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Nanotheranostics: Congo Red/Rutin-MNPs with Enhanced
Magnetic Resonance Imaging and H,0,-Responsive
Therapy of Alzheimer’s Disease in APPswe/PS1dE9

Transgenic Mice

Bingbing Hu, Fengying Dai, Zhanming Fan, Guanghui Ma, Qunwei Tang,*

and Xin Zhang*

Alzheimer’s disease (AD) is the most common neurodegenera-
tive disorder. The pathological hallmarks of AD are the extracel-
lular accumulations of the senile plaques formed by amyloid
beta (AP) aggregation and cerebral amyloid angiopathy as
well as intracellular neurofibrillary tangles formed by hyper-
phosphorylated tau.!l Although the molecular mechanisms of
AD pathogenesis have not been clearly understood due to its
complexity, recent advances have demonstrated that A3 gener-
ates reactive oxygen species (ROS) such as hydrogen peroxide
(H,0,) in the presence of metal ions, especially copper and zinc
ions.l Increased ROS can facilitate Af plaques’ production and
accumulation, which can also induce nitric oxide (NO) genera-
tion, leading to neuronal death.’l Thus, A plaques’ molecular
imaging may be a useful method in the diagnosis of prodromal
AD, and reducing Af-induced oxidative stress will be an attrac-
tive therapeutic and preventive strategy in the development of
disease-modifying drugs for AD. It is therefore necessary to
develop more efficient and safe theranostics systems of AD.
Theranostics systems of AD need to satisfy the following
conditions: (1) there should be diagnostic probes that can image
amyloid plaques in vivo and (2) theranostics systems should
have the abilities of targeted delivery and controlled release
of therapeutic agents. However, there is no such theranostics
system of AD reported. Prior studies are focused on either the
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imaging of amyloid plaques or the delivery of drugs.l**"! Yang
and co-workers have designed Ap-peptide-loaded iron oxide
nanoparticles to detect amyloid plaques in vivo by magnetic
resonance imaging (MRI).1* Wilson and co-workers have used
chitosan nanoparticles for the delivery of rivastigmine to treat
AD, however these nanoparticles do not have the abilities of
targeted delivery and controlled release of drugs.*® If the abili-
ties of imaging amyloid plaques and targeted delivery and con-
trolled release of drugs can be combined, theranostics systems
of AD will be achieved.

Iron oxide nanoparticles, which have high relaxivity for MRI,
a long half-life, and can be covalently conjugated to drugs and
antibodies, may emerge as a new paradigm for nanotheranos-
tics applications for AD.P! Since AD is accompanied by neu-
roinflammation, which compromises the blood-brain barrier
(BBB),”! ultrasmall superparamagnetic iron oxide nanoparticles
(USPIONS) can penetrate the BBB to some extent;”) and for the
imaging of amyloid plaques by MRI and targeted delivery of
drugs, some molecules that can bind to amyloid plaques, such
as AP peptides, anti-Af} antibody, and Congo red, can be used
to label USPIONS.[“8] The design of nanosystems with stimuli-
responsiveness properties, according to the physiological differ-
ences between lesions and normal tissues, will open new ave-
nues for the development of intelligent biomedical platforms
with controlled drug release properties.”) Qu and co-workers
have designed mesoporous silica nanoparticles and gold nanoc-
ages as drug delivery carriers, and have used IgG as caps. The
opening protocol and delivery of the entrapped drugs depended
on the presence of the H,0, to which the arylboronic esters are
expected to be oxidized to phenols. The complete breakage of
the arylboronic esters should result in the release of IgG and
subsequently the drugs.?>< In view of the fact that AB aggre-
gation generates ROS such as H,0, in the presence of metal
ions, targeting molecules-loaded USPIONs can be designed as
theranostics nanosystems with H,O,-responsiveness, which
combine the abilities of detecting amyloid plaques by MRI and
targeted delivery and controlled release of drugs.

