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Abstract:

We review the design and synthesis of functionalized nanoparticles for the
application in nanobiotechnology. Initially, the modification of the superparamagnetic
iron oxide (SPIO) for contrast agents is described. The series of biomolecule-responsive
contrast agents are introduced. Next, silica nanoparticle-based probes in *°F NMR are
explained. By employing the silica nanoparticles as a signal quencher for NMR signals,
the quantitative analysis of the enzymatic activities was accomplished. The design
concepts and the results are explained. We also mention the regulation of the cluster
formation of gold nanoparticles. Significant changes in optical properties before and
after the assembly are presented. Finally, the typical synthetic procedures are also

described in the latter part.



Introduction:

Nanoparticles have attracted attention as a scaffold to obtain smart biomaterials
because of several advantages: Firstly, the biodistribution of the nanoparticles can be
modulated by changing the size of the particles. For example, as we presented in this
paper, silica-based nanoparticles are versatile materials for designing functional
bioprobes and the vesicles for drug delivery because of their high stability and the
flexibility in the modification. Because various size and surface-modified silica
nanoparticles can be readily prepared, we can deliver drugs or other bioactive materials
to the target sites by loading onto the nanoparticles with the size effects on the
distribution. In particular, nanoparticles in the range of 20 nm to 400 nm in diameter
show tumor-selective integration known as the enhanced permeability and retention
(EPR) effect.”” Therefore, the site-specific delivery can be realized based on the
preprogrammed designs. Secondly, the local concentrations of the loaded drugs can be
readily enhanced. In the case of the drugs with small molecular weights, the drug
concentrations could be lowered by the diffusion. On the other hand, since the
nanoparticles have better retention ability than those of small molecules, it is relatively
easy to keep the local concentration to receive enough drug efficiency. In addition, if the
nanoparticle can slowly release the loaded drugs, the sustained release system can be
readily realized. Thirdly, the diverse properties can be obtained not only originated from
the intrinsic properties of the component elements or the surface modification but also
from the nano-sized effects of the particles. For example, the nanoparticles composed of
ferromagnetic iron oxide show similar behaviors, called superparamagnetism, to the
paramagnetic materials such as no hysteresis and no residual magnetization.®® These

materials are used as a conventional contrast agent in magnetic resonance imaging



(MRI). In the case of gold nanoparticles, the absorption bands in the visible region can
be observed. Various kinds of biosensors have been invented based on the gold
nanoparticles. The nanoparticles composed of semiconductor materials called as
quantum dots show various emission colors depended on their diameters.**** Based on
these characteristics derived from the size effects, unique optical bioprobes have been
developed. In this review, we survey the functionalized nanoparticles for the application
in nanobiotechnology. Our recent studies on the development of bioprobes or
bio-related materials with the series of nanoparticles composed of iron oxide, silica and
gold are mainly introduced. The typical synthetic procedures are also described in the

latter part.

Superparamagnetic iron oxide
MR sensors for biomolecules

Initially, we present the superparamagnetic iron oxide (SP1O)-based contrast agents
in magnetic resonance imaging (MRI). MRI is one of the powerful and conventional
diagnostic tools in modern clinical medicine for the 3D visualization inside vital bodies
with high resolution. In particular, by using contrast agents, sensitivity and specificity in
the detection can be extensively improved. The SPIOs are magnetite crystals with
several nanometer sizes.®® In the magnetic fields, SPIOs can accelerate the proton
transverse relaxation of water tissue in aqueous media and consequently provide
hypointense (dark) contrast in magnetic resonance images on T, and T,*-weighted
sequences. SP1O-based contrast agents are already commercially available and used at

the clinical stages. Moreover, various techniques using SPIOs such as the cell
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labeling* 8, biosensors'® %, and in vivo imaging®?® with MRI have been developed.



Thus, the SP1O-based contrast agents can be a suitable platform for designing the
advanced imaging probes. In this part, the regulations of the magnetism by modulating
the aggregation/dispersion of the SPIO particles and their applications for biosensors in

MRI are presented.

By the formation of assembly, the magnetism of SPIOs can be enhanced, resulting in
much darker contrasts in the MR images. Based on these phenomena, various kinds of
biosensors have been prepared with the modified SP10s.*%> We also have aimed to
develop the biomolecule-responsive SPIOs. Particularly, the surface modified-SPIOs
were prepared for detecting the bio-significant molecules and environmental factors

such as protein, gene, and pH.

We designed the surface modification of SP10s for realizing the target-responsive
cluster formation with the variety of biomolecules.”” Figure 1 outlines the system of the
modified SPIOs. We initially synthesized the biotin-presenting SPIOs to form the
cluster in the presence of an avidin protein. As shown in Figure 2a, the precipitation was
confirmed by the naked eyes immediately after adding avidin to the solution containing
the biotin-presenting SP10s. From the DLS measurements, the increase of the observed
hydrodynamic radius (ry) of the biotin-presenting SPIOs (19.5 £ 5.2 nm) to be 51.2 +
22.4 nm was monitored by adding the 2000-times diluted avidin solution. Consequently,
we showed this system can represent the highly-sensitive protein sensor by the naked
eyes with the minimum detection limit of 10 fmol of avidin with the biotin-presenting

SPIOs.



(Figures 1 and 2)

The hemin-presenting SPIOs were prepared and added to the aptamer DNA which
can selectively recognize hemin with high affinity?® in the buffer solution (Figure 2b).
The cluster of the SPIOs was obtained only from the sample containing both the
aptamer DNA and the target sequence after 15 min standing. On the other hand, slight
precipitation was obtained from the negative controls. These data indicate that the
cluster of the SPIOs can be obtained via the hemin-aptamer interaction. By replacing
hemin to other small molecules which are applicable as a target for the aptamer, diverse

detection systems can be prepared.

