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General Introduction 

In vivo imaging techniques 

The animal body is composed of a multitude of substances such as proteins, metal ions, 

and small molecules. These numerous biomolecules interact with each other to maintain 

the living system.
1–3

 It is important to accurately determine their spatiotemporal 

interaction patterns for the development of new medical treatments, development of 

diagnostic methods, and discovery of pharmaceuticals.
4–9

  

Molecular imaging is capable of direct visualization of molecular functions in living 

organisms. Fluorescence imaging with fluorescent proteins and fluorescent molecules is 

a powerful tool to monitor the molecular functions and interactions at the cellular level 

because of its high sensitivity and simplified determination.
10–14

 However, the poor 

transmission of fluorescence limits in vivo applications. Thus, several in vivo imaging 

techniques are widely used to monitor biological phenomena in deep tissue (Table 1).
15

 

MRI is a method that can solve this problem because it yields high-resolution images of 

deep regions of living animal bodies without using radioactivity.
16–18

 Therefore, MRI is 

currently considered as one of the most promising techniques for in vivo investigation 

of physiological events.
19–21

  

Table 1. Overview of in vivo imaging systems. 

Technique Resolution Depth Imaging agents 

MRI 10–100 µm No limit 
Paramagnetic chelates, magnetic 

particles 

CT 50 µm No limit Iondinated molecules 

Ultrasound 50 µm cm Microbubbles 

PET 1–2 mm No limit 
Radioactive compounds 

(
18

F, 
64

Cu or 
11

C) 

SPECT 1–2 mm No limit 
Radioactive compounds 

(
99m

Tc or 
111

In) 

Fluorescence 

reflectance imaging 
2–3 mm <1 cm 

Fluorescent proteins, 

fluorochromes 

FMT 1 mm <10 cm Near-infrared fluorochromes 

Bioluminescence 

imaging 
Several mm cm Luciferins 

Intravital microscopy 1 µm <400–800 µm Photoproteins, fluorochormes 
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1
H MRI 

MRI is an imaging technique based on NMR technology. In clinical 
1
H MRI, protons 

of water molecules and fatty acid are observed. The characteristics of their MRI signals 

are dependent on the fluidity of protons and other components, which have a strong 

effect on the longitudinal relaxation time (T1) and the transverse relaxation time (T2), 

thus strongly affecting the MRI contrast. Clinical MRI contrast agents dramatically 

shorten the T1 and T2 of protons, resulting in enhanced or reduced the MRI signal 

intensity (Figure 1).
20,22–29

  

A milestone functional 
1
H MRI probe for the detection of reporter enzyme activity was 

reported by Meade et al. (Figure 2),
30

 who developed a 
1
H MRI probe that can visualize 

gene expression by detecting -gal activity. When the probe is hydrolyzed by β-gal, the 

coordination of water to Gd
3+

 is enhanced. Because an increase in the coordination 

 

Figure 1. (a) The longitudinal relaxation time (T1), (b) the transverse relaxation time (T2), and MRI 

signal intensity in the presence (red line) or absence (blue line) of a clinical MRI contrast agent. 

 
Figure 2. (a) Schematic representation of the transition of an 1H MRI probe from a weak to a strong 

relaxivity state. (b) (left) MRI of a living embryo expressing β-galactosidase treated with an 1H MRI 

probe. (left) Bright-field image of the same embryo fixed and stained with X-gal, which is a staining 

dye for β-gal. 
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number of water molecules induces 
1
H MRI signal enhancement, the 

1
H MRI signal of 

the probe is increased by β-gal activity. In principle, however, such 
1
H MRI signal 

enhancement needs to be discriminated from the background 
1
H MRI signals of water, 

fatty acids, and other biomolecules.  

19
F MRI 

To avoid limitation by background signals, the author has focused on the use of 
19

F 

MRI. Fluorine (
19

F) has a high gyromagnetic ratio (γ) of 40.05 MHz·T
-1

 and a 100% 

natural isotopic abundance ratio (Table 2).
31–36

 Thus, 
19

F MRI has relatively high 

sensitivity corresponding to 83% of 
1
H. Although fluorine atoms are concentrated in the 

form of solid salts mostly in bones and teeth, almost no intrinsic 
19

F MRI signals can be 

observed in living animals because of the extremely short T2 of fluorine atoms in solid 

state. Thus, 
19

F MRI can be used to reduce the intrinsic background signal (Figure 3).
37

  

Table 2. Main target nuclei and sensitivity 

Nuclei 
Resonant frequency 

(MHz T
-1

) 

Relative 

sensitivity 

Natural isotopic 

abundance ratio (%) 
NMR sensitivity 

1
H 42.58 1 99.985 1 

13
C 10.71 1.59 × 10

-2
 1.108 1.76 × 10

-4
 

15
N 4.31 1.04 × 10

-3
 0.37 3.85 × 10

-6
 

19
F 40.05 8.33 × 10

-1
 100 8.33 × 10

-1
 

29
Si 8.46 7.83 × 10

-3
 4.7 3.69 × 10

-4
 

31
P 17.24 6.63 × 10

-2
 100 6.63 × 10

-2
 

129
Xe 11.78 2.12 × 10

-2
 26.4 5.60 × 10

-3
 

19
F MRI probes that can visualize biological 

functions have been increasingly reported. As 

shown in Figure 4, 
19

F MRI probes are 

categorized into several groups: (1) 

fluorine-containing functional compounds that 

accumulate in specific sites (Figure 4a),
38

 (2) 

nanoemulsions including perfluorocarbon for 

cell tracking (Figure 4b),
37,39–42

 (3) T2-based 
19

F MRI probes (Figure 4c, d, e),
43–46

 and (4) 

chemical shift-based 
19

F MRI probes (Figure 

4f).
36,47,48

 

 

Figure 3. In vivo MRI of mouse quadriceps after 

intramuscular injection of fluorine-labeled 

dendritic cells. The 19F intensity is displayed on a 

‘hot-iron’ intensity scale, and the 1H images are 

shown in gray scale. 
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. 

 

Figure 4. Smart 19F MRI probes for monitoring biological phenomena. (a) 19F-containing compound 

(FSB) that specifically labels amyloid β plaques in the brain. (b) The chemical structure of PFCs. In 

vivo 19F MRI cell tracking with immune cells that were labeled by nanoemulsions including PFCs. (c) 

Paramagnetic relaxation-based 19F MRI probe to detect protease activity. (d) Self-assembling 19F 

NMR nanoprobe for protein imaging. (e) pH-activatable 19F MRI nanoprobe (f) Chemical shift-based 
19F MRI probe for specific detection of human monoamine oxidase A. 
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Purpose of research 

 Imaging of gene expression provides us various types of information such as the 

expression timing of target proteins, gene transfer efficiency, and detection of 

disease-related gene expression. To monitor gene expression by various methods, 

reporter proteins are useful.
10,19

 The author attempted to develop an 
19

F MRI probe for 

visualizing gene expression in vivo. In the author’s research group, an OFF/ON design 

strategy for 
19

F MRI probes had been constructed based on the intramolecular PRE 

effect for modulation of T2 of fluorine by protease activity (Figure 5).
43,44

 By utilizing 

this probe principle, the author here reports novel 
19

F MRI probes that detect cellular 

gene expression via β-gal and β-lac, which are widely used as reporter proteins (Chapter 

1).  

Although 
19

F MRI detection of cellular gene expression in live cells was demonstrated 

by using 
19

F probes for cell-surface-displayed β-lactamase, unsolved problems for in 

vivo imaging remained such as the potential diffusion of the activated probes. To 

overcome this limitation, the author focused on mutant β-lactamase (BL-tag). The 

BL-tag solves the problem of diffusion of the activated probe because it covalently 

binds to the 
19

F MRI probe, which has a β-lactam ring moiety. However, no 
19

F signal 

 
Figure 5. (a) Decay of transverse magnetization in the presence of the PRE effect. (b) PRE-based 19F 

MRI probe for monitoring enzyme activity. 
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was detected from 
19

F-labeled cells because of the low sensitivity of the 
19

F MRI probe 

and the shortening of T2 by the suppression of molecular mobility. Thus, the author 

developed core-shell fluorine-encapsulated silica nanoparticles to solve these limitations 

simultaneously (Chapter 2). The author demonstrated superior properties of these 

nanoparticles for 
19

F MRI such as high sensitivity, stability, surface modifiability, and 

biocompatibility, together with biomedical applications such as reporter assays and in 

vivo tumor imaging. In Chapter 3, the PRE-based probe design and a highly sensitive 
19

F MRI contrast agent are combined for development of a 
19

F MRI nanoprobe. In the 

last chapter, the author describes a multifunctional 
19

F MRI-traceable drug carrier, 

which is a useful candidate for cancer theragnosis. 
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Chapter 1  Development of off/on switching 19F MRI 

probe based on PRE effect       

(Chem. Sci., 2011, 2, 1151–1155, ChemBioChem, 2012, 13, 1579–1583) 

Introduction 

The imaging of a gene expression can be used to obtain various information such as 

the expression timing of target proteins, gene transfer efficiency, detection of a 

disease-related gene expression, and so on.
1–5

 To investigate gene expression, reporter 

proteins such as fluorescent proteins,
6–9

 luciferase,
10–12

 transferrin receptor,
13

 β-gal,
14,15

 

and β-lac,
16–20

 etc. are useful. Generally, the expression of these reporter proteins can be 

confirmed by fluorescence, bioluminescence, MRI, or colorimetric detection. 

Table 1.  Examples of reporter gene monitoring systems with MRI. 

Reporter protein Modality Reporter probe Endo/Exoa Basic principle Ref. 

Creatine kinase 31P MRS 
Adenosine 

triphosphate 
Endo 

Chemical shift 

change 

Koretsky et 

al., 198921 

Polyphosphate 

kinase 

31P 

MRS/MRI 
None Endo  Formation of PolyP 

Ki et al., 

200722 

Aminocylase-1 13C MRSI 
[1-13C]N-acetyl-

L-methionine 
Exo 

Chemical shift 

change 

Chen et al., 

201123 

-Galactosidase 
19F MRSI PFONPG Exo 

Chemical shift 

change 
Yu et al., 

200824 

-Galactosidase 
1H MRI EgadMe Exo 

Coordinated water 

number change (T1) 

Louie et al., 

200015 

Transferrin 
receptor 

1H MRI Tf-MION Exo 
Accumulation of 

SPIO (T2) 
Weissleder 

et al., 200013 

Ferritin 1H MRI Iron  Endo/Exo 
Higher iron loading 

(T2) 

Cohen et al., 

200525 

Lysine-rich 

protein 
1H MRI None Endo CEST 

Gilad et al., 

200726 

Although various gene expression imaging systems for MRI based on different 

principles have been reported (Table 1), each method has its own advantages and 

limitations. The first reporter protein monitored by MRI was creatine kinase, and it was 

detected by 
31

P MRS. Since endogenous 
31

P is detected by 
31

P MRS/MRI, exogenous 

probes are not required. However, the low NMR sensitivity of 
31

P, which is only 6.6% 

of 
1
H, remains unresolved. 

1
H MRI reporter systems such as β-gal, transferrin receptor, 

and ferritin have been the most frequently reported systems, and the in vivo studies have 

been performed.
[9]

 However, when a particular enzyme activity was imaged by 
1
H MRI, 

it is generally difficult to distinguish the probe signal from the intrinsic background 
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signals. In contrast, 
19

F has a great potential for monitoring gene expression because of 

the high NMR sensitivity close to that of 
1
H and the negligible endogenous background 

signals in 
19

F MRI. However, only a few 
19

F MRI reporter systems have been published, 

and they were not applicable to living samples.  

Herein, the author describes smart 
19

F MRI probes for monitoring gene expression via 

reporter enzyme activities. The probe design strategy was based on the PRE effect, 

which is a phenomenon in which the relaxation times of NMR nuclei are dramatically 

shortened near paramagnetic molecules.
27–29

 In particular, Gd
3+

 ion has a very strong 

T2-shortening activity because of its large electron spin number. The author’s group has 

developed 
19

F MRI probes based on PRE effect of Gd
3+

 ion to detect caspase-3 

activity.
30,31

 When fluorine atoms and a Gd
3+

 ion are attached to an enzyme substrate, T2 

of fluorine is decreased by a strong PRE effect from Gd
3+

 ion, resulting in the 

attenuation of 
19

F MRI signal. The magnitude of the PRE is proportional to r
-6

. 

Therefore, the cleavage of the substrate by enzyme induces the extension of the T2, and 

the enhancement of the 
19

F MRI signal. The author attempted to develop 
19

F MRI 

probes that visualize gene expression by utilizing this principle. 

1-1
 19

F MRI probe to detect β-gal activity 

First, the author chose β-gal as the target reporter protein for gene expression because 

it has several advantages which reporter proteins are concerned.
32

 The advantages are as 

follows: (1) induction of β-gal synthesis occurs over a large dynamic range, (2) β-gal is 

tolerated and is functional in many organisms including mammals, (3) various 

substrates of β-gal are available or feasibly synthesized, (4) many assay methods that 

use β-D-galactopyranoside-coupled aglycones are available, and (5) there is almost no 

intrinsic β-gal activity in mammalian cells. For these reasons, β-gal is one of the most 

widely used reporter proteins for imaging of gene expression, even though it has a few 

disadvantages such as a large molecular weight, no activity after extracellular secretion, 

etc. In this chapter, the author reports the design and synthesis of a novel 
19

F MRI probe 

that detects β-gal activity and the 
19

F MRI detection of gene expression in HEK293T 

cells. 

 

Probe design concept, synthesis, and physical properties 

Several probes have been developed that can detect β-gal activity.
33,34

 X-gal is one of 

the most widely used probes among them. Such β-D-galactopyranoside-coupled 

aromatic compounds are known to be the substrates of β-gal, and several fluorescent 
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probes for β-gal have been developed. Taking this substrate recognition property of 

β-gal into consideration, the author designed a 
19

F MRI probe Gd-DFP-gal for detecting 

β-gal activity by combining the PRE based probe design principle with the structures of 

conventional β-gal probes (Figure 1). The T2 of the 
19

F nucleus near Gd
3+

 is expected to 

be reduced by the PRE from Gd
3+

. Thus, the T2 of the trifluoromethyl (CF3) group of 

Gd-DFP-gal was expected to be strongly reduced.  

Another designed function of Gd-DFP-gal is the self-immolative property that can be 

induced by enzymatic cleavage. When Gd-DFP-gal is hydrolyzed by β-gal, the probe is 

expected to be automatically converted to the corresponding quinone methide by the 

successive elimination of the substituent at the benzyl position.
35–37

 Therefore, the T2 of 

the trifluoromethyl group extends after the β-galactoside bond is cleaved because of the 

cancellation of the intramolecular PRE. Thus, the T2 extension leads to an increase in 

the MRI signal. On the basis of this principle, the author expected that initially 

quenched 
19

F MRI signal of Gd-DFP-gal would be recovered by the enzyme reaction. 

Figure 1. Principle of probe design. Structure of Gd-DFP-gal and the principle for 19F MRI 

detection of β-gal activity. 

Scheme 1. Synthetic route to Gd-DFP-gal. (a) CuBr2, NaBr, CH3CN; (b) diisobutylaluminium hydride, 

THF; (c) 1-bromo-β-galactose tetraacetate, Cs2CO3, DMF; (d) 4-nitrophenyl chloroformate, pyridine, 

CH2Cl2; (e) 1) 1-(2-aminoethyl)-4,7,10-(triscarboxymethyl)-(1,4,7,10-tetraazacyclododecane), 

triethylamine, DMF, 2) NaOMe, MeOH; (f) GdCl3·6H2O, 100 mM HEPES buffer (pH 7.4). 
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Gd-DFP-gal was synthesized in five steps 

(Scheme 1). As the author expected, the 

NMR peak of Gd-DFP-gal was not observed, 

although that of the Gd-free probe DFP-gal 

was a sharp single peak (Figure 2). 

Disappearance of the 
19

F NMR peak of 

Gd-DFP-gal indicates that the T2 was 

markedly reduced because of the strong 

intramolecular PRE. 

 

In vitro detection of β-gal activity by 
19

F NMR and 
19

F MRI 

Because the relaxation times of Gd-DFP-gal were dramatically reduced, it was 

expected that the enzymatic degradation of Gd-DFP-gal would induce the recovery of 

the disappeared 
19

F NMR peak. Gd-DFP-gal was incubated with β-gal at 37 °C in the 

reaction buffer, and the time course of the 
19

F NMR peak was monitored (Figure 3a). A 

single peak appeared at around 16 ppm and increased in a time-dependent manner. To 

confirm the probe specificity, Gd-DFP-gal was incubated with other similar enzymes, 

α-gal and β-glu. After Gd-DFP-gal (1 mM) was incubated with α-gal or β-glu at 37 °C 

in the 100 mM phosphate buffer (pH 6.4) containing 5% D2O for 2 h, the 
19

F NMR 

 

Figure 3. Detection of β-gal activity by Gd-DFP-gal. (a) Time-dependent 19F NMR spectral change of 

Gd-DFP-Gal (1 mM) under incubation with β-gal (3 U). Sodium trifluoroacetate was used as the 

internal standard (0 ppm). (b) 19F NMR spectra of Gd-DFP-Gal (1 mM) under incubation with 

α-galactosidase (top) or β-glucuronidase (bottom). Sodium trifluoroacetate was added as an internal 

standard (0 ppm). 

 
Figure 2. 19F NMR spectra of DFP-gal 

(1mM) and Gd-DFP-gal (1 mM). 
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spectra were obtained. However, 
19

F NMR signal of Gd-DFP-gal were not recovered by 

incubation with such related enzymes (Figure 3b).  

The relaxation times T1 and T2 of the reaction sample became 0.31 s and 0.086 s, 

respectively, after the enzyme reaction. Both of them showed considerable extension 

compared to those of Gd-DFP-gal, probably due to the cancellation of the 

intramolecular PRE from Gd
3+

. These values are still less than those of the Gd
3+

-free 

probe DFP-gal: 1.293 s for T1 and 0.271 s for T2. When the relaxation times of 

Gd-DFP-gal were measured at various probe concentrations after the enzymatic 

cleavage, both T1 and T2 extended as the concentration decreased (Figure 4). This 

concentration dependency of the relaxation times indicates that the intermolecular PRE 

is effective under the experimental condition even after the enzyme reaction is 

 
Figure 4. Plots of longitudinal and transverse relaxation times vs. concentration of Gd-DFP-gal after 

the complete cleavage by β-gal. 

 

Figure 5. Confirmation of the enzymatic cleavage by RP-HPLC (eluent: H2O/acetonitrile containing 

0.1% TFA). 
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complete. 

As the progress of the enzyme reaction was confirmed by RP-HPLC, the peak of 

Gd-DFP-gal disappeared and a new peak appeared (Figure 5). The new peak was 

identified to be 4-hydroxymethyl-3-trifluoromethylphenol (compound 2) from the 

retention time. In addition, the ESI-MS of the HPLC peak fraction gave a molecular 

weight identical to 2 (m/z = 192). No other noticeable peaks in the reaction solution 

HPLC diagram suggest that Gd-DFP-gal was converted to 2 by β-gal activity with 

nearly complete efficiency.  

