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Abstract

Superparamagnetic iron oxide (SP10O) nanoparticles were extensively employed for theranostic
applications, due to their good biocompatibility and excellent magnetic resonance imaging (MRI)
properties. However, these particles typically require surface modification due to their
hydrophobic surfaces caused by the oil-phase surfactants used in the fabrication and the drug
loading on their surface is usually limited. Here, we provided a novel and facile approach to
conveniently perform surface modification of SPIO while simultaneously loading a large amount
of drug. By synthesizing an amphiphilic irinotecan-based compound, which hydrophobic tail
enabled to insert into the SPIOs assembly, an excellent SP10-based theranostic hanomedicine
(SPIO@IR) was formed. The SPIO@IR can not only extensively improve the drug efficacy, but
also enable to visualize themselves by MRI in the biological system.

Chemotherapy is one of the most commonly used approaches for cancer therapy. However,
the chemotherapeutic drugs have less selectivity, which not only kill the cancer cells, but
also damage the normal cells, thus lead to severe side effects. To overcome these side
effects, various nanocarriers were exploited to deliver the chemotherapeutic agents to the
tumour sites. These drug delivery systems include polymeric micelles for encapsulating
hydrophobic drugs!->, liposomes or vesicles for carrying both hydrophilic and hydrophobic
drugs®-9, or drug-drug amphiphiles for self-assembling into nanoparticles (NPs)19: 11, With
various developed nanoscale drug delivery systems (NDDSs)12-14, the chemotherapeutic
drugs that are delivered by NDDS could selectively accumulate in tumour tissue due to the
enhanced permeability and retention (EPR) effect!® and enable efficient uptake by tumour
cells due to the endocytosis or membrane fusion.
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Nanotheranostics are NDDSs which integrate therapeutic and diagnostic features
simultaneously. With this strategy, a great variety of nanoplatforms were used to accomplish
the imaging functionalities, such as near-infrared fluorescence imaging (NIRF1),16 magnetic
resonance imaging (MRI),11.17-19 computed tomography (CT),2%: 21 positron emission
tomography (PET),22 23 ultrasonic imaging,24 or photoacoustic imaging (PAI)2° for cancer
monitoring and diagnosis.25-28 For MR imaging, superparamagnetic iron oxide (SPIO) NPs
were extensively employed as T, contrast agent for To-weighted MR imaging.15: 29
However, the highly uniform SPIOs usually showed hydrophobic surfaces attributed to the
oil-phase surfactants used in their fabrication, which largely hindered their biological
applications. Therefore, a facile method that can effectively turn the synthesized NPs in oil-
phase into water-soluble ones is a prerequisite. By proper modification to the surface, the
NPs become water soluble because the introduced groups might become cations and/or
anions in the water solution. One strategy involves physically encapsulating NPs within
organic molecules or polymers with hydrophilic groups,30-32 or inorganic shells like silicon
dioxide.33-3% Notably, such strategy resulted in NPs with large diameter, which may limit
their biological applications. Moreover, these methods need to take extra steps to introduce
the therapeutic agents to achieve the theranostic functionalities. The other strategy is called
ligand exchange. This ligand exchange strategy offers a practical and convenient method for
surface modification of SPIO NPs by the association reaction between transition metal and
organic group,38-38 which could endow the final NPs with stability as well as different
solubility.

However, the approaches to deliver the drug using theranostic NPs with the properties of
diagnosis, as well as therapy, were always complicated and expensive. A tedious process of
synthesis is typically involved, which causes difficult for bulk production. To overcome this
limitation, we designed a simple yet efficient method to fabricate a hydrophobic SP10 based
nanoparticle with the chemo drug inserted on the surface while transforming it into a water-
soluble one. This nanoparticle has better drug efficacy compares to the free drug; besides of
that, this simply-made nanoparticle is a potential agent for MR imaging. The way we used to
assemble this nanoparticle with surface modification is neither polymer encapsulation nor
ligand exchange. To the best of our knowledge, this is a type of new method to simply
modify hydrophobic nanoparticles into water-soluble ones while simultaneously loading
high level of drugs. This facile approach is generally applicable for other hydrophobic
inorganic nanoparticles and drug conjugates.

