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GENERAL INTRODUCTION 

 

With the rapid progress of basic biology and cell research, technologies and 

methodologies to enhance cell abilities have been widely developed. The advances of genetic 

engineering and genome editing enabled the artificial control of cell ability. For example, 

induced pluripotent stem (iPS) cells with high abilities for self-renewal and differentiation have 

been generated from the adult fibroblasts by genetically introducing the reprogramming factors 

1, 2. Recently, the chimeric antigen receptor (CAR) T cell therapy has been approved against 

leukemia and lymphoma 3. The genetically engineered CAR T cells showed a high therapeutic 

ability against CD19 positive B cell malignances, while the further improvement of CAR T 

cells by the genome editing, including clustered regularly interspaced short palindromic 

repeats/CRISPR associated protein 9 (CRISPR/Cas9) system, is being conducted for the 

therapy universalization and enhancement of anti-tumor ability 4-7. On the other hand, recent 

technologies of cell culture and tissue engineering allow cells to maintain the ability both in 

vitro and even in vivo, offering an appropriate environment for the exertion of their biological 

functions, (i.e. cell functions), such as survival, proliferation, and differentiation. Based on the 

cells with high potential and technologies to regulate the cell environments, various applications, 

including organoid research 8-11, drug discovery 12-16, cancer immunotherapy 17-20, and cell 

transplantation therapy 21-25, have been extensively studied to make full use of cell functions. 

For the support and further development of these research fields, it is indispensable to evaluate 

the cell functions. 

Since the cell functions are regulated by the gene and its transcribed messenger RNA 

(mRNA), and the consequent translated protein, biochemical techniques have been widely 

applied to assess the cell functions. These techniques like polymerase chain reaction (PCR) and 

western blotting, have been conventionally used as the reliable methods to evaluate the 

expression of mRNA and protein. However, the biochemical techniques often require the cell 

destruction, resulting in the total information in cell population. It is also theoretically difficult 

to continuously evaluate the time course of cell function change for the same cell. On the other 

hand, the genetic engineering with reporter genes and its proteins, e.g. green fluorescent protein 
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(GFP), is another method to evaluate the cell functions. The reporter genes can be genetically 

fused with target genes to express the fused fluorescent proteins, which enable the continuous 

trace of cell functions at a genetic level. Various fluorescent proteins covering the wide range 

of fluorescent wavelength have been developed 26. The combination with two fluorescent 

proteins based on the fluorescence resonance energy transfer (FRET) makes it possible to emit 

the specific fluorescence in response to bioactive small molecules 27-31, lipids in cell membrane 

32, membrane charges 33, guanosine triphosphate-binding proteins 34-36, and various enzymatic 

activities 37-40. The genetic engineering system has been widely recognized as a powerful tool, 

while there are several limitations in some cases. In general, the construction of plasmid DNA 

(pDNA) requires multi-complicated steps, and it is sometimes difficult to establish the cell line 

stably expressing the FRET proteins due to the low transfection efficiency and the gene 

recombination between fluorescent proteins. In addition, some fluorescent proteins have 

tendency to form dimers and oligomers, leading to the inaccurate FRET signal and the negative 

effect on host proteins 41-44. The (over)expression of fused protein has possibility to disturb the 

physiological condition and the consequent cell function. Under these circumstances, it is of 

prime importance to develop technologies and methodologies to evaluate the cell functions 

without the cell destruction and the disturbance of original cell functions. 

Molecular imaging is one of feasible approaches to visualize cell functions in 

individual living cells. The definition of molecular imaging is to spatio-temporally visualize the 

biological processes and phenomena at a molecular level in the living cells, tissues, and bodies. 

It is well recognized that the field of molecular imaging is quite interdisciplinary 45-47. Imaging 

probes are designed and synthesized by the technologies of organic and material chemistry. 

After the probe delivery, the signals from probes are detected by imaging instruments. Finally, 

the detected signal is visualized and analyzed based on the informatics and mathematics. Since 

the imaging efficacy highly depends on the signal detection, it is necessary to efficiently deliver 

the imaging probes to the target molecules in the cells. The technologies and methodologies of 

drug delivery system (DDS) are practically applicable to the spatio-temporal regulation of 

probe concentration. It is highly conceivable to enhance the efficacy of cell function imaging 

by the combination of carrier materials with imaging probes. Therefore, both the development 
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of imaging probes and cellular delivery carriers are essential keys to succeed in the cell function 

imaging in terms of material sciences. 

For the imaging probes, it seems that the development of multimodal and activatable 

probes composed of two strategies. So far, various imaging modalities have been utilized, 

including positron emission tomography (PET) 48-50, single photon emission computed 

tomography (SPECT) 51-53, computed tomography (CT) 54-56, ultrasound 57-59 and photoacoustic 

imaging 60-63, optical imaging (bioluminescence 64-66, fluorescence 67-69, and phosphorescence 

70-72), and magnetic resonance imaging (MRI) 73-75. It is well recognized that each imaging 

modality has advantages and disadvantages from the viewpoint of sensitivity, spatial and 

temporal resolutions, and tissue penetration in visualization 47, 76. For example, the fluorescent 

imaging has a high sensitivity and a wide range of signal change to be visualized. However, 

considering the in vivo applications, the fluorescent imaging has some limitations on the 

penetration into the deep sites of tissues and bodies due to the absorption and scattering of light, 

as well as the autofluorescence 77. In this circumstance, fluorescent dyes that absorb excitation 

light and emit fluorescence in the wavelength over the near infrared (NIR) region, so-called 

“biological optical window” (about 700-1000 nm; NIR I and 1000-1700 nm; NIR II), have been 

developed 78-80. In addition, quantum dots (QD) of fluorescent nano-materials with intense 

fluorescence sufficiently detected in vivo, have been reported to be useful in many animal 

studies 81-85. On the other hand, MRI has a high spatial resolution and theoretically no limitation 

on the penetration depth of visualization. The localization and distribution of cells transplanted 

in vivo have been successfully visualized following the cell labeling with the contrast agents, 

such as gadolinium 86, manganese 87, fluorine-19 88, and iron oxide nanoparticles (IONP) 89-91, 

while the sensitivity has room to be improved. Considering the advantages and disadvantages 

of each modality, the multimodal imaging which combines more than two imaging modalities, 

is expected to compensate the disadvantages and overcome the limitations, leading to an 

enhanced reliability and the multiple information on the visualization 92-94. For the achievement 

of multimodal imaging, it is technically necessary to develop the multimodal probes which can 

be simultaneously detected by more than two modalities. The development of multimodal 

probes would be one of key strategies to expand the applications of cell function imaging. 



General introduction 

4 

 

Another key strategy is the development of activatable probes which emit the signal 

responding to the change of target molecules and the resulting cell functions. In order to 

visualize the cell functions, it is necessary to detect the target molecules, including regulatory 

molecules and marker molecules, such as CD molecules and receptors on the cell membrane, 

proteins like enzymes, microRNA (miRNA), and mRNA, which are characteristic to the cell 

functions. Conventionally, the fluorescent imaging has been applied to the cell function imaging 

due to the high sensitivity and the wide range of signal change. The fluorescent probes are 

classified into two types: always-on and activatable types. The always-on fluorescent probes 

are selectively accumulated on the target molecules to emit the specific fluorescent signal from 

the targets and the consequent cell functions. The conjugation with antibodies 95-99, aptamers 

100-103, and ligand molecules, such as folate 104, mannose 105, chlorotoxin 106, and other peptides 

107 against target molecules, can be utilized to enhance the affinity and accumulation. On the 

other hand, the activatable fluorescent probes have some advantages over the conventional 

always-on probes. The activatable probes are designed to only emit the fluorescence after the 

conjugation and reaction with the target molecules. Because the activatable probes are not 

fluorescent in itself, the background signal can be drastically reduced to sensitively detect the 

slight change of cell functions. In addition, it is not required to wash out the excessive probes, 

leading to the reduced imaging time. The availability of activatable probes is one of advantages 

in the fluorescent imaging over other imaging modalities 108. A variety of activatable probes 

including organic fluorescent dyes and QD, which emit the fluorescent signal in response to 

various cell environments, such as pH, metal ions, nitric oxide, hydrogen sulfide, glutathione, 

reactive oxygen species, and enzymes, have been reported 109-111. For example, an activatable 

probe of hydroxymethyl rhodol derivative conjugated with β-galactoside (HMRef-βGal) was 

designed to be fluorescent after the enzymatic reaction with β-galactosidase which highly 

expresses in ovarian cancer cells 112. The intracellular β-galactosidase activity in vitro and the 

peritoneal metastasis under the size of 1 mm from ovarian cancer in vivo, were fluorescently 

visualized with the HMRef-βGal probe. However, in many cases, both the always-on and 

activatable fluorescent probes are required to be designed individually to give the specificity 

against each target molecule of cell function. It is, thus, necessary to individually optimize the 
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physicochemical properties of probes, including the binding and dissociation constants with the 

targets, after the probe design. In addition, many activatable probes to detect enzymatic 

activities are designed against the cleavage enzymes, such as matrix metalloproteinases 113-115, 

cathepsins 116-119, and caspases 120-122, which might limit the versatility of visualization. In this 

circumstance, the development of versatile activatable probes is expected to be explored for the 

sensitive and versatile system to visualize various cell functions. 

