to a concentration of 5 mg/mL. Chitosan was dissolved in 1 % acetic acid
solution to a concentration of 2 mg/mL.

For N1-N3 samples, a polymer solution (Alginate, chitosan or PLA-TPGS) was added to
the 4 mg/mL Fe;O,4 solution according to the determined ratio (Table 1) to obtain the
FesO4/polymer solution. The mixture was ultrasonically vibrated for 30 min and magnetically
stirred for 2 h. The pH of the solution was then adjusted to 8.5 using PBS buffer. Cyanine 5.5-
NHS ester solution was added to the mixture and kept stirring for 12 h.

For other samples, APTES was added to the 4 mg/mL FesO, solution and allowed to react
for 2 h. The pH of the solution was then adjusted to 8.5 using PBS buffer. A solution of cyanine
5.5-NHS ester was added to the mixture and kept stirring for 12 h. Finally, a polymer solution
(Alginate, chitosan or PLA-TPGS) was added and kept stirring for another 12 h. Sample N52D
was obtained by reacting 0.5 mg/mL Doxorubicin dissolved in activated 2 mg/mL alginate
solution with sample N52.

To remove unreacted substances or non-aqueous solvents, the samples were magnetically
separated, washed with water and re-dispersed in double distilled water by ultrasonic vibration.
Powder samples were obtained by drying the samples after magnetic separation at 60 °C.

2.2.3. The methods of material characterizations

The optical properties of the nanoparticles were determined by fluorescence spectroscopy.
An iHR550 spectrophotometer (Horiba) was equipped with a Si-CCD camera cooled by electric
heat (Synapse) and the excitation source used was a diode laser with a suitable excitation
wavelength, namely 355, 610 or 630 nm. TEM transmission electron microscopy (JEM 1010)
and FeSEM field emission scanning electron microscope (Hitachi S-4800) were used to
investigate the size and surface morphology of materials. The size distribution and Zeta potential
of the FAQ and FAQD were measured in a dynamic light scattering system (DLS) (Nano
Zetasizer, Malvern, UK).

3. RESULTS AND DISCUSSION
3.1. Effect of polymer coating on fluorescent intensity

First of all, the samples were investigated using different polymers (alginate, chitosan and
PLA-TPGS). These polymers have different characteristic functional groups. Alginate and
chitosan are hydrophilic polymers, in which alginate contains OH and COOH functional groups,
chitosan contains OH and NH; groups, while PLA-TPGS is hydrophobic polymer.

Fluorescence spectra of samples N1, N2, N3 (Figure 1) using 3 respective polymers
showed that the fluorescence intensities of these samples were all low, the maximum
fluorescence emission wavelength was 690 nm, almost unchanged compared with the original
cyanine 5.5-NHS ester. This result showed that if only polymers were used as coatings for Fes04
nanoparticles, cyanine 5.5 binding was just physical adsorption, fluorescent intensity did not
reach the desired value. As for chitosan, although the NH, functional group was capable of
reacting with cyanine 5.5-NHS ester, chitosan was only soluble in acid medium (pH <= 5), in
which the NH, groups were protonated to become NH;" groups that were no longer able to react.
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Therefore, in the next experiments, to ensure more efficient binding of cyanine 5.5 to
magnetic nanoparticles, APTES was used to attach NH, functional groups to the Fe;O, particle
surface before being stabilized with the above polymers.
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Figure 1. Fluorescent spectra of N1, N2, N3 in comparison with that of cyanine 5.5-NHS ester.

3.2. Effects of APTES and cyanine 5.5-NHS ester concentration
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Figure 2. Dependences of fluorescent spectra on APTES and cyanine 5.5-NHS ester.

Fluorescence spectra of samples N41, N42, N43, N51, N52, N53 (Figure 2) showed that the
fluorescent intensity directly depends on cyanine 5.5-NHS ester concentration. However, the
results showed that the ratio of cyanine 5.5-NHS : Fe;s0, = 1 : 10 gave fluorescent intensity
much lower than the ratio of 1 : 20 in both N41-N42 and N51-N52 sample series. This result was
different from other findings on the relationship between Fe;O,4 concentration and fluorescent
intensity [11, 12]. The results also showed that the concentration of cyanine 5.5-NHS ester
involved in the reaction was not a determinant of the fluorescent intensity. This may be related
to the number of cyanine 5.5-NHS ester molecules that actually react with the NH, groups on the
surface of Fe3O,4to convert from the NHS ester form to the free cyanine 5.5 with a fluorescence
peak at 710 nm. The amount of NH, on the surface of Fe;O, particles depends on the
concentration of APTES added to the reaction. Therefore, two samples N43 and N53 were
continued to fabricate, maintaining the ratio of cyanine 5.5-NHS ester : Fe;O4 of 1:20 while
increasing the content of APTES to 0.6 mg/mL. However, the fluorescent intensity of these two
samples was not higher than that of samples N42 and N52. Thus, the ratio of APTES : cyanine
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5.5-NHS ester suitable to achieve the maximum fluorescent intensity was 3 : 1. The fluorescent
intensity reached a higher value for the polymer alginate than for PLA-TPGS.