  To demonstrate the possibility of further application, 
19

F MRI detection of β-gal 

activity was performed using Gd-DFP-gal. 
19

F MRI phantom images were measured 

using an MRI instrument. Gd-DFP-gal was mixed with E. coli β-gal before being 

poured into a 1-mm-inner radius capillary. The density-weighted MR images were then 

captured by the fast spin-echo method. As expected from the 
19

F NMR results, 

Gd-DFP-gal showed no 
19

F MRI signals in the absence of β-gal. After the probe was 

mixed with β-gal, however, the 
19

F MRI signals gradually increased in a time-dependent 

manner (Figure 6). These results demonstrate that this novel mechanism-based probe 

Gd-DFP-gal enables the specific 
19

F MRI detection of β-gal activity. 

19
F NMR and MRI detection of cellular gene expression in HEK293T cell 

Next, the application of Gd-DFP-gal to the detection of intracellular gene expression 

was performed. β-Gal was expressed in HEK293T cells, and the cells were fixed with 

formaldehyde and detergent. Then, Gd-DFP-gal was incubated with the cells, and β-gal 

activity in the medium supernatant was analyzed by 
19

F NMR and MRI (Figure. 7a). As 

a result, incubation of Gd-DFP-gal only with the cells expressing β-gal induced the 

clear increase of a single 
19

F NMR peak (Figure 7b). 

 

Figure 6. Time course of the 19F MR phantom images of Gd-DFP-gal (1 mM) at 37°C after β-gal was 

added. 
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Then, the 
19

F MRI detection of β-gal gene expression was attempted. HEK293T cells 

expressing or not expressing β-gal were cultured on glass vessels. After the fixation of 

the cells, Gd-DFP-gal was added and incubated at 37°C for 2 h in the glass vessels. The 

vessels were stacked in an NMR tube, and the 
1
H and

 19
F MR images were captured. 

Although both vessels showed indistinguishable signal intensity in 
1
H MRI (Figure 7c), 

only the vessel that included HEK293T cells expressing β-gal showed remarkable 
19

F 

MRI signals. These results indicate that Gd-DFP-gal can specifically detect gene 

expression in fixed HEK293T cells by means of reporter β-gal activity. 

 

 

Figure 7. 19F NMR and 19F MRI detection of gene expression in HEK293T cells. (a) Illustration of 

the experimental procedures for the 19F NMR and MRI measurements. (b) 19F NMR spectra of the 

culture medium containing 1 mM Gd-DFP-gal incubated with fixed cells expressing (top) or not 

expressing (bottom) β-gal. (c) 1H (left) and 19F (right) MR images of culture vessels containing 1 mM 

Gd-DFP-gal fixed cells. 
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1-2 19
F MRI probe to detect β-lac activity 

The author detected β-gal activity for gene expression in cells with a specific 
19

F MRI 

probe. However, the method required fixation of cells to image intracellular β-gal 

activity, because the probe did not permeate through intact plasma membrane. However, 

for further applications, probes must function in 

experiments involving living cells. 

 Therefore, the author choses β-lac as the target 

reporter protein for gene expression. β-Lac, 

encoded by the bla gene, has various 

bioorthogonal advantages as a reporter protein, 

including the lack of an endogenous counterpart 

among eukaryotic cells and high substrate 

specificity.
17

 Importantly, β-lac can be displayed 

on the bacterial membrane surface without losing activity.
38

 Thus, the imaging system 

was constructed by exploiting -lac displayed on the plasma membrane as a reporter 

enzyme and a specific 
19

F MRI probe Gd-FC-lac rationally developed on the basis of 

the PRE effect (Figure 8). 

Probe design, synthesis, and physical properties 

The Gd-FC-lac probe was designed with three main components: the 
19

F group, 

cephalosporin, and the Gd
3+

 complex (Figure 9). The T2 of the probe was expected to be 

shortened by the intramolecular PRE effect from Gd
3+

 and the 
19

F MRI signal would be 

attenuated. When the cephalosporin β-lactam ring of Gd-FC-lac is hydrolyzed by β-lac, 

the intermediate spontaneously decomposes, with self-elimination of the Gd
3+

 complex 

moiety. Thus, the T2 of the fluorine is expected to increase due to cancellation of the 

Figure 9. Structure of Gd-FC-lac and principles of 19F MRI detection of β-lac activity. 

 
Figure 8. Surface-displayed β-lac 

reporter gene expression system with 

the specific 19F MRI probe Gd-FC-lac. 
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intramolecular PRE. Since the T2 values affect the apparent 
19

F MRI signal intensity, the 

enzymatic degradation of Gd-FC-lac would lead to recovery of the 
19

F MRI signal. 

Gd-FC-lac was synthesized from ACLE·HCl in five steps (Scheme 2). The final 

compound was purified by RP-HPLC, and the HPLC diagram of purified Gd-FC-lac 

showed a single peak. The structure was identified by ESI-MS. 

 

In vitro detection of β-lac activity by 
19

F NMR and 
19

F MRI 

Although the 
19

F NMR spectrum of Gd
3+

-free FC-lac showed a sharp single peak (T1 = 

1.63 s and T2 = 0.368 s), the corresponding peak in the 
19

F NMR spectrum of Gd-FC-lac 

was broader because of the intramolecular PRE effect (Figure 10a). The 
19

F NMR 

relaxation times of Gd-FC-lac could not be precisely determined owning to the 

overwhelming PRE effect.
19

F NMR analyses of the enzyme activity were performed by 

treating Gd-FC-lac with β-lac in the reaction buffer at 37°C. As expected, the 
19

F NMR 

broad peak of Gd-FC-lac at around 18.5 ppm became sharper with the addition of the 

enzyme, and the peak height increased in a time-dependent manner (Figure 10b). This 

result indicates that the intramolecular PRE effect from Gd
3+

 was cancelled owing to the 

cleavage of cephalosporin followed by self-elimination of the Gd
3+

 complex. Next, the 

Scheme 2. Synthetic route to Gd-FC-lac. (a) Gly-OBn, WSCD･HCl, HOBt, TEA, DMF; (b) H2, Pd-C, 

MeOH; (c) 5, POCl3, Pyridine, CH2Cl2; (d) 4-Aminothiophenol, NMM, DMF; (e) DTPA bisanhydride, 

TEA, DMF; (f) TFA, CH2Cl2, anisole; (g) GdCl3·6H2O, 100 mM HEPES buffer (pH 7.4). 



20 

 

author monitored β-lac activity with 
19

F MRI phantoms (Figure 10c). As expected from 

the NMR spectrum, 
19

F MRI of Gd-FC-lac showed no signal because of the extremely 

short T2. When the Gd-FC-lac solution sample with β-lac were scanned for a time-lapse 

measurement, the 
19

F MRI intensity of the phantom increased gradually in a 

time-dependent manner, while the image of the control without β-lac did not change. 

After the enzyme reaction, the relaxation times T1 and T2 of the reaction solution were 

0.128 s and 0.033 s, respectively, at a probe concentration of 1 mM. Both relaxation 

times were considerably longer than those of Gd-FC-lac, and shorter than those of 

FC-lac. When Gd-FC-lac was completely cleaved by β-lac, both T1 and T2 were 

increased with decreasing concentration. The reciprocal plots of T1 and T2 showed linear 

correlations with the probe concentration. These data indicates that the intermolecular 

PRE remained effective despite the fact that the intramolecular PRE was cancelled after 

probe hydrolysis by the enzyme. Decrease in T2 due to the intermolecular PRE after the 

enzyme reaction is an intrinsically undesirable phenomenon because it lowers the MRI 

signal intensity. However, the intermolecular PRE simultaneously decreased the T1, and 

T1 shortening to enable a shorter repetition time (TR) in MRI measurements; therefore, 

the total acquisition time can be shorter for the same number of accumulations.
39

 As a 

result, TR for the 
19

F MRI measurement of Gd-FC-lac was set at 0.25 s, which is much 

shorter than the TR suitable for the measurement of Gd-free FC-lac. The moderate 

intermolecular PRE effect was advantageous for reducing the total measurement time. 

 
Figure 10. (a) 

19F NMR spectra of FC-lac (1mM) and Gd-FC-lac (1 mM). (b) Time-dependent 19F NMR 

spectral change of Gd-FC-lac (1 mM) with β-lac (320 nM). (c) Time course of 19F MR phantom images of 

Gd-FC-lac (1 mM) incubated with and without β-lac (320 nM). 
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19
F MRI detection of cellular gene expression via cell surface β-lac activity in live 

cell 

The 
19

F MRI detection of cellular gene expression without cell fixation was then 

investigated via cell surface-displayed β-lac activity. As described in the system design 

(Figure 8), β-lac was fused to the 170-kDa membrane-associated glycoprotein EGFR,
40

 

and the construct was expressed in HEK293T cells. The expression of β-lac-EGFR was 

confirmed by western blot analysis, and a single band corresponding to the fusion 

protein was detected from the transfected HEK293T cell lysate (Figure 12a).  

For 
19

F NMR, HEK293T cells expressing β-lac-EGFR were transferred to an NMR 

tube containing Gd-FC-lac, and the 
19

F NMR spectra were monitored at 37°C (Figure 

12b). The single 
19

F NMR peak of Gd-FC-lac was recovered in a time-dependent 

manner, and the 
19

F MRI signal increase was saturated in almost 6 h (Figure 12c). For 
19

F MRI, the same sample tubes were attached with a surface coil, and the 
1
H and 

19
F 

MR images were captured. 
19

F MRI signals were observed from the tube containing 

cells expressing β-lac-EGFR, whereas almost no signal was detected from the control, 

which contained EGFR-expressing cells (Figure 12d). These results indicate that gene 

expression in living cells was imaged by 
19

F MRI. Results in this study are important 

for the development of innovative methodologies to visualize gene expression in living 

animals. 

 

Figure 11. Concentration dependency of Gd-FC-lac with β-lac on (a) longitudinal and (b) transverse 

relaxation times. 
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Experimental Sections for Gd-DFP-gal 

Materials. General chemicals were of the best grade available, supplied by Tokyo 

Chemical Industries, Wako Pure Chemical, Aldrich Chemical Co., and Novabiochem.  

They were used without further purification. β-gal (G6008), β-glu (G7396), and α-gal 

(G8507) were purchased from Sigma Aldrich Life Science.  The 

pcDNA
TM

4/TO/myc-His/lacZ plasmid was purchased from Invitrogen (35-1614).  

Silica gel column chromatography was performed using BW-300 (Fuji Silysia Chemical 

Ltd.). 

 

Instrument. NMR spectra were recorded using a JEOL JNM-AL400 instrument at 400 

MHz for 
1
H, at 100.4 MHz for 

13
C NMR using tetramethylsilane as an internal standard, 

 

Figure 12. (a) Illustration of the experimental protocol to detect cell surface-displayed β-lac activity (b) 

Western blot of HEK 293T cell lysate expressing β-lac-EGFR or EGFR (c) Time course of 19F NMR 

spectra of Gd-FC-lac (1 mM) incubated with HEK293T cells expressing β-lac-EGFR or EGFR (d) 1H and 
19F MR images of Gd-FC-lac (1 mM) incubated with HEK293T cells expressing EGFR  and 

β-lac-EGFR. 
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and for 
19

F NMR at 376 Hz using sodium trifluoroacetate as an internal standard. 
19

F 

NMR spectra were recorded using a JEOL JNM-AL400 instrument at 376 MHz using 

sodium trifluoroacetate as an internal standard. The T1 and the T2 were measured by 

inversion recovery method and spin-echo method, respectively. ESI-MS were measured 

using a Waters LCT-Premier XE. MRI images were recorded using a Bruker Avance 

DRX-500 spectrometer equipped with a standard bore (54 mm), an 11.7 T magnet, and 

a Micro-5-imaging probe head with an insert coil 8 mm in diameter. The RARE method 

was used for 
1
H and 

19
F MRI. For 

19
F MRI, the matrix size was 32 × 32 (zero filled to 

64 × 64) with a field of view of 16 × 16 mm, a slice depth of 15 mm, and a RARE 

factor of 32. The sweep width was 59523.8 Hz and the repetition time, and effective 

echo time were 250 and 28.4 ms, respectively. Gaussian-shaped pulses were used for 

excitation and refocusing. The number of accumulations was 3600. MRI image 

acquisition and processing were carried out using Para Vision software (Bruker 

BioSpin). 

 

Synthesis of compounds 

Ethyl 4-hydroxy-2-(trifluoromethyl)benzoate (1). To the acetonitrile solution of 

4-carbethoxy-3-trifluoromethylcyclohex-2-enone (200 mg, 0.85 mmol, 1.0 eq.) were 

added CuBr2 (380 mg, 1.7 mmol, 2.0 eq.) and NaBr (86.7 mg, 0.85 mmol, 1.0 eq.).  

The mixture was stirred at 60°C for 1 h. The solvent was removed under vacuum, and 

the crude product was diluted with ethyl acetate, and washed with 2 M hydrochloric 

acid and brine. The organic layer was dried over MgSO4 and removed under vacuum to 

give the crude product. The product was dissolved in CH2Cl2, then purified with silica 

gel chromatography, eluted with CH2Cl2 to afford 1 (167 mg, 0.71 mmol, y. 84%). 
1
H 

NMR (400 MHz, CDCl3): δ 1.37 (t, J = 7.2 Hz, 3H), 4.36 (q, 2H, J = 7.2 Hz), 5.47 (s, 

1H), 7.01 (dd, J = 2.4, 8.6 Hz, 1H), 7.20 (d, J = 2.4 Hz, 1H), 7.80 (d, J = 8.6 Hz, 1H); 
13

C NMR (100 MHz, CDCl3) δ13.8, 62.0, 115.4, 119.0, 123.3, 124.0, 132.1, 137.2, 

159.0, 168.1; MS (ESI
+
) m/z: 235 ([M+H]

+
). 

4-Hydroxymethyl-3-trifluoromethyl-phenol (2). A solution of 1 (124 mg, 0.53 mmol, 

1.0 eq.) in dry THF was cooled to 0 °C. Diisobutylaluminium hydride (3.25 mL, 3.25 

mmol, 6.0 eq. in toluene) was added and the solution was stirred at 0 °C for 30 min. 

Then, the solution was allowed to warm RT and stirred for 5 h. The mixture was added 

to 10% NH4Cl aq. (1.0 mL) and extracted with diethyl ether. The organic layer was 

dried over MgSO4 and removed under vacuum to give the pure product 2 (98 mg, 0.51 

mmol, y. 97%). 
1
H NMR (400 MHz, CD3OD): δ 4.66 (s, 2H), 6.99 (dd, J = 2.8, 8.4 Hz, 

1H), 7.04 (d, J = 2.8 Hz), 7.50 (d, J = 8.4 Hz, 1H); 
13

C NMR (100 MHz, CD3OD) δ 
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61.0, 113.5, 119.7, 127.1, 129.4, 131.3, 132.1, 158.0; HRMS (EI
+
) m/z: 192.0395 (Calcd 

for [M]
+
 192.0398). 

Tetraacetyl-β-galactopylanocyl-2-trifluoromethyl-benzylarcohol (3). 

1-Bromo-β-galactose tetraacetate was prepared according to the literature.
41

  

Compound 2 (1.1 g, 5.7 mmol, 1.0 eq.) was dissolved in DMF, and cesium carbonate 

(7.41 g, 22.8 mmol, 4.0 eq.) was added to the solution at 0°C. 1-Bromo-β-galactose 

tetraacetate (10.6 g, 25.9 mmol, 4.5 eq.) in DMF was added dropwisely under Ar 

atmosphere, and the solution was stirred at RT for 3 h. Cooled 2 M hydrochloric acid 

was poured into the reaction mixture on ice bath. The product was extracted with ethyl 

acetate, and dried over MgSO4, filtered, and evaporated. The crude product was purified 

by silica gel chromatography, eluted with ethyl acetate / hexane to afford 3 (1.7 g, 3.2 

mmol, y. 57%). 
1
H NMR (400 MHz, CDCl3): δ 2.02 (s, 3H), 2.07 (s, 3H), 2.08 (s, 3H), 

2.19 (s, 3H), 4.08–4.11 (m, 1H), 4.18–4.20 (m, 2H), 4.82–4.83 (m, 2H), 5.06–5.14 (m, 

2H), 5.46–5.52 (m, 2H), 7.19 (dd, J = 2.4, 8.4 Hz, 1H), 7.30 (d, J = 2.4 Hz, 1H), 7.64 (d, 

J = 8.4 Hz, 1H); MS (ESI
+
) m/z: 545 ([M+Na]

+
). 

DFP-gal.  Compound 3 (513 mg, 0.98 mmol, 1.0 eq.) with one drop of anhydrous 

pyridine was dissolved in dry CH2Cl2 and placed under argon. Then, 4-nitrophenyl 

chloroformate (590 mg, 2.94 mmol, 3.0 eq.) were poured onto the mixture. After 

leaving for 3 h at RT, water was added and organic layer was carefully washed with 100 

mM Na2CO3 solution, and with H2O, then dried Na2SO4, filtered, and evaporated. The 

crude product was partly purified by silica gel chromatography, eluted with 2% 

MeOH/CH2Cl2 to afford activated carbonate. The activated carbonate (762 mg, 1.09 

mmol, 1.0 eq.) and 

1-(2-aminoethyl)-4,7,10-(triscarboxymethyl)-(1,4,7,10-tetraazacyclododecane) TFA 

salt
36

 (850 mg, 2.18 mmol, 2.0 eq.) with anhydrous triethylamine (3.0 mL, 21.8 mmol, 

20 eq.) were dissolved in dry DMF and placed under argon. The mixture was stirred at 

50 °C for overnight. Then, the solvent was removed under vacuum to give the crude 

product.  It was dissolved in MeOH, and sodium methoxide (2.9 g, 54.5 mmol, 50 eq.) 

in MeOH was slowly added on ice. Then, the solution was stirred on ice for 2 h. After 

neutralization by formic acid, the solvent was evaporated. The residue was dissolved in 

water containing 0.1% formic acid. RP-HPLC, eluted with H2O/acetonitrile containing 

100 mM ammonium formate to afford pure DFP-gal (y. 16%). 
1
H NMR (400 MHz, 

CD3OD): δ 2.87–3.90 (m, 36H), 5.19 (s, 2H), 7.36 (dd, J = 2.6, 8.0 Hz, 1H), 7.41 (d, J = 

2.6 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 8.27 (s, 1H); 
13

C NMR (100 MHz, CD3OD): δ 

9.58, 28.5, 60.8, 62.3, 70.1, 72.1, 74.7, 77.1, 103.0, 115.4, 115.5, 121.0, 131.4, 134.6, 

158.0; 
19

F NMR (376 MHz, CD3OD with TFANa): δ 14.81 (s, 3F); HRMS (ESI
+
) m/z: 
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770.2769 (Calcd for [M+H]
+
 770.3072). 

Gd-DFP-gal. Crude DFP-gal was dissolved in 100 mM HEPES buffer (pH 7.4), and 

GdCl3·6H2O (1.2 eq.) was added. Then, the mixture was stirred at RT for 12 h. The 

product was purified with reversed-phase HPLC, eluted with H2O/acetonitrile 

containing 100 mM ammonium formate to yield Gd-DFP-gal (y. 23%).  HRMS (ESI
+
) 

m/z: 925.1270 (Calcd for [M+H]
+
 925.2078). 