Molecular beacons (MB) are known to be an activatable imaging probe to specifically 

detect nucleic acid molecules, such as mRNA and miRNA. MB are stem-loop structured nucleic 

acid derivatives composed of DNA bases. The fluorescent molecule and the corresponding 

quencher are conjugated at both the 5’ and 3’ ends of MB to be a quenched state based on the 

FRET mechanism. On the other hand, in the presence of target nucleic acids, the specific 

hybridization via the hydrogen bonds of bases between the MB loop and the target sequences 

causes the drastic structural change to emit the fluorescence (Figure 1A). The MB was 

originally reported as a PCR probe by Tyagi et al in 1996 123 and 1998 124, and many types of 

 

Figure 1. Fluorescent detection of target nucleic acids based on MB. (A) Fluorescent 

emission of MB via the specific hybridization with target nucleic acids. (B) Theoretically 

every mRNA can be detected by designing the sequences of MB in a versatile system. 
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MB, such as the modification with 2’-O-methylated RNA 125-127, phosphorothioate bonds 128, 

129, morpholino 130, locked nucleic acids (LNA) 131-133, and peptide nucleic acids (PNA) 134, 135, 

and the combination with two MB (dual FRET MB) 136-138, have been reported in the research 

fields of nucleic acid chemistry, as well as the use in living cells following the intracellular 

delivery. One of major advantages of MB is the versatility. Simply designing the MB sequences 

based on the thermodynamic parameters like melting temperature 139-141, the MB can be 

designed against theoretically every mRNA which regulates various cell functions via its 

expression and the consequent protein synthesis. Therefore, as one trial, the utilization of MB 

would be promising to visualize the cell functions in a versatile system by detecting the 

intracellular mRNA and other nucleic acid molecules. 

Since the MB are hardly internalized into cells because of the electrostatic repulsion 

force between the MB and cell membrane both with negative charges, it is technically necessary 

to deliver MB into cells. Physical methods used as gene transfection techniques, such as 

microinjection 142-144 and electroporation 145-147, have been widely applied to the MB delivery. 

However, these techniques require specialized instruments, and the internalization efficiency 

and cell viability are sometimes low. In some cases, the amount of MB internalized into each 

cell is variable, which might not be suitable for the imaging at a single cell level. In addition to 

the physical methods, streptolysin O (SLO) of a bacterial toxin has been utilized as well 148-150. 

The SLO method reversibly permeabilizes the cell membrane via the binding with cholesterol 

and the subsequent formation of pores (about 25-30 nm). The limitation of SLO is that the 

internalization efficiency depends on the cell type because of the different compositions of 

cholesterol in the cell membrane, leading to the requirement for multiple optimizations. 

Moreover, cell-penetrating peptides (CPP), for example transactivator of transcription (TAT) 

peptide, have been chemically conjugated with MB to enhance the cell internalization 151-154. 

On the other hand, various carrier materials of MB including transfection reagents, such as gold 

nanoparticles 155-159, dendrimers 160-162, cationized liposomes 163-167, and cationized polymers 

168-172, have been reported so far. However, in many studies, the properties of carrier materials-

MB complexes, such as cytotoxicity, cell internalization, and detection efficiency of MB 

fluorescence, have not been always investigated well although these properties are quite 
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important in the materials design. 

Gelatin is a biodegradable polymer, and has been extensively utilized for food, 

pharmaceutical, and medical purposes. The bio-safety and biocompatibility have been proven 

through their long-term history of practical applications as the biomaterial and drug ingredient. 

Gelatin is crosslinked to form hydrogels with varied shapes, such as sheets 173-175, sponges 176-

178, nonwovens 179, microspheres 180, 181, and nanospheres 182-185, and many types of agents, 

including low-molecular weight drugs 186-190, peptides 191, 192, proteins like growth factors 193-

195, platelet-rich plasma 196, 197, and imaging probes 198-200, can be incorporated into the hydrogel 

matrices. Various mechanisms have been reported to be involved in the incorporation of agents: 

physical entrapment, covalent conjugation, electrostatic, hydrophilic, and hydrophobic 

interactions, and hydrogen bonding 183-185. The incorporation ability of gelatin hydrogels is 

advantageous for the design of multimodal probes which requires the incorporation of multiple 

imaging probes. As the carrier design for imaging probes, the gelatin nanospheres (GNS) are 

one of attractive candidates due to the high susceptibility to cell internalization in both non-

phagocytic 201 and phagocytic cells 202. In addition to the inherent nature of gelatin, it has been 

well recognized that the nano-sized particles are easily internalized into cells via an endocytotic 

pathway 203-206. Therefore, the GNS would be internalized into cells by the simple incubation, 

and allow cells to label with imaging probes incorporated in the GNS. Moreover, a variety of 

surface modifications of GNS have been reported to be available, including folate, ligand 

peptides for epidermal growth factor receptor, poly(ethylene glycol), antibodies, carbohydrates 

like mannose and 4-sulfated N-acetyl galactosamine, heparin, fatty acids, and CPP like TAT 

peptide and octa-arginine (R8) 183-185. These modifications would be practical methods to 

regulate the cell internalization of GNS. 

Other advantages of gelatin are the availability of different physicochemical properties 

(isoelectric point and molecular weight), and the easiness of chemical modification due to the 

presence of functional groups (hydroxyl, amino, and carboxyl groups). Cationized gelatin can 

be readily prepared by introducing amino compounds to the carboxyl groups of gelatin 207-209. 

Cationized gelatin enables to form a complex with nucleic acid molecules, such as pDNA 210 

and small interfering RNA (siRNA) 211, with the nano-size and positive surface charge suitable 
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for cell internalization and the subsequent gene expression or suppression. The previous study 

has demonstrated that, among the amino compounds (ethylenediamine, putrescine, spermidine, 

and spermine) introduced to gelatin, the introduction of spermine showed the highest 

transfection efficiency in vitro 210. In agreement with the cationized gelatin, the highest gene 

expression was similarly observed in the spermine-introduced cationized dextran 212. This is 

due to the pH buffering capacity of secondary amino groups in spermine, which leads to the 

acceleration of endosomal escape, so-called “proton sponge effect” although the mechanism is 

not always clarified well 213. However, recent technologies of super-resolution microscopy have 

enabled the direct observation for sequential processes of endosomal escape: osmotic swelling 

and rupture of endosomes, release of polyion complex of siRNA and cationic polymer into the 

cytosol, and dissociation of siRNA and polymer in the cytosol 214. The endosomal escape is 

advantageous for the carrier of MB because the mRNA of a MB target molecule exists in the 

cytosol. In other words, the active site of MB is in the cytosol. Based on the findings, it is highly 

expected that the spermine-introduced cationized gelatin is an effective as the carrier material 

of MB to deliver into cells, while the preparation condition needs optimization. 

One of major problems of MB imaging to be solved is the short remaining time in the 

cells after the cell internalization and the consequent temporal fluorescent activity. Due to the 

reason, at present, many studies are limited to detect the MB fluorescence within 1 week. It has 

been demonstrated that the intracellular signal of MB diminished by the fourth day after 

transfection with a cationized polymer-based transfection reagent 215. In addition, the naked MB 

following the SLO transfection led to more than 50% decrease of MB signal 3 days later 216. 

On the other hand, in general, the cell functions change from time to time in the order from day 

to week. For example, mesenchymal stem cells (MSC) have an ability for differentiation into 

osteogenic, adipogenic, and chondrogenic lineages 217. In these differentiation cultures, it is 

well recognized that the expression patterns of differentiation markers and the maturation states 

depend on the time period of differentiation cultures from 1 to 4 weeks 218-220. Therefore, it is 

important to develop the technology to prolong the intracellular activity of MB for the 

continuous and long-term visualization of cell functions. As one trial to tackle this issue, the 

intracellular controlled release of MB is a feasible approach. The gelatin hydrogels can achieve 
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the controlled release of various drugs, including pDNA and siRNA, to prolong its biological 

activities 211, 221-230. As the release mechanism, it is highly possible that the molecules 

incorporated are released from the gelatin hydrogel together with the fragment of gelatin 

degraded as a result of enzymatic hydrogel degradation. Thus, the release profile can be readily 

regulated by the degradability of gelatin hydrogel. The concept can be expanded to the 

intracellular controlled release of nucleic acid molecules from the gelatin hydrogel nanospheres. 