In our work, an amphiphilic lauric acid-irinotecan (LA-IR) prodrug (Figure 1A) was
synthesized by directly conjugating lauric acid and irinotecan through simple esterification.
The chemical structures were confirmed by MALDI-TOF-MS (Figure S1) and 1H nuclear
magnetic resonance spectroscopy (*H NMR) (Figure S2). To fabricate SP10-based
theranostic nanomedicine (SPIO@IR), the amphiphilic LA-IR molecules were employed as
surfactant to turn the hydrophobic SPIO hydrophilic. Briefly, 0.5 mg hydrophobic SPIO and
5 mg LA-IR were dissolved in 400 pL of tetrahydrofuran (THF), and slowly added into 1
mL deionized water dropwise under vigorous string. The stirring was kept for overnight till
the THF was completely evaporated. This yielded a stable solution of nanoformulated LA-
IR inserted SP1O prodrug with a final concentration of 0.24 mg/mL SPIO and 5mg/mL LA-
IR. The drug to SPIO mass ratio was 15.9, which is a dramatic enhancement compared with
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other SPIO-drug systems.39-41 To verify that LA-IR was inserted into the surface of
hydrophobic SPIO instead of self-assembled into nanoparticles themselves, their
fluorescence spectra were obtained (Figure 1B). The fluorescence intensity of SPIO@IR
exhibited only slight changes in water compared to that in DMSO (good solvent) at the same
concentration, indicating that the IR molecules did not form aggregation on the surface of
the SP10, but were well-dispersed. This result was consistent with the formation of inserted
nanostructure, in which the fluorescence of LA-IR did not reduce much by the aggregation-
caused quenching (ACQ) effect.42

The morphology and hydrodynamic size of SPIO@IR were investigated by transmission
electron microscopy (TEM) and dynamic light scattering (DLS), respectively. The self-
assembled SPIO@IR was stable and clear, and well dispersed in aqueous solution. The
hydrodynamic size of SPIO@IR was 117 nm as measured by DLS (Figure 1C) with the
polydispersity index (PDI) of 0.169, which demonstrated that the SPIO@IR nanoparticles
are quite homogeneous. The stability of SPIO@IR was evaluated by DLS in aqueous
solution. As shown in Figure S4, the size distribution of SPIO@IR exhibited imperceptible
change and enabled to keep stable in size for more than 20 days. The stability indicated that
SPIO@IR could maintain high stability in aqueous solution, which will be beneficial for
biological applications in the future. TEM were used to observe the morphologies, which
revealed a group of 20 nm hydrophobic SPIOs aggregated into a bigger iron oxide
nanosphere (Figure 1D). The TEM measurements were consistent with the size distributions
analysed by DLS. As shown in Figure 1D (inset image), the SPIO@IR could be well-
dispersed in aqueous solution and showed blue fluorescence (came from irinotecan),
suggesting that the hydrophobic SPIOs were successfully converted into hydrophilic
nanotheranostics by our facile method. Besides, SPIO@IR nanoparticles were incubated
with cell culture medium and 10% FBS for 24 h, and no precipitations were observed,
indicating that the SPIO@IR nanoparticles were relatively stable, and no obvious IR-LA
was detached from the surface of SP1O nanoparticles in serum. The surface charge of
SPIO@IR NPs was tested to illustrate the surface status, which valued at around 63.4 mV
(Figure S3), due to the IR on the surface of the NPs. The NPs with positive charge may
exhibit better cellular uptake into cancer cells, due to electrostatic interactions with the
negatively charged phospholipid membrane.43: 44