 
19

F NMR relaxation time measurements.  Samples were prepared at 500 µM 

concentration in 10 mM Tris buffer (pH 7.3) containing 10 mM magnesium chloride 

and 5% D2O. The T1 was measured by an inversion recovery method and the transverse 

relaxation time T2 was measured by the spin-echo method. 

 

Enzyme reaction.  Gd-DFP-gal was dissolved at 500 µM in 10 mM Tris buffer (pH 

7.3) containing 10 mM magnesium chloride and 5% D2O. Samples (500 μL) were 

incubated with β-gal (5.03 U) at 37°C for 2 h. The reaction progress was monitored by 
19

F NMR and RP-HPLC using an ODS column. For the 
19

F MRI experiment, 1 mM 

Gd-DFP-gal was dissolved in 10 mM Tris buffer solution (pH 7.3) containing 10 mM 

magnesium chloride and 5% D2O. Samples with or without β-gal (1.2 mU) were filled 

into glass capillaries (inner diameter: approximately 1 mm; Hischmann Laborgerate). 

The capillaries were then inserted into an 8 mm NMR tube and the 
19

F MR images were 

captured. 

 

Cellular experiments. HEK293T cells were grown at 37°C in DMEM supplemented 

with 10% FBS, 100 U/mL penicillin G, and 100 µg/mL streptomycin in a humidified 

atmosphere with 5% CO2.  The cells were plated at 1.2 × 10
6
 cells in 60 mm dishes or 

1.2 × 10
5
 cells/cm

2
 on 24-well plates. Next, the cells were transfected with 

pcDNA
TM

4/TO/myc-His/lacZ plasmid using Lipofectamine 2000, and the cells were 

incubated for 24 h at 37°C in a CO2 incubator. After the cells were washed three times 

with PBS, they were incubated with trypsin-EDTA at 37 °C for 5 min under 5% CO
2
. 

For 
19

F NMR analysis, the cells were cultured with 1 mM Gd-DFP-gal for 2 h at 37°C 

in the reaction buffer (10 mM Tris-sodium buffer (pH 7.3) and 10 mM magnesium 

chloride) on 24-well plates. Then, the supernatants were moved into NMR tubes and the 
19

F NMR spectra were measured. For 
19

F MRI, the cells were moved onto 7 mm (outer 

diameter) glass vessels (Hilgenberg GmbH), and were incubated for 7 h at 37°C in 

DMEM with 10% FBS. After the cells were washed three times with PBS, they were 

incubated with 3.7% formaldehyde for 10 min at room temperature. Then, cells were 
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washed three times with PBS and incubated with 1 mM Gd-DFP-gal for 2 h at 37°C in 

the reaction buffer (Tris-sodium buffer (pH 7.3) and 10 mM magnesium chloride).  

The vessels were put into an 8 mm NMR tube, and the 
1
H and 

19
F MRI were measured. 

 

Experimental Sections for Gd-FC-lac 

Synthesis of compounds 

Synthesis of 4. 4-(Trifluoromethoxy)benzoic acid (2.3 g, 11 mmol, 1.5 eq), 

Gly-OBn-Tos (2.5 g, 7.4 mmol, 1.0 eq), and HOBt (1.7 g, 11 mmol, 1.5 eq) were 

dissolved in dry DMF (100 mL), and then WSCD·HCl (2.1 g, 11 mmol, 1.5 eq) and 

dried TEA (2.1 mL, 15 mmol, 2.0 eq) were added at 0 °C. The mixture was stirred at 

0°C for 30 min under Ar, and warmed to RT for 7 h. The solvent was diluted with ethyl 

acetate and washed with 4% NaHCO3 aq., 10% citric acid, water and brine.  The 

organic layer was dried over Na2SO4 and evaporated under reduced pressure to afford 1 

(1.7 g, 4.8 mmol, y. 64 %). 
1
H NMR (CDCl3, 400 MHz) δ 4.22 (d, 2H), 5.17 (s, 2H), 

6.53 (s, 1H), 7.19–7.31 (m, 7H); MS (ESI
+
) m/z: 354.10 (Calcd for [M+H]

+
: 354.09); 

13
C NMR (CDCl3, 100 MHz) δ 41.9, 67.4, 119.0, 120.6, 121.6, 128.4, 128.6, 128.7, 

132.0, 135.0, 151.7, 166.1, 169.9. 

Synthesis of 5. Compound 4 (1.7 g, 4.8 mmol) was dissolved in MeOH (340 mL), and 

10% Pd/C (0.17 mg) was added. The reaction mixture was vigorously stirred under H2 

at RT for 4 h. The reaction mixture was filtered and the filtrate was evaporated under 

reduced pressure to afford 5 (1.2 g, 4.9 mmol, y. 96%). 
1
H NMR (DMSO-d6, 400 MHz) 

δ 3.92 (d, 2H), 7.49 (d, 2H) 7.99 (d, 2H), 8.94 (t, 1H); MS (ESI
+
) m/z: 264.03 (Calcd for 

[M+H]
+
: 264.04); 

13
C NMR (DMSO-d6, 100 MHz) δ 41.3, 118.7, 120.7, 129.6, 132.9, 

150.4, 165.2, 171.2. 

Synthesis of 6. ACLE·HCl (4.0 g, 9.8 mmol, 2.0 eq) and 5 (1.2 g, 4.9 mmol, 1.0 eq) 

were dissolved in dry CH2Cl2 (150 mL) and dry pyridine (40 mL), and then distilled 

POCl3 was added at -30°C. The mixture was stirred at -30°C for 2 h under Ar. The 

solvent was removed under reduced pressure, and the crude product was diluted with 

ethyl acetate and washed with 4% NaHCO3 aq., 10% citric acid, and brine. The organic 

layer was dried over Na2SO4 and removed under vacuum to give the crude product 6. 

The product was dissolved in 30% hexane/ethyl acetate, purified with silica gel 

chromatography, and eluted with 30% hexane/ethyl acetate to afford 6 (3.0 g, 4.9 mmol, 

50%). 
1
H NMR (DMSO-d6, 400 MHz) δ 3.45–3.69 (m, 2H), 3.75 (s, 2H), 3.99 (t, 2H), 

4.50 (dd, 2H), 5.10–5.21 (m, 2H), 5.25 (d, 1H), 5.74 (s, 1H), 6.92 (d, 2H), 7.34 (d, 2H), 

7.47 (d, 2H), 7.98 (d, 2H), 8.86 (t, 1H), 8.99 (d, 1H); MS (FAB
+
) m/z: 614.08 (Calcd for 
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[M+H]
+
: 614.09); 

13
C NMR (DMSO-d6, 100 MHz) δ 26.1, 41.2, 42.2, 43.8, 55.1, 57.8, 

59.0, 67.3, 113.8, 120.6, 121.2, 124.8, 125.3, 126.9, 129.7, 130.3, 133.0, 159.4, 161.1, 

165.0, 165.3, 169.6. 

Synthesis of 7. Compound 6 (1.8 g, 3.0 mmol, 1.0 eq) and 4-aminothiophenol (0.66 g, 

4.5 mmol, 1.5 eq) were dissolved with dry DMF, and NMM (0.66 mL, 6.0 mmol, 2.0 

eq) was added. Then, the mixture was stirred at RT for 2 h under Ar.  The solvent was 

removed under vacuum, and the crude product was dissolved in CH2Cl2, purified with 

silica gel chromatography, and eluted with 3% MeOH/CH2Cl2 to afford 7 (1.3 g, 1.9 

mmol, 63%). 
1
H NMR (CDCl3, 400 MHz) δ 3.75 (s, 3H), 3.99 (t, 2H), 4.60 (dd, 2H), 

5.00–5.13 (m, 1H), 5.24 (d, 1H), 5.74 (s, 1H), 6.48 (d, 2H), 6.92 (d, 2H), 7.04 (d, 2H), 

7.34 (d, 2H), 7.47 (d, 2H), 7.98 (d, 2H), 8.85 (t, 1H), 8.95 (d, 1H);  MS (ESI
+
) m/z: 

703.16 (Calcd for [M+H]
+
: 703.14); 

13
C NMR (CDCl3, 100 MHz) δ 28.6, 31.4, 43.3, 

55.3, 57.7, 58.9, 67.5, 113.9, 115.4, 120.4, 151.5, 123.9, 127.0, 129.2, 133.4, 136.0, 

147.0, 151.7, 159.8, 161.3, 162.6, 164.3, 166.6, 170.0. 

Synthesis of FC-lac. DTPA bisanhydride (0.40 g, 0.90 mmol, 2.0 eq) and TEA (0.090 

mL) were dissolved with dry DMF (38 mL), and a solution of compound 7 (0.33 g, 0.45 

mmol, 1.0 eq) in DMF (12 mL) was slowly added. The solution was stirred at -30°C for 

3 h, and the reaction was quenched by adding 2.5 mL of H2O. The reaction mixture was 

evaporated to dryness. The residue was dissolved in water-acetonitrile containing 0.1% 

TFA (1:1 v/v, 3.0 mL). The residue was purified by RP-HPLC. A mixture of compound 

8 and FC-lac (0.075 g) was obtained as a colorless solid.  A mixture of compound 8 

and FC-lac was dissolved in anhydrous CH2Cl2 (1.5 mL), and then thioanisole (0.30 

mL) and TFA (1.5 mL) were added at 0°C. The mixture was stirred at 0°C for 2 h, and 

poured into cold ether (5.0 mL). The precipitate was collected and washed with ether to 

afford FC-lac (0.069 g, 0.072 mmol, y. 16%). 
1
H NMR (CD3OD, 400 MHz) δ 3.23–3.70 

(m, 18H), 3.89 (t, 2H), 4.12 (dd, 2H), 4.35 (m, 3H), 4.99 (m, 2H), 5.67 (s, 1H), 6.91 (t, 

1H), 7.25 (d, 2H), 7.27–7.39 (m, 4H), 7.98 (d, 2H); MS (ESI
+
) m/z: 958.22 (Calcd for 

[M+H]
+
: 958.21); 

13
C NMR (CD3OD, 100 MHz) δ 15.4, 29.2, 38.7, 43.6, 50.6, 51.2, 

54.7, 55.0, 56.0, 56.3, 59.0, 59.4, 60.5, 67.0, 81.8, 114.8, 121.7, 130.1, 132.6, 134.0, 

135.2, 139.4, 152.9, 163.6, 164.7, 166.0, 169.1, 169.6, 171.5, 172.1, 174.6, 174.8. 

Synthesis of Gd-FC-lac. FC-lac (0.050 g, 0.051 mmol) was dissolved in 100 mM 

HEPES buffer (pH 7.4), and GdCl3·6H2O (0.039 g, 0.11 mmol) was added. Then, the 

mixture was stirred at RT for 12 h. The product was purified with RP-HPLC and eluted 

with H2O/acetonitrile containing 100 mM triethylamine acetate solution to yield 

Gd-FC-lac (0.043 g, 0.040 mmol, y. 74%) and HRMS (ESI
-
) m/z: 1111.1048 (Calcd for 

[M-H]
-
: 1111.1060). 
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Nitrocefin assay of β-lac-EGFR expressed in HEK293T cells. Transfected HEK293T 

cells were prepared according to the aforementioned procedure. After 6 h, the culture 

medium was replaced with DMEM and the cells were incubated at 37°C for 24 h under 

5% CO2. After washing three times with PBS, HEK293T cells expressing each protein 

were cultured in a solution (phenol red free) containing nitrocefin (100 µM) at 37°C for 

30 min. Then, the absorbance of the supernatant solution was measured at 488 nm. 

 

In vitro enzyme assays. Gd-FC-lac was dissolved in 100 mM Tris-HCl (pH 7.4) 

containing 5% D2O. The solution was incubated with β-lac (320 nM) at 37 °C for 4 h.  

Enzymatic reaction progress was monitored by 
19

F NMR and 
19

F MRI. For the 
19

F 

NMR experiments, 1 mM Gd-FC-lac was dissolved in 100 mM Tris-HCl buffer solution 

(pH 7.4) containing 5% D2O. Sodium trifluoroacetate was used as an internal standard.  

The NA was 16. For the 
19

F MRI, Gd-FC-lac (1 mM) was dissolved in 100 mM 

Tris-HCl buffer solution (pH 7.4). Samples with or without β-lac (320 nM) were put 

into glass capillaries (inner diameter: approximately 1 mm; Hirschmann Laborgeräte). 

The capillaries were then inserted into an 8-mm NMR tube and the 
19

F MRI images 

were obtained. The RARE method was used for 
1
H and 

19
F MRI. For 

19
F MRI, the 

matrix size was 32 × 32 (zero filled to 64 × 64) with a FOV of 16 × 16 mm, a slice 

depth of 15 mm, and RARE factor of 32. The sweep width was 59,523.8 Hz, and the TR 

and effective echo times (TE,eff) were 250 ms and 28.4 ms, respectively. Gaussian shaped 

pulses were used for excitation and refocusing. The NA was 3600. 

 

Western blot analysis of β-lac-EGFR expressed in HEK293T cells. HEK293T cells 

maintained in DMEM (Invitrogen) containing 10% FBS at 37°C under 5% CO2 were 

transfected with a plasmid coding for β-lac-EGFR, which was prepared as reported 

previously,
42

 by using Lipofectamine 2000. After 6 h, the culture medium was replaced 

with DMEM, and the cells were incubated at 37°C for 24 h under 5% CO2. After 

washing three times with PBS, the cells were lysed with 200 µL of 1× SDS gel loading 

buffer (50 mM Tris-HCl buffer (pH 6.8), 1.3% SDS, 10% glycerol, and 5% 

mercaptoethanol). After scraping, the lysates were boiled at 95 °C for 3 min.  

Subsequently, samples underwent electrophoresis on a 10% SDS-polyacrylamide gel, 

and were transferred to a PVDF membrane for western blot analysis. Membranes were 

blocked by incubation for 1 h with TBST buffer (0.01% Tween 20, 138 mM NaCl, 20 

mM Tris-HCl buffer (pH 7.6)) containing 5% skim milk. Then, anti-β-lac antibody was 

added to the membrane. After incubation for 16 h at 4°C with shaking, the membrane 
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was washed three times with TBST buffer, incubated with horseradish 

peroxidase-linked secondary antibody, washed with TBST buffer, and visualized using 

ECL Western Blotting Detection Reagents. 

 
19

F NMR and MRI analysis. Transfected HEK293T cells were prepared according to 

the western blot‘s experimental procedure. After 6 h, the culture medium was replaced 

with DMEM containing 10% FBS and kanamycin (100 µg mL
-1

), and cells were 

incubated at 37°C for 24 h under 5% CO2. After cells were washed with PBS three 

times, cells were harvested with trypsin-EDTA, washed with PBS, and mixed with 

DMEM (without phenol red). One portion of the mixture was used to confirm the cell 

surface β-lac activity by nitrocefin (100 µM), and the other fraction was transferred into 

NMR tubes containing Gd-FC-lac (1 mM), and the 
19

F NMR spectra were measured at 

37°C. A glass capillary containing sodium trifluoroacetate was set as an internal 

standard and NEX was 64. For 
19

F MRI analysis, cells were transferred into an NMR 

tube containing DMEM with Gd-FC-lac (1 mM) and were incubated for 6 h at 37°C. 

The NMR tubes were fixed to a surface coil, and 
1
H and 

19
F MRI were performed. For 

the 
1
H MRI, the matrix size was 256 × 256 with a FOV of 20 × 20 mm, a slice depth of 

1 mm, and RARE factor of 16. The sweep width was 100,000 Hz, and TR and TE,eff were 

4000 ms and 35.4 ms, respectively. Gaussian-shaped pulses were used for excitation and 

refocusing. The NEX was 4. For the 
19

F MRI, the matrix size was 32 × 32 (zero filled to 

64 × 64) with FOV of 20 × 20 mm, a slice depth of 4 mm, and RARE factor of 8. The 

sweep width was 10,000 Hz, and TR and TE,eff were 250 ms and 20.0 ms, respectively. 

Gaussian-shaped pulses were used for excitation and refocusing. The NEX was 4000. 
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Chapter 2  Multifunctional core-shell silica 

nanoparticles, FLAME, for highly sensitive 19F MRI 

(Angew. Chem. Int. Ed. 2014, 53, 1008–1011) 

2-1 Limitations of small-molecule based 
19

F MRI probes 

In the previous chapter, the author described 
19

F MR imaging of gene expression in 

live cells. However, several problems remain unresolved for in vivo imaging, such as 

the potential diffusion of the activated probes. In other words, the 
19

F MRI signals of the 

activated probes diffuse over time after catalytic activation of 
19

F MRI probes, as MRI 

measurements are often repeated over hours or days. In these cases, the observed MRI 

signals do not reflect the position of gene expression. Therefore, the author focused on 

mutant β-lac (BL-tag) to overcome the diffusion of activated 
19

F MRI probes. Previous 

studies have shown that Glu166 of β-lac (TEM-1, class A) has critical role for the 

deacylation step as the base for hydrolysis of the acyl-intermediate.
1–3

 Thus, the E166N 

mutant of β-lac is stopped at the acyl-enzyme intermediate through marked slowing of 

deacylation relative to acylation (Scheme 1).
4–6

 The author aimed to exploit the 

properties of BL-tag to covalently attach a fluorine-containing substrate to the gene 

expression product.  

 

Scheme 1. Mechanism of β-lactam cleavage by WTβ-lac (class A) and E166Nβ-lac. (BL-tag). 
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Figure 2.  RP-HPLC diagram of F-Amp (100 µM). (a) Stability of F-Amp at 37°C. (b) HPLC 

analysis of F-Amp incubated with or without a wild-type β-lactamase (500 nM) at 37°C for 30 min. 

Elute: 40% acetonitrile/60% water containing 0.1% TFA (0 min) → 0.1% TFA (aq.) 70% 

acetonitrile/30% water containing 0.1% TFA (30 min).  

The author designed and synthesized a penicillin-based fluorine probe (F-Amp) to 

investigate the feasibility of 
19

F-labeling of the cell surface using a BL-tag (Figure 1a). 

The synthetic scheme for F-Amp is presented in Scheme 2. Substrate consumption was 

confirmed by RP-HPLC. The HPLC peak of F-Amp did not change for 240 min. In 

contrast, the peak of F-Amp treated with β-lac disappeared and a new peak appeared 

(Figure 2). The new peak was identified as the hydrolysate of F-Amp by ESI-MS. These 

results indicate that F-Amp was reacted with β-lac with nearly complete efficiency. 

 

Figure 1. (a) 19F labeling of BL-tag on the cell surface with F-Amp. 

Scheme 2. Synthetic route to F-Amp (a) N-hydroxysuccinimide, WSCD·HCl, TEA, DMF; (b) 

ampicillin, TEA, DMF 
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In this experiment, the BL-tag was fused to the EGFR; the recombinant protein was 

expressed on the surface of HEK293T cells,
4,7–9

 and BL-EGFR expressing cells were 

treated with F-Amp. After the cells were rinsed with PBS, 
19

F NMR was measured. 

However, no 
19

F NMR signal was detected from the cell suspension (Figure 3a), 

probably because of the 

following two reasons. 