Previous studies have demonstrated that the cationized GNS (cGNS) can achieve the 

intracellular controlled release of pDNA 231 and siRNA 232 following the cell internalization, 

and the biological activity of nucleic acids can be prolonged according to the degradability of 

cGNS. In addition, several researches have demonstrated that the intracellular controlled release 

of MB from the biodegradable poly(lactic-co-glycolic acid) (PLGA) nanoparticles continuously 

visualized the intracellular mRNA 233, 234. Based on the findings, the intracellular controlled 

release of MB from the cGNS is expected to be feasible to chronologically visualize the time-

course change of various cell functions for a long time period (Figure 2). 

 

Figure 2. Schematic illustration of intracellular controlled release of MB from cGNS. 
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When cell functions are synergistically regulated by multiple biological processes, the 

ideal imaging system is to visualize multiple target molecules simultaneously. For example, the 

cell metabolism is a highly interactive cell function due to the many contributions of multiple 

metabolic pathways. Among them, the glycolysis and the oxidative phosphorylation 

(OXPHOS) are the main pathways of energy production. In stem cells including pluripotent 

and somatic stem cells, undifferentiated cells heavily rely the glycolysis for the fast production 

of adenosine 5’-triphosphate (ATP), and the nucleotides synthesis by the pentose phosphate 

pathway shunted from the glycolysis is enhanced to meet the requirements for rapid 

proliferation and self-renewal. On the other hand, the OXPHOS which produces ATP more 

efficiently than the glycolysis, is a main pathway in differentiated cells 235-238. It has been 

demonstrated that the decrease of glycolysis and the opposite increase of OXPHOS are 

synergistically observed over the differentiation of stem cells 239-241. Therefore, it is quite 

important to simultaneously detect target molecules corresponding to the glycolysis and 

OXPHOS to comprehensively visualize the energy metabolic pathways. Since the MB with 

different sequences and pairs of fluorophore and quencher can be designed, multiple MB to 

detect various mRNA with different colors can be synthesized. In addition, the cGNS can 

incorporate multiple types of MB simultaneously. Taken together, the multi-color imaging of 

cell functions will be achieved by utilizing cGNS incorporating multiple types of MB to detect 

multiple target mRNA of each biological process related to the cell functions. 

The conventional biological researches have been performed with two-dimensional 

(2D) culture dishes. However, in the living body, most cells exist in the three-dimensional (3D) 

state organized where cells are surrounded by other cells and extracellular matrix (ECM) 

components. The cell functions in the 3D state are efficiently enhanced compared with the 2D 

state because the biochemical and mechanical signals are upregulated due to the close cell-cell 

and cell-ECM interactions 242, 243. For example, embryonic stem (ES) cells initiate the 

spontaneous differentiation via the formation of 3D cells aggregate, so-called embryoid body 

(EB) 244, 245. Actually, a lot of culture techniques to induce the differentiation of ES and iPS 

cells into specific linages, mediate the formation of EB in an initial step of differentiation 246-

250. Based on the background, the technologies and methodologies of 3D cells fabrication have 
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been extensively developed 251-256, and applied to wide research fields which make use of cell 

functions enhanced. For example, cardiac cell sheets 257 and layered sheets 258, cartilage pellets 

259, and spheroids of MSC 260, 261 and other cells 262 transplanted in vivo showed the high 

therapeutic effect against various disease models. The tumor spheroids were effective models 

in the drug screening 263-265. In addition, the 3D self-organization of cells is essential in an 

organoid fabrication. Various types of organoid have been reported to study the developmental 

processes 266-268, disease modeling 269-271, and applications to drug discovery 272-275 and 

transplantation therapy 276-278. Under these circumstances, it is undoubtedly important to 

develop the imaging technology to visualize the cell functions in the 3D cells fabricate. To this 

end, it is necessary to homogenously label the individual cells in the 3D fabricate with imaging 

probes. However, it has been reported that the homogenous labeling is sometimes difficult due 

to the poor penetration of imaging probes into the 3D fabricate 279, 280. As one strategy, it is 

expected to be effective that cells are incubated with GNS incorporating imaging probes to label 

in a 2D culture, and then the cells labeled are fabricated to 3D constructs (Figure 3). 

 
Figure 3. Labeling strategy of 3D cells fabricate combined with imaging probes. 
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Accordingly, even the cells interior of 3D fabricate can be homogenously labeled with imaging 

probes. One of advantages of this method is to fabricate various sizes and shapes of 3D 

constructs, such as aggregates, sheets, and layered sheets, after the labeling with imaging probes, 

which makes it possible to visualize the cell functions in the various 3D environments. 

The objective of this thesis is to design and prepare gelatin-based carriers for imaging 

probes to visualize cell functions. In PART I, basic technologies of imaging system were 

developed. Imaging probes were complexed or incorporated into gelatin-based carriers, and the 

physicochemical properties were evaluated. The cells were incubated with the carries to be 

labeled with the imaging probes. In addition, the intracellular controlled release was evaluated 

to prolong the intracellular activity of MB. The cell proliferation ability and cell apoptosis of 

fundamental cell functions were visualized based on the intracellular controlled release of MB. 

Chapter 1 describes the preparation of GNS incorporating QD and IONP (GNSQD+IONP) 

as a multimodal imaging probe. The physicochemical properties of GNSQD+IONP were evaluated 

with various concentrations of glutaraldehyde (GA) of a crosslinking reagent in preparation. 

The apparent size and zeta potential of GNSQD+IONP were not affected by the GA concentration. 

On the other hand, the percentage of QD incorporated in GNSQD+IONP tended to decrease as the 

GA concentration increased, whereas that of IONP was constant. When treated with R8 of a 

CPP and incubated with human articular chondrocytes, GNSQD+IONP were efficiently 

internalized into the cells although their cytotoxicity was observed at the R8 concentration of 

320 μM. The cells internalizing GNSQD+IONP could be visualized by both the fluorescent and 

MRI modalities. 

Chapter 2 describes the preparation of cationized gelatin-MB complexes to visualize 

intracellular mRNA. The complexes were prepared from spermine-introduced cationized 

gelatins with different extents of cationization and different mixing ratios of MB to cationized 

gelatin. The apparent size of complexes was almost similar, while the zeta potential was 

different among the complexes. Irrespective of the preparation conditions, the complexes had a 

sequence specificity against the target oligonucleotides in hybridization. The cytotoxicity and 

the amount of complexes internalized into mouse bone marrow-derived MSC increased with an 

increase in the cationization extent and the concentration of cationized gelatin. After the 
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incubation with complexes prepared from cationized gelatin with the highest extent of 

cationization and at mixing ratios of 10 and 20 pmole MB/µg cationized gelatin, a high 

fluorescent intensity was detected. On the other hand, the complex prepared with the mixing 

ratio at 20 pmole/µg did not show any cytotoxicity. The complex was the most effective to 

visualize the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA endogenously 

present. In addition, even for an enhanced GFP (EGFP) mRNA exogenously transfected, the 

complex permitted to effectively detect it as well. 

Chapter 3 describes the preparation of cationized gelatin-MB complexes and cGNS 

incorporating MB (cGNSMB) for the intracellular controlled release of MB. The cGNS with 

different degradabilities were prepared to incorporate the MB for GAPDH mRNA. There was 

no difference in the apparent size and zeta potential between the complexes and the cGNSMB, 

while the MB release from the complexes was faster than that from the cGNSMB. When mouse 

bone marrow-derived MSC were incubated with the complexes and cGNSMB, the amount of 

MB internalized into cells and cytotoxicity of complexes were higher than those of cGNSMB. 

However, in the amount range of non-cytotoxicity, the amount of MB internalized was at a 

similar level among them. The intracellular fluorescence of cGNSMB was observed over 14 days, 

whereas that of complexes disappeared within 5 days. Moreover, the time period of cGNSMB 

remaining in the cells prolonged with the increase of GA amount used in cGNSMB preparation. 

As the result, it is likely that the intracellular fluorescence was retained at a high level for longer 

time periods. The intracellular controlled release of MB could be achieved by the use of 

cGNSMB, and prolonged the time period of mRNA visualization. 

Chapter 4 describes the preparation of cGNSMB to visualize the cell proliferation ability. 

In this chapter, two types of MB to detect mRNA were used. One is a Ki67 MB of a target for 

cell proliferation ability. The other is a GAPDH MB as a control of stable fluorescence in cells. 