As compared to the dispersion states, the SPIO clusters can much efficiently enhance
the transverse relaxation of water tissues. Therefore, a darker contrast can be obtained in
the To-weighted MR image. To present the MR sensor for gene expression, we
investigated the cluster formation of the DNA-presenting SPIOs in the presence of the
complementary strand.?” Figure 3 shows the T,-weighted MR image of the samples
containing the DNA-presenting SPIOs at 7 T at 25 °C. We also evaluated the T,
relaxation times of each solution. The significant decreases of the T, values appeared
from the sample containing the target DNA (40 fmol). The MR image showed the
darker effect at the modified SPIOs-containing samples, corresponding to the decreases
of the T, values. These data mean that the sequence-specific NMR probe can be
obtained. In addition, the sensitivity can be improved approximately 10-fold higher than

that of previous system reported as a highly-sensitive MRI sensor.”®



(Figure 3)

The SPIOs which can form the aggregation under slightly acidic condition are
promised to be a labeling agent for tumor tissues because it is known that the pH values
of the tumor tissues are from 0.4 to 1.0 units lower than those of the normal tissues.*®**
Next, we aimed to establish the regulation of aggregation/dispersion of the SPI1Os by the
pH alteration under slight acidic condition in the narrow region. According to the
previous works, the pH-responsiveness of the metal nanoparticles showed good
agreements with the dissociation constants of the acid groups of the surfactants.*** For
instance, the carboxylic acid-presenting gold particles can form the aggregation below
pH 3.8.3* In the case of the phosphonic acid-presenting gold particles, the cluster
formation can be observed below pH 5.5.*> Arsonic acid has higher acid dissociation
constant (pKa: = 4.5) than those of carboxylic acid (pK; = 4.0) or phosphoric acid (pKaz
= 2.0).% Hence, we focused on arsonic acid derivatives as new series of the surface

modifications for providing the particles with the ability to change the dispersion state

under mild acidic conditions.

Arsonic acid-presenting SPIOs were prepared, and the pH-responsiveness was
examined (Figure 4).*” We synthesized arsonoacetic acid as the stabilizer for the SPIOs.
The desired SPIO particles were prepared by a ligand exchange from the undecanoic
acid ligand. The resulting SP10Os showed good dispersibility only in water. From the
FT-IR spectra, it was shown that arsonoacetic acid should largely coordinate to the
particles at the carboxylic unit, but not at the arsonic acid unit as shown in Figure 4.

This means that the arsonic acid groups should be presenting from the surfaces of the



SPIOs. Based on these characterization data, we concluded that the desired arsonic

acid-presenting SPIOs can be obtained.

(Figure 4)

To examine the pH-responsiveness of the arsonic acid-presenting SPIOs, the ry
values were monitored with DLS measurements at variable pH (Figure 5a). The SPIOs
were well-dispersed at pH 9. In the pH range from 7 to 9, the ry values observed from
the dispersions were slightly changed. In contrast, the ry value immediately increased at
pH = 6.1 with the formation of the precipitation. Subsequently, the ry values reached a
plateau below pH 6. These behaviors mean that the arsonic acid-presenting SP1Os can
form the clusters with borderline at pH 6.1. Moreover, the aggregation/dispersion states
of the SP10s can be switched through several pH changes (Figure 5b). Furthermore, the
darker contrasts were obtained from the clusters of the SPIOs. It should be mentioned
that precipitation or color changes were hardly observed during the pH titration.
Average diameters of the particles subtly changed from the pristine dispersion. These
data represent the important issue that the arsonic acid unit can be stably immobilized
on the surface of the SPIOs in this pH region. In other words, the arsonic acid species
should be less released from the surface. These results clearly indicate that the arsonic

acid-presenting SPI1Os should be a pH-responsive probe for slight acidic regions.

(Figure 5)

Tumor-specific prodrugs using arsonic acid-presenting SP10Os



The further functions of the arsonic acid-presenting SPIOs in the cells were
obtained.®® As we mentioned, if it is possible to precisely recognize the differences of
the environmental factors between tumor and normal cells, we can obtain
tumor-selective probes. Furthermore, if these discrimination ability between tumor and
normal cells can be used as a trigger for activating prodrugs which must undergo
chemical conversion by metabolic processes before becoming an active
pharmacological agent, we can expect to receive highly-specific anticancer drugs,
leading to the suppression of the administration amounts and undesired adverse
effects.®®*° Reductive environments in the tumor cells were one of significant
differences in the active tumor regions.***® Intracellular reductive environments are
mainly controlled by modulating the amount of thiol groups in the reduced glutathione
(GSH).*® Therefore, the thiol-responsive functional groups or molecules can be a
candidate for the designs of the reduction-responsive prodrugs. Indeed, reductive
environment-responsive prodrugs were developed not only for the imaging of cancer
regions but also for anticancer drugs.*® Based on these backgrounds, we focused on the
As(V)-C bond as a reduction-responsive unit for the tumor-specific prodrug. In the
presence of the reducing agent such as GSH, the transformation from As(V) to As(l1)
proceeds with the bond cleavage of As—C, resulting in the generation of highly-toxic
arsenic species (Figure 6).*"* Since the concentrations of GSH in tumor cells are higher
than those in normal cells, the transformation from As(V) to As(l11) could be enhanced.
Consequently, the tumor-selective cell death would be induced.***® To confirm these

idea, the cytotoxicity of the arsonic acid-presenting SPIOs was investigated.