3.3. Dependence of fluorescent spectra on drug delivery process

Sample N52D was resulted from sample N52 by adding Doxorubicin at a concentration of
0.5 mg/mL. Although Doxorubicin is a natural luminescent, it has a weak luminescence intensity
in the 450 nm region. It can be seen from Figure 3 that adding Doxorubicin did not affect the
fluorescent intensity of the sample at near infrared region. This result proved that this
nanosystem could perform many functions such as magnetism, optics and drug carriers
simultaneously.
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Figure 3. Dependences of fluorescent spectra on drug delivery process.

3.4. Dependence of fluorescent spectra on excitation wavelength
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Figure 4. Dependences of fluorescent spectra on excitation wavelength.

Fluorescence spectra of two samples N2 and N52 were recorded at different excitation
wavelengths on two devices. In order to compare the spectra recorded on two different devices,
they need to be normalized (maximum emitted intensity in units) (Figure 4). Based on the
spectral position, it can be seen that the fluorescent intensity depends on the excitation
wavelength, the larger the excitation wavelength, the greater the fluorescent intensity. This is
completely consistent with the fluorescence theory concerning excitation energy and
fluorescence emission [13].
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Figure 5. FTIR spectra (A), TEM, FESEM images, size distribution and Zeta potential of N52
(B, D, F, G) and N52D (C, E, H, ).
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Thus, in the case of fixed experimental parameters, to enhance fluorescent intensity, the
excitation wavelength can be adjusted in the measurements.

Nanosystems with high fluorescent intensity (N52, N52D) were measured for other
material properties such as FTIR spectrum, TEM image, FESEM image, particle size
distribution and Zeta potential. In Figure 5A, it can be seen that typical peaks appear in the FTIR
spectra of the samples. The broad band at 3450 cm™ can be assigned to N-H stretching vibration.
The peak at 2930 cm™ is due to the CH, groups of APTES and cyanine 5.5. The band at 1012
cm* is assigned to the Si—O stretching vibration of APTES in the surface of the particels. The
peak at 1635 cm™ is assigned to the asymmetric —COO stretching vibration and the —NH,
bending vibration. Fe—O bond is observed at about 570 cm™. The presence of alginate and
doxorubicin in samples N52 and N52D was observed by the fine peaks between 1000 and 1600
cm*. Similar results were recorded in other studies [6, 14]

TEM and FESEM images (Figure 5 B-E) showed that the nanoparticles had a uniform size
of about 20 nm. N52D nanoparticles with Doxorubicin appeared on the images with a
surrounding polymer layer. This was due to the increased polymer content in this sample when
loading Doxorubicin. Figure 5 F-I showed hydrodynamic particle size distribution and Zeta
potential of samples N52 and N52D. In aqueous medium, the coating layer of alginate expands
so that the size of the particles measured by DLS method is higher than that measured by TEM
or SEM. The Zeta potential result also showed that N52 was highly stable with hydrodynamic
size below 100 nm. When loading doxorubicin, the hydrodynamic size of N52D significantly
increased. This result was consistent with the sample synthesis procedure and the results of TEM
and FESEM imagings where a polymeric matrix could be observed. It’s also interesting that
although N52D had a thicker polymer coating layer, its fluorescent intensity did not change
significantly compared to N52. Because nanoparticles at the size range from 30 to 200 nm have
been considered as optimal size particles in biomedicine [15], the results also confirmed that
these samples were suitable for biomedical applications.

4. CONCLUSIONS

In conclusions, we have successfully fabricated Fe;0,-cyanine 5.5 magnetic-fluorescent
nanosystems and determined the most suitable experimental conditions to create the system with
the highest fluorescent intensity. It was found that there were 4 factors affecting fluorescent
intensity of the nanosystems. First, it is necessary to cover the surface of FesO, nanoparticles
with NH, groups by reaction with APTES. Second, the optimized ratios of components were
cyanine 5.5-NHS ester : Fes0, = 1 : 20 and cyanine 5.5-NHS ester : APTES =1 : 3. Third, the
process of drug delivery had little effect on the fluorescent intensity of the system. Fourth, the
larger the excitation wavelength, the greater the fluorescent intensity. The morphology, size and
water dispersion characteristics of the samples with high fluorescent intensity have also been
determined. The samples containing Fe;O4 nanoparticles with a size of about 20 nm were well
dispersed in water, and potential to apply in biomedicine.
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