Considering that Congo red can specifically detect amyloid
plaques!'” and arylboronic ester is redox sensitive, >4 we
report the biocompatible nanotheranostics system based on
iron oxide magnetic nanoparticles with ultrasmall size and
excellent magnetic property to realize MRI of amyloid plaques
and targeted delivery and H,0, controlled release of AD thera-
peutic agents. The advantages of this system can be listed as
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follows: (1) as Congo red has the ability to
bind to amyloid plaques that have extensive ’
B-sheet structures, Congo red loaded mag-
netic nanoparticles can specifically bind to
amyloid plaques and give a greater contrast-
to-noise ratio on MRI; (2) the release of
drugs can be triggered by H,0,, caused by
deviant AB-metal interactions in AD due to
the H,0,-responsiveness of the boronate
ester bond between the vicinal diols of the
therapeutic agent Rutin and phenylboronic
acid; (3) Rutin is a glycone of quercetin with
a flavonol structure and is a powerful phe-
nolic antioxidant that has various pharma-
cological properties, including antitumor,
anti-inflammatory, antidiarrheal, antimuta-
genic, myocardial protecting, and immune-
modulator. Wang and co-workers have dem-
onstrated that Rutin could interfere with Af
aggregation and neurotoxicity, prevent oxida-
tive stress induced by A, reduce Af levels in
mutant neurons, and decrease senile plaques
in the brains of AD transgenic mice.['?

In this system, to obtain ultrasmall mag-
netic nanoparticles, we synthesised oleic
acid coated iron oxide nanoparticles by the
thermal decomposition method. 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine-
n-[poly(ethylene glycol)]-Congo red (DSPE-
PEG-Congo red) and 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-n-[poly(ethylene
glycol)]-phenylboronic  acid (DSPE-PEG-
phenylboronic acid) were prepared by con- %
jugating 1,2-dioleoyl-sn-glycero-3-phos- ;
phoethanolamine-n-[poly(ethylene  glycol)]-
hydroxy succinamide (DSPE-PEG-NHS) with
Congo red and 3-aminophenylboronic acid
(Figure S1, Supporting Information).3] As
illustrated in Figure 1A, DSPE-PEG-Congo
red and DSPE-PEG-phenylboronic acid were
used to improve the biocompatibility of oleic
acid coated iron oxide nanoparticles through
a micelle formation procedure.' The attach-
ment of PEG onto the surface of magnetic
nanoparticles had been shown to inhibit its
uptake by the reticuloendothelial system and
prolong circulation, thus promoting delivery
to the central nervous system. At the same
time, PEG would improve the contrast effi-
ciency by enhancing water diffusion in close proximity to the
nanocrystal core, provide appropriate biocompatibility, improve
colloidal stability, and retain desired magnetic properties such
as high r, values for MR1.’®1] The hydrophilic drug Rutin was
then grafted onto the surface of the nanoparticles through the
formation of boronate ester bond between vicinal diols and
phenylboronic acid.?*41% As shown in Figure 1B, (1) Congo
red/Rutin-MNPs coinjected with mannitol could penetrate the
BBB into the brain of the APPswe/PS1dE9 transgenic mouse
and bind to amyloid plaques, which allowed the detection of

- - - - - ——

(8)
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Figure 1. A) The preparation of Congo red and Rutin loaded magnetic nanoparticles (Congo
red/Rutin-MNPs): (1) DSPE-PEG-Congo red and DSPE-PEG-phenylboronic acid were used to
improve the biocompatibility of magnetic nanoparticles through a micelle formation proce-
dure. (2) Rutin was grafted onto the surface of the nanoparticles through the formation of a
boronate ester bond between vicinal diols and phenylboronic acid. B) Schematic interpreta-
tion of Congo red/Rutin-MNPs in vivo: (1) Congo red/Rutin-MNPs co-injected with mannitol
penetrated the BBB. (2) Congo red/Rutin-MNPs detected amyloid plaques specifically, realized
targeted delivery and controlled release of Rutin by H,0,.

amyloid plaques by MRI and achieved a targeted delivery of
drugs; (2) The AB-induced production of H,0, could oxidize
arylboronic esters to phenols, resulting in the release of Rutin
that would prevent oxidative stress and reduce amyloid plaques
and neuronal loss.