First, the probe’s 

fluorine moiety was 

attached covalently to 

the protein and could 

not be catalytically 

amplified. Second, the 

free molecular mobility 

of the fluorine can be 

hindered by the protein 

attachment. To address these limitations, it is important to increase the number of 

fluorine atoms that possess an equivalent chemical shift.
10–12

 However, simple 

multiplication of the fluorine atoms does not provide higher sensitivity because 

increasing the number of fluorine atoms also decreases the solubility of the molecular 

probes.
13

 Second, T2 relaxation of fluorine is accelerated through restriction of the 

molecular mobility resulting from attachment to the reporter protein on the cell surface 

(Figure 3b). The suppression of molecular mobility induced by the increase in 

molecular size shortens the T2, resulting in attenuation of the MRI signal.
14–17

 Therefore, 

improvements of small-molecule based 
19

F MRI probes are required for their further 

practical applications. 

2-2 Design and preparation of highly sensitive 
19

F MRI contrast agent 

To solve these two problems simultaneously, the author designed a novel 
19

F MRI 

probe consisting of a core-shell nanoparticle based on a PFCE. PFCE has various 

attractive characteristics as a 
19

F MRI contrast agent.
11,12,18–20

 First, it has 20 equivalent 

fluorine atoms, which show a sharp single 
19

F NMR peak to yield a strong signal. 

Second, many liquid PFCEs are expected to maintain their high molecular mobility in a 

nanoparticle. Based on these advantages, PFCE nanoemulsions have been reported for 

in vivo cell tracking. However, the instability of PFCE nanoemulsions in organic 

solvents significantly limits their applications that rely on surface modification. Even 

under neutral buffer conditions, Ostwald ripening, which is a molecular diffusion 

 

Figure 3. (a) 19F NMR spectra of suspended BL-EGFR expressing 

HEK293T cells suspension treated with F-Amp (9.6 mM) at 37 °C for 

2 h. (b) Molecular mobility and T2. 
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phenomenon resulting in the gradual growth of larger particles, can be a major problem 

for the stability.
21–23

 To overcome this limitation, the author covered the PFCE 

nanoemulsion with a silica shell (Figure 4). Silica nanoparticles possess attractive 

features such as biological inertness and favorable colloidal properties.
24–29

 In addition, 

the silica surface can be variously modified with functional groups to realize targeted 

delivery and specific functions.
30–32

 Herein, the author reports a multifunctional 
19

F 

MRI contrast agent, FLAME, and demonstrates its superior properties for 
19

F MRI such 

as high sensitivity, stability, surface modifiability, and biocompatibility together with 

biomedical applications such as reporter assays and in vivo tumor imaging.  

The synthetic protocol of FLAME is presented in Scheme 2. To cover the 

PFCE-phospholipid nanoemulsion with silica gel, the author developed a novel 

surfactant, PAP (Scheme 3), which consists of an alkyl part to interact with 

phospholipids
33

 and a basic pyridinyl group. When template nanoemulsions are formed 

in the presence of PAP, the basic site of PAP was expected to be displayed on the 

nanoemulsion surface and to initiate the sol-gel process of tetraethyl orthosilicate.
34

 As 

a result, the silica polymerization reaction occurred only near the nanoemulsion surface, 

 

Figure 4. The components of FLAME. 

 

Scheme 2. Preparation of FLAME. 
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and silica coating of the PFCE nanoemulsion was achieved. RITC was covalently 

attached to the silica shell, which allowed for the fluorescence detection. 

DLS measurements also indicated the silica coating of nanoemulsion. The 

hydrodynamic diameter was changed from 80 nm of the nanoemulsion to 131 nm of 

FLAME, and the ζ-potential decreased from +29.5 mV of the nanoemulsion to –4.5 mV 

of FLAME (Figure 5a, b). The core-shell structures of FLAME were clearly observed 

by TEM (Figure 5c). The average diameter of the particles was 76 ± 9 nm, which was 

calculated from the TEM images (n = 200). On the other hand, the silica shell was not 

well formed in the absence of PAP.  

Scheme 3. Synthetic route to PAP. (a) N-hydroxysuccinimide, WSCD·HCl, DMF; (b) 1, 

2-Ethylenediamine, CH2Cl2; (c) 4-Pyridylacetic acid hydrochloride, WSCD·HCl, HOBt, TEA 

 

Figure 5. (a) Hydrodynamic diameter of the nanoemulsion (red) and FLAME (blue) by DLS. (b) 

ζ-Potential graphs of the nanoemulsion (blue) and FLAME (red). (c) TEM image of FLAME. (c) 

Particle size distribution histogram calculated from TEM images 
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Inclusion of PFCE in the particle was confirmed by NMR spectroscopy. The 
19

F 

NMR of FLAME dispersed in PBS solution showed a PFCE-derived single peak at –

16.4 ppm (Figure 6a). In the 
19

F MRI measurements, strong 
19

F MRI signals were 

observed from FLAME (Figure 6b). The 
19

F MRI signal intensity was proportional to 

the PFCE concentration. FLAME showed the typical fluorescence emission of RITC 

(Figure 6c).  

2-3 Monitoring of gene expression via BL-tag 

To demonstrate the high 
19

F MRI sensitivity, FLAME was applied to a 
19

F MRI-based 

reporter assay with BL-tag. Thus, ampicillin-modified FLAME (FLAME-Amp) was 

prepared for the specific 
19

F MRI detection of the reporter protein (Figure 7). The 

synthetic scheme of FLAME-Amp was presented in Scheme 4.  

 

 

Figure 7. The chemical structure of FLAME-Amp. 

 

Figure 6. (a) 19F NMR spectrum of FLAME. (b) MR images properties of FLAME. (b) Excitation and 

emission spectra of FLAME. 
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Table 1. ζ-Potential values and hydrodynamic diameters of the nanoemulsion and FLAMEs. 

 To confirm the specific binding of FLAME-Amp to the BL-tag protein, the author 

used a fusion protein of BL-tag and MBP, which non-covalently bind to an amylose 

with high affinity (Figure 8a).
35,36

 After FLAME-Amp was incubated with an 

Materials Hydrodynamic diameter (nm) ζ-Potential (mV) 

FLAME 131 ± 1 -4.5 ± 0.2 

FLAME-NH2 161 ± 32 12.5 ± 0.9 

FLAME-COOH 90 ± 2 -62.0 ± 1.2 

FLAME-Amp 96 ± 2 -55.8 ± 2.0 

Scheme 4. Synthetic route to FLAME-Amp. (a) 3-aminopropyltetraethoxysilane, 2-propanol; (b) 

Succinic anhydride, DMF, TEA; (c) N-hydroxysuccinimide, TEA, DMF; (d) ampicillin, TEA, DMF. 

 

Figure 8. (a) Schematic procedure for purification of FLAME-Amp conjugated with MBP-BL. (b) 

Photographs of amylose resin (a) after washing with wash buffer or (b) elution buffer containing 10 

mM maltose under irradiation with white light (left) and UV light (right). The fluorescence of the 

amylose resin shows that FLAME-Amp bound to MBP-BL. Fluorescence visualization also showed 

that FLAME-COOH did not bind to MBP-BL. These results indicate that the ampicillin part of 

FLAME-Amp is essential for the specific binding to MBP-BL. 
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MBP-BL-bound amylose resin, the non-bound components were removed by washing 

with a buffer solution. The fluorescence of the amylose resin showed that FLAME-Amp 

bound to MBP-BL, and MBP-BL conjugated with FLAME-Amp was eluted by a 

maltose-containing solution (Figure 8b). 

 Then, the fractions eluted with a maltose solution were analyzed by 
19

F NMR. A 

sufficiently high and sharp
 19

F NMR peak was detected from MBP-BL incubated with 

FLAME-Amp (Figure 9a). The ratio of fluorine atoms to protein was 4.7 × 10
3
. The 

19
F 

NMR peak was detected even at a MBP concentration of 30 nM. In contrast, the 
19

F 

NMR signal of F-Amp was not observed at a MBP-BL concentration of 300 nM. At 

least concentrations of the target protein in the μM range were required for NMR 

detection by the small-molecule probe due to the low 
19

F density per probe. In contrast, 

 
Figure 9. (a) Highly sensitive 19F NMR detection of MBP-BL proteins with FLAME-Amp. The 

accumulation time was 21 min 50 s. (b) T2 of FLAME-Amp and F-Amp conjugated with MBP-BL. 
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FLAME-Amp encapsulating a large amount of fluorine atoms enabled the detection of 

the target proteins in the nM range. Another important factor for the sensitivity 

improvement is the molecular mobility of fluorine atoms. The mobility of 

small-molecule probes is largely decreased by the binding to proteins; furthermore, it 

causes the T2 reduction, which decreases the NMR signal. The T2 of F-Amp drastically 

shortened from 0.434 s to 0.119 s by the covalent binding to MBP-BL and the 
19

F NMR 

signal was decreased (Figure 9b). On the other hand, the T2 of FLAME-Amp conjugated 

to MBP-BL was 0.210 s, which is comparable to that of FLAME-Amp (0.238 s). These 

results demonstrate that the molecular mobility of PFCE was maintained even after 

FLAME was attached to a protein. 

Next, 
19

F MRI detection of gene expression was attempted via a cell 

surface-displayed reporter protein (Figure 10a). After FLAME-Amp was incubated with 

cells expressing BL-EGFR, NMR and MRI experiments were performed (Figure 10b). 

The strong 
19

F NMR and MRI signals were clearly observed from BL-EGFR-expressing 

cells incubated with FLAME-Amp, whereas almost no signal was detected from the 

control EGFR-expressing cells. As a result, specific and highly sensitive 
19

F MRI 

detection of gene expression in living cells was successfully demonstrated by 

FLAME-Amp.  

 

Figure 10. (a) 19F MRI detection of gene expression using BL-EGFR and FLAME-Amp. (b) 19F 

NMR spectra and MRI of BL-EGFR-expressing HEK293T cells treated with FLAME-Amp and 

EGFR-expressing HEK293T cells. Cells: 6.0 × 105, CPFCE = 2.6 mM, incubation time: 5 min, 

temperature: 4°C, accumulation times were 10 min 55 s for 19F NMR, 8 min 32 s for 19F MRI, 

respectively. 
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2-4 In vivo 
19

F MRI with FLAME for tumor imaging 

Finally, the potential of FLAMEs for in vivo targeting were evaluated in tumor-bearing 

mice. The nanomaterials were delivered to the tumor via the EPR effect, which 

promotes nanoparticle accumulation in cancerous tissues by a combination of leaky 

angiogenic blood vessels and deficient tumor lymphatics.
37–41

 However, the naked 

nanoparticles should be trapped immediately by the RES and show decreased 

circulation time.
42–45

 Therefore, FLAME was modified with PEG for the effective 

delivery to tumors (FLAME-PEG, Figure 11). PEGylation reduces the uptake by 

increasing the electrostatic interactions with proteins and small molecules.
46–54

 

Scheme 5. Synthetic route to FLAME-PEG. (a) methoxy-PEG-(CH2)5-COO-NHS (MW 5000), TEA, 

DMF 

 

Figure 11. The chemical structure of FLAME-Amp. 

 

Figure 12. (a) DLS analysis of FLAME-PEG followed over time at 4°C storage temperature. (b) 

Cytotoxicity of FLAME-PEG and FLAME-COOH against cultured colon-26 cells. 
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FLAME-PEG was synthesized from FLAME-NH2 (Scheme 5). DLS analysis to 

determine the stability of FLAME-PEG showed that there was almost no change in the 

particle size for 1 week (Figure 11a). The biocompatibility of FLAME-PEG was 

evaluated in the MTT assay. The viability of colon-26 cells was not affected by 24-h 

exposure of FLAME-PEG and up to 900 µg mL
-1

 of PFCE (Figure 12b).  

Passive targeting and accumulation of FLAME-PEG via the EPR effect were 

demonstrated by MRI (Figure 13). Mice bearing a tumor were given intravenous 

injections of FLAMEs. Strong 
19

F MRI signals of FLAME-PEG at the tumor site 

indicated passive targeting of the nanoparticles. The 
19

F NMR measurements of 

homogenized tissue samples showed that NMR signals were detected only from liver 

(CPFCE = 113 nmol g
-1

) and tumor (CPFCE = 28.8 nmol g
-1

), but not from spleen, lungs, 

brain, kidneys, and heart (Figure 14a). However, the 
19

F MRI signals of non-PEGylated 

FLAME (FLAME-COOH) was detected only in the liver, indicating that 

FLAME-COOH was immediately trapped by the RES. These results indicate that the 

intensity of the 
19

F MRI signal of FLAME is sufficient for in vivo studies and that the 

distribution of FLAME in living animals can be controlled by changing its chemical 

properties through surface modification of FLAME. The accumulation of FLAME-PEG 

in tumor and liver sections was verified by the RITC fluorescence (Figure 14b). 

Meanwhile, in the case of FLAME-COOH, fluorescence signals were detected only in 

the livers and spleens, not at the tumors. These results demonstrate that the 
19

F MRI 

 
Figure 13. In vivo MRI of FLAME-PEG and FLAME-COOH in tumor-bearing mice at 3 hours after 

intravenous injection. The positions of the liver and tumor are represented as L and T, respectively. 

Injection volume: 200 µL, CPFCE = 2.6 mM, acquisition time: 8 min 32 s. 
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signal localization reflect the actual accumulation position of FLAMEs in animal 

bodies.  

 

Experimental Sections 

Materials and instruments. General chemicals were of the highest grade available, 

supplied by Tokyo Chemical Industries, NOF Corporation, Wako Pure Chemical, and 

Aldrich Chemical Co., and used without further purification. NMR spectra and the the 

T1 and the T2 relaxation times were measured on a JEOL JNM-AL 400 instrument at 

400 MHz for 
1
H, at 100.4 MHz for 

13
C NMR using tetramethylsilane as an internal 

standard, and at 376 MHz for 
19

F NMR using sodium trifluoroacetate as an internal 

standard. Mass spectra were taken on a JEOL JMS-DX for fast atom bombardment and 

on a Waters LCT-Premier XE for ESI. Fluorescence spectra were recorded using a 

Hitachi F4500 spectrometer. The slit width was 5.0 nm for both excitation and emission. 

The photomultiplier voltage was 700 V. MR images were recorded on a Bruker Avance 

II 500WB spectrometer equipped with a wide bore (89 mm), 11.7-T magnet, and a 

micro-2.5-imaging probe head operating at frequencies of 500 MHz for 
1
H and 471 

MHz for 
19

F measurements. A volume coil of 25 mm in diameter was used. Image 

acquisition and processing were carried out using the ParaVision software (Bruker 

 

Figure 14. (a) 19F NMR spectra of homogenized tissue samples of a FLAME-PEG-injected mouse. 

acquisition time: 8 min 32 s. (b) Fluorescence images of tumor, liver, and spleen sections. Scale bar: 

20 µm. Excitation wavelength ranges were 510–550 nm for RITC and 330–385 nm for Hoechst33342. 
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BioSpin). TEM images were acquired by using the HITACHI H-9000 (300 V). Particle 

size distribution and ζ-potential were measured by DLS on the particle analyzer nano 

partica SZ-100 from HORIBA. Fluorescence microscopic images were obtained using 

the IX71 (Olympus) for the inverted fluorescence microscope, Cool SNAP HQ 

(Photometrics) for the cooled CCD camera, and a light engine (Lumencor Spectra X®, 

Olympus) with emission filters (Semrock). The imaging software MetaMolph 

(Universal Imaging Corporation) was used for data analysis. 

 

Synthesis of compounds 

Preparation of F-NHS. F-COOH (compound 5) was synthesized according to 

procedures described in Chapter 1. F-COOH (0.50 g, 1.9 mmol) was dissolved in dry 

DMF (15 mL) under argon atmosphere. Then, WSCD·HCl (0.54 g, 2.9 mmol), 

N-hydroxysuccinimide (0.33 g, 2.9 mmol), and dry TEA (0.83 mL, 5.7 mmol) were 

added to the solution. The mixture was stirred at RT under argon atmosphere. After the 

reaction solution was evaporated, the residue was dissolved in ethyl acetate (100 mL) 

and washed with 4% NaHCO3 (aq.), 10% citric acid, water, and brine. The organic layer 

was dried over Na2SO4 and evaporated under reduced pressure. The crude F-COOH 

(0.47 g) was obtained as a white solid and used in the next step without further 

purification.  

Preparation of F-Amp. The crude product F-NHS (70 mg) was dissolved in dry DMF 

(1.0 mL) under argon atmosphere. Then, ampicillin (81 mg, 0.23 mmol) and dry TEA 

(54 µL, 0.39 mmol) were added to the solution. The mixture was stirred at RT for 12 h. 

After the reaction solution was evaporated, the product was purified by RP-HPLC and 

eluted with H2O/acetonitrile containing 0.1% formic acid to yield F-Amp (36 mg, y. 

31%). 
1
H NMR (CD3OD, 400 MHz) δ 1.40 (s, 3H) 1.54 (s, 3H) 4.00 (t, 2H) 4.20 (s, 1H) 

5.39 (d, 1H) 5.51 (dd, 1H) 5.76 (d, 1H) 7.28 (d, 1H) 7.33 (t, 2H) 7.43 (d, 2H) 7.48 (d, 

2H) 8.00 (d, 2H) 8.65 (s, 1H) 8.87 (t, 1H) 9.23 (d, 1H); 
13

C NMR (100 MHz, CDCl3) δ 

26.6, 29.9, 42.3, 55.2, 58.0, 63..6, 66.9, 70.2, 120.6, 126.9, 127.6, 128.3, 129.6, 133.0, 

128.1, 150.3, 165.2, 168.4, 168.9, 170.0, 173.3; HRMS (ESI
-
) m/z: 595.1433 (calculated 

for 595.1469). 

Synthesis of Palmitic-NHS. Palmitic acid (1.5 g, 6.0 mmol, 1 eq) and WSCD·HCl (1.7 

g, 9.0 mmol, 1.5 eq) were dissolved in dry DMF (60 mL) at 0°C, and 

N-hydroxysuccinimide (1.0 g, 9.0 mmol, 1.5 eq) was added. The mixture was stirred for 

6 h at RT under argon atmosphere. The solvent was evaporated by using a rotary 

evaporator, and the obtained product was dissolved with ethyl acetate and washed with 

water and brine. The organic layer was dried over Na2SO4 and evaporated under 
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reduced pressure. The product was dissolved in dichloromethane, purified by silica gel 

chromatography, and eluted with dichloromethane to afford Palmitic-NHS (1.1 g, y. 

51%). 
1
H NMR (CDCl3, 400 MHz) δ 0.89 (s, 3H) 1.20–1.40 (m, 24H) 1.74 (dt, 2H), 

2.62 (t, 2H), 2.85 (s, 4H). 