The cGNS incorporating Ki67 MB and GAPDH MB (cGNSKi67 MB and cGNSGAP MB) were 

prepared, respectively. There was no difference in the physicochemical properties and the cell 

internalization between the cGNSKi67 MB and cGNSGAP MB. When basic fibroblast growth factor 

(bFGF) was added to mouse bone marrow-derived MSC, the expression of Ki67 and the cell 

proliferation increased with the bFGF concentration. After the incubation for the cell 
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internalization of cGNSMB, the cells were further incubated for 24 hr with or without different 

concentrations of bFGF. The fluorescence of cGNSKi67 MB significantly increased with the 

increase of bFGF concentration, whereas that of cGNSGAP MB was constant, irrespective of the 

bFGF concentration. A timelapse imaging assay revealed that a fast enhancement of cGNSKi67 

MB fluorescence after the bFGF addition compared with no bFGF addition. On the other hand, 

for the cGNSGAP MB, a constant fluorescence was observed even at any time point after the bFGF 

addition. The cell proliferation ability could be chronologically visualized by the cGNSMB. 

Chapter 5 describes the preparation of cGNSMB to visualize the cell apoptosis. In this 

chapter, two types of MB to detect mRNA of caspase-3 as a target for cell apoptosis and 

GAPDH MB were incorporated in cGNS, respectively (cGNScasp3 MB and cGNSGAP MB). The 

MB incorporated in cGNS showed the sequence specificity against the target oligonucleotides 

in hybridization. The cGNS incorporation enabled MB to enhance the stability against nuclease 

to a significantly great extent compared with free MB. The cGNSGAP MB were internalized into 

mouse bone marrow-derived MSC by an endocytotic pathway, and were not localized at the 

lysosomes. After the incubation with cGNSMB, the cell apoptosis was induced at different 

concentrations of camptothecin. No change in the intracellular fluorescence was observed for 

cGNSGAP MB. On the other hand, for the cGNScasp3 MB, the fluorescent intensity significantly 

enhanced by the apoptosis induction of cells. The fluorescent enhancement even at the lower 

concentrations of camptothecin enabled the earlier detection of cell apoptosis compared with 

the conventional methods. The cell apoptosis could be visualized by the cGNSMB. 

In PART II, the basic technologies developed in PART I were expanded to the multi-

color imaging for the visualization of multiple cell functions. Imaging probes with different 

fluorescent wavelengths were simultaneously incorporated into the GNS. In addition, the 

homogenous labeling method of 3D cells fabricate was developed to visualize cell functions in 

the 3D environments. 

Chapter 6 describes the preparation of cGNSMB to visualize energy metabolic 

pathways. In this chapter, MB for the mRNA of pyruvate dehydrogenase kinase 1 (PDK1) and 

peroxisome proliferator-activated receptor γ, coactivator-1α (PGC-1α) which are upregulated 

in the glycolysis and the OXPHOS, respectively, were designed. As a control, MB for β-actin 
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(Actb) of a constant expressing gene was prepared. The cGNSPDK1 MB, cGNSPGC-1α MB, and 

cGNSActb MB prepared were readily internalized into mouse embryonic stem (mES) cells, while 

their pluripotency was not modified by their internalization. The measurements of extracellular 

acidification rate (ECAR) and oxygen consumption rate (OCR) of representative metabolic 

indicators revealed that the undifferentiated cells showed an enhanced glycolytic profile. On 

the other hand, the OXPHOS profile increased as the induction of early and neural 

differentiations. For the cGNSMB imaging, the fluorescence of cGNSPDK1 MB was strongly 

observed for the undifferentiated cells. On the contrary, the fluorescence of cGNSPGC-1α MB 

significantly increased as the induction of early and neural differentiations, while the cGNSActb 

MB fluorescence was similarly observed for both the undifferentiated and differentiated cells. 

The fluorescent intensity showed a good accordance with the metabolic profiles of 

undifferentiated and differentiated cells. In addition, cGNS co-incorporating PDK1, PGC-1α, 

and Actb MB (cGNSmulti MB) were prepared to perform the multi-color imaging in the same cell 

population. As the result, the intense fluorescence of PDK1 MB was homogenously observed 

for the undifferentiated cells. On the other hand, for the neural differentiation-induced cells, 

some fluorescence of PDK1 MB was observed around the intense fluorescence of PGC-1α MB. 

The energy metabolic pathways between undifferentiated and differentiated mES cells could be 

visualized by the cGNSMB with different colors. 

Chapter 7 describes the preparation of GNS co-incorporating three kinds of QD and 

IONP (GNS3QD+IONP) to visualize human iPS cells-derived 3D cartilage tissue. In this chapter, 

two labeling methods were performed. One is that a cartilage tissue was labeled directly by 

incubating with R8-treated GNS3QD+IONP (direct labeling method). The other is a “dissociation 

and labeling method”. First, the cartilage tissue was dissociated to cells in a single dispersed 

state. Then, the cells were incubated with R8-GNS3QD+IONP in a monolayer culture. Finally, the 

cells labeled were fabricated to 3D pellets or cell sheets. By the direct labeling method, only 

cells residing in the surface surrounding site of cartilage tissue were labeled. On the other hand, 

the 3D cartilage pellets and the cell sheets were homogenously labeled, and maintained 

fluorescently visualized over 4 weeks with different colors. In addition, the cartilage properties 

were histologically detected even after the process of dissociation and labeling. The human iPS 
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cells-derived 3D cartilage tissue could be homogenously labeled and visualized by the 

dissociation and labeling method with GNS3QD+IONP. 

Chapter 8 describes the preparation of cGNSMB to visualize the apoptosis in 3D cell 

aggregates. In this chapter, caspase-3 and GAPDH MB were incorporated in cGNS, 

respectively (cGNScasp3 MB and cGNSGAP MB). In addition to the single type of MB, cGNS co-

incorporating caspase-3 and GAPDH MB (cGNSdual MB) were prepared to perform the dual-

color imaging for the same cell aggregate. The cGNSMB were incubated with mouse bone 

marrow-derived MSC to label with MB in the 2D culture. The cell apoptosis mediated by the 

addition of antibody for the death receptor Fas, was ratiometrically detected by the cGNSdual MB 

to the same extent as single MB. The cell aggregates were prepared from MB-labeled cells, and 

the MB fluorescence was detected from almost all of the cells even in the 3D aggregates to 

show the homogenous distribution. In addition to the Fas-mediated apoptosis, the aggregates 

were treated with camptothecin of a low-molecular weight apoptosis inducer. The fluorescence 

of caspase-3 MB was mainly distributed at the surface surrounding site of Fas-mediated 

apoptotic aggregates rather than the center site, while that of GAPDH MB was detected even 

in the interior site. On the other hand, in the camptothecin-induced apoptotic aggregates, both 

caspae-3 and GAPDH MB fluorescence were detected from the interior site of aggregates, as 

well as the surrounding site. It is likely that the MB fluorescence reflected the localization of 

apoptotic position caused by the different molecular sizes of apoptosis inducer and the 

consequent penetration into the aggregates. The apoptosis in 3D cell aggregates could be 

visualized by the cGNSMB. 

In summary, this thesis describes the feasibility of gelatin-based carriers for imaging 

probes to visualize various cell functions in both 2D and 3D environments. It is concluded that 

the effective cell function imaging can be achieved by the combination of gelatin-based carriers 

and imaging probes. 
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Chapter 1 

 

Preparation of gelatin nanospheres incorporating quantum dots 

and iron oxide nanoparticles for multimodal cell imaging 

 

INTRODUCTION 

Through the recent progress of tissue engineering as well as stem cell biology, some 

feasible results on tissue regeneration and repairing have been reported for animal models 1-3. 

For the therapeutic achievement of tissue regenerative therapy, it is of prime importance to 

evaluate the process of cell-based tissue regeneration and repairing. Under these circumstances, 

the development of technologies and methodologies to visualize the localization and 

distribution of cells transplanted, is highly required for experimental and clinical purposes. 

A multimodal imaging is one of the methods to visualize by more than two imaging 

modalities, which enable to compensate the disadvantages of each modality, leading to an 

enhanced reliability of visualization 4-9. For the effective multimodal cell imaging, it is 

technically necessary to design and prepare a multimodal probe as well as the carrier to deliver 

the probe into the target cells. 