(Figure 6)



The influence on the cell viability was investigated in the presence of the modified
nanoparticles, arsenic trioxide (As;O3) as a positive control, and the water-dispersive
naked nanoparticles as a negative control with various concentrations.*® Figure 7 shows
the cell viabilities after 72 h incubation with the samples. While the strong toxicity was
confirmed from As,03 to the tumor cells, the naked nanoparticles slightly affected the
cell viability through the entire concentration range. Significantly, the viability of the
cancer cell line was also maintained in the presence of the arsonic acid-presenting
SPIOs. These data clearly indicate that the arsonic acid-presenting SP10s should show

cancer cell-selective cytotoxicity.

(Figure 7)

Cluster formation of SP10Os by employing ionic liquid chemistry

An ionic liquid (IL) is a nonvolatile salt with a melting temperature below 100 °C. By
modifying the surface of the metal nanoparticles with the IL molecules, the versatile
properties similarly observed in the pure ILs can be obtained.”>* For instance, counter
anion exchange with the ion pair can readily and quantitatively proceed under mild
conditions, leading to the drastic property changes.>® Therefore, this alteration can be
used as a conventional platform for realizing stimuli-responsiveness. In the previous
reports, the influence on aggregation/dispersion states of the metal nanoparticles was
investigated by adding ionic salts which are promised to be the counter anion.**
Accordingly, the dispersion states can be changed via significant changes of the

hydrophobicity depended on the counter anions. These changes proceeded rapidly under



mild conditions with other kinds of metal nanoparticles. We aimed to apply these

changes on the regulation of the aggregation/dispersion states of SP10s.

We synthesized three types of the phosphonium-presenting SP1Os as shown in Figure
8.> To inhibit undesired interaction between the ionic species and the surface of the
nanoparticles and reinforce the stability of the phosphonium cation, we introduced the
silica layer at the surface of the SPIO. NP1 and NP2 are covered with the bilayer with
or without the silica layer at the surface between the SPIO core and the inside layer,
respectively. The phosphonium cation is tethered to the SPI1O core via the silica layer on

NP3.

(Figure 8)

The dispersion states of the phosphonium-presenting SPIOs were monitored during
anion exchange. To the aqueous dispersions of phosphonium bromide-presenting
SPIOs, NP1 and NP2, NaCl and potassium bis(trifluoromethanesulfonyl)amide
(KTFSA) were added, respectively (Figure 9). By adding NacCl, all SPIOs maintained
the dispersion states. In contrast, the significant aggregation of NP2 was immediately
observed after adding KTFSA. Similar result was obtained from NP3. These data can be
explained by the structures of the surface modification. The phosphonium cations are
weakly anchored via bilayers at the surface of NP1. The desorption of the phosphonium
cations could occur after formation of the strong hydrophobic TFSI salts. Thereby, the
hydrophilicity of the surface should be maintained. On the other hand, the strong

hydrophobic TFSI salts should be stayed at the surface of NP2 and NP3 via the robust



immobilization of the phosphonium cations. Thereby, the aggregation should be formed
via the hydrophobic interactions. These results present that the dispersion/aggregation

behavior of nanoparticles should be modulated by modification manners.

(Figure 9)

Catch and release of DNA with SP10s

The biotechnological applications of anion exchange for the DNA separation are
demonstrated.®® The catch and release technique with DNA was established via anion
exchange with imidazolium-presenting nanoparticles (Figure 10). As a background,
isolation of nucleic acids is a fundamental and essential technique in biotechnology.®’
The target sequence must be extracted from biological samples without damage during
operations in the sequencing and the preparing of DNA library. Therefore, it is favorable
to perform for the extraction of nucleic acids under mild conditions. SPIOs have been
conventionally used for the bio-related materials involving for nucleic acids
collection.® Based on attractive forces with a magnet, the target molecules and
sequences can be readily collected. The development of the release procedure under
mild condition is beneficial to collect the target molecules without damage or

denaturation.

(Figure 10)

We prepared the water-dispersive imidazolium-presenting SP10s (Im-SP1Os), and the

adsorption of DNA onto Im-SPIOs was investigated.®® To the solutions of the plasmid



DNA in the buffer, the dispersion of the SP10s was added. After vortex, Im-SPIOs were
collected with a magnet, and the supernatants were transferred to new tubes. After
centrifugation, the samples were applied on the agarose gel, and the residual amounts of
DNA were evaluated. Accordingly, by adding Im-SPIOs, the concentration of the
plasmid DNA was obviously reduced. These data indicate that Im-SPIOs can capture
DNA. The release of DNA via anion exchange was carried out with Im-SPIOs.
Similarly as the adsorption experiments, the plasmid DNA was mixed with the modified
nanoparticles. After washing, the KTFSA solution was added for anion exchange from
Cl to TFSA". The supernatant was collected and applied on the gel after centrifugation.
The band was observed from the sample with the KTFSA treatment (Figure 11).
Moreover, these catch and release system can be worked in the fetal bovine serum.
These data clearly indicate that catch and release of DNA can be controlled with
Im-SPIOs by altering the counter anion. It should be mentioned that the heating or

drastic pH changes are not necessary all through the operations.

(Figure 11)

Improvement of sensitivity of MR contrast agents

By introducing the silica layer at the surface of SPIOs, the improvement of the
stability at the dispersion states can be expected. Undesired aggregation or non-specific
adsorption with biomolecules can be suppressed. In addition, the further modification
with functional molecules is applicable as presented above. The size, shape, and the
surface modification which dominate the characteristics, distribution, and toxicity of the

particles can be readily tuned.>> We have reported the preparation method of the MRI



contrast agents based on the silica-coated core/shell type SPIO particles which can show
good biocompatibility in the mice.”* However, the decrease of the sensitivity in MRI
was inevitable by the silica coating on the surfaces. To compensate the loss of the
sensitivity, we challenged to establish the new concept for the development of
highly-sensitive SP10-based contrast agents. As we mentioned in the former part, the
magnetism of SP10s can be enhanced by the formation of assembly.” As a result, much
darker contrasts can be obtained in the MR images. Based on this phenomenon, we

designed the multi SP10s-involving silica-coated core/shell type particles.