Synthesis of Palmitic-NH2. 1,2-Ethylenediamine (2.7 mL, 40 mmol) was added to 

CH2Cl2 (30 mL) under argon atmosphere at RT. Palmitic-NHS (0.71 g, 2 mmol, 1 eq) 

was added drop-wise to the solution. The mixture was stirred for 2 h. The solvent was 

diluted with CHCl3 and washed with water and brine. The organic layer was dried over 

Na2SO4 and evaporated under pressure to afford Palmitic-NH2 (0.60 g, quant.). 
1
H 

NMR (400 MHz, CDCl3) δ 0.89 (s, 3H) 1.22–1.29 (m, 24H) 1.64 (dt, 2H), 2.19 (t, 2H), 

2.84 (t, 2H), 3.32 (t, 2H), 5.90 (s, 1H); MS (ESI
+
) m/z: 299.19 (calculated for [M+H]

+
: 

299.40) 

Synthesis of PAP. 4-Pyridylacetic acid hydrochloride (0.43 g, 5.0 mmol, 5 eq) was 

dissolved in dry DMF (30 mL) under argon atmosphere at RT. Then, WSCD·HCl (1.2 g, 

6.0 mmol, 6 eq), hydroxybenzotriazole (0.92 g, 6 mmol, 6 eq), and dry triethylamine 

(1.3 mL, 9.3 mmol, 10 eq) were added to the solution. Palmitic-NH2 (0.30 g, 1 mmol, 1 

eq) was added to the mixture, which was then stirred for 15 h at 50°C. DMF was 

evaporated under reduced pressure. The residue was added to saturated NaHCO3 (aq.); 

the precipitate was then collected and washed with saturated NaHCO3 (aq.) and water. 

The product was recrystallized from MeOH to afford PAP (0.36 g, y. 85%). 
1
H NMR 

(400 MHz, CDCl3) δ 0.88 (s, 3H) 1.22–1.28 (m, 24H) 1.58 (dt, 2H), 2.13 (t, 2H), 3.38 

(m, 4H), 3.50 (s, 2H), 5.97 (s, 1H), 6.56 (s, 1H), 7.22 (d, 2H), 8.56 (d, 2H); 
13

C NMR 

(100 MHz, CDCl3) δ 14.1, 22.7, 25.7, 25.7, 29.2, 29.3, 29.5, 29.6, 29.6, 29.7, 29.7, 31.9, 

36.6, 36.6, 39.6, 41.0, 42.8, 42.9, 124.4, 150.0, 150.1, 170.1, 174.9; HRMS (FSB
+
) m/z: 

419.3437 (calculated for [M+H]
+
: 418.3434) 

Preparation of FLAME. RITC (5.0 mg) was reacted with 22 µL of APTES in 0.35 mL 

of ethanol under dark conditions for 48 h. DSPC (5.0 mg, 6.3 µmol) and PAP (0.33 mg, 

0.79 µmol) were dissolved in 3 mL of chloroform at 65 °C. The organic solvent was 

evaporated in a rotary evaporator at 65°C to obtain a thin film; solvent traces were 

removed by maintaining the lipid film under vacuum for 12 h. The film was hydrated 

with 3 mL of water using a bath-type sonicator for 10 min at 65°C. Then, 30 µL of 

PFCE was added to the emulsion, followed by homogenization (T10 basic ULTRA 

TURRAX, IKA) for 10 min and sonication by using a bath-type sonicator (Branson 

1250) for 120 min. The emulsion was filtered with a 0.45-µm filter (hydrophilic PFPE, 

Millipore). Water (12 mL) and TEOS (0.10 mL) was added to the emulsion, and the 

mixture was then stirred for 48 h at RT. For fluorescence detection of the particles, 10 
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µL of RITC-conjugate APTES solution was then added and the solution was stirred for 

24 h. The product of the silica-coated emulsion (FLAME) was purified by 

centrifugation (14,000 × g, 4°C, 30 min) and washed 3 times with water (20 mL) and 

isopropyl alcohol (20 mL).  

Preparation of FLAME-NH2. The obtained FLAME nanoparticles were dispersed in 

isopropyl alcohol (40 mL) under argon atmosphere. After the mixture was heated to 

80 °C, APTES (0.60 mL) was added, and the solution was stirred for 3 h. The product 

was separated by centrifugation (14,000 × g, 4 °C, 30 min), washed 3 times with ethanol 

(20 mL) and dry DMF (10 mL), and finally dispersed in dry DMF (10 mL). 

Preparation of FLAME-COOH. FLAME-NH2 dispersed in dry DMF (1.0 mL) was 

added slowly to a flask containing 2.0 M succinic anhydride in dry DMF under argon 

atmosphere. Anhydrous triethylamine was added to the mixture, which was then stirred 

for 24 h. The product was separated by centrifugation (14,000 × g, 4°C, 30 min) and 

washed 3 times with DMF (3.0 mL) and water (3.0 mL). FLAME-COOH nanoparticles 

were finally dispersed in water. The nanoparticle solution was filtered with a 0.8-µm 

filter (mixed cellulose esters, Millipore). 

Preparation of FLAME-NHS. FLAME-COOH nanoparticles were dispersed in dry 

DMF (1.0 mL) under argon atmosphere. Then, WSCD·HCl (0.44 mg, 2.3 µmol), 

N-hydroxysuccinimide (0.27 mg, 2.3 µmol), and dry TEA (0.32 µL, 2.3 µmol) were 

added to the solution. The mixture was stirred for 3 h at 30 °C. The product was 

separated by centrifugation (14,000 × g, 4°C, 30 min), washed twice with dry DMF, and 

finally dispersed in dry DMF. 

Preparation of ampicillin-modified FLAME (FLAME-Amp). FLAME-NHS was 

dispersed in dry DMF (1.0 mL) under argon atmosphere. Then, ampicillin (0.80 mg, 2.3 

µmol) and dry TEA (0.32 µL, 2.3 µmol) were added to the solution. The mixture was 

stirred for 3 h at 30°C. The product was separated by centrifugation (14,000 × g, 4°C, 

30 min), washed twice with DMF (1.0 mL), and finally dispersed in water (1.0 mL). 

Preparation of PEGylated FLAME (FLAME-PEG). FLAME-NH2 dispersed in dry 

DMF (1.0 mL) was mixed with 0.30 g of methoxy-PEG-(CH2)5-COO-NHS (MW 5,000, 

SUNBRIGHT® ME-050HS, NOF Corporation). Then, 35 mL of anhydrous TEA was 

added to the resulting solution and stirred at 40°C for 48 h. The resulting FLAME-PEG 

was collected by centrifugation (14,000 × g, 4°C, 30 min) and washed 3 times with 

DMF (3.0 mL) and water (3.0 mL) to remove any unreacted PEG. The nanoparticle 

solution was filtered with a 0.8-µm filter (mixed cellulose esters, Millipore). 
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19
F NMR relaxation time measurements. Nanoparticles were prepared in water 

containing 5% D2O. The T2 was measured by employing the spin-echo method. 

 

MRI measurements. The RARE method was used for 
1
H and 

19
F MRI. For 

1
H MRI, 

the matrix size was 128 × 128, slice thickness was 2 mm, and the RARE factor was 8. 

TR and TE,eff were 1,000 ms and 31.4 ms, respectively. The number of averages was 1. 

For 
19

F MRI, the matrix size was 64 × 64, slice thickness was 30 mm, and the RARE 

factor was 16. TR and TE,eff were 1,000 ms and 80 ms, respectively. The number of 

averages was 512. 

 

DLS measurements. Particle size, size distribution, and ζ-potential of the obtained 

nanoparticles were measured at 25 °C with a 580 nm laser at a scattering angle of 90° 

for DLS size measurements and 173° for ζ-potential measurements. For the DLS size 

measurements, FLAME nanoparticles were suspended in water or ethanol. Suspensions 

of each material were prepared in H2O for ζ-potential measurements. 

 

In vitro MBP-BL assay using FLAME-Amp. The pET-21b(+)-MBP-BL was 

prepared according to our previously reported procedure.
4
 Ampicillin (0.10 g mL

-1
, 10 

µL) and stocked cells (MBP-BL) were added to 10 mL of Luria-Bertani medium, 

followed by incubation for 16 h at 37°C. The culture solution was added to 50 mL of 

Luria-Bertani medium and incubated for 4 h at 37°C. Isopropyl-D 

-thiogalactopyranoside (1.0 M, 20 µL) was added to the culture solution, and the 

solution was then incubated for 18 h at 25 °C. The supernatant was obtained by 

centrifugation (3,600 × g, 20 min, 4°C) and discarded. Then, 30 mL of column buffer 

(20 mM HEPES, pH 7.4, 0.20 M NaCl, 1.0 mM EDTA) was added to the pellet, and the 

suspension was sonicated using a probe-type sonicator (SONIFIRE250, Duty Cycle: 

50%, Output Control: 5). The supernatant was collected from the suspension by 

centrifugation (20,000 × g, 30 min, 4°C) and then applied to 1.0 mL of amylose resin 

equilibrated with column buffer. The amylose resin was then washed with 20 mL of 

column buffer. A dispersion of FLAME-Amp (CPFCE = 9.7 mM, 500 µL) in column 

buffer was applied to the amylose resin and incubated for 1 h at 4°C. The resin was 

washed with 20 mL of column buffer. Then, a fraction (0.5–1.0 mL) of the protein 

solution was collected by using the elution buffer (20 mM HEPES, pH 7.4, 0.20 M 

NaCl, 1.0 mM EDTA, 10 mM maltose). 
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19
F MRI detection of gene expression in HEK293T cells with FLAME-Amp. 

HEK293T cells were cultured in DMEM (Invitrogen) containing 10% fetal bovine 

serum at 37°C under 5% CO2. The cells were transfected with a plasmid encoding the 

BL-tagged EGFR by using Lipofectamine 2000 (Invitrogen). After 6 h, the culture 

medium was replaced with DMEM containing 10% fetal bovine serum and kanamycin 

(0.10 mg mL
-1

), and cells were incubated at 37 °C for 24 h under 5% CO2. Next, the 

cells were washed with PBS, harvested with trypsin-EDTA, washed with PBS, and 

mixed with PBS containing FLAME-Amp, FLAME-COOH (CPFCE = 2.6 mM), and 

F-Amp (CF-Amp = 9.6 mM). After incubation at 4°C for 5 min, the cells were diluted 

with PBS, washed with PBS 3 times by centrifugation (500 × g, 3 min), and dispersed in 

PBS containing 5% D2O (500 µL). The cells were transferred into a glass tube (8 mm), 

and 
19

F NMR and 
1
H/

19
F MRI were then performed. For the 

1
H MRI, the matrix size 

was 128 × 128 with a field of view of 50 × 50 mm, a slice depth of 1 mm, and a RARE 

factor of 16.  

 

Tumor model and in vivo experimental procedure for MRI. At 7–9 weeks after 

inoculation of 1.0 × 10
5
 cells in the flank, female mice (Balb/cA, 20 to 25 g 

bodyweight) bearing colon-26 tumors (size of the tumor of about 2,400 mm
3
) were 

administered FLAME-PEG or FLAME-COOH (0.20 mL, CPFCE = 2.6 mM) through tail 

vein injection. For MRI measurements, mice were anesthetized using 2.0% isoflurane at 

a flow rate of 0.2 L min
-1

 and scanned.  

 

Fluorescence imaging of tumor and organ sections. After MRI, mice were killed 

followed by perfusion fixation. Then, tumors, livers, and spleens were harvested and 

fixed with 4% formaldehyde. The tissues were transferred to PBS containing 30% 

sucrose for over 12 h and embedded in optimal cutting temperature compound. The 

tissues were sectioned by using a cryomicrotome (Leica CM3050S) at a thickness of 10 

µm and mounted on glass slides. The sections were co-stained with Hoechst33342 (100 

ng mL
-1

) for 30 min. Excitation wavelength ranges were 510–550 nm for RITC and 

330–385 nm for Hoechst33342. 

 

Preparation of mouse organ lysates. After MRI, mice were killed. Then, livers, 

spleens, lungs, brains, kidneys, hearts, and tumors were harvested and fixed with 4% 

formaldehyde. These organs were homogenized in 100 mM PBS (pH 7.4) using a 

homogenizer. D2O was added to the homogenates and 
19

F NMR spectra were acquired. 
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Chapter 3  Development of a reduction-responsive  

19F MRI nanoprobe (FSG) 

In the previous chapter, the author described novel contrast agents with a core-shell 

structure, FLAMEs, for highly sensitive 
19

F MRI. Next, the author attempted to develop 

a stimuli-responsive 
19

F MRI nanoprobe for further in vivo biomedical applications. 

3-1 Design strategy and hypothesis for stimuli-responsive 
19

F MRI nanoprobe 

based on PRE effect 

The author focused on the PRE effect of the Gd
3+

 complex for controlling the T2 of 

FLAME.
1–6

 The PRE for the  transverse relaxation rate is conventionally described 

by the Solomon－Bloembergen equation (1):
7–10

  

 = 
1

15
(
μ0

4π
)

2

γ
I
2g2μ

B
2 s(s+1){4JSB(0)+3JSB(ωI)}            (1) 

Where s is the electron spin quantum number, g is the electron g-factor, I is the fluorine 

gyromagnetic ratio, µo is the permeability of a vacuum, µB is the magnetic moment of 

the free electron, and I/2 is the Larmor frequency of the fluorine. JSB() is the 

spectral density function:
11–13

 

JSB(ω) = r-6 τc

1+(ωτc)
2
                        (2) 

The correlation time c is defined as (r
-1

 + s
-1

)
-1

, where r is the rotational correlation 

time of the molecule, and s is the effective electron relaxation time. As shown in eq. (2), 

the magnitude of the PRE is proportional to r
-6

.  

The distance between fluorine and the Gd
3+ 

of Gd-FC-lac was calculated as 23 Å by 

molecular mechanics method. In contrast, the distance between PFCE molecules in a 

FLAME and the Gd
3+

 on the shell surface was greater than 60 Å because of the 

thickness of the silica shell. Thus, it is predicted that the 2 of FLAME is extremely low, 

corresponding to 0.32% of that of Gd-FC-lac. However, the intermolecular  is linearly 

dependent on the concentration of Gd
3+

 complex.
14

 The addition of paramagnetic 

species causes an increase in the transverse relaxation rate (1/T2). 1/T2 is defined as R2. 

 = R2,paramagnetic － R2,diamagnetic = r2[Gd
3+

] － R2,diamagnetic         (3) 

is explained in the Equation (3), where R2,paramagnetic is the observed 
19

F relaxation rate 
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in the presence of a paramagnetic ion and R2,diamagnetic is the diamagnetic relaxation rate 

in the absence of a paramagnetic ion. Although R2,paramagnetic represents the sum of the 

intramolecular and intermolecular PRE effects, it is not necessary to consider the 

intramolecular PRE effect in the case of FLAME. r2 is defined as the slope of this 

dependence in units of mM
-1

·s
-1

.  

Furthermore, the T2 of PFCE in FLAME would be affected by the combined PRE 

effect of all Gd
3+

 ions on the silica surface because of the free molecular mobility of 

PFCE in the nanoparticle.
12,13

 Therefore, the T2 of a PFCE molecule in FLAME can be 

potentially decreased by a large number of Gd
3+

 complexes on the surface of the silica 

shell. 

 To test this hypothesis, the author synthesized Gd
3+

 complex-functionalized FLAME 

(F-Gd) under different concentrations of Gd
3+

 ions (Scheme 1). 

 

 

 

Table 1. Synthetic conditions for FLAME-DTPA-Gd and -potential of F-Gd. 

Materials 
[Gd

3+
] for synthesis of 

FLAME-DTPA-Gd / mM 
ξ-potential / mV 

FLAME-DTPA 0 -38.8 ± 0.9 

F-Gd1 1 -34.0 ± 1.0 

F-Gd2 10 -22.5 ± 1.4 

F-Gd3 100 -21.6 ± 1.6 

19
F NMR analyses of F-Gd nanoparticles were performed. Although the 

19
F NMR 

spectrum of Gd
3+

-free FLAME showed a sharp single peak, the corresponding peak in 

the 
19

F NMR spectrum of F-Gd1, F-Gd2, and F-Gd3 was broader because of the 

Scheme 1. Synthetic route to FLAME-DTPA-Gd. (a) DTPA bisanhydride, TEA, DMF (b) GdCl3·6H2O, 

methanol 

 

Figure 1. 19F NMR spectra and T2 measurements of F-Gd nanoparticles (CPFCE = 600 µM). The 

accumulation time was 1 min 22 s. 
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intramolecular PRE effect (Figure 1). The T2 values of PFCE decreased in a 

Gd
3+

-concentration dependent manner (Table 2).  

Next, these samples were measured by 
19

F MRI under different TE, eff to weight the T2 

difference (Figure 2). As a result, almost no 
19

F MRI signals were observed from F-Gd1, 

F-Gd2, and F-Gd3, although a few 
19

F MRI signals were detected from F-Gd1 at an 

echo time of 25.6 ms. These results demonstrated that Gd
3+

 complexes on the surface of 

silica shell had a sufficiently strong PRE effect to attenuate the 
19

F MRI signal of 

FLAME. 

 

  

Table 2. T2 measurements of F-Gd nanoparticles. 

Materials T2 / ms 

FLAME-DTPA 222 ± 11 

F-Gd1 19 ± 5 

F-Gd2 13 ± 2 

F-Gd3 8 ± 5 

 

 

Figure 2. 19F MRI measurement of FLAME-DTPA-Gd nanoparticles. The matrix size was 128 × 64, 

and the slice thickness was 30 mm. TR was 1000 ms. The NEX was 64. The acquisition time was 12 

min 48 s. 
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3-2 Development of reduction-responsive 
19

F MRI nanoprobe (FSG) 

In this chapter, the author developed a stimulus-responsive 
19

F MRI nanoprobe to 

apply a Gd
3+

-based design strategy as a turn-on signal switch (Figure 3).  

Biological redox reactions play crucial roles in many biological processes.    

Abnormal levels of redox reactions are implicated in various disease states including 

liver damage, skin lesions, and slow growth, etc.
15–22

 Therefore, it is important to 

monitor biological redox reactions,
22–30

 and the development of reduction-responsive 
19

F MRI probes is important in the field of MR imaging.  

Herein, the author reports the design and synthesis of a novel 
19

F MRI nanoprobe, 

FLAME-SS-Gd (FSG), which detects the reduction level. FSG consists of FLAME and 

Gd
3+

 complexes conjugated by a short disulfide-containing linker. Cleavage of the 

disulfide linker by reductive reactions allows the Gd
3+

 complexes to diffuse from 

 

Figure 3. Structure of FSG and principles of 19F MRI detection of reductive reactions. 

Scheme 2. Synthetic route to FLAME-SS-DOTA-Gd. (a) tert-butyl bromoacetate, K2CO3, MeCN; 

(b) 1-bromo-3-tritylthiopropane, K2CO3, MeCN; (c) TFA, triethylsilane, butanethiol; (d) 

GdCl3·6H2O, methanol; (e) TMOS-Npys, isopropanol; (f) Gd-DOTA-SH, MeOH 
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FLAME, resulting in a decrease in intermolecular PRE effect-mediated quenching and 

in a specific increase in 
19

F MRI signal intensity.  

 The synthetic scheme of FSG is presented in Scheme 2. The author prepared FSG1~3, 

which has a different amount of Gd
3+

 complexes on the FLAME for optimization of the 
19

F MRI nanoprobe (Table 3). The amounts of Gd
3+

 in FSG were quantified by ICP-MS. 

Table 3. Synthetic conditions for FSG, -potentials of FSG, and molar ratios of PFCE to Gd3+. 

Materials 
[TMOS-Npys] / 

mM 

[Gd-DOTA-SH] 

/ mM 
-potential / mV nGd/nPFCE 

FSG1 0.4 2 -12.6 ± 2.4 0.011 

FSG2 4 20 3.9 ± 1.4 0.026 

FSG3 40 200 5.7 ± 1.5 0.038 

Then, the effect of reductive stress on the nanoparticles was tested using a chemical 

reductant, TCEP.
31,32

 FSG nanoparticles were incubated with TCEP, and the 
19

F NMR 

peak was obtained (Figure 4a). The 
19

F NMR spectra of FSG without TCEP were 

broader in descending order of Gd
3+

 content because of the intramolecular PRE effect. 