The chemical composition of the obtained polymers was
studied by 'H NMR spectra (Figure S2, Supporting Informa-
tion), which suggested the successful synthesis of DSPE-PEG-
Congo red and DSPE-PEG-phenylboronic acid. We obtained
a series of magnetic nanoparticles with different amounts of
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Figure 2. Characterization of magnetic nanoparticles. A) The TEM image of Congo red/Rutin-MNPs (inset: the size distribution histograms of nano-
particles, a total of 110 nanoparticles were counted). The scale bar corresponds to 100 nm. B) The hydrodynamic sizes of MNPs, Rutin-MNPs, Congo
red-MNPs, and Congo red/Rutin-MNPs. C) The r, values of MNPs, Rutin-MNPs, Congo red-MNPs, and Congo red/Rutin-MNPs. D) Release profiles
of Rutin from Congo red/Rutin-MNPs triggered by different concentrations of H,0,.

Congo red and Rutin by changing the amounts of DSPE-PEG-
Congo red and DSPE-PEG-phenylboronic acid. As the absorp-
tions of Rutin are around 250-350 nm and Congo red around
350-500 nm, loadings of Congo red and Rutin were measured
by UV-vis spectra (Figure S3, Supporting Information). Trans-
mission electron microscope (TEM) images of magnetic nano-
particles presented monodispersed and spherical-like structures
with the diameter of about 13 nm (Figure 2A). As shown in
Figure 2B, the hydrodynamic sizes of nanoparticles were about
the same, which showed that the modification of DSPE-PEG
coated iron oxide nanoparticles did not change their dispersity.
In addition, the zeta potentials of nanoparticles were close to
electric neutrality and the results of serum stability showed that
the nanoparticles were stable without aggregation in serum,
which indicated that the nanoparticles would have biocompat-
ibility and stability in vivo (Figure S4, Supporting Information).
To further assess their magnetic properties for MRI application,
r, values of the nanoparticles were calculated by measuring
the change in the spin-spin relaxation rate (R;) per unit iron
concentration. The r, value of MNPs (DSPE-PEG coated mag-
netic nanoparticles) was a little higher than that of the Congo
red/Rutin-MNPs, indicating that the conjugation of Congo red
and Rutin had little impact on the r, value of the nanoparticles
as shown in Figure 2C. These results demonstrated that the
Congo red/Rutin-MNPs had excellent r, values and motivated
us to examine the application of the magnetic nanoparticles
as a novel contrast agent for in vivo MRI of AD. The release
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experiments were performed in PBS (0.01 m, pH 7.4) with dif-
ferent concentrations of H,0, as it was previously reported
that cells had H,0, concentrations of up to 1 x 107> m.2>< The
release of the Rutin depended on the degradation of boronate
ester bonds by H,0,. Figure 2D shows that the amounts of
Rutin released reached about 85%, 75%, and 35% after 12 h
of incubation upon 3 x 1073, 1 x 1073, and 0.5 x 1073 M H,0,,
whereas only 4% release was obtained without H,0,. The result
indicated that the release of Rutin was H,0,-responsive and
concentration dependent.

Before in vivo imaging and therapy, we tested the feasibility
of Congo red/Rutin-MNPs for AD therapeutic applications in
vitro studies. Metal ions such as copper and zinc ions could
induce AP aggregation and form neurotoxic ROS (e.g. H,0,).
So, the effects of Congo red/Rutin-MNPs on Af aggregation-
induced cytotoxicity using SH-SYSY neuroblastoma cells
were studied by the methylthiazolyltetrazolium method.*&122]
All assays were conducted under the same conditions and
data were normalized using the results from cells not treated
with AB+Cu?*, which acted as a positive control. As shown in
Figure 3A, the treatment of cells with AB+Cu?* reduced the
cell viability to 67%, and the addition of Congo red, MNPs, and
Congo red-MNPs could not reduce the Af-induced cytotoxicity.
Due to the neuroprotective effects of Rutin, the survival of the
cells increased to about 92% in the presence of Rutin. More-
over, as a result of Rutin, treatment of cells with Rutin-MNPs
that had no targeted molecular Congo red reduced cytotoxicity
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Figure 3. In vitro cell studies. A) Protection effects of Congo red/Rutin-MNPs on AB-induced cytotoxicity of SH-SY5Y cells. B) The effect of Congo
red/Rutin-MNPs on production of NO. C) The effect of Congo red/Rutin-MNPs on Af-induced production of ROS. D) Confocal microscopic images

of cells ROS. The scale bars correspond to 25 pm. ((I) control,

(1) AB+Cu?*, (I1l) AB+Cu?*+Rutin,

(IV) AB+Cu?*+Rutin-MNPs, (V) AB+Cu?+Congo

red-MNPs+Rutin, (VI) AB+Cu?+Congo red/Rutin-MNPs) Control: AB+Cu?*-untreated cells, [AB42] = 10 X 107 m, [Cu?] = 10 X 107 m, [Congo red] =