The preparation of the desired particles is composed of two steps®: the separation
and the etching of the shell (Figure 12). Initially, the silica-coated SPIO particles were

prepared via a reverse-micelle sol-gel technique.”

We executed the centrifugal
separation in the isopycnic density media.>® Under the optimized centrifugal condition,
the silica-coated core/shell type particles including multiple SPIOs were obtained in
good yields. The etching treatment was performed under strong alkaline conditions to
melt the silica layer on the particles. After the incubation, the surface of the particles

was modified with imidazolium, and well-dispersed suspension can be prepared. The

iron content in the particles was significantly improved by the etching process.

(Figure 12)

The T,-weighted MR image of the samples containing the SPIO particles is shown in

Figure 13.® We determined the detection limits of each particle toward contrast

enhancement. The sample without both treatments showed less dark contrast. On the



other hand, the samples after the centrifugation step showed the enhancement of the
transverse relaxation. In particular, the multi-core SPIO particles after etching gave
much clearer contrast even at 3.5 xg/mL of iron concentration. These results suggest
that the sensitivity to create negative contrast can be improved at least 7-times larger
than that of the sample before treatments. It was found that the relaxation ability was
improved approximately 3-fold higher than that of previous system reported as a

highly-sensitive MRI sensor.?>®

(Figure 13)

Silica nanoparticles
Design of *F NMR probes for quantitative detection of enzymatic activity
Silica nanoparticles are versatile scaffolds for constructing functional bio-related

materials. From the sol—gel reactions firstly reported by Stéber et al.®

, various sized
particles (10® m to 10° m) can be readily prepared with small size-distribution in good
yields only by modulating the reaction conditions. In addition, various modifications
and the loading of the functional molecules such as drugs or dyes are acceptable at the
surface of nanoparticles. Particularly, because of transparency of silica, a wide variety
of emissive particles have been manufactured with silica nanoparticles.®” In this part, we
introduce the silica nanoparticle-based bioprobes. In particular, the design concepts and

the results on the quantitative measurements of bioreactions with a *F NMR

spectroscopy are described here.

By using the fluorinated compounds as a contrast agent, the highly-resolved images



at the deep spot inside vital bodies with the high signal to noise ratio can be obtained in
F MRI because of less existence ratio of endogenous fluorine atom.®* We focused
on these advantages and aimed to develop the *F MR probes for monitoring the
biological reactions at the molecular levels. In this part, the series of our *°F MR probes
based on the modified silica nanoparticles are introduced. In particular, although it is
commonly known that the silica nanoparticles can less significantly show the magnetic
effect, we accomplished to use the silica nanoparticles as a signal regulator to *°F NMR

signals of the perfluorinated probes.

We developed the water-soluble perfluorinated dendrimers based on polyhedral
oligomeric silsesquioxane.®®® The regulation system of °F NMR signals for
monitoring bioreactions based on the silica nanoparticles is presented in Figure 14.% In
a solid state, the sensitivity of NMR signal was suppressed by the acceleration of
transverse relaxation time and the anisotropy of the spin toward the external magnetic
fields. On silica NPs, the molecular rotation of the water-soluble perfluorinated
dendrimers which is the signal unit for *°F NMR detection should be highly restricted.
At this state, the NMR signals from the dendrimer can be reduced. After releasing the
dendrimer triggered by an enzymatic cleavage of the linker, the NMR signals should be
recovered correspondingly by increasing the molecular motions. Thereby, the enzyme

activity can be detected by the enhancement of the signal intensity of “°F NMR.

(Figure 14)

To show the proof of concept, the detection with the dendrimer-coated silica



nanoparticles for alkaline phosphatase (AP) was demonstrated.®® The reaction mixtures
containing the modified nanoparticles and AP were incubated at 37 °C, and *F NMR
signals from the mixture were monitored (Figure 15). The signal linearly increased until
12 h incubation (tsp = 6.2 h). In the absence of the enzyme, NMR signal was hardly
observed even after 24 h incubation. These results indicate that the silica nanoparticles
can work as a quencher for NMR signals. In addition, the AP activity can be detected by

this system.

(Figure 15)

Bimodal probes for **F NMR/fluorescence detection

The quantitative analysis with the silica nanoparticle-based probes was carried out on
the evaluation of the AP activity. We constructed the bimodal probes which can give the
F NMR signal and fluorescence simultaneously by the progress of the enzymatic
reactions.®* Such bimodal turn-on probes which offer simultaneous increases of the
magnitudes of the respective signals between different modalities during the detections
have potential advantages such as data reliability and yet also have potential limitations
such as protein aggregation that affects both signaling systems. By replacing the linker
to the phosphate-caged fluorescein, we examined the bimodal detection with *°F NMR
spectroscopy and fluorescence spectroscopy for the quantitative assay of an enzymatic
reaction (Figure 16). The enzymatic reactions with AP were performed under the similar
condition.?? The signal changes were monitored in *°F NMR and fluorescence. From the
fitting to the standard line, the reaction yields were calculated as approximately 10%

after 1 h incubation. On the other hand, signal intensities were continuously under



detection limit (less than 5% of the reaction yield) after 24 h incubation in the absence
of AP. Next, we conducted the reactions by changing the concentrations of AP in the
samples, and the signal intensities from the reaction mixtures were traced. The increases
of the signal intensities were compared with the standard line prepared with the
concentration-definitive dendrimer solutions and recalculated as the reaction yields. The
increases of the yields calculated from °F NMR and fluorescence signals showed good
agreement. From these data, it was suggested that enzymatic reaction can be assessed by
the synchronized increases of fluorescence and '°F NMR signals. In this system,
different from the SPIO-based contrast agents, the interparticle interaction was not
necessary for the target detection. Thus, our system could be feasible to receive the
quantitative information under the intracellular circumstances. Furthermore, silica
nanoparticles hardly disturb the optical properties of the coexisting dyes. As we
demonstrated, silica nanoparticles are a versatile scaffold for fabricating the multimodal

probes with optical functions.