In contrast, a single strong 
19

F NMR peak appeared at approximately -16.4 ppm from 

FSG treated with TCEP.   

 
Figure 4. (a) 19F NMR spectra of FSG incubated with or without TCEP. CPFCE: 0.6 mM, CTCEP: 1 mM, 

incubation time: 4 h, accumulation time: 1 min 22s. (b) T2 of FSG incubated with or without TCEP. 

N.D. means that the value could not be determined. 
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These results are compatible with the T2 measurements shown in Figure 4b. The T2 of 

fluorine atoms was largely decreased and that of FSG3 was not precisely determined 

because of the overwhelming PRE effect. After reductive reactions, the T2 was 

considerably increased. 

Next, 
19

F MRI images of FSG nanoparticles with TCEP are shown in Figure 5a. 
19

F 

MR images are obtained at different TE,eff to weight the T2 difference.
33–36

 Although 

FSG2 and FSG3 showed no signal in the 
19

F MRI phantom images, reductive reactions 

with TCEP induced a noticeable signal enhancement. Although 
19

F MRI signal 

enhancement of FSG1 could be observed, the 
19

F MRI signal was also detected in the 

 
Figure 5. 19F MRI measurements of FSG in the presence or absence of TCEP. CPFCE: 0.6 mM, CTCEP: 

acquisition time: 25 min 36 s. TR: 3000 ms. (b) 19F MRI signal intensity of FSG at the different TE. 
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absence of TCEP at the short echo time. Furthermore, the increased of echo time was 

able to decrease undesirable 
19

F MRI signals. The 
19

F MRI signal intensity of FSG is 

shown in Figure 5b. These results indicate that no 
19

F MRI signal of FSG1 was detected 

at an echo time of 108 ms and the highest-contrast image of FSG2 was obtained at an 

echo time of 12 ms. Therefore, FSG2 is the most suitable for reduction-responsive 
19

F 

MRI nanoprobe. The author demonstrated that the PRE-based probe design strategy was 

useful for the nanoparticle-based 
19

F MRI contrast agent, FLAME. 

As shown in Figure 6a, the 
19

F MRI signals of FSG2 were increased in a TCEP 

concentration-dependent manner. These results show that FSG2 has the potential to 

monitor the reduction level as a 
19

F MRI nanoprobe.  

Finally, 
19

F NMR analyses of reductive reaction were performed by treating FSG2 

with thiol-based reduction agents such as GSH, Cys, and DTT (Figure 7). As a result, 
19

F NMR signals of FSG2 were increased by the addition of reduction agents. In 

particular, addition of GSH induced the highest enhancement of the 
19

F NMR signal. 

GSH, which is the most abundant intracellular nonprotein thiol (0.5–10 mM), serves 

many cellular functions, including maintenance of intracellular redox activities, 

xenobiotic metabolism, intracellular signal transduction, and gene regulation.
15,16,37–40

   

 
Figure 6. (a) 19F NMR spectra of FSG2 incubated with different concentrations of TCEP. CPFCE: 0.15 

mM, incubation time: 3 h, accumulation time: 10 min 55s. (b) 19F NMR signal intensity of FSG2. 
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Therefore, 
19

F MRI detection of intracellular GSH level with FSG would be useful for 

these biomedical applications. 

 

Experimental Sections 

Materials and instruments. General chemicals were of the highest grade available, 

supplied by Tokyo Chemical Industries, NOF Corporation, Wako Pure Chemical, and 

Aldrich Chemical Co., and used without further purification. NMR spectra and the T1 

and the T2 relaxation times were measured on a JEOL JNM-AL 400 instrument at 400 

MHz for 
1
H, at 100.4 MHz for 

13
C NMR using tetramethylsilane as an internal standard, 

and at 376 MHz for 
19

F NMR using sodium trifluoroacetate as an internal standard. 

Mass spectra were obtained on a Waters LCT-Premier XE for ESI. MR images were 

recorded on a Bruker Avance II 500WB spectrometer equipped with a wide-bore (89 

mm), 11.7-T magnet and a micro-2.5-imaging probe head operating at frequencies of 

500 MHz for 
1
H and 471 MHz for 

19
F measurements. A volume coil with a diameter of 

25 mm was used. Image acquisition and processing were conducted using ParaVision 

software (Bruker BioSpin). Particle size distribution and ζ-potential were measured by 

DLS on a nano partica SZ-100 particle analyzer from Horiba. 

 

Synthesis of compounds 

Preparation of FLAME-DTPA. FLAME-NH2 was prepared according to procedures 

described in Chapter 2. FLAME-NH2 dispersed in dry DMF (1.0 mL) was added slowly 

to a flask containing 2.0 M DTPA bisanhydride in dry DMF under an argon atmosphere. 

Anhydrous TEA was added to the mixture, which was then stirred at 40°C for 24 h. The 

product was separated by centrifugation (14,000 × g, 4°C, 30 min) and washed three 

times with DMF (3.0 mL) and methanol (3.0 mL). FLAME-DTPA nanoparticles were 

finally dispersed in methanol. 

 

 
Figure 7. 19F NMR spectra of FSG (0.15 mM) incubated with several types of thiol-based reduction 

agent (3 mM). GSH, Cys, and DTT are glutathione, cysteine, and dithiothreitol, respectively. The 

accumulation time was 1 min 22 s. 
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Preparation of F-Gd. FLAME-DTPA nanoparticles were added slowly to an 

Eppendorf tube containing 1, 10, and 100 mM GdCl3·6H2O in methanol (1.0 mL). The 

mixture was shaken at 50°C for 24 h. The product was separated by centrifugation 

(14,000 × g, 4°C, 30 min) and washed three times with methanol (1.0 mL) and water 

(1.0 mL). F-Gd nanoparticles were finally dispersed in H2O. 

Synthesis of DO3A. A solution of tert-butyl bromoacetate (6.79 g, 34.82 mmol, 5.14 

mL) in CH3CN (10 mL) was added drop-wise to a suspension of cyclen (2.00 g, 

11.62mmol) and sodium acetate (2.85 g, 34.8 mmol) in CH3CN (25 mL) at 0ºC. The 

reaction mixture was stirred at room temperature for 24 h, after which it was poured into 

water (125 mL) to give a clear yellow solution. Solid NaHCO3 was added portionwise 

until DO3A precipitated as a white solid. The precipitate was collected by filtration and 

dissolved in CHCl3 (150 mL). The solution was washed with water (75 mL), dried with 

MgSO4, filtered, and concentrated to approximately 20 mL. Ether (150mL) was added, 

after which DO3A crystallized as a white fluffy solid (9.1 mmol, y. 78%). 
1
H NMR (400 

MHz, CDCl3) δ 1.38 (27H, s), 2.78–2.88 (12H, m), 3.01 (4H, m), 3.21 (2H, br s), 3.30 

(4H, br s), 10.18 (1H, br s); MS (ESI
+
) m/z 515.34 (Calcd for [M+H]

+
: 515.38) 

Synthesis of DO3A-CSPh3. 1-Bromo-3-tritylthiopropane (1.9 g, 4.7 mmol, 1.2 eq) and 

K2CO3 (4.3 g, 31.1 mmol) were added to a solution of DO3A (2.0 g, 3.9 mmol) in dry 

CH3CN (40 mL) and the mixture was heated at 60ºC. After 4 h, the reaction mixture 

was filtered and the filtrate evaporated to dryness under reduced pressure. The residue 

was dissolved in DCM (100 mL) and the resulting solution was washed with 1M HCl 

(50 mL) twice, followed by saturated aqueous NaHCO3 (50 mL) and brine. The organic 

layer was dried (MgSO4), filtered, and concentrated in vacuo. The residue was subjected 

to flash chromatography on a silica gel, with elution in DCM/MeOH (25:1) to give 

DO3A-CSPh3 (2.8 g, 3.4 mmol, 86%) as a white foam. 
1
H NMR (CDCl3, 400 MHz) δ 

1.42–1.47 (m, 27H, -
t
Bu) 1.8–3.1 (m, 28H, -CH2-) 7.19 (m, 3H) 7.23–7.29 (m, 6H) 

7.36–7.41 (m, 6H); MS (ESI
+
) m/z 831.50 (calculated for [M+H]

+
: 831.51); 

13
C NMR 

(CDCl3, 100 MHz) δ 28.0, 28.1, 47.9, 50.1, 51.6, 52.3, 52.8, 55.1, 56.8. 77.2, 81.8, 

126.9, 128.1, 129.5, 144.6, 169.9 

Synthesis of DOTA-SH. TFA (20 mL) was added dropwise to a mixture of 

DO3A-CSPh3 (2.0 g, 2.4 mmol), triethylsilane (0.30 g, 2.6 mmol, 415 μL), and 

butanethiol (20 mL). The mixture was stirred overnight at room temperature. Volatiles 

were removed in vacuo, a minimum amount of MeOH was added to a solution, and 

ether (30 mL) was added. The precipitated white solid was collected by filtration and 

purified by flash chromatography on a silica gel, with elution in CHCl3/MeOH (5:3) to 

give DOTA-SH as a waxy solid (0.83 g, 1.97 mmol, 82%). 
1
H NMR (CDCl3, 400 MHz) 
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δ 2.98–3.94 (m, 28H, -CH2-); MS (ESI
+
) m/z 421.00 (calculated for [M+H]

+
: 421.21); 

13
C NMR (CDCl3, 100 MHz) δ 24.0, 28.2, 53.2, 56.0, 58.5, 60.2, 62.2, 170.0 

Synthesis of Gd-DOTA-SH. GdCl3·6H2O (69.2 mg, 0.207mmol) was added to a 

solution of DOTA-SH (0.83 mg, 0.207 mmol) in MeOH (10 mL), and the mixture was 

stirred at 50 ºC for 24 h. The solution was purified by Chelex®100 (cation exchange 

resin) to remove any unreacted gadolinium ion. MS (ESI
+
) m/z 576.12 (calculated for 

[M+H]
+
: 576.11) 

Synthesis of TMOS-Npys. A solution of (3-mercaptopropyl)-trimethoxysilane (1.0 g, 

5.1 mmol) in dry CH2Cl2 (5.0 mL) was added dropwise at room temperature over a 

period of 2 h to a solution of 2,2-dithiodipyridine (3.4 g, 15 mmol) in CH2Cl2 (20 mL). 

The initially colorless solution turned yellow immediately after the addition of 

(3-mercaptopropyl)-trimethoxysilane because of the production of pyridine-2-thione. 

After the complete addition of (3-mercaptopropyl)-trimethoxysilane, the solution was 

stirred an additional 2 h, and the solvent was removed in vacuo. The unsymmetrical 

disulfide was then extracted with dry diethyl ether and dried under vacuum to give 

TMOS-Npys as clear liquid (1.5 g, 4.8 mmol, y. 95%). 
1
H NMR (400 MHz, CDCl3) δ 

0.71 (m, 2H), 1.77 (quintet, 2H), 2.8 (t, 2H), 3.48 ppm (s, 3H), 7.06–8.42 ppm (m, 5H 

of the pyridyl group); 
13

C NMR (100 MHz, CDCl3) δ 8.8, 22.9, 42.1, 50.8, 61.1, 119.7, 

120.9, 137.4, 149.9. 

Preparation of FLAME-Npys. The FLAME nanoparticles were dispersed in MeOH 

(20 mL) under argon atmosphere. After the nanoparticles were sonicated for 30 min to 

be well-dispersed, the mixture was heated to 40°C. Then, 2.4, 34, and 244 mg of 

TMOS-Npys was added to the mixture for FSG1, FSG2 and FSG3, respectively. After 

the solutions were stirred for 24 h, the products were separated by centrifugation 

(14,000 × g, 30 min), washed three times with methanol (15 mL), and finally dispersed 

in MeOH (10 mL). 

Preparations of FSG1, FSG2, and FSG3. The obtained FLAME-Npys nanoparticles 

were dispersed in MeOH (1 mL), and sonicated for 30 min for dispersion. Then, 1.10, 

11.0, and 111 mg of Gd-DOTA-SH was added to the mixture for FSG1, FSG2, and 

FSG3, respectively. After the mixtures were shaken at 40ºC for 24 h, the products were 

separated by centrifugation (14,000 × g, 30 min), washed three times with methanol (15 

mL), and finally dispersed in DMSO (0.5 mL). 

 
19

F NMR relaxation time measurement. Nanoparticles were prepared in water 

containing 5% D2O. The T2 was measured by employing the spin-echo method. 
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MRI measurement. The RARE method was used for 
1
H and 

19
F MRI. For 

1
H MRI, the 

matrix size was 128 × 128, the slice thickness was 2 mm, and the RARE factor was 8. 

TR and TE,eff were 1,000 ms and 31.4 ms, respectively. The number of averages was 1. 

For 
19

F MRI, the matrix size was 64 × 64, the slice thickness was 30 mm, and the 

RARE factor was 16. TR and TE,eff are described in the figure legends. The number of 

averages was 512. 

 

DLS measurements. The particle size, size distribution, and ζ-potential of the obtained 

nanoparticles were measured at 25°C with a 580 nm laser at a scattering angle of 90° for 

DLS size measurements and 173° for ζ-potential measurements. For the DLS size 

measurements, FLAME nanoparticles were suspended in water or ethanol. Suspensions 

of each material were prepared in H2O for ζ-potential measurements. 
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Chapter 4  19F MRI traceable anti-cancer drug carrier, 

mFLAME, for theragnostics  

Introduction 

Nanostructured biomaterials have been investigated for their potential applications in 

biomedical imaging, diagnosis, and therapy.
1–7

 In view of these applications, 

multifunctional nanoparticles have been reported, including micelles,
8,9

 liposomes,
10–13

 

polymers,
14,15

 and dendrimers.
16–20

 Among these various nanomaterials, MSNs have 

been examined with the aim of providing multifunctional platforms for fluorescence,
21–

24
 magnetism,

25–28
 and therapeutic functions.

29–31
 MSNs have attractive properties such 

as extremely large surface areas (1000 m
2
 g

-1
), well-defined and tunable pore sizes (1.5–

10 nm), and ease of functionalization by various synthetic approaches.
32–38

 Among 

functional MSNs, magnetite nanoparticle-doped MSNs were reported as 
1
H 

MRI-traceable drug carriers.
22,25–27

 
1
H MRI is a non-invasive in vivo molecular imaging 

technique used in both clinical and research fields. It not only provides high-resolution 

anatomical images of biological tissues, but also enables the assessment of disease 

pathogenesis with contrast agents.
39,40

 However, 
1
H MRI is not ideal for the tracking of 

a particular signal with contrast agents owing to the background signal in living bodies. 

To overcome this intrinsic limitation of 
1
H MRI, the author focused on 

19
F MRI, which 

has a relatively high sensitivity (83% of 
1
H) and no detectable background signal. Many 

smart 
19

F MRI probes for monitoring biological phenomena have been reported that 

make use of these advantages.
41–43

 However, the biggest limitations of 
19

F MRI in 

practical applications are the low MRI signals, which require high probe concentrations, 

and the long accumulation time, which results in low spatial resolution.
44

 The author 

developed a highly sensitive 
19

F MRI contrast agent, which comprises a PFCE core and 

 

Figure 1. The components of mFLAME. 
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a silica shell.
45

 The design strategy of the nanoparticle is based on the increase of 

uniform fluorine whose mobility is retained in the liquid phase core. The author showed 

that the 
19

F MRI contrast agent was useful for the detection of gene expression in live 

cells and in vivo tumor imaging. By using this core-shell structure-based design strategy, 

the author developed a novel biomaterial named mFLAME, with a PFCE core and 

mesoporous silica shell for 
19

F MRI- and fluorescence-traceable drug release (Figure 1). 

4-1 Design, preparation, and characterization of 
19

F MRI- and 

fluorescence-traceable drug delivery carrier. 

The procedure for the fabrication of mFLAME is illustrated in Scheme 1. PFCE was 

chosen as a highly sensitive 
19

F MRI marker owing to its twenty magnetically identical 

fluorine atoms. Generally, PFCE requires surfactants for biological applications because 

of its extremely low water solubility.
42,46–48

 The author discovered that CTAB, which is 

commonly used for the synthesis of MSNs,
49

 was capable of dispersing PFCE in water. 

Furthermore, the core-shell type nanoparticles that constitute a PFCE core and the 

mesoporous silica shell were produced from the PFCE emulsions by a sol-gel process. 

To impart fluorescence imaging capability, Cy5 dye was covalently modified with a 

mesoporous silica shell by silica polymerization in the presence of Cy5-conjugated 

APTES. 

The characterization of the nanomaterials was performed by DLS (Figure 2a, b). The 

ζ-potential and hydrodynamic diameter of PFCE emulsion were +51.0 mV and 78 nm, 

respectively. In contrast, those of mFLAME were -21.1 mV and 165 nm, respectively. 

The DLS data showed that mFLAME did not form aggregates in the aqueous solution. 

The increase in size and the decrease in ζ-potential were due to the formation of the 

silica shell. The N2 adsorption/desorption isotherms of mFLAME showed a typical 

mesoporous structure
50

 with a BET surface area of 715 m
2
 g

-1
, pore volume of 1.21 cm

3
 

g
-1

, and pore width of 6.7 nm (Figure 2c). The core-shell structures of the nanoparticles 

were clearly observed by TEM (Figure 2d). The average diameter of the particles was 

 
Scheme 1. Synthetic scheme of mFLAME. 
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79 ± 20 nm, which was calculated from the TEM image.  

Inclusion of PFCE in the particle was confirmed by NMR spectroscopy. The 

mFLAME was dispersed in PBS solution and 
19

F NMR showed a PFCE-derived single 

peak at -16.4 ppm (Figure 3a). The transverse relaxation, T2, of FLAME was 0.211 s, 

which was almost the same as that of PFCE emulsion (T2 = 0.242 s). The result suggests 

that the silica coating did not affect the 
19

F MRI sensitivity of PFCE. 
19

F MRI 

measurements using capillary phantoms showed that strong 
19

F MRI signals were 

observed from phantoms, including mFLAME, and the 
19

F MRI contrast intensity was 

proportional to the PFCE concentration (Figure 3b). Then, in vivo MRI was performed 

after the injection of carboxylated mFLAME (mFLAME-COOH) (Scheme S1) into a 

living mouse (Figure 3c). Strong 
19

F MRI signals of mFLAME were detected from the 

liver. This result indicates that mFLAME had enough sensitivity for in vivo 
19

F MRI 

application. Then, the optical property was analyzed and mFLAME showed the typical 

fluorescence emission of Cy5 (Figure 3d). 

 

 

 

Figure 2. Characterization of FLAME. (a) Hydrodynamic diameter of the PFCE emulsion and 

mFLAME by DLS. (b) ξ-potential graphs of the PFCE emulsion and mFLAME. (c) N2 

adsorption/desorption isotherms of mFLAME. (d) TEM image of mFLAME. (e) Particle size 

distribution histogram calculated from TEM images (n = 200).  
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Figure 3. (a) 19F NMR spectra of mFLAME. (b) (top) 19F MRI of phantoms filled with mFLAME in 

PBS (500 µL). (right) Plot of normalized 19F MRI signal intensity versus PFCE. (c) In vivo 1H/19F 

MRI of mFLAME-COOH in mouse. The positions of the liver are represented as L. (d) Excitation 

and emission spectra of mFLAME. 
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4-2 Specific Cellular Uptake of Folate-functionalized mFLAME. 