0.1 mg mL™", [Rutin] =
1 mg mL™ (*P < 0.05).

and Congo red-MNPs+Rutin also increased the cell viability to
about 90%. As expected, the cell viability also increased to about
95% in the presence of Congo red/Rutin-MNPs, which indi-
cated that our delivery system had better protective effects on
Ap-induced cytotoxicity of SH-SYSY cells.

NO plays a pivotal role in the cascade of events leading to neu-
ronal death, and the Af3 aggregation can induce NO generation
by upregulating the expressing of NO synthase. To investigate
the effect of Congo red/Rutin-MNPs against NO, 3-amino,4-
aminomethyl-2’,7’-difluorofluorescein diacetate (DAF-FM DA)
was used as a probe for NO.['7 As shown in Figure 3B, exposure
of cells to AB+Cu?" increased the content of NO to about 165%
relative to untreated control cells. And Congo red, MNPs, and
Congo red-MNPs had no effect on reducing the production of
NO (Figure S6A, Supporting Information). In the presence of
Rutin, the levels of NO decreased to about 125%. In addition, the
treatment of cells with Rutin-MNPs or Congo red-MNPs+Rutin
caused the levels of NO to diminish by 30% and 34%, respec-
tively, compared to cells exposed only to AB+Cu?*. Importantly,
the level of NO also decreased to about 105% in the presence

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

0.1 mg mL™", [MNPs] =1 mg mL™", [Congo red/Rutin-MNPs] = 1 mg mL™", [Rutin-MNPs] = 1 mg mL™", [Congo red-MNPs] =

of Congo red/Rutin-MNPs, which showed that the Congo red/
Rutin-MNPs effectively reduced the generation of NO.

The formation of ROS by A+Cu?" has been suggested as a
proposed mechanism of AD pathogenesis. ROS can cause oxi-
dative stress that would trigger a series of damages to cellular
components. The success in the inhibition of Af-induced cyto-
toxicity and decreasing NO promoted us to examine the effect
of Congo red/Rutin-MNPs against ROS. We used 2",7’-dichloro-
dihydrofluorescein diacetate (DCFH-DA) as a probe for ROS
because it could become fluorescent DCF via oxidation by
ROS.® The changes in ROS were monitored by confocal
microscopic images (Figure 3D) and quantification was further
given in Figure 3C. In the presence of AB+Cu®", the level of
ROS was increased to about 188% relative to the control cells,
while Congo red, MNPs, and Congo red-MNPs had no effect
on Af-induced production of ROS (Figure S6B, Supporting
Information). The treatment of cells with Rutin reduced the
ROS level to about 135%. Furthermore, the treatment of cells
with Rutin-MNPs or Congo red-MNPs+Rutin diminished the
levels of ROS by 48% and 50%, respectively, compared to cells

Adv. Mater. 2015, 27, 5499-5505



ADVANCED
MATERIALS

'a\
M“h\)iié

www.MaterialsViews.com

(A) | i ii

www.advmat.de

GE T,*
Pre-injection
GET,*12h
Post-injection
(B) 1] T : m”

Time in Target Quadrant (%)