In this chapter, a multimodal probe to be detected by both the fluorescent and magnetic 

resonance (MR) imaging modalities was prepared by incorporating the corresponding imaging 

probes into the nanospheres of gelatin. As the fluorescent and MR imaging probes, quantum 

dots (QD) with an intense fluorescence and narrow emission spectrum 10, 11 and iron oxide 

nanoparticles (IONP) of a negative contrast agent 12-14 were used. Various gelatin nanospheres 

(GNS) incorporating QD and IONP (GNSQD, GNSIONP, and GNSQD+IONP) were prepared in 

different conditions and their physicochemical properties were evaluated. The GNSQD+IONP 

were treated with octa-arginine (R8) of a cell-penetrating peptide (CPP). When the GNSQD+IONP 

were incubated with human chondrocytes, the cell viability, the percentage of nanospheres 

internalized into the cells, and the fluorescent and MR imaging efficiency were investigated. 
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EXPERIMENTAL 

Materials 

Gelatin with an isoelectric point of 5.0 and the weight-averaged molecular weight of 

100,000, prepared by an alkaline treatment of bovine bone collagen, was kindly supplied from 

Nitta Gelatin Inc., Osaka, Japan. Qdot 705 ITK Carboxyl Quantum Dots (QD, 8 µM in water) 

was purchased from Invitrogen Co., Tokyo, Japan. Alkali-treated dextran-coated magnetic iron 

oxide nanoparticles (IONP, 5 mg Fe/ml in water) was purchased from Meito Sangyo Co., Ltd, 

Nagoya, Japan. Isooctane, poly(oxyethylene) sorbitan monooleate (Tween 80), glutaraldehyde 

(GA, 25 wt% in water), glycine, and concentrated hydrochloric acid (HCl) were purchased from 

Nacalai Tesque. Inc., Kyoto, Japan. Sorbitan monooleate (Span 80) was purchased from Tokyo 

Chemical Industry Co., Ltd, Tokyo, Japan. R8 was purchased from Sigma-Aldrich Inc., St. 

Louis, MO, USA. The reagents were used without further purification. 

 

Preparation of GNS, GNSQD, GNSIONP, and GNSQD+IONP 

GNS incorporating both QD and IONP were prepared based on the conventional 

emulsion method 15. The QD and IONP aqueous solutions (10 µl) were mixed with 2 ml of 

gelatin aqueous solution at different concentrations (2.0, 5.0, 10, 20, and 50 mg/ml). The mixed 

solution was added into 40 ml of isooctane containing Tween 80 (480 mg) and Span 80 (480 

mg), and then sonicated for 3 min at room temperature to obtain gelatin/isooctane emulsion. 

The emulsions at various concentrations of GA aqueous solution (0.20, 0.50, 1.0, 2.0, 3.5, and 

5.0 wt%) (200 µl) were mixed with isooctane (40 ml), followed by sonication by the same 

procedures described above to prepare the GA/isooctane emulsion. Then, the GA/isooctane 

emulsion was mixed with the gelatin/isooctane emulsion. After the sonication for 3 min on ice, 

the mixed emulsion was agitated by stirring for 3 hr at 4 ℃ to allow gelatin to crosslink in 

emulsion with GA. Next, the glycine/isooctane emulsion prepared similarly was added to block 

the aldehyde groups unreacted. The final reactant was centrifuged at 8,500 rpm for 60 min at 

4 ℃ to collect the GNS incorporating QD and IONP. The nanospheres ware rinsed with acetone, 

and then double-distilled water (DDW) by the centrifugation of 5,000 rpm for 5 min at 4 ℃ 

and 20,000 rpm for 30 min at 4 ℃, respectively. Finally, the GNS incorporating both the QD 
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and IONP (GNSQD+IONP) were dispersed in 1 ml of DDW. In this study, other three types of 

nanospheres, such as empty GNS, GNS incorporating QD (GNSQD), and GNS incorporating 

IONP (GNSIONP), were also prepared in the same procedure except for using the corresponding 

QD and IONP at the same concentration. 

 

Characterization of GNS, GNSQD, GNSIONP, and GNSQD+IONP 

The apparent size and surface zeta potential of nanospheres under a dispersed condition 

in 10 mM phosphate buffered-saline (PBS, pH7.4) were measured by the dynamic light 

scattering (DLS) and electrophoretic light scattering (ELS) using Zetasizer Nano-ZS (Malvern 

Instruments Ltd., Worcestershire, UK). Percentage of QD and IONP incorporated in the GNS 

was measured by an atomic absorption spectrophotometer of Cd and Fe (AA-6800, Shimadzu 

Corp., Kyoto, Japan). The experiment was independently performed three times for each of the 

samples unless otherwise mentioned. 

 

Cell culture experiments 

Normal human articular chondrocytes were purchased from Lonza Japan Ltd., Tokyo 

Japan. The cells were cultured in a chondrocyte basal medium supplemented with CGMTM 

BulletkitTM (Lonza Japan Ltd, Tokyo, Japan) and 1 vol% penicillin and streptomycin at 37 ℃ 

in a 5% CO2-95% air atmospheric condition. The cells were detached with 0.25 wt% trypsin-

containing 1 mM ethylenediaminetetra acetic acid (EDTA) solution (Nacalai Tesque. Inc., 

Kyoto, Japan), and continued to culture in 100 mm cell culture dish (Corning Inc., Corning, NY, 

USA) to allow to grow until to 80% confluency. 

 

Internalization evaluation of GNSQD+IONP into cells 

Human chondrocytes were seeded on each well of 6 well multi-dish culture plate 

(Corning Inc., Corning, NY, USA) at a density of 1 × 105 cells/well, and cultured for 24 hr. The 

GNSQD+IONP prepared at 5.0 mg/ml of gelatin, 0.5 wt% of GA, and 8 nM of QD, were mixed 

with 0, 20, 80, and 320 µM of R8 in PBS solution, followed by incubating for 15 min at room 

temperature to treat the GNSQD+IONP. The medium was changed to OPTI MEM (Thermo Fisher 
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Scientific Inc., Waltham, MA, USA), and then the GNSQD+IONP treated with R8 were added to 

each well. After 3 hr incubation, the medium was removed and cells were washed with PBS, 

and then the fresh basal medium was added. Cells were observed by confocal laser microscopy 

FV1000-D IX81 (OLYMPUS Co., Ltd., Tokyo, Japan) after 12 hr incubation with GNSQD+IONP. 

To evaluate the percentage of GNSQD+IONP internalized into cells, a flow cytometry 

analysis was performed. Briefly, the cells were washed with PBS and detached with 0.25 wt% 

trypsin-containing 1 mM EDTA solution and suspended in 1 ml of PBS. The cell suspension 

was analyzed on fluorescence activated cell sorting FACSCanto II (Becton Dickinson and 

Company, Franklin Lakes, NJ, USA), with the excitation and emission wavelengths of 488 and 

695 nm, respectively. 

 

Evaluation of cell viability after incubation with GNSQD+IONP 

Cells were similarly seeded in 96 well multi-dish culture plate (Corning Inc., Corning, 

NY, USA) at a density of 1 × 104 cells/well and cultured for 24 hr, and then incubated with 

GNSQD+IONP at the same procedure described above. The cell viability was evaluated using a 

cell counting kit (Nacalai Tesque. Inc., Kyoto, Japan). After 12 hr incubation, the medium was 

changed to the fresh basal medium, and then 10 µl of 2-(2-methoxy-4-nitrophenyl)-3-(4-

nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8) solution was added and further 

incubated for 3 hr. The absorbance of samples at 450 nm was measured using Multi-mode 

Microplate Reader (SpectraMax i3x, Molecular Devices Japan Co., Ltd., Tokyo, Japan). The 

percentage of cell viability was expressed as 100% for cells without GNSQD+IONP incubation. 

 

MRI measurement of cells incubated with GNSQD+IONP 

After incubation with GNSQD+IONP for 12 hr, cells were washed with PBS and detached 

similarly, and suspended with saline at a density of 1 × 107 cells/ml. The cell suspension was 

placed into a 0.2 ml plastic tube (Simport Plastics Ltd., Beloeil, Canada) and subjected to MRI 

measurement. The MRI measurement was performed using 1.5 T MRmini (DS Pharma 

Biomedical Co., Ltd, Osaka, Japan) with a computer-controlled console and a 38.5 mm ∅ 

solenoid coil. The sample tube was set in the center of MRI coil and maintained at room 



Preparation of GNSQD+IONP for mutimoldal cell imaging 

49 

 

temperature. The transverse relaxation time (T2)-weighted images were obtained by 2D spin-

echo multi-slice sequences. The imaging parameters were repetition time (TR)/echo time (TE) 

of 2000/69 msec, field of view of 40 mm2, and average number of 1. Additionally, T2 maps 

were acquired by different TR/TE ratios of 2000/69, 1880/89, and 1760/109, followed by 

calculation of T2 value with Image J software (NIH, Bethesda, MD, USA) using MRI Calc 

Plugin (http://rsb.info.nih.gov/ij/plugins/mri-analysis.html). 