To demonstrate the efficient delivery of mFLAMEs for cancer therapy, the author 

focused on the folate receptor, which is a 38-kDa glycophosphatidylinositol-linked 

membrane protein and is overexpressed on the surface of most solid tumors, including 

colorectal carcinoma.
51–53

 Recently, it was reported that the folate receptor-mediated 

uptake was exploited to facilitate the entry of nanomaterials into the cells.
51,54–56

 Hence, 

a folate-functionalized mFLAME nanoparticle (mFLAME-FA, Figure 4) was 

synthesized as shown in Scheme 2. 

 

Scheme 2. Synthetic route to mFLAME-FA. (a) TFA; (b) N-hydroxysuccinimide, WSCD･HCl, HOBt, 

TEA, DMSO; (c) TrtNH2, DMSO; (d) TFA, triisopropylsilane, H2O; (e) APTES, 2-propanol; (f) 

MAL-(CH2)2CONH(CH2)3-O-PEG-COO-NHS (MW 5,000), methoxy-PEG-(CH2)5-COO-NHS (MW 

5,000), TEA, DMF; (g) Folate-SH, TEA, DMSO. 

 
Figure 4. The chemical structure of mFLAME-FA 
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Figure 5. (a) UV-Visible spectra of mFLAME-FA and mFLAME-PEG. (b) DLS analysis of FLAME-FA 

followed over time at 4°C storage temperature. (c) Cytotoxicity of mFLAME-FA and mFLAME-PEG against 

cultured KB cells. 

The ζ-potential value of mFLAME-FA was -51 mV in contrast to +14.1 mV for the 

amino-functionalized mFLAME-NH2. A PEGylated mFLAME (mFLAME-PEG) was 

also prepared for the control experiment (Scheme S1). The ultraviolet (UV) spectra of 

mFLAME-PEG and mFLAME-FA show that only mFLAME-FA had the characteristic 

absorption peaks of folate (280 and 362 nm), which confirmed the folate modification 

(Figure 5a). The mean diameters of mFLAME-FA in water at 0, 1, 3, 5, and 7 days after 

the synthesis were determined by DLS analysis, and almost no change in particle size 

was observed for 7 days. This result suggests that the mFLAME-FA possesses 

satisfactory stability in aqueous solutions (Figure 5b). Next, the cytotoxicity of the 

mFLAME nanoparticles to KB cells was evaluated by MTT assay, which indicated that 

the cell viability was not affected by up to 0.32 mg mL
-1

 of PFCE (Figure 5c). This 

result suggests that the mFLAMEs are biocompatible and safe for in vivo applications. 

FLAMEs. 

Table 1. ζ-Potential values and hydrodynamic diameters of mFLAMEs 

Materials Hydrodynamic diameter (nm) ζ-Potential (mV) 

mFLAME 165 ± 8 -21.1 ± 2.5 

mFLAME-NH2 284 ± 23  18.4 ± 5.6 

mFLAME-Mal 134 ± 3 -40.1 ± 3.1 

mFLAME-FA 142 ± 3 -45.1 ± 2.3 
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To further investigate the potential of the biomedical applications of mFLAMEs, their 

uptakes into specific cells were compared via fluorescence imaging and 
19

F MRI. The 

expression of folate receptors on the cell surface was confirmed by a small-molecule 

imaging agent, FITC-FA (Figure 6). FITC-FA was synthesized from FITC in 2 steps 

(Scheme 3). As reported in previous research,
57

 KB cells were overexpressed with folate 

receptors, while there was no folate receptor on A549 cells (Figure 7).  

 

  

Figure 6. Chemical structure of fluorescent probe FITC-FA for folate-receptor. 

Scheme 3. Synthetic route to FITC-FA. (a) Ethylenediamine, DMF; (b) FA-NHS, DMF, TEA. 

 
Figure 7. Fluorescence imaging of KB cells and A549 cells treated with FITC-FA (5 µM) for 30 min. 

Scale bar is 20 µm. 
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Figure 8. (a) Confocal laser scanning microscopy images of KB cells incubated with mFLAME-FA 

or mFLAME-PEG with or without folic acid for 4 h. Measurement condition: Cy5 was excited at 635 

nm and detected at 660–760 nm. Scale bar: 10 µm. (b) Fluorescence imaging of A549 cells treated 

with mFLAME nanoparticles. Scale bar is 10 µm. (c) Fluorescence imaging of KB cells treated with 

mFLAME-FA and LysoTracker® blue. Scale bar is 10 µm. 
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Figure 9. Flow-cytometric analysis of cellular uptake. The gray histograms show the distribution of 

non-treated cells. 

The Cy5 in the nanoparticles allowed direct visualization of the nanoparticle uptake 

into cells (Figure 8a). The fluorescence image of KB cells after 4 h of incubation with 

mFLAME-FA clearly showed a significant uptake of the nanoparticles. The author also 

demonstrated that the specific uptake was blocked by preincubation for 1 h with free 

folic acid before the treatment of mFLAME-FA. In contrast, no fluorescence was 

observed from KB cells treated with mFLAME-PEG. In addition, almost no 

fluorescence was observed from A549 cells treated with mFLAME-FA or 

mFLAME-PEG (Figure 8b). These results indicate that the mFLAME-FA uptake was 

associated with folate receptor binding. The spot-like fluorescence image also indicates 

that mFLAME-FA was internalized via endocytosis, and almost all nanoparticles 

remained in endosomes (Figure 8c). 

Flow cytometric analysis was also applied to investigate the cellular uptake behaviors 

of KB cells for mFLAME (Figure 9). The results showed that KB cells took up more 

mFLAME-FA than mFLAME-PEG (nearly 6.5-fold). By the competitive binding of free 

folic acid to the folate receptor, endocytosis of mFLAME-FA was decreased by more 

than 75%. 
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The PFCE core of mFLAME-FA allowed direct visualization of the nanoparticle 

uptake into cells by 
19

F NMR and MRI. After mFLAME-FA was incubated with KB 

cells for 4 h and washed with PBS, KB cells were transferred to a well of a microtiter 

plate and 
1
H/

19
F MRI experiments were performed (Figure 10). Figure 10c shows MR 

images of the microtiter plate, including KB cells treated with mFLAMEs. The strong 
19

F MRI signals were observed from mFLAME-FA, while no 
19

F MRI signal was 

observed from the control sample. These results demonstrate that mFLAME can be used 

as a multimodal probe for 
19

F MRI and fluorescence imaging. 

4-3 Drug encapsulation and cellular toxicity of drug-loaded mFLAMEs. 

To examine the potential of mFLAMEs for drug delivery, a chemotherapeutic agent 

DOX, which is well-known as an anti-cancer drug,
58–60

 was loaded into mFLAMEs. The 

loading amount of DOX in mFLAME was determined by the difference in the UV 

 

Figure 10. (a) Illustration of the experimental procedure for the MRI detection of mFLAME-FA taken by 

KB cells. (b) 19F NMR of cell suspension treated with mFLAME-FA or mFLAME-PEG. (c) 1H/19F MR 

images of KB cells treated with mFLAME-FA or mFLAME-PEG. 

 

 

Figure 11. Release profile of DOX loaded mFLAME-FA in citric acid buffer (pH 7.5 and 5.0) at 

37°C. 
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spectra before and after the loading. The author then evaluated the release profiles of the 

encapsulated DOX at different pH by UV-visible absorption spectroscopy. 

Encapsulated-DOX was released gradually from mFLAMEs in a time-dependent 

manner (Figure 11). Interestingly, the release rates from mFLAMEs at pH 5.0 were 

faster than those at pH 7.5, which suggests that the surrounding pH change affects the 

electrostatic interaction between mFLAMEs and DOX. These results also indicate that 

 

Figure 12. Concentration-dependent cell survival data of folate receptor positive-KB cells treated 

with free DOX or DOX-loaded mFLAMEs for (left) one day or (right) two days. (b) Fluorescence 

imaging of KB cells treated with DOX-loaded mFLAME-FA, DOX-loaded mFLAME-PEG and free 

DOX for 6 h. DOX concentrations were 9.6 µg mL-1. Measurement condition: Cy5 was excited at 635 

nm and detected at 660–760 nm. DOX was excited at 559 nm and detected at 570–670 nm. Scale bar: 

10 µm. 
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mFLAME-FA showed efficient drug release ability in the endosome/lysosome (pH 5.0–

5.5), which have a lower pH than other cellular components, such as cytosol.
61,62

  

Then, the DOX-loaded mFLAMEs were also evaluated by measuring the viability of 

KB cells (Figure 12a). DOX-loaded mFLAME-FA had a greater cytotoxic effect on KB 

cells compared with mFLAME-PEG. The cellular uptake of DOX-loaded nanoparticles 

was analyzed by CLSM (Figure 12b). Similar intensities of fluorescence from DOX 

were observed from KB cells treated with DOX-loaded mFLAME-FA and cells treated 

with free DOX. In contrast, the cells treated with DOX-loaded mFLAME-PEG showed 

weaker fluorescence. These results indicate that the strong cytotoxic effect of 

DOX-loaded mFLAME-FA on KB cells is due to the efficient cellular internalization 

and drug release in the cells. 

 

Experimental Sections 

General Methods. General chemicals were of the highest grade available, supplied by 

Tokyo Chemical Industries, NOF Corporation, Wako Pure Chemical, and Aldrich 

Chemical Co., and used without further purification. Sulfo-Cy5 NHS ester was 

purchased from Lumiprobe. APTES, CTAB, and TEOS were purchased from Tokyo 

Chemical Industry. PFCE was supplied by Wako Pure Chemical. 

MAL-(CH2)2CONH(CH2)3-O-PEG-COO-NHS (PEG is poly(ethylene glycol); 

molecular weight (MW) 5,000, SUNBRIGHT® MA-050TS) and 

methoxy-PEG-(CH2)5-COO-NHS (MW 5,000, SUNBRIGHT® ME-050HS) were 

purchased from NOF Corp. Folic acid was purchased from Aldrich Chemical Co. They 

were used without further purification. NMR spectra and T1 and T2 relaxation times 

were measured on a JEOL JNM-AL 400 instrument at 400 MHz for 
1
H, and at 100.4 

MHz for 
13

C NMR using tetramethylsilane as an internal standard, and at 376 MHz for 
19

F NMR using sodium trifluoroacetate as an internal standard. Fluorescence spectra 

were recorded using a Hitachi F4500 spectrometer. The slit width was 5.0 nm for both 

excitation and emission. The photomultiplier voltage was 700 V. MRIs were recorded 

on a Bruker Avance II 500WB spectrometer equipped with a wide bore (89 mm), 

11.7-T magnet, and a micro-2.5-imaging probe head operating at frequencies of 500 

MHz for 
1
H and 471 MHz for 

19
F measurements. A volume coil of 25 mm diameter was 

used. Image acquisition and processing were carried out using the ParaVision software 

(Bruker BioSpin). TEM images were acquired using the HITACHI H-9000 (300 V). 

Particle size distribution and ζ-potential were measured by DLS on the particle analyzer 

nano partica SZ-100 from HORIBA. Fluorescence microscopic images were obtained 

using the Olympus FV10i-LIV confocal laser scanning microscope equipped with a ×60 
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lens. The emission filter sets used were Olympus BA490–540 for FITC-FA, and 

Olympus BA660–760 for mFLAME. All the captured microscopic images were 

analyzed with ImageJ software. In Figure S5, Fluorescence microscopic images were 

obtained using the IX71 (Olympus) for the inverted fluorescence microscope, Cool 

SNAP HQ (Photometrics) for the cooled CCD camera, and a light engine (Lumencor 

Spectra X®, Olympus) with emission filters (Semrock). The imaging software 

MetaMolph (Universal Imaging Corporation) was used for data analysis. Flow 

cytometric analysis was performed by cell analyzer EC 800 (Sony Biotechnology Inc.). 

The emission filter set used was BP700. 

 

Synthesis of mFLAME. Sulfo-Cy5 NHS ester (2.0 mg) was reacted with APTES (10 

μL) in ethanol (0.20 mL) in the dark for one day. CTAB (50 mg) was first dissolved in 

deionized water (6 mL). PFCE (30 μL) was added to the CTAB solution and the 

resulting solution was sonicated for 2 h at 50°C. The aqueous CTAB-PFCE solution was 

filtered through a 0.45-μm syringe filter to remove any large aggregates or contaminants. 

The aqueous CTAB-PFCE solution was added to a solution of deionized water (23 mL) 

and 2 M sodium hydroxide (0.15 mL), and heated to 70°C while stirring. Then, TEOS 

(0.25 mL), the Cy5-APTES solution (40 μL), and ethyl acetate (1.0 mL) were slowly 

added to the reaction solution and the resulting solution was stirred for 4 h. The 

synthesized materials were centrifuged (14,000 × g, 30 min) and washed with ethanol 

and H2O three times and dispersed in 40 mL of isopropanol. 

 

Synthesis of mFLAME-NH2. The mFLAME dispersed in isopropanol (40 mL) was 

heated to 80 °C while stirring. Then, APTES (200 μL) was slowly added into the 

resulting solution and stirred for 4 h under Ar. The resulting materials were washed with 

ethanol three times. The CTAB surfactants were removed from the mesoporous silica 

nanoparticles by dispersing the mFLAME-NH2 in a solution of ammonium nitrate (160 

mg) and 95% ethanol (60 mL) and heating the mixture at 60°C for 1 h. The resulting 

materials were centrifuged (14,000 × g, 30 min) and washed with ethanol three times. 

mFLAME-NH2 was dispersed in 20 mL of DMF. 

 

Synthesis of mFLAME-Mal. The mFLAME-NH2 dispersed in dried DMF (10 mL) 

was heated to 40°C while stirring. Then, MAL-(CH2)2CONH(CH2)3-O-PEG-COO-NHS 

(0.40 g) and dried TEA (50 μL) were added to the resulting solution and stirred for 2 

days under Ar atmosphere. The resulting materials were washed with DMF three times 

(14,000 × g, 30 min). mFLAME-Mal was dispersed in 10 mL of DMSO. 
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Synthesis of mFLAME-FA. The synthesis method of thiol-functionalized folic acid 

(FA-SH) has been reported.
15

 mFLAME-Mal dispersed in dimethyl sulfoxide (10 mL) 

was heated to 40°C while stirring. Then, FA-SH (50 mg) and dried triethylamine (50 

μL) were added into the resulting solution and stirred for 2 days under Ar atmosphere. 

The resulting materials were washed with DMSO and H2O three times (14,000 × g, 30 

min). mFLAME-FA was dispersed in 5 mL of H2O. 

Synthesis of FITC-NH2. Ethylenediamine (600 µL, 9.0 mmol) was dissolved in 3.0 mL 

of DMF. Then, FITC (150 mg, 0.39 mmol) dissolved in DMF was added dropwise to 

the solution. The mixture was stirred for 12 h at RT and evaporated under reduced 

pressure. The residue was washed three times with diethyl ether to produce FITC-NH2 

(y. 84%). 
1
H NMR (400 MHz, DMSO-d6) δ 2.75 (t, 2H), 2.88 (s, 1H), 3.05 (dd, 2H), 

3.15 (s, 1H), 6.45–6.49 (m, 4H), 6.63–6.65 (m, 2H), 7.08 (d, 1H), 7.99 (s, 1H), 8.16 (s, 

1H); MS (ESI
+
) m/z: 450.07 (calculated for [M+H]

+
): 450.11. 

Synthesis of FITC-FA. The synthesis method of FA-NHS has been reported.
15

 

FITC-NH2 (18 mg, 0.040 mmol) and FA-NHS (108 mg, 0.20 mmol) were dissolved in 

6.0 mL of DMF. TEA (29 µL, 0.20 mmol) was added to the solution. The mixture was 

stirred at RT for 12 h. After the reaction solution was evaporated, the product was 

purified by RP-HPLC and eluted with H2O/acetonitrile containing 0.1% formic acid to 

yield FITC-FA (y. 18%). 
1
H NMR (DMSO-d6, 400 MHz) δ 2.23 (t, 2H), 2.33 (s, 1H), 

2.67 (s, 1H), 3.12 (m, 2H), 3.39 (s, 2H) 3.50 (s, 1H), 4.47 (d, 2H), 5.73 (s, 1H), 6.54–

6.86 (m, 8H), 6.90–7.00 (m, 2H), 7.20 (d, 1H), 7.63 (d, 2H), 8.01–8.10 (m, 2H), 8.21 (s, 

1H); HRMS (FAB
-
) m/z: 871.2264 (calculated for [M+H]

+
): 871.2324. 

 

MRI measurements. RARE method was used for 
1
H and 

19
F MRI. For the 

1
H MRI, the 

matrix size was 128 × 128, slice thickness was 2 mm, and the RARE factor was 8. TR 

and TE,eff were 1,000 ms and 31.4 ms, respectively. The number average was 1. For the 
19

F MRI, the matrix size was 64 × 64, slice thickness was 30 mm, and the RARE factor 

was 16. TR and TE,eff were 1,000 ms and 80 ms, respectively. The number average was 

512. 

 
19

F NMR relaxation time measurements. Nanoparticles were prepared in water 

containing 5% D2O. The transverse relaxation time T2 was measured by the spin-echo 

method. 

 

DLS Measurements. The particle size, the size distribution, and the ζ-potential of the 
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obtained nanoparticles were measured at 25°C with a 580 nm laser at a scattering angle 

of 90° for the DLS size measurement, and 173° for the ζ-potential measurement. For 

the DLS size measurement, mFLAME nanoparticles were suspended in water or ethanol. 

Suspensions of each material in water were prepared for the ζ-potential measurements. 

 

Fluorescence imaging of cells treated with mFLAMEs. KB cells (folate 

receptor-positive cells) and A549 cells (folate receptor-negative cells) were seeded into 

glass-bottom dishes, and then cultured at 5% CO2 for 24 h. For free folate competition 

studies, 1 mM folic acid was added into the medium and then incubated at 5% CO2 for 

1 h. The cells were washed once with Hank’s balanced salt solution (HBSS), and 

incubated with mFLAMEs or DOX-loaded mFLAMEs (CPFCE = 0.26 mM) for 4 h or 6 h, 

respectively. In Figure 8c, Lysotracker® blue (10 μM, Invitrogen) was used within 1 h 

of the treatment of the nanoparticles. After a triple HBSS rinse, the fluorescence images 

were acquired by CLSM. 

 

Cellular uptake evaluated by flow cytometer. KB cells were seeded into a 24-well 

plate and then cultured at 5% CO2 for 24 h. For folate competition studies, 1 mM folic 

acid was added to the incubation medium and then incubated at 5% CO2 for 1 h. The 

cells were washed once with PBS and incubated with mFLAMEs for 4 h. After a triple 

PBS rinse, the cells were harvested with trypsin-EDTA and washed with PBS. The cells 

were then resuspended in PBS and analyzed by a flow cytometer. 