We posited the SPIO@IR NPs enabled to responsively release the IR under acidic pH
circumstance, as the ester bond between LA and IR was acidic-liable*®. Therefore, the pH-
dependent drug release pattern of SPIO@IR was investigated; free IR was processed in
parallel as a control. As shown in Figure S5, SPIO@IR in neutral pH showed only slight
drug release within 8 h. In contrast, acidic pH (5.0) greatly expedited the drug release of
SPIO@IR, which led to around 50% drug release of IR. The release rate of free IR could
easily get to 100%, as the small molecules could go out of the dialysis membrane freely. The
drug release indicated that SPIO@IR could effectively release the chemotherapeutic drug
under acidic cell compartment, such as lysosomes.

The ability to shorten the T, transverse relaxation time of water protons was firstly measured
to evaluate the imaging properties as well as diagnosability of SPIO@IR in comparison with
hydrophilic SPIOs with carboxy surface coating prepared via ligand exchange method. The
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iron concentrations in SPIO@IR and hydrophilic SP1O were determined using the 1,10-
phenanthroline colorimetric method.#6 As shown in Figure 2, To-weighted MR images of
SPIO@IR and hydrophilic SP10 ([Fe304]=0.01-0.06 mM) were evaluated ona 7.0 T MR
scanner. The T,-weighted images of hydrophilic SPIO and SPIO@IR with TR/TE of 800/45
ms were shown in the bottomright corner of Figure 2A and 2B respectively. The r, relaxivity
values were calculated through the slope of the curve of Ry(1/T,) relaxation rates as a
function of the iron concentration in mM. As seen in Figure 2A and Figure 2B, the r, of
hydrophilic SP10 is 247.4 s™1 mM™1, while that of SPIO@IR is 189.3 s~ mM™L. This result
illustrated that the hydrophobic SP10 with LA-IR inserted on the surface still maintain the
ability to shorten the T, transverse relaxation time of water protons. In consistence with the
T, relaxation time, the T, mapping between hydrophilic SP10 and SPIO@IR showed
similar trends in different iron concentrations (Figure 2C).

We next investigated the cellular uptake of SPIO@IR by using confocal laser scanning
microscopy (CLSM). Human colorectal adenocarcinoma cells (HT-29) were incubated with
free IR, SPIO@IR and the equivalent doses of hydrophilic SPIO for 3 h before observation.
As shown in Figure 3, the SPIO@IR NPs-treated HT-29 cells exhibited the strongest
Irinotecan fluorescence intensity (blue colour), reflecting the highest level of drug
accumulation, while imperceptible fluorescence could be observed in the free irinotecan-
treated cells. Figure 4A showed the flow cytometry results on cell uptake. SPIO@IR NPs
were more readily to be taken up by the cancer cells than free irinotecan. Cancer cells
treated with SPIO@IR were approximately 100 times higher than those treated with free
drug in fluorescence intensity, which was consistent with the CLSM images. The
accumulation of nano-formulation was higher than that of free drug, indicating the
advantage of this strategy. In the CLSM images (Figure 3), SPIO@IR showed a region of
bright blue fluorescence. We hypothesized that these regions corresponded to lysosomes. To
test this, we stained the lysosomes with LysoTracker® Green. As shown in Figure 3, the
blue irinotecan fluorescence in cells treated with SPIO@IR mostly co-localized with the
green colour of LysoTracker®, revealing that such nanoparticles were co-localized with
lysosomes. The lysosomes co-localization indicated that the SPIO@IR would accumulate in
lysosomes once they have been uptaken, and the acidic pH value in this specific organelle
enabled to cleave the ester bond, and thereby, triggered the drug release.