 

Statistical analysis 

The data were expressed as the average ± standard deviation (SD). All the statistical 

analysis was performed using one-way analysis of variance (ANOVA) with a post-hoc Tukey-

Kramer multiple comparison test. P values less than 0.05 were considered to be statistically 

significant. 

 

 

RESULTS 

Characterization of GNS, GNSQD, GNSIONP, and GNSQD+IONP 

Figure 1A shows the apparent size of GNS, GNSQD, and GNSIONP prepared at different 

gelatin concentrations. The apparent size tended to increase with an increase in the gelatin 

concentration for any nanosphere. Figure 1B shows the percentage of QD and IONP 

incorporated in GNS. As the gelatin concentration increased, both the percentages increased 

and reached a plateau. The percentage of IONP incorporated was higher than that of QD at the 

corresponding gelatin concentration. 

Figures 2A and 2B show the apparent size and zeta potential of GNSQD+IONP prepared 

at the same gelatin concentration (5.0 mg/ml) and different GA concentrations. The size and 

zeta potential of GNSQD+IONP were 162 nm and -6.9 mV, irrespective of the GA concentration. 

The percentage of IONP incorporated in GNSQD+IONP was constant, whereas that of QD tended 

to decrease as the GA concentration increased (Figure 2C). The GNSQD+IONP prepared at 5.0 

mg/ml of gelatin and 0.5 wt% of GA were used in the following experiments. 
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Figure 1. (A) The apparent size of GNS (□), GNSQD (■), and GNSIONP (■) prepared at 

different gelatin concentrations. (B) The percentage of QD (◯) and IONP (●) incorporated 

in GNSQD and GNSIONP prepared at different gelatin concentrations. 
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Figure 2. Characterization of GNSQD+IONP prepared at different GA concentrations. The 

gelatin concentration is all 5.0 mg/ml. (A) The apparent size, (B) zeta potential, and (C) the 

percentage of QD (◯) and IONP (●) incorporated in GNSQD+IONP. *, p < 0.05; significant 

against the percentage of QD at the GA concentration of 0.5 wt%. 
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Cell viability after incubation with GNSQD+IONP 

 Figure 3 shows the cell viability 12 hr after incubation with GNSQD+IONP treated at 

different concentrations of R8. No cytotoxicity was observed for R8 treated GNSQD+IONP other 

than the highest concentration of R8 (320 µM). 

 

Internalization of GNSQD+IONP into cells 

Figure 4A shows the confocal microscopic pictures of cells 12 hr after incubation with 

GNSQD+IONP treated with different concentrations of R8. Cell internalization was observed for 

every GNSQD+IONP, irrespective of the R8 concentration. The GNSQD+IONP were homogenously 

internalized into the large portions of cells. When measured by the flow cytometry (Figures 4B 

and 4C), the percentage of fluorescent-positive cells increased with increasing R8 concentration 

to treat GNSQD+IONP. The highest percentage was observed at the R8 concentration of 80 µM. 

 

Figure 3. Viability of human chondrocytes 12 hr after incubation with GNSQD+IONP with or 

without R8 treatment at the concentration of 20, 80, and 320 µM. The viability of cells 

without GNSQD+IONP incubation is 100% (No GNSQD+IONP). The amount of GNSQD+IONP 

incubated is 0.24 mg. *, p < 0.05; significant against the percent survival of cells incubated 

with no GNSQD+IONP. 
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Figure 4. Fluorescent evaluation of human chondrocytes 12 hr after incubation with 

GNSQD+IONP with or without R8 treatment. (A) Confocal microscopic pictures of cells 

incubated with GNSQD+IONP treated at 0 (a), 20 (b), 80 (c), and 320 µM of R8 (d). The length 

of scale bars is 150 µm. (B) The flow cytometry analysis and (C) the percentage of cells 

labeled. The amount of GNSQD+IONP incubated is 2.4 mg. *, p < 0.05; significant between 

the two groups. 
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MRI of cells incubated with GNSQD+IONP 

 Figure 5 shows the T2-weighted MRI images of cells 12 hr after incubation with 

GNSQD+IONP treated with at the R8 concentration of 80 µM. A clear contrast was detected for 

cells incubated in contrast to cells without GNSQD+IONP incubation. When calculated from the 

T2 map, the T2 value of cells incubated (88 msec) was smaller than that of non-incubated cells 

(94 msec). 

 

 

DISCUSSION 

The present study demonstrates that GNSQD+IONP were prepared by the conventional 

emulsion method, and readily internalized into human chondrocytes by treatment with R8 of a 

CPP. The cells were visualized by both the fluorescent and MR imaging modalities. 

It has been reported that the GNS were prepared by various methods, such as 

coacervation 16-18, nanoprecipitation 19, and emulsion 20. Among the preparation methods, nano-

sized spheres are formed through the phase separation of gelatin solution by selecting a suitable 

solvent. To successfully incorporate a substance into GNS, it is technically important to 

consider the solubility of substance in solvent used for the preparation of GNS. When the 

solvent used for GNS preparation is miscible to that for the substance, the substance is equally 

distributed in both the solvents, resulting in the decreased substance incorporation in the GNS. 

In this study, the solubility of QD and IONP was investigated using acetone, 1-butanol, 2-

 

Figure 5. T2-weighted MRI images and T2 values of (a) saline, (b) original cells, and (c) 

human chondrocytes incubated with GNSQD+IONP. The amount of GNSQD+IONP incubated is 

48 mg. 

(a) (b) (c)

T2 8894100 msec
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butanol, ethanol, and isooctane as the solvent for GNS preparation. Based on this, the poorest 

solubility of QD and IONP was observed for isooctane. Therefore, the isooctane-based 

emulsion method was selected to prepare GNS incorporating QD and IONP. 

The gelatin concentration affected on the apparent size of GNS, irrespective of the QD 

and IONP incorporation (Figure 1A). It is likely that the water viscosity increased with an 

increase in the gelatin concentration, resulting in enhanced size of GNS. The gelatin 

concentration also modified the percentage of QD and IONP incorporated in GNSQD and 

GNSIONP (Figure 1B). This is because an increase in the gelatin concentration leads to an 

increase of gelatin molecules which can interact with QD and IONP in water phase. On the 

other hand, the number of gelatin molecules which do not contribute to the formation of 

nanospheres will increase as the gelatin concentration increases. Taken together, both the 

percentages of QD and IONP incorporated would increase and reach to a plateau level. 

The percentage of QD incorporated in GNSQD+IONP tended to decrease with an increase 

in the concentration of GA, while that of IONP did not change (Figure 2C). The GA 

concentration affects not only the degree of crosslinking, but also the number of amino groups 

of GNS. It is possible that the amino groups of gelatin reduced with an increase in the degree 

of GA crosslinking. On the other hand, both the QD and IONP have a negative charge, although 

their charge densities are different. Therefore, the reason why the percent incorporation 

decreased only for QD may be due to the difference of electrostatic interaction strength with 

gelatin molecules in nanosphere preparation. To modify the internalization of nanospheres into 

cells, it is important to control the physicochemical properties of nanospheres, such as the 

apparent size and surface potential. It has been reported that nanospheres of around 150 nm 

were easy to be taken up by non-phagocytic cells 21. In this point, GNSQD+IONP of 162 nm 

prepared are suitable to allow them to internalize into cells. In addition to the control of 

physicochemical properties, various methodologies have been explored to increase the extent 

of cell internalization for nanospheres, by making use of some enhancers of CPP 22, 23 or 

physical stimuli, such as electroporation 24, 25, sonoporation 26, and magnetoporation 27. R8 is 

one of CPP widely utilized to allow nano- or micro-spheres or liposomes to internalize into 

cells 28-32. Due to the electrostatic interaction between the positive charge of arginine and the 
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negative charge of GNSQD+IONP (Figure 2B), it is highly conceivable that R8 easily interacts 

with GNSQD+IONP to modify the surface. This modification may make the GNS surface positive, 

resulting in the interaction with cell membranes. Therefore, GNSQD+IONP treated with different 

concentrations of R8 would be susceptible to the internalization into cells (Figure 4). The 

percentage of GNSQD+IONP internalized increased with an increase in the lower concentrations 

of R8, but it decreased in the highest concentration. This is because the highest concentration 

of R8 caused the cytotoxicity (Figure 3). It is reported that strong positive charges give cells 

toxicity 33, 34. From the experiment, the optimized concentration of R8 is 80 µM in terms of the 

percent internalized and cytotoxicity (Figures 3 and 4). As the toxicity of GNS themselves, it 

has been experimentally demonstrated that the GNS with concentrations less than 200 µg/ml 

do not exhibit any cytotoxicity 15. The GNSQD+IONP treated with the optimized R8 concentration 

showed a clear MRI image (Figure 5). 