 
19

F MRI detection of cellular uptake. KB cells were seeded into a 24-well plate and 

then cultured at 5% CO2 for 24 h. The cells were washed once with PBS and incubated 

with mFLAMEs (CPFCE = 0.52 mM) for 4 h. After a triple PBS rinse, the cells were 

harvested with trypsin-EDTA and washed with PBS. The cells (1.0 × 10
5
 cells) were 

resuspended in PBS and transferred to a customized 384-well plate for MRI 

measurement, and then 
1
H/

19
F MRI was performed. 

 

Cell cytotoxicity assessment of mFLAMEs. The cell cytotoxicity of mFLAMEs in 

vitro was evaluated by the typical MTT reduction assays. KB cells were seeded into a 

96-well plate at 5,000 cells well
-1

 and cultured in 5% CO2 for 24 h. mFLAMEs (1.5 mg) 

were suspended in DOX solution and stirred for 24 h. The DOX-loaded mFLAMEs 

were separated by centrifugation (14,000 × g, 30 min) and washed with H2O. 

DOX-loaded FLAMEs were dispersed in the culture media (folic acid-free RPMI1640) 

with different concentrations of DOX (1.2, 2.4, 4.8, 9.6, and 19 μg·mL
-1

) and then 
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added into the wells. After co-incubation for 24 or 48 h at 37°C in 5% CO2, the culture 

media were removed and 100 μL aliquots of MTT solution were added. After 

co-incubation for 4 h, the culture media were replaced with DMSO (100 μL well
-1

) and 

the absorbance at 590 nm was measured by a microplate reader. The cell cytotoxicity 

was finally expressed as the percentage of cell viability relative to the untreated control 

cells. 

In vivo experimental procedure for MRI. Female mice (Balb/cA, 20 to 25 g 

bodyweight) were administered mFLAME-COOH (0.20 mL, CPFCE = 2.6 mM) through 

tail vein injection. For MRI measurements, mice were anesthetized using 2.0% 

isoflurane at a flow rate of 0.2 L min
-1

 and scanned. 

 

Fluorescence imaging of folate receptors with FITC-FA. KB cells and A549 cells 

were seeded into glass-bottom dishes and then cultured at 5% CO2 for 24 h. The cells 

were washed once with HBSS and treated with FITC-FA (5 µM) for 30 min. After a 

triple HBSS rinse, the fluorescence images were acquired by CLSM. 

 

Drug release studies. DOX-loaded mFLAMEs were prepared in the same way as for 

cell cytotoxicity assessment. DOX-loaded mFLAMEs were dispersed in citric acid 

buffer (pH 7.5 and 5.0). At a certain time, an aliquot was separated by centrifugation 

(14,000 × g, 30 min) to remove the nanoparticles. The release of the DOX from the 

pores to the aliquot solution was monitored via the absorbance of the DOX at 480 nm. 

The total release amount of DOX was calculated from the absorbance. 
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Supplementary information 

Surface modifications of mFLAME for control experiments. 

Preparation of mFLAME-COOH. mFLAME-NH2 dispersed in dry DMF (1.0 mL) 

was added slowly to a flask containing 2.0 M succinic anhydride in dry DMF under Ar 

atmosphere. Anhydrous TEA was added to the mixture, which was stirred at 40°C for 24 

h. The product was separated by centrifugation (14,000 × g, 4°C, 30 min) and washed 

three times with DMF (3.0 mL) and water (3.0 mL). Finally, mFLAME-COOH 

nanoparticles were dispersed in 3 mL of water. 

Preparation of mFLAME-PEG. The mFLAME-NH2 dispersed in 10 mL of dried 

DMF was heated to 40°C while stirring. Then, methoxy-PEG-(CH2)5-COO-NHS (0.40 

g) and dried TEA (50 μL) were added to the resulting solution and stirred for 2 days 

under Ar atmosphere. The resulting materials were washed with DMF and H2O three 

times (14,000 × g, 30 min). mFLAME-PEG was dispersed in 5 mL of H2O. 

Table S1. ζ-Potential values and hydrodynamic diameters of the PFCE emulsion and mFLAMEs. 

 

 

  

Materials Hydrodynamic diameter/nm ζ-Potential/mV 

mFLAME-COOH 121 ± 5 -55.1 ± 2.3 

mFLAME-PEG 125 ± 6 -20.5 ± 2.1 

Scheme S1. Synthetic scheme of mFLAME-COOH and mFLAME-PEG. (a) Succinic anhydride, DMF, 

TEA; (b) methoxy-PEG-(CH2)5-COO-NHS (MW 5000), TEA, DMF. 
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Fluorescent probe, FITC-FA, for folate receptors 

 

Folate receptors were also over-expressing on the HeLa cells, however, the expression 

levels of folate receptors on KB cells were higher than that on HeLa cells. 

 

  

 

Figure S1. (a) Absorption spectra of FITC-FA (7.5 µM) in 200 mM PBS (pH 7.4). (b) Emission and 

excitation spectra of FITC-FA (750 nM) in 200 mM PBS (pH 7.4). Exmax: 496 nm, Emmax: 517 nm. 

 

Figure S2. Fluorescence imaging of HeLa, colon26, and HEK293T, MCF-7 cells treated with FITC-FA (5 

µM) for 30 min. Scale bar is 20 µm. 
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Fluorescence imaging of cells treated with mFLAMEs for 7 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fluorescent imaging revealed that cellular uptake of mFLAME-FA was increased in the 

time-dependent manner.  

  

 

Figure S3. Confocal laser scanning microscopy images of KB cells incubated with mFLAME-FA or 

mFLAME-PEG for 4 h or 7 h. Measurement condition: Cy5 was excited at 635 nm and detected at 660–

760 nm. Scale bar: 10 µm. 
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Fluorescence imaging of anti-cancer drug, DOX 

 

 

 

 

 

 

Figure S4. (a) Absorption spectra of DOX (30 µM) in 100 mM HEPES (pH 7.4). (b) Emission and 

excitation spectra of FITC-FA (3 µM) in 100 mM HEPES (pH 7.4). Exmax: 448 nm, Emmax: 557 nm. 

 

Figure S5. Fluorescence imaging of KB cells incubated with DOX (2 or 10 µM) for 6, 12, or 24 h. 

Scale bar: 20 µM. 
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Conclusion and Perspective 

In conclusions, the author developed that several 
19

F MRI probes and confirmed their 

usefulness for biomedical applications. 

First, the author developed PRE-based 
19

F MRI probes for monitoring gene expression 

via activity of reporter enzymes such as β-gal and β-lac. In particular, the author 

developed a 
19

F MRI detection system with a specific probe for β-lac and cell-surface 

displayed β-lac to monitor gene expression in living cells. To the best of my knowledge, 

this is the first report to describe the 
19

F MRI detection of gene expression in living 

cells. 

In Chapter 2, the author successfully developed novel contrast agents with a core-shell 

structure, FLAMEs, for highly sensitive 
19

F MRI. With a surface coating of silica, 

FLAMEs demonstrated practical properties such as chemical surface modifiability, 

dispersibility in water, biocompatibility, and high stability. FLAMEs were proven to be 

useful 
19

F MRI contrast agents to overcome two major limitations of current 
19

F MRI 

probes, i.e., impractical surface modification of nanoemulsions and low sensitivity of 

small-molecule-based probes. The author demonstrated that the 
19

F MRI technique 

using FLAMEs was useful for monitoring biological phenomena such as gene 

expression and tumors. These biological applications represent only a fraction of the 

forthcoming applications. The author believes that this innovative technology can be 

used for biomedical in vivo imaging of diseased tissues such as atherosclerosis plaques 

with clot-binding peptides and bone neoplasms with bisphosphonate. 

In Chapter 3, the author combined PRE-based probe design strategy with FLAME for 

development of a stimulus-responsive 
19

F MRI nanoprobe for in vivo applications. To 

demonstrate this concept, reduction-responsive 
19

F MRI nanoprobes with disulfide 

linkers were synthesized. The T2 of nanoprobes was increased drastically by the 

reductive reaction, resulting in recovery of the 
19

F MRI signal. The author believes that 

a PRE-based nanoprobe design strategy could lead to the development of an 
19

F MRI 

nanoprobe for activity of hydrolases neutrophili elastase, cathepsin, and caspase, which 

play a role in various autoimmune phenomena. 

 In Chapter 4, the author has described a novel drug carrier, mFLAME, consisting of 

a PFCE core and a mesoporous silica shell. The silica shell of mFLAME has various 

practical properties such as dispersibility in water, chemical surface modifiability, 

biocompatibility, and efficient drug loading and releasing capacity. The author 

demonstrated the dual-mode sensing of folate receptor-mediated cellular uptake by 
19

F 

MRI and fluorescence microscopy. In addition, drug-doped mFLAME-FA exhibited 
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cellular uptake and drug release efficacy toward folate receptor over-expressing tumor 

cells. In the near future perspectives, mFLAME should be tested in tumor-bearing mice 

to achieve simultaneous in vivo analysis of drug efficacy and the bio-distribution. The 

combination of mFLAMEs and the stimulus-responsive capping strategy should lead to 

innovative drug carriers that control drug release and 
19

F MRI signal intensity. For 

example, SPIO would be attached to mFLAMEs as the gate keepers of mesopores and 

quenchers for 
19

F MRI signals of mFLAME. SPIO has not only the ability to prevent 

drug leakage from mesopores but also strong T2 relaxivity for NMR signals. The author 

believes that mFLAME is therefore a fundamental technology for next-generation smart 

biomaterials to provide promising theragnostic approaches. 
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Appendix 

Development of Enzyme-responsive Nanocarrier 

 for 
19

F MRI and Drug Release 

Introduction 

Stimuli-responsive mesoporous silica nanoparticles have great potential for useful 

applications in biomedicine due to their unique responsiveness and high stability.
1
 In 

particular, these nanocarriers equipped with gatekeepers are enormously appealing not 

only as sensor but also as drug delivery vehicles. A variety of stimuli-responsive 

gatekeepers have been introduced onto the surface of mesoporous silica shell to control 

the release of guest molecules in response to external stimuli, such as pH,
2
 light,

3
 and 

redox potential.
4
 Although these systems have been investigated as controlled release 

systems or potential drug delivery vehicles, the author still needs to optimize their 

performances such as stability and enhanced sensitivity to external stimuli to expand 

their potentials in variety of area. 

Design and synthesis of SPIO-encapsulated mesoporous silica nanoparticle with 

β-cyclodextrin capping 

The author designed a drug carrier consisting of a mesoporous silica nanoparticle that 

involves superparamagnetic iron oxide nanoparticles (SPM). Superparamagnetic iron 

oxide nanoparticles have the strong T2 relaxavity for the NMR signal.
5–8

 Therefore, 
19

F 

MRI signal of 
19

F-containing functional compounds in SPM would be quenched. In 

addition, cyclodextrin would be attached to the surface of silica shell as the gatekeepers 

of mesopores and responsiveness to α-amylase.
9
 The torous shaped cyclodextrin was 

initially chosen to block the porous channel of SPM. The cyclodexrtin moiety of the 

 

Figure 1. Cyclodextrin capped SPM and control of 19F MRI signal and drug release by α-amlyase. 
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gatekeeper can be hydrolysed by α-amylase to exhibit enzyme-responsive 

characteristics in the release of guest. Thus, 
19

F MRI signal intensity and drug release of 

cyclodextrin-capped SPM including 
19

F-containing compounds should be controlled by 

α-amylase activity. 

The schematic preparation processs of SPM was represented in Scheme 1. The oleic 

capped superparamagnetic iron oxide was prepared by thermal decomposition of 

iron-oleate complexes in a solution of oleic acid surfactants and octadecene solvent.
10,11

 

The average diameter of the particles was 11 ± 2 nm, which was calculated from the 

TEM images (n = 50). The hydrophobic iron oxide nanoparticles dissolved in 

chloroform were transferred to the water phase by mixing them with an aqueous CTAB 

solution and evaporating the organic solvent. Using this method, the hydrophobic tail of 

the CTAB surfactant interacts strongly with the hydrophobic oleate ligand on the 

surface of the oleate-capped iron oxide, and the hydrophilic charged headgroup of 

CTAB makes the hydrophobic iron oxide nanoparticles water soluble. The TEOS was 

added into the aqueous solution containing CTAB-coated iron oxide nanoparticle, 

CTAB, and sodium hydroxide to yield SPM nanoparticle. The SPIO-encapsulating and 

mesopore structures of SPM were clearly observed by TEM. 

  

 

Scheme 1. Preparation of SPM. 

 
Figure 2. (a) TEM image of oleate-capped iron oxide (b) Particle size distribution histogram 

calculated from TEM images (c) TEM images of SPM.  
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Then, cyclodextrin-capped SPM was prepared as shown Scheme 2. Cyclodextrin was 

introduced into the surface of SPM in the presence of AFC (Figure 1), which is 

fluorine-containing fluorescent molecule, to accumulate in the mesopore of SPM. 

 

 

 

Scheme 2. Synthetic route to SPM-CD (a) 3-APTES, 2-propanol; (b) Alk-NHS, TEA, DMF; (c) AFC, 

-CD-N3, CuSO4, Sodium ascorbate. 

 

Table 1. ζ-Potential values and hydrodynamic diameters of SPM nanoparticles. 

Materials Hydrodynamic diameter (nm) -Potential (mV) 

SPM 145 ± 5 -17.1 ± 0.3 

SPM-NH2 167 ± 2  9.6 ± 1.1 

SPM-Alk 159 ± 6  -3.4 ± 0.8 

SPM-CD 142 ± 4  -42.0 ± 3.5 

Then, α-amylase was used as external stimulus to trigger the enzyme-responsive of 

AFC in order to investigate the controlled release behaviour of SPM-CD. 

Encapsulated-AFC was released 

gradually from SPM-CD with 

10 hours after addition of 

α-amylase, thus suggesting a 

good response to α-amylase 

(Figure 3). This result shows 

that the cyclodextrin capping 

were broken, thus leading to a 

drug release to α-amylase. 

 

Figure 3. Time dependent emission of SPM-CD in presence of α-amylase (a) or in the absence of 

α-amylase (b).  (c) Change of fluorescence intensity at 517 nm with time. Condition: HEPES buffer 

(pH 7.4, 10 mM), 3% DMSO. 

 
Figure 4. (a) 19F NMR spectrum of AFC (b) 19F NMR 

spectra of SPM-CD in the presence or absence of 

α-amylase. 
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Next, SPM-CD treated with α-amylase were analysed by 
19

F NMR. However, no 
19

F 

NMR signal was detected from the solution including SPM because of low loading 

amount of AFC in mesopore. 

 

Experimental section 

Materials and instruments. General chemicals were of the highest grade available, 

supplied by Tokyo Chemical Industries, Wako Pure Chemical, and Aldrich Chemical 

Co., and used without further purification. NMR spectra were measured on a JEOL 

JNM-AL 400 instrument at 400 MHz for 
1
H, at 100.4 MHz for 

13
C NMR using 

tetramethylsilane as an internal standard, and at 376 MHz for 
19

F NMR using sodium 

trifluoroacetate as an internal standard. Mass spectra were taken on a JEOL JMS-DX for 

fast atom bombardment and on a Waters LCT-Premier XE for ESI. Fluorescence 

spectra were recorded using a Hitachi F4500 spectrometer. The slit width was 5.0 nm 

for both excitation and emission. The photomultiplier voltage was 700 V. TEM images 

were acquired by using the HITACHI H-9000 (300 V). Particle size distribution and 

ζ-potential were measured by DLS on the particle analyzer nano partica SZ-100 from 

HORIBA.  

 

Synthesis of iron-oxide nanoparticle. The iron oxide nanoparticles were synthesized 

by the thermal decomposition of iron-oleate complexes in a solution of oleic acid 

surfactants and octadecene solvent. First, 2.2 g of iron trichloride hexahydrate and 7.4 g 

of sodium oleate were dissolved in a mixture of 16.3 mL of absolute ethanol and 12.2 

mL of water and mixed with 28.5 mL of hexane. The solution was refluxed for 4 h. The 

mixture was then washed with water several times in a separatory funnel, and the 

hexane was removed from the mixure by evaporation. The synthesized iron-oleate 

complex was then dried under vacuum overnight. 1.0 g of the iron-oleate complex was 

dissolved in a solution of 177 µL of oleic acid and 7.1 mL of octadecene. The mixture 

was stirred under argon flow at room temperature. After 30 min, the reaction solution 

was heated to 320°C at a rate of 5°C min
-1

, and kept at that temperature for 1 hour. After 

the mixture had cooled to room temperature, 5 mL of hexane was added, and the 

nanoparticles were precipitated by adding of an excess of ethanol. The nanoparticles 

were then washed twice in a solution of 1:3 hexane-ethanol and dried under vacuum. 

 

Synthesis of SPM. 0.5 mL of the iron-oxide nanoparticle (6.7 mg mL
-1

) in chloroform 

was poured into 5 mL of 0.055 M aqueous CTAB solution and the resulting solution 

was stirred vigorously for 30 min. The formation of oil-in-water microemulsion resulted 
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in a turbid brown solution. Then, the mixture was heated up to 60°C and aged at that 

temperature for 10 min under stirring to evaporate the chloroform, resulting in a 

transparent black iron oxide/CTAB solution. The resulting solution was added to a 

mixture of 45 mL of water and 0.3 mL of 2 M NaOH solution and the mixture was 

heated up to 70°C under stirring. Then, 0.5 mL of TEOS was added and the solution 

was stirred for 3 h. The synthesized SPM nanoparticles were washed three times with 

ethanol to remove the unreacted species and dispersed in 20 mL of ethanol. 

 

Synthesis of SPM-NH2. The SPM dispersed in isopropanol (40 mL) was heated to 

80°C while stirring. Then, APTES (200 μL) was slowly added into the resulting solution 

and stirred for 4 h under Ar. The resulting materials were washed with ethanol three 

times. The CTAB surfactants were removed from the mesoporous silica nanoparticles 

by dispersing the SPM-NH2 in a solution of ammonium nitrate (160 mg) and 95% 

ethanol (60 mL) and heating the mixture at 60°C for 1 h. The resulting materials were 

centrifuged (14,000 × g, 30 min) and washed with ethanol three times. SPM-NH2 was 

dispersed in 20 mL of DMF. 

 

Synthesis of SPM-Alk. SPM-NH2 dispersed in dry DMF (1.0 mL) was added slowly to 

a flask containing Alk-NHS in dry DMF under Ar atmosphere. Anhydrous TEA was 

added to the mixture, which was stirred at 40°C for 24 h. The product was separated by 

centrifugation (14,000 × g, 4°C, 30 min) and washed three times with DMF (3.0 mL) 

and water (3.0 mL). Finally, SPM-Alk nanoparticles were dispersed in 3 mL of water. 

 

Synthesis of SPM-CD. SPM-Alk nanoparticles were dispersed in 100 mM PBS 

containing 30% DMF and AFC (1 mM), and stirred for 24 h. Then, -CD-N3 (34 mg) 

CuSO4·5H2O (30 mg), and Sodium ascorbate (40 mg) were added to the mixture, which 

was stirred at RT for 48 days. The product was separated by centrifugation (14,000 × g, 

4°C, 30 min) and washed three times with DMF (3.0 mL) and water (3.0 mL). Finally, 

AFC-loaded SPM-Alk nanoparticles were dispersed in 2.0 mL of water. 
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