2
Time (days)

Figure 4. In vivo experiments. A) (I) Representative in vivo 7 Tesla MR images of brains in WT mice before and 12 h after intravenous injection of
Congo red/Rutin-MNPs (i), AD mice before and 12 h after intravenous injection of Rutin-MNPs (i), and Congo red/Rutin-MNPs (iii). (I1) Z-scores
from the MRI data among WT mice before and 12 h after intravenous injection of Congo red/Rutin-MNPs, AD mice before and 12 h after intravenous
injection of Rutin-MNPs and Congo red/Rutin-MNPs. B) (I) The escape latencies of WT control mice, AD control mice, and AD mice treated with
Rutin-MNPs, Congo red-MNPs+Rutin, and Congo red/Rutin-MNPs. (I1) The latency during the memory test in the MWM probe trial without a platform.
(1) The percent (%) of time in the targeted quadrant where the platform had been located during the memory test in the MWM probe trial. C) The
immunohistochemical analysis of Af} deposition in the brains of WT control mice (1), AD control mice (Il), AD mice treated with Rutin-MNPs (lll),
Congo red-MNPs+Rutin (IV), and Congo red/Rutin-MNPs (V). The A depositions were brown signals as indicated by black dotted circle. D) The Nissl
staining of nerve cells in the brains of WT control mice (1), AD control mice (Il), AD mice treated with Rutin-MNPs (111), Congo red-MNPs+Rutin (IV),
and Congo red/Rutin-MNPs (V). The Nissl bodies were stained blue (*P < 0.05, **P < 0.01).

exposed to AB+Cu?*. As expected, treating the cells with Congo
red/Rutin-MNPs caused a marked reduction in the ROS level.
Therefore, in vitro studies showed the feasibility of the Congo
red/Rutin-MNPs system for AD therapeutic applications.

In order to test the ability of Congo red loaded magnetic
nanoparticles to detect amyloid plaques specifically, UV-vis
spectra of Congo red and Congo red/Rutin-MNPs in the

Adv. Mater. 2015, 27, 5499-5505
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presence of FBS and Af42 were measured. As Congo red
had the ability to bind to amyloid plaques that have extensive
B-sheet structures, the UV-vis spectra should have a redshift.!'%!
The result showed that there were only redshifts in the spectra
of Congo red and Congo red/Rutin-MNPs in the presence of
Ap42 (Figure SS5A, Supporting Information). In addition, the
Prussian-blue staining of SH-SY5Y neuroblastoma cells showed
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that many nanoparticles could be stained only in the pres-
ence of both Congo red/Rutin-MNPs and AfB42 (Figure S5 B,
Supporting Information). These results indicated that Congo
red/Rutin-MNPs could target amyloid plaques specifically in
vitro. Moreover, a 7 Tesla MRI scanner was used for imaging
wild type mice (WT mice) treated with Congo red/Rutin-
MNPs and APPswe/PS1dE9 transgenic mice (AD mice) treated
with Congo red/Rutin-MNPs and Rutin-MNPs. As shown in
Figure 4A (I), 12 h after the intravenous injection of Congo
red/Rutin-MNPs resulted in the detection of numerous dark
spots in AD mice brains using in vivo T,*-weight MRI and the
analysis of colocalization immunohistochemistry also showed
the presence of plaques on the same locations of the same
layers from the same mouse (Figure S7, Supporting Informa-
tion). There were almost no plaques detected in the brains of
WT mice treated with Congo red/Rutin-MNPs and AD mice
treated with Rutin-MNPs. In order to quantitatively assess the
contrast enhancement capability, the MRI slices were analysed
by calculating the contrast-to-noise ratio commonly called the
Z-score, which is the number of standard deviations the MRI
signal decreased by in the core of the plaque, versus the back-
ground noise in the image of the surrounding tissue.[8>10d
The MRI and changes in Z-scores after the injection of Congo
red/Rutin-MNPs indicated that Congo red/Rutin-MNPs would
generally bind to amyloid plaques 6-12 h after injection
(Figure S8, Supporting Information). Z-scores increased dis-
tinctly 12 h after injection of Congo red/Rutin-MNPs, which
was about four times higher than that of preinjection, while
there was no significant change in terms of the Z-scores in AD
mice treated with Rutin-MNPs or WT mice treated with Congo
red/Rutin-MNPs (Figure 4A (II)). These results indicated that
Congo red-loaded magnetic nanoparticles could specifically
bind to amyloid plaques and give a greater contrast-to-noise
ratio on MRI. In addition, to better understand biodistribution
and elimination of the nanoparticles, major organs including
brain, heart, liver, spleen, lung, and kidney were harvested and
stained by Prussian blue before and 12 h, 60 h after injection
of Congo red/Rutin-MNPs (Figure S9, Supporting Informa-
tion). The results showed that nanoparticles could accumulate
in the brain. A small amount of nanoparticle accumulation
was found in liver and spleen, which might be attributed to the
macrophages endocytosis of nanoparticles by reticuloendothe-
lial systems. 60 h after injection, there was almost no nano-
particle in brain and other organs, which indicated that Congo
red/Rutin-MNPs were metabolized from the body. According to
previous studies, the iron oxide nanoparticles were metabolized
and the iron contained in Congo red/Rutin-MNPs was incorpo-
rated into the body’s iron store as ferritin.[""!