Gelatin is a biodegradable polymer and degrades enzymatically. Therefore, the GNS 

would be degraded by intracellular enzymes, such as collagenase, after the internalization into 

cells. The degradation of GNS is affected by the degree of crosslinking and could be controlled 

by the GA concentrations 35, 36. In this study, since GNSQD+IONP can be prepared at different GA 

concentrations, it is highly expected that the remaining time of GNSQD+IONP in the cells could 

be controlled. 

One of the target tissues is cartilage. As the cartilage injury, the transplantation of 

chondrocytes is one of promising therapeutic approaches. The survival rate of chondrocytes 

transplanted is one of the important factors contributing to the success of treatment. Since the 

self-repairing and regeneration abilities of cartilage tissue are poor 37, 38, it is necessary to 

develop the technologies and methodologies for the visualization of chondrocytes. In order to 

develop the chondrocytes transplantation, visualizing the localization and distribution of 

chondrocytes transplanted are required. Some researches on the imaging of chondrocytes by 

internalizing nanospheres into chondrocytes are reported 39, 40. The present study indicates that 

GNSQD+IONP are efficiently internalized into chondrocytes (Figure 4). 

Recently, QD have great attention due to the unique fluorescent properties and surface 

modification, and cells imaging with QD has been investigated 41, 42. Intracellularly activatable 
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QD have been developed based on the mechanism of fluorescence resonance energy transfer 

(FRET) 43, 44 and cleavaged by an intracellular protease 45, 46. On the other hand, IONP have 

been widely used for the biomedical applications 47, 48, such as magnetic cell sorting, 

hyperthermia effect, and excellent negative contrast agent of MRI. In this study, GNS 

incorporating both QD and IONP were designed to allow to simultaneously visualize cells by 

fluorescent and MR imaging modalities. When combined with the activatable QD, the 

nanospheres of the multimodal probe will function as an environment-responsive imaging 

system which can be changed by responding to a change of intracellular environment. The 

toxicity of GNSQD+IONP and the intracellular fate should be evaluated for the further biomedical 

applications. 
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Chapter 2 

 

Preparation of cationized gelatin-molecular beacon complexes 

to visualize intracellular mRNA 

 

INTRODUCTION 

 For the achievement of cell function imaging with molecular beacons (MB), it is 

technically necessary to deliver MB into cells. Complexation with carrier materials including 

transfection reagents, enables MB to internalize into cells due to their nano-size and positive 

surface charge suitable for cell internalization. It has been reported various materials can be 

utilized as the carrier of MB 1-9. In these previous studies, the MB function is mainly 

investigated, but the properties of carrier materials-MB complexes, such as cytotoxicity, cell 

internalization, and detection efficiency of MB fluorescence, have not been always investigated 

well although they are quite important in the materials design. 

 Gelatin can be readily cationized by simply introducing amino compounds to the 

carboxyl groups of gelatin to form the complex with nucleic acids 10, 11. Among the amino 

compounds, it has been demonstrated that the introduction of spermine showed the highest 

transfection efficiency 10. Based on the findings, the spermine-introduced cationized gelatin is 

focused to allow MB to effectively internalize into cells and subsequently detect the target 

messenger RNA (mRNA). 

 In this chapter, the fluorescent detection property of cationized gelatin-MB complexes 

prepared in various conditions was evaluated. Cationized gelatin with varied cationic extents 

was prepared for the complexation of MB. The complexes were prepared with different mixing 

ratios of MB to cationized gelatin to assess their physicochemical and hybridization properties. 

The cytotoxicity, the amount of cell internalization, and the intracellular fluorescence of 

complexes were investigated. To evaluate the fluorescent detection of MB, both an endogenous 

mRNA of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) due to the constant 

expression and the mRNA of enhanced green fluorescent protein (EGFP) exogenously 

transfected, were used to optimize the preparation condition of the complexes in terms of MB 

visualization. As a target cell, mesenchymal stem cells (MSC) which are one of the most 
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promising candidates in cell transplantation therapy due to their high abilities for differentiation, 

anti-inflammatory, anti-fibrotic and immunoregulation 12-17, were selected to evaluate the 

technological potential of MB-based imaging. 

 

 

EXPERIMENTAL 

Materials 

Gelatin with an isoelectric point of 9.0 and the weight-averaged molecular weight of 

99,000, prepared by an acidic treatment of pig skin, was kindly supplied from Nitta Gelatin Inc., 

Osaka, Japan. MB composed of DNA bases for mouse mRNA of GAPDH was designed by 

NIPPON GENE Co., Ltd, Tokyo, Japan. On the other hand, the sequence of MB for EGFP 

mRNA was obtained from the previous report 18. The MB were synthesized by Integrated DNA 

Technologies, Inc., Coralville, IA, USA. Target oligonucleotides of DNA for GAPDH MB 

(specific and non-specific sequences) were synthesized by Hokkaido System Science Co., Ltd, 

Sapporo, Japan. The sequences of MB and target oligonucleotides were listed in Table 1. 

Spermine was purchased from Sigma-Aldrich Inc., St Louis, MO, USA. Concentrated 

hydrochloric acid (HCl) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

salt (EDC) were purchased from Nacalai Tesque. Inc., Kyoto, Japan. The reagents were used 

without any purification. 

Table 1. Sequences of MB and target oligonucleotides used. 

MB and target oligonucleotides Sequences (5’ to 3’) 

GAPDH MB [TYE®665]-CTGGTAATCCGTTCACACCGACCTTC

ACCAG-[IBRQ] 

EGFP MB [TYE®665]-ACGCCTTCTCGTTGGGGTCTTTGCTC

GGCGT-[IBRQ] 

GAPDH specific target TGGTGAAGGTCGGTGTGAACGGATT 

GAPDH non-specific target TTTCTGAATGGCCCAGGT 

MB: molecular beacons 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase 

EGFP: enhanced green fluorescent protein 

IBRQ: Iowa Black®RQ 

underline: stem structure 
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Preparation of cationized gelatin 

 Cationized gelatin was prepared according to the method previously reported 10, 19. 

Briefly, spermine was added at molar ratios of 1, 3, 5, 10, 20, and 50 to the carboxyl groups of 

gelatin into 50 ml of double-distilled water (DDW) containing 2.0 g of gelatin. Immediately 

after that, the solution pH was adjusted to 5.0 with 11 M HCl. EDC was added at the molar ratio 

of 3 to the carboxyl groups of gelatin before the addition of DDW into solution to adjust the 

total volume of 100 ml. Then, the solution was stirred at 40 ℃ for 18 hr and dialyzed against 

DDW for 3 days with a dialysis membrane (molecular weight cut off = 12,000 to 14,000, 

Viskase Companies, Inc., Willowbrook, IL, USA) at room temperature. The solution was 

freeze-dried to obtain cationized gelatins. To determine the percentage of spermine introduced 

into the carboxyl groups of gelatin, the conventional 2,4,6-trinitrobenzene sulfonic acid (TNBS, 

FUJIFILM Wako Pure Chemical Inc., Osaka, Japan) method was performed 20. The names of 

cationized gelatin (percent introduced: 3.17, 16.9, 25.6, 35.4, 42.9, and 55.2 mole%) were 

defined as SM1, SM3, SM5, SM10, SM20, and SM50, respectively. 

 

Preparation of cationized gelatin-MB complexes 

 The complexation of cationized gelatin and MB was performed by simply mixing 

cationized gelatin solution and MB in DDW at different mixing ratios (5, 10, 20, 40, and 200 

pmole MB/µg cationized gelatin). The mixed solution was incubated for 15 min at room 

temperature to obtain the cationized gelatin-MB complexes. The apparent size of complexes 

resuspended in 10 mM phosphate buffered saline solution (PBS, pH7.4) was measured by 

dynamic light scattering (DLS, Zetasizer Nano-ZS, Malvern Instruments Ltd., Worcestershire, 

UK). On the other hand, the zeta potential of complexes resuspended in 10 mM phosphate 

buffer solution (PB, pH7.4) was measured by electrophoresis light scattering (ELS, Zetasizer 

Nano-ZS, Malvern Instruments Ltd., Worcestershire, UK). The measurements were 

independently performed three times unless otherwise mentioned. 

 

Radiolabeling of MB 

 MB were labeled with radioactive iodine (125I), as the methods previously reported 
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with slight modification 21. Briefly, MB (5 µl, 50 µM in 0.2 M sodium acetate and 40 mM acetic 

acid solution, pH5.0) was incubated at 60 ℃ for 50 min with 2 µl of 0.3 mM Na2SO3, 5 µl of 

Na125I (740 MBq/ml in 0.1 M NaOH aqueous solution, PerkinElmer Inc., Waltham, MA, USA), 

and 5 µl of 4 mM TlCl3. Then, 100 µl of 0.1 M Na2SO3, and 900 µl of 0.1 M NaCl, 50 mM Tris, 

and 1 mM ethylenediaminetetraacetic acid (EDTA) were added to the solution. After the 

incubation for 30 min at 60 ℃, the mixture was applied on the PD-10 column (GE Healthcare 

Bio-Sciences Corp. Piscataway, NJ, USA) to remove the free 125I by the gel filtration. The 

radioactivity of 125I was measured with a gamma counter (Auto Well Gamma System ARC-380 

CL, Aloka Co., Ltd, Tokyo, Japan). 