(Figure 16)

Heavy metal-free NMR probes for evaluating glutathione reductase activity

The heavy metal species are not contained in our systems. Based on this property, we
developed the *°F NMR probes for evaluating the enzymatic activity which would be
perturbed by heavy metals.?* Glutathione reductase (GR) is a class of the
NADPH-dependent enzyme which catalyzes the reduction of oxidized glutathione
(GSSG) to GSH. The GSH production plays a central role in buffering an intercellular

redox condition and in activating the anti-oxidation system.®® In addition, it has been



reported that a significant enhancement of the GR activity was observed in malignant
tumor cells.®® Therefore, the quantification of the GR activity at the deep spot inside
vital organs is of great significance for further understanding of the stress responses and
carcinogenesis. The conventional assay for evaluating the GR activity is to follow the
decrease in absorbance of NADPH at 340 nm.®” Because of the low permeability of the
light through a body, it is difficult to apply the conventional methods for the in vivo
assay. Hence, the new methodology is desired for the quantitative analysis of the GR
activity. Furthermore, the GR activity can be enhanced in the presence of heavy metal
species. Thereby, the most of MR probes is not applicable since the probe itself should
perturb the GR activity. Thus, we expected that our silica nanoparticle-based probes

should be suitable for quantitatively measuring the GR activity with *°F NMR.

Figure 17 illustrates the probe structure for measuring the GR activity.®* The
water-soluble perfluorinated dendrimers were immobilized onto the silica nanoparticles
via the disulfide bond. By the cleavage of the linker, the perfluorinated dendrimer can
be released, and the F NMR signals are promised to be enhanced. Hence, the
enzymatic reaction can be monitored by the increase of the signal molecule,
perfluorinated dendrimers in °F NMR measurements. To test the reactivity of the
probes, we performed the reactions with GSH, GSSG, and NADPH. The signals
increased after incubation in the presence of NaBHjy, dithiothreitol (DTT), and GSH.
These results indicate that the perfluorinated dendrimers can be released by reductive
cleavage of disulfide bonds at the linker. On the other hand, both signals were hardly
detected after the incubation in the presence of GSSG and NADPH. This means that

coexisting molecules should less affect the linker cleavage. From these results, therefore



only the GR activity can be evaluated using our probe as the increase of °F NMR

signals.

(Figure 17)

The feasibility of the probes was evaluated in the presence of the miscellaneous
molecules under bio-mimetic conditions (Figure 18). The GR activity of the HeLa cell
lysate was determined, and the results were compared to those from the conventional
method. From the estimation calculated from the consumption rate of S-NADPH in the
sample, the GR activity was determined as 0.61 + 0.05 U/mL. Correspondingly, the GR
activity of the sample was evaluated to be 0.65 £ 0.14 U/mL with our probes by fitting
the signal increasing rates onto the standard curve. These data suggest that our NP
probes can be applied for imaging the GR activity under the reductive environment in

the cells with MRI.

(Figure 18)

The application of the silica nanoparticles as a heat generator is explained.®® ILs have
the ability of the efficient exothermal effect under the microwave irradiation.® Since the
ionic conduction heating is generally much stronger than dipole rotation heating
mechanism, the temperature of the aqueous solutions containing hydrophilic ILs
increases much rapidly by the microwave irradiation. Based on these properties, if ILs
can be localized in the target site inside bodies, the remote control of the heat generation

can be realized by using the microwave irradiation. However, it is critically difficult to



deliver and sustain the ILs at the target spot inside the vital bodies. Thereby, we
employed the silica nanoparticles as a scaffold for constructing the IL-based heat

generators.

Heat generator under microwave irradiation

The imidazolium-presenting silica nanoparticles (Im-SiNPs) were prepared (Figure
19).% The synthesized nanoparticles showed good dispersibility in the aqueous media.
Temperature profiles of the dispersions during microwave irradiation are shown in
Figure 20. The rapid increase of the temperature of the sample containing Im-SiNPs was
observed by +43 °C after 5 min irradiation. Subsequently, the increasing rate gradually
reduced and reached a plateau. On the other hand, although the temperatures of the
dispersion with unmodified silica nanoparticles increased, the initial rate until 2 min and
the temperatures at 5 min were lower (SiNPs: +28 °C, blank: +26 °C) than those of
Im-SiNPs. These results indicate that Im-SiNPs improved the increasing rate of the
temperature under microwave irradiation. According to the series of measurements, it
was summarized that the dielectric losses between imidazolium cations and water
clusters should be mainly responsible for the heat generation under microwave

irradiation to Im-SiNPs.