The effect of Congo red/Rutin-MNPs on the spatial cognitive
performance of APPswe/PS1dE9 transgenic mice was inves-
tigated through the Morris water maze (MWM) test.[1b4b120]
Escape latencies to find the hidden platform were measured
daily (Figure 4B (I)). Both WT control mice and Congo red/
Rutin-MNPs treated AD mice exhibited significantly shorter
latency than AD control group on days 2, 3, and 4, indicating
that Congo red/Rutin-MNPs could markedly improve the spa-
tial memory of AD mice. After the last training, the platform
was removed, and the mice were given 60 seconds to find the
missing platform for the probe trial. As shown in Figure 4B

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(II), the Congo red/Rutin-MNPs treated AD mice exhibited spa-
tially oriented swimming behavior and shorter latencies than
AD control mice, Rutin-MNPs treated AD mice, and Congo
red-MNPs+Rutin treated AD mice. Moreover, these outcomes
were further confirmed by the percentage of time spent in the
target quadrant (Figure 4B (III)). Overall, our results showed
that Congo red/Rutin-MNPs could significantly rescue memory
deficits in AD transgenic mice.

In order to further test the effects of Congo red/Rutin-MNPs
on reducing amyloid plaques and inhibition of neuronal loss
in the brains of AD mice, immunohistochemistry analysis and
Nissl staining were performed to stain Af deposition and nerve
cells in the brains. As shown in Figure 4C, a gross Af3 deposition
difference was observed between the WT control mice and AD
control mice. The A plaque loads were not markedly decreased
in the Rutin-MNPs and Congo red-MNPs+Rutin treated mice
compared with the AD control mice. Nevertheless, there was a
significant decrease in Af} plaque loads in the brains of mice
treated with Congo red/Rutin-MNPs, indicating that Congo
red/Rutin-MNPs had the ability to reduce A depositions.
Furthermore, Figure 4D shows that neuronal hypocellularity
was observed in the brains of the AD mice, which had very few
Nissl bodies (blue). In contrast, Congo red/Rutin-MNPs treat-
ment obviously attenuated neuron loss in AD control mice,
whereas Rutin-MNPs and Congo red-MNPs+Rutin treatment
had no significant effect. Compared with the results of the
cell experiments, there were significant differences between
Rutin-MNPs and Congo red/Rutin-MNPs in animal experi-
ments. As Rutin-MNPs had no targeted molecules and Rutin
in Congo red-MNPs+Rutin was a free drug, Rutin-MNPs
and Congo red-MNPs+Rutin could not target to lesions and
work effectively in vivo. Therefore, these results showed that
Congo red/Rutin-MNPs had excellent therapeutic effects
on AD.

In summary, we successfully developed Congo red/Rutin-
MNPs nanotheranostics, which could specifically detect amy-
loid plaques by MRI, realize targeted delivery of AD therapeutic
agents, achieve drug controlled release by H,0, response, and
prevent oxidative stress. Both in vitro and in vivo experiments
were performed to justify this possibility and the remarkable
disease-modifying effects of the nanotheranostics. It was found
that Congo red/Rutin-MNPs could inhibit the AB-induced cyto-
toxicity and reduce the production of NO and ROS in vitro. More
importantly, we found that following intravenous administra-
tion of Congo red/Rutin-MNPs resulted in detecting numerous
amyloid plaques, rescuing memory deficits and ameliorating
neurologic changes in APPswe/PS1dE9 transgenic mice brains.
As nanotheranostics, Congo red/Rutin-MNPs would have clin-
ical practicality, and could provide more efficient and safe ther-
anostics systems of AD. If the costs could be further reduced,
there would be more popular applications. In conclusion, our
firstly reported Congo red/Rutin-MNPs nanotheranostics has
the potential to open up a new avenue for AD theranostics
applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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