Then, the /n vitro anti-tumour activities of SPIO@IR were tested in comparison with free
IR. Firstly, we measured the cytotoxicity of nanoparticles to cancer cells. The overall
cytotoxicity of SPIO@IR NPs was evaluated and compared with free IR and hydrophilic
SPIO by MTS assays (Figure 4B). After incubating HT-29 cells with SPIO@IR and free IR
containing equivalent concentrations of irinotecan (0.1-50 uM) along with hydrophilic SP10
with the equivalent iron concentration for 48 hrs, we found that hydrophilic SPIO showed
nearly no toxicity to cancer cells. However, the nanotheranostics (SPIO@IR) showed much
more cytotoxicity to HT-29 cells and had a much lower ICsgq than free IR. Strikingly, at the
highest concentration tested (50 uM), almost no toxicity of free IR was observed under our
concentration range, which was in agreement with the reported work*’, while SPIO@IR
NPs completely killed the cancer cells (Figure 4B). To verify this great enhancement of
toxicity was not just caused by the positive surface charge, a normal prostatic epithelial cell
line (PZ-HPV-T7) was used. After incubating cells with SPIO@IR NPs for 48 hrs, there was a
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significant difference in the viability between HT-29 cancer cells and PZ-HPV-7 normal
cells at the concentration of 5 uM (ICsg of SPIO@IR in HT-29 cells) (Figure S6). At this
concentration, almost half of the HT-29 cells were killed while all of the PZ-HPV-7 still
alive. The dramatic enhancement of the cytotoxicity of the nanoparticles compared to free
drug was hypothetically considered to be the consequence of significantly increased
intracellular accumulation of the nanoformulation. Then, the cell apoptosis induced by
SPIO@IR were evaluated by Annexin V FITC and Pl Cy5.5 staining. The free IR and SPIO
were employed as controls (Figure 4C). The results were analyzed based on the percentages
of unstained cells (viable cells) and those with red fluorescence (necrotic cells), green
fluorescence (apoptotic cells) and dual stained cells (late apoptosis). The assay was
conducted following treatment of HT-29 cells with free IR, SPIO@IR and the equivalent
doses of hydrophilic SPIO of 20 uM for 24 hrs. As shown in Figure 4C, the percentage of
Annexin V positive cells increased from 6.32% of control to 63.5% when incubated with
free IR and increased up to 91.3% with the presence of SPIO@IR NPs. The PI positive cells
were increased from 4.71% of control to 32.67% in free IR group and reached 57.83% with
SPIO@IR NPs. The results of the experiment revealed that SPIO@IR could significantly
enhance the apoptosis induced by irinotecan. This hypothesis could also be proved by cell
uptake results in Figure 4A. The cell uptake, cytotoxicity, and apoptosis studies all supported
the superiorities of the nanotheranostics over free IR.

The diagnosis potential through MRI was demonstrated on HT-29 cells. The cells treated
with free irinotecan, SPIO@IR NPs as well as the same dose of hydrophilic SPIO were
dispersed in agarose gel to image on the 7 T MRI scanner. As shown in Figure 5, the MR
signal enhancement (dark-contrast in the To-weighted image) was obviously observed in the
MR images of HT-29 cells treated with SPIO@IR NPs compared with untreated one, free IR
and the same dose of hydrophilic SP10. The T, relaxation time was decreased greatly from
50 ms of the control to 35 ms of the one treated with SPIO@IR NPs. The minor difference
in MR images between the control and the hydrophilic one is likely due to their limited
uptake in cancer cells. The hydrophilic SP1O have carboxy group on the surface with
relatively negative potential, and it is difficult for them to be taken up by cells.