(Figures 19 and 20)

Gold nanoparticles

Cluster formation via anion exchange and unique optical properties

Gold nanoparticles (gold atoms; Aun, n < 100) have the unique light absorption



properties originated from the coherent oscillation of the conduction band electrons
(surface plasmon oscillation) induced by interaction with an electromagnetic field. In
particular, the absorption properties are sensitively changed by the cluster formation.***
To apply these characteristic optical properties of the gold nanoparticles for developing
advanced materials, many studies have been made on the preparation of various shapes
and the regulation of the dispersion states. For example, biosensors have been reported
based on the cluster formation of gold nanoparticles for monitoring biological events or
reactions. The interparticle forces including electrostatic®, zwitterionic®, van der Waals

%9 as well as hydrogen bonding forces®®“” have been utilized as a trigger for the

forces
cluster formation, and the highly-sensitive sensors were fabricated.”® In the material
science, the structural controls of the gold nanoparticles in the clusters have been
focused. Since the precisely-ordered gold clusters are potential candidates for obtaining
the advanced materials such as negative or low refractive indices, interparticle distances,
distributions, and morphologies of gold nanoparticles after the cluster formation are
vigorously explored.”'% In these studies, the interparticle distances are the key factor

for the optical properties originated from the surface plasmon. In this part, we introduce

the regulation of interparticle distances in the clusters of the gold nanoparticles.

We prepared the series of the modified gold nanoparticles covered with the
imidazolium-containing ion pairs (Figure 21).%® The substituent groups in imidazolium
cation were replaced to ethylene oxide, methyl and butyl groups. The relationship
between the chemical structures of the surface modification and the interparticle
distances in the clusters was investigated. In addition, influence of anion exchange on

the cluster formation and subsequently the optical properties was examined.



(Figure 21)

In summary, depended on the type of the additional anions, the interparticle distances
obtained from the electronic microscopic observation can be modulated.
Correspondingly, the absorption bands were altered. As a typical example, to the
aqueous dispersion of the gold nanoparticles, same volume of the aqueous solutions
containing KTFSI (TFSI = (CF3SO2),N) were added, and the time-courses of the
changes of the optical properties were monitored with UV-vis absorption measurements.
The peak tops of the surface plasmon bands from the gold nanoparticles shifted. The
absorption band of the nanoparticles with ethylene oxide-substituted imidazolium
showed slight bathochromic shift by +6 nm. In contrast, the nanoparticles with
butyl-substituted imidazolium gave larger peak shift (+54 nm) by adding KTFSI. These
changes can be also confirmed by naked eyes. The color of the aqueous dispersion
containing the nanoparticles with butyl-substituted imidazolium turned to relatively
purple. These data indicate that the interparticle distances should decrease corresponded
to the hydrophobicities of the N-substituent in imidazolium. The similar results were
obtained from the TEM images. It was found that the interparticle distances of the
nanoparticles with methyl- and butyl-substituted imidazolium were 1.4 nm and 1.1 nm,
respectively. Furthermore, the ethylene oxide-having nanoparticles showed a highly
dispersion state. These data mean that the interparticle distances can be modulated at the
sub-nano scale by regulating the hydrophobicity at the surface modification of the gold

nanoparticles.



YE NMR probes for detecting reduced glutathione triggered by heat activation
Gold nanoparticles can be a heat generator under the near-infrared light irradiation.™™
Temperature controls at the local spot can be achieved. Indeed, gold nanoparticles have
been used in the clinical scene for anti-tumor treatments called hyperthermia.'®* Based
on this ability as a heat generator, we developed the functional MR probes which can be

activated by heating for realizing site- and time-specific analysis.'*

As we mentioned above, it has been reported that the GSH concentrations are
relatively higher in cancer cells than those in normal cells.**™* Therefore, GSH can be a
marker of the active tumor.>® GSH also plays significant another role in the metabolism.
The existence of reactive oxygen or heavy metal species would be recognized as a stress
to the cells, leading to the production of GSH.**® Thus, the GSH-responsive materials
are promised to be molecular probes for surveying stress-responses. The cellular
distribution of GSH is commonly heterogeneous.'®® Furthermore, the GSH
concentrations can be changed during biological events such as apoptosis via the
transporting systems.’®* In addition, GSH can be found not only in the extracellular
matrices but also in the blood.'®*% Site- and time-specific analytical tools should be
needed for evaluating the GSH concentration with high accuracy. To solve these
problems, we designed the °F NMR probes having the heat-activation system: Before
activation, the probes do not recognize GSH. After the heating treatment for the
activation, the probe starts the detection. Finally, we expected that the increases of the
signal can be observed, and the amount of GSH can be determined from the increasing

rates as we demonstrated in the determination of AP and GR activities.



Figure 22 represents the structure and the detection mechanism for GSH in this
study.'® The probes consist of three components, the gold nanoparticle, the
heat-cleavable linker, and the signal unit. The trifluoromethyl group is a **F NMR signal
unit. The recognition of GSH is expected to provide the alteration of the chemical shift
in ®F NMR spectra. The reaction yields can be also evaluated from the peak ratio
between before and after recognition. The thermally-cleavable linker possessed the
adduct structures with maleimide and furan in a Diels—Alder reaction. At the initial state,
the maleimide group is protected from the thiol group in GSH. After the heating
activation, the retro Diels—Alder reaction proceeds. As a result, the maleimide group is
exposure to GSH, leading to the Michael addition with the thiol group.** Finally, the
electronic state of the trifluoromethyl group should be changed, and we can detect

chemical-shift alteration in *>F NMR spectra.