Finally, the SPIO@IR nanoparticles were investigated on HT-29 bearing mice model for /n
vivoimaging, as the SPIO showed intrinsic MRI capacity. For the /n vivoimaging,
SPIO@IR nanoparticles were intravenous administrated into mice, the T, MRI signal of the
nanoparticles were monitored at different timepoints. The hydrophilic SPIO was employed
as control. As show in Figure 6, the mice were both showed long T» relaxation time before
the administration of nanoparticles (Pre). In SPIO@IR nanoparticles treated mice, the T,
MRI signal at the tumour site was gradually enhanced at 24h postinjection (Figure S8). In
the hydrophilic SPIO treated mice, the T, MRI contrast at the tumour site enhanced at 4h of
the postinjection and gradually faded at 24 h. The T, relaxation time at the tumour site
decreased from 49 ms pre-injection to 36 ms at 24h post-injection of SPIO@IR
nanoparticles. For the hydrophilic SP10, the T, relaxation time at the tumour site decreased
from 51 ms pre-injection to 33 ms at 4h postinjection and rebounded back to 49 ms at 24h
post-injection (Figure S9). The MRI results supported that the SPIO@IR was stable enough
in the blood circulation and enabled to take advantages of the EPR effect to selectively
visualize the tumor tissues.

Nanoscale. Author manuscript; available in PMC 2019 November 29.
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Conclusions

In conclusion, we have successfully developed a simple yet effective method to modify the
hydrophobic SPIO NPs into hydrophilic particles as well as loading chemotherapeutic agent
using an irinotecan-fatty acid conjugate. The water-soluble nanoparticles possessed superior
drug loading capacity, and enhanced cytotoxicity against cancer cells compared to free
irinotecan. Besides, these nanoparticles maintained the ability to be used as the MRI
nanoprobe for cancer diagnosis. Based on this concept, we will design and develop other
prodrug nano-formulation with the ability of MR imaging and cancer treatment. These nano-
theranostics could be further improved by using polymers such as polyethylene glycol
(PEG) to shield the positive charge on the surface for long circulation time while the
polymers can be cleaved in the acidic tumour microenvironment to expose the positive
charge for enhanced uptake into cancer cells. This strategy could potentially be used widely
in the modification of hydrophobic inorganic nanotheranostics as well as the diagnosis
probes to improve cancer management in the near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A) Chemical structure of LA-IR; B) Fluorescence spectra of SPIO@IR in DMSO and in
water at same concentration; C) DLS result of SPIO@IR in aqueous solution; D) TEM
image of SPIO@IR (optical photos of SPIO@IR under daylight and UV light, and that in
cell culture medium and in 10% FBS after 24h incubation were shown at right upper corner).
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SPIO@IR and hydrophilic SPIO.
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Irinotecan LysoTracker Merge

IR SPIO Control

SPIO@IR

Fig. 3.

CLSM images of cells treated with PBS, hydrophilic SPIO, free irinotecan and SPIO@LA
(DAPI channel). Lysosomes were detected with LysoTracker® Green (FITC channel). Scale
bars are 30 pm. BF, bright field images.
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Fig.4.
A) Quantitative analysis of the uptake of hydrophilic SPIO, free irinotecan, and SPIO@IR

by flow cytometry; B) /n vitro cytotoxicity of hydrophilic SPI1O, free Irinotecan, and
SPIO@IR; C) Annexin V-FITC FACS apoptosis analysis of HT-29 cancer cells after
treatment with PBS, hydrophilic SPIO, free irinotecan, and SPIO@IR.
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Fig.5.

T, relaxation time (msec) (A), phantom based T,-weighted images and pseudocolor
processing of T, mapping (B) of HT-29 cells incubated with PBS, free Irinotecan,
hydrophilic SPIO, and SPIO@IR in the same concentration of iron (1% agarose).
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Fig.6.
To-Mapping images of colon cancer bearing mice pre-injection and at different time points

post-injection of SPIO@IR and hydrophilic SPIO. Pseudocolors of T, mapping was used to
highlight the difference between the two groups.
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Scheme 1.
Schematic illustration of SPIO@IR based nanotheranostics in cells. Abbreviation: Fe3O4

NPs, superparamagnetic iron oxide nanoparticles; IR, Irinotecan; LA-IR, amphiphilic Laurie

acid-Irinotecan prodrug; SPIO@IR, LA-IR inserted SPIO prodrug.
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