(Figure 22)

We synthesized the gold nanoparticle-based probes with the designed structure shown
in Figure 22.1%% The suspension of the probes was heated at 90 °C, and *°F NMR spectra
were monitored. Before heating, the NMR signal was not observed from the probe. The
molecular rotation of the trifluoromethyl groups should be highly restricted at the
surface of the nanoparticles as we explained in the silica nanoparticle-based probes.
After the thermal treatment at 90 °C for 10 min, *°F NMR signal peak appeared at —73.4
ppm (Figure 23a). This result indicates that the signal unit was released from the surface
of the nanoparticles. The reaction progress of Michael addition with GSH was

monitored by the integral of peak area (Figure 23b). The conversion linearly increased



until 20 minutes incubation. We also examined the signal intensity of the sample
without thermal treatment, the adducts of the probe with GSH were hardly detected in
the °F NMR spectra. These results mean that the thermal activation to the probes can
work as we expected. Based on this concept, the accuracy of the quantitative detection

can be improved in the molecular imaging with the probe materials.

(Figure 23)

Synthesis
Typical synthetic protocol of SPI1Os

Our preparation protocol for the SPIOs is described here:*’ To the solution containing
iron(111) chloride hexahydrate (1.08 g, 4 mmol) and iron(ll) chloride tetrahydrate (0.40
g, 2 mmol) in water (150 mL), 28% NH;OH (15 mL) and 1 M citric acid in water (3
mL) were added, and the mixture was vigorously stirred by mechanical stirrer under
nitrogen and then heated at 60 °C for 30 min. After the color changing from pale orange
to black, the mixture was cooled to ambient temperature. The resultant SPIOs were
collected with a magnet and washed with water three times. By treating with biotin,
5'-phosphorylated DNA and arsonoacetic acid, the modified SP1Os can be obtained. The
preparation of the silica-coated core/shell type nanoparticles was performed with the
oleic acid-presenting SPI10s.*® In a 50 ml glass vial, 2.3 g of Igepal CO-520° was
dissolved in 45 ml of cyclohexane. The solution was mechanically stirring at 700 rpm
with sonication for 2 min. After dispersing the SPIO particles, 0.3 ml of the mixture was
added to the cyclohexane solution, and then the mixture was stirred at room temperature

for 5 min with sonication. The resulting mixture was turned to transparent light brown



liquid, and then 0.3 ml of tetraethoxysilane was added. The mixture was gently stirred
by hand using spatura until tetraethoxysilane was completely dissolved, and the mixture
was standed for 3 days at room temperature to form thick silica shell. Then, in 2000 ml
of a round-bottom flask, the imidazolium® (2.0 g) was dissolved in 200 ml of ethanol.
The mixture containing the core/shell particles was rapidly added to the ethanol solution
with mechanically stirring at 700 rpm.  After the mixture was stirred for 12 hours at
room temperature, the upper transparent layer was removed, and the
light-brown-colored products were separated by centrifuging at 6000 rpm. After
washing with 200 ml of methanol in three times, the desired core/shell particles were
obtained as a brown suspension in methanol. The diameters of the SPIOs were
evaluated from the TEM images and the DLS spectra data. The existence of

imidazolium to the SP10s was confirmed from the IR spectra.

Preparation of modified silica nanoparticles

The modified silica nanoparticles for evaluating GR activity were prepared according
to the previous report:** A solution containing 2 mL of tetraethoxysilane, 1 mL of
3-aminopropyltriethoxysilane, 7 mL of water, and 2 mL of ammonium hydroxide in 50
mL of ethanol was stirred at ambient temperature for 16 h, and then the white
precipitate was separated by centrifugation. After washing with ethanol three times, the
particles (152 £ 11 nm diameter) were obtained as a white powder. To determine the
amounts of the reactive amino groups at the surface of the particles, we treated the silica
nanoparticles with ethyl trifluoroacetate. After washing with methanol, the particles
were dissolved in 1 N aqueous sodium hydroxide, and the peak height was compared to

the standard samples. Consequently, it was found that 960 nmol of trifluoroacetyl



groups were attached to the particles. To the solution of the N-hydroxysccinimidyl
ester® (404 mg. 1 mmol) and triethylamine (1 mL) in dichloromethane, 100 mg of
amino-presented silica nanoparticles were added. After 1 h stirring at room temperature,
nanoparticles were centrifuged and washed with dichloromethane. After drying in vacuo,
the solution of the fluorinated dendrimer and triethylamine in methanol was added. The
mixture was stirred at room temperature under ultrasound irradiation. After 1 h stirring,
the nanoparticles were centrifuged and washed with methanol and dichloromethane.
The white powder was obtained after drying (167 + 10 nm diameter from TEM). To
estimate the amount of the fluorinated dendrimer on the nanoparticles (18 nmol/mg, F
atom: 216 nmol/mg), the *°F NMR spectrum of the solution containing the nanoparticle
probe dissolved in 1 N aqueous sodium hydroxide was compared to the spectra of the

standard samples with various concentrations of trifluoroacetic acid.

Preparation of gold nanoparticles

A typical procedure is described as follows:*® To a 50 mL screw bottle, the aqueous
solution of HAuCI, (10.0 mg / 5 mL) and the thiol compound (0.012 mmol / 5 mL)
were added to give the turbid orange solution. To the mixture, the aqueous solution of
NaBH, (2.7 mg / 5 mL) was added slightly (5 mL/min) with vigorous stirring. The color
of the solution immediately turned to dark red indicating the formation of gold
nanoparticles. After stirring for 1 h, the mixture was filtered through the ultra-filtration
membrane (ADVANTEC USY-5, MWCO = 50,000) and washed with distilled water

several times to remove free imidazolium species and salts.



Conclusion:

We review a part of recent studies on the usages of nanoparticles in
nanobiotechnology. By employing nanoparticles, we can easily receive the material
properties based on the preprogrammed design on the chemical structures at the
nanometer size. It was demonstrated that the cluster formations of SPIOs and gold
nanoparticles can be freely controlled by the addition of various kinds of biomolecules
or environmental factors. The silica nanoparticles can work as a regulator for NMR
signals. As we introduce in this manuscript, nanoparticles are attractive candidates as a
building block for fabricating bio-related materials. Moreover, in material science, the
further functions of the nanoparticles concerning non-linear optics or electronics have
been found more recently. We have numerous potentials for obtaining advanced

functional materials based on these properties.
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Figure 1. Schematic illustrations for the biomolecule-triggered cluster formations of the
modified SPIOs.
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Figure 2. The cluster formation of (a) the biotin-presenting and (b) the hemin-aptamer
DNA complex-modified SP1Os by the addition of each target molecule in the buffer. All
images were taken after 15 min standing (+: added to the samples).
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Figure 3. The cluster formation of the DNA-presenting SP1Os by adding the target
DNA in the buffer. (a) Images were taken after 15 min standing. (b) T.-weighted coronal
MRI image and their relaxation times.
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Figure 4. Plausible model for the reversible switching of dispersion/aggregation of the
arsonic acid-presenting SPI1Os by pH alteration.
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Figure 6. Proposed reaction scheme of the reduction of arsonoacetic acid with GSH.
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Figure 7. Effect of As,Oz; naked iron oxide nanoparticles, and the modified
nanoparticles on the viability of (a) primary mouse hepatocytes and (b) tumor cell line
(HepG2). Cells were incubated with various concentrations of the samples for 72 h.
Results are expressed as viability (% viable cells in comparison with the control) versus
the arsenic content for upper three graphs.
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Figure 8. Structures of the phosphonium-presenting SPIOs.
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Figure 9. Pictures of the dispersions of the phosphonium-presenting SPIOs after adding
NaCl and KTFSA.
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Figure 10. Outlines of the DNA catch and release by the imidazolium-presenting
SPI10s.



Figure 11. The release of the plasmid DNA from the Im-SPIOs via anion exchange.
Lane 1, 2.5 ug of DNA; lane 2, 1 g of DNA; lane 3, 0.5 ug of DNA,; lane 4, the
supernatant containing 2.5 pg of DNA and 50 ug of Im-SPIOs; lane 5, the supernatant
after adding 0.5 M KCI to the DNA-adsorbed Im-SPIOs; lane 6, the supernatant
containing 2.5 xg of DNA and 50 ug of Im-SPI1Os; lane 7, the supernatant after adding
0.5 M KTFSA to the DNA-adsorbed Im-SPIOs. The smear band represents the released
DNA after anion exchange.
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Figure 12. Schematic illustration for preparing the thin silica-coated core/shell type
nanoparticles encapsulating multiple SP1O particles.
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Figure 13. (a) MR imaging of various concentrations of the core/shell particles. All
samples were sealed into 5 mm of glass tubes, and T,-weighted phantom image was
taken at 7 T at 25 °C. (b) T, dependency on weight concentration of iron of the
multi-core particles after alkaline treatment (circular dots), the multi-core particles
before alkaline treatment (square dots), and the sample without any treatment (triangular
dots). The larger slope values represent the higher relaxation ability by the SPIOs.
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Figure 14. Regulation of *°F NMR signals using silica nanoparticles as a quencher.
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Figure 15. F NMR spectra of fluorinated dendrimer-coated silica NPs in enzymatic
hydrolysis with AP.
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Figure 16. (a) Illustration of the bimodal probe for the quantitative assay. (b)
Time-course of the intensity changes of *°F NMR signals form the supernatants after
enzymatic reactions. The NP probes were incubated in the reaction solutions containing
various concentrations of AP. The reaction yields were monitored with **F NMR and
calculated by fitting on the standards. (c) Time-courses of the emission changes at 512
nm from the 10-folds diluted supernatants after the reaction with various concentrations
of AP (U/mL). (d) Fitting of the obtained value (clear triangular dot) from the *°F NMR
measurements to the standard line according to the results of Figure 16b. (e) Fitting of
the obtained value (clear triangular dot) from the fluorescence measurements to the
standard line according to the results of Figure 16c.



NADPH NADP*

@-ss -ap M é-SH

e&@-ss-ﬁ &—) s )))

Fluorinated
| Probe | dendrimer
Low rotation = Free rotation =

19F NMR OFF 1F NMR ON

Figure 17. Schematic mechanism for GR activity using the nanoparticle-based probes.
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Figure 18. (a) Time-courses of the intensity changes of *F NMR signals form the
supernatants after enzymatic reactions. The reaction yields were monitored with °F
NMR and calculated by fitting on the standards. (b) Determination of GR activity in the
HelLa cell lysate. The vertical axis represents the initial velocities (v;) determined from
the increases of the "*F NMR signal intensities of the samples. Fitting of the obtained
value (clear triangular dot) from the ®F NMR measurements to the standard line
according to the results of Figure 18a.
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Figure 19. Illustration of the heat generation using the imidazolium-presenting silica
nanoparticles.
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Figure 20. Temperature profiles of the samples containing silica nanoparticles and
blank under microwave irradiation (50 W) for 10 min.
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Figure 21. Chemical structures of the modified gold nanoparticles and appearances of
the modified gold nanoparticles after the anion exchanges.
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Figure 22. Structure of the linker at the surface of the nanoparticle probes and the
proposed scheme of Michael addition for the GSH detection. *°F NMR spectra of the
signal unit were recorded before (left) and after (right) the GSH treatment.
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Figure 23. (a) "*F NMR spectra of the mixture of nanoparticle probes and 0.5 mM of
GSH after maleimide deprotection by temporary heating. (b) Time-courses of the
intensity changes of *°F NMR signals at —72.2 ppm with various concentrations of GSH.