 

Hybridization assay 

Various concentrations of target oligonucleotides (GAPDH specific or non-specific 

sequences, 0, 50, 100, 500, 1000, and 5000 nM) and free GAPDH MB or the complexes were 

mixed in PBS containing 0.5 mM MgCl2 and 0.9 mM CaCl2. The mixture was incubated for 1 

hr at room temperature protected from light. The fluorescent intensity was measured by Multi-

mode Microplate Reader (SpectraMax i3x, Molecular Devices Japan Co., Ltd., Tokyo, Japan). 

The fluorescent intensity was normalized by that of free MB or complex without the target 

incubation (0 nM). 

 

Cell culture experiments 

KUM6 cells (JCRB1202) of a mouse bone marrow-derived MSC line were purchased 

from JCRB Cell Bank (National Institute of Biomedical Innovation, Health and Nutrition, 

Osaka, Japan). The cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM, 

Thermo Fisher Scientific Inc., Waltham, MA, USA) containing 10 vol% bovine fetal calf serum 

(FCS, GE healthcare Life Sciences Hyclone laboratories inc., Logan, UT, USA) and 1 vol% 

penicillin/streptomycin (Nacalai Tesque. Inc., Kyoto, Japan) at 37 ℃ in a 5% CO2-95% air 

atmospheric condition. The cells were detached with 0.25 wt% trypsin-containing 1 mM EDTA 

solution (Nacalai Tesque. Inc., Kyoto, Japan) and continued to culture in 100 mm cell culture 

dish (Corning Inc., Corning, NY, USA) to allow to grow until to 80% confluency. 
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Evaluation of cell viability after incubation with complexes 

 Cells were seeded on each well of 96 well multi-dish culture plate (Corning Inc., 

Corning, NY, USA) at a density of 1 × 104 cells/well and cultured for 24 hr. Then, the medium 

was changed to OPTI MEM (Thermo Fisher Scientific Inc., Waltham, MA, USA), followed by 

the addition of complexes prepared at different mixing ratios (5, 10, 20, 40, and 200 pmole 

MB/µg cationized gelatin) to each well. The final concentration of GAPDH MB was 200 nM. 

The cell viability was evaluated using a cell counting kit (Nacalai Tesque. Inc., Kyoto, Japan). 

After the incubation for 3 hr, 10 µl of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium (WST-8) solution was added to each well and further incubated 

for 1 hr. The absorbance of samples at 450 nm was measured by the microplate reader. The 

percentage of cell viability was expressed as 100% for cells without incubation of complexes. 

 

Evaluation of cell internalization 

 The cells were similarly seeded on each well of 6 well multi-dish culture plate (Corning 

Inc., Corning, NY, USA) at a density of 5 × 104 cells/well and cultured for 24 hr. The medium 

was changed to OPTI MEM before the complexes prepared at different mixing ratios (5, 10, 20, 

40, and 200 pmole MB/µg cationized gelatin) were added. The final concentration of GAPDH 

MB was 200 nM. After the incubation for 3 hr, the cells were washed with PBS, trypsinized, 

and collected by centrifugation of 2,000 g for 3 min at room temperature. Then, the radioactivity 

of 125I-labeled MB in the cells was evaluated by the gamma counter. On the other hand, the 

number of cells after the incubation with the complexes was evaluated by determining the DNA 

amount 22. Briefly, the cells were washed with PBS and lysed with saline-sodium citrate (SSC) 

buffer containing 0.2 mg/ml sodium lauryl sulfate (SDS) solution. Next, 40 μl of cell lysate and 

160 μl of 1.25 μg/ml bisbenzimide H33258 fluorochrome trihydrochloride (Hoechst 33258) 

solution (Nacalai Tesque. Inc., Kyoto, Japan) were mixed to measure the fluorescent intensity 

by the microplate reader. The cell number was evaluated from the DNA amount determined by 

the standard curve of cell suspension with different cell numbers. 
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Evaluation of intracellular fluorescence and imaging of endogenous GAPDH mRNA 

The cells were seeded on a glass bottom dish of 35 mm in diameter (Matsunami Glass 

Industries, Ltd., Tokyo, Japan) at a density of 5 × 104 cells/dish and cultured for 24 hr. The 

medium was changed to OPTI MEM, and cells were incubated with complexes prepared at 

different mixing ratios (5, 10, 20, 40, and 200 pmole MB/µg cationized gelatin) for 3 hr. The 

final concentration of GAPDH MB was 200 nM. After the further incubation of 24 hr, the cells 

were observed by a fluorescent microscope (BZ-X700, KEYENCE Co., Ltd., Osaka, Japan) 

with a 20× objective lens. To quantitatively evaluate the fluorescent intensity of MB, flow 

cytometry analysis was performed. The cells were washed with PBS to remove the dead cells, 

and collected by the trypsinization and suspended in PBS. The cell suspension was analyzed on 

fluorescence activated cell sorting FACSCanto II (Becton Dickinson and Company, Franklin 

Lakes, NJ, USA) by counting 10,000 cells. On the other hand, to evaluate the intracellular 

localization of MB, cells which had been incubated with the complex prepared at 20 pmole 

MB/µg cationized gelatin, were fixed with 4 vol% paraformaldehyde for 20 min, and then the 

nuclei of cells were stained with 300 nM 4’,6-diamidino-2-phenylindole (DAPI, Thermo Fisher 

Scientific Inc., Waltham, MA, USA) for 10 min. The fluorescent images were taken by the 

fluorescent microscopy with an oil-immersed 100× objective lens. 

 

Fluorescent imaging of EGFP mRNA exogenously transfected 

The cells were similarly seeded on the glass bottom dish and cultured for 24 hr. Then, 

the complex prepared at 20 pmole/µg were added (final 200 nM EGFP MB) at the same 

procedure described above. As a control, the direct delivery of MB to the cytosol via a 

membrane fusion was performed by using a transfection reagent: Hemagglutinating Virus of 

Japan (HVJ)-envelope (HVJ-E) (GenomONETM-Si, ISHIHARA SANGYO KAISHA, LTD, 

Osaka, Japan) according to the manufacture’s instruction. After the incubation with complexes 

and HVJ-E for 3 hr, the mRNA of EGFP (5000 ng/dish, TriLink BioTechnologies, Inc., San 

Diego, CA, USA) was transfected by Lipofectamine® MessengerMAXTM (Thermo Fisher 

Scientific Inc., Waltham, MA, USA) according to the manufacture’s protocol. The cells were 

observed by the fluorescent microscopy with the oil-immersed 100× objective lens 36 hr later. 
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Statistical analysis 

The data were expressed as the average ± standard deviation (SD). All the statistical 

analysis was performed using one-way analysis of variance (ANOVA) with a post-hoc Tukey-

Kramer multiple comparison test. P values less than 0.05 were considered to be statistically 

significant. 

 

 

RESULTS 

Preparation of cationized gelatin 

Table 2 shows the percentage of spermine introduced into the carboxyl groups of 

gelatin. The percent introduced increased with the increase of spermine addition. In the 

following experiments, three types of cationized gelatin (SM1, SM10, and SM50) with different 

extents of cationization were used. The percentages of spermine introduction (cationization 

extent) were 3.17, 35.4, and 55.2 mole% for SM1, SM10, and SM50, respectively 

 

Characterization of complexes 

 Tables 3 and 4 show the apparent size and the zeta potential of complexes prepared at 

different mixing ratios of MB/cationized gelatin, respectively. The apparent size was almost 

similar, irrespective of the mixing ratio and the cationization extent, while it was around 300 

nm. On the other hand, the zeta potential of complexes was influenced by the preparation 

Table 2. Preparation of cationized gelatin. 

Name of cationized gelatin Molar ratio a) Percent introduced 

SM1 1 3.17 ± 0.39 b) 

SM3 3 16.9 ± 1.55 

SM5 5 25.6 ± 1.26 

SM10 10 35.4 ± 2.56 

SM20 20 42.9 ± 2.54 

SM50 50 55.2 ± 3.23 

a) Molar ratio of spermine added to the carboxyl groups of gelatin in preparation. 

b) Average ± SD. 
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conditions. The apparent size and zeta potential of complexes prepared at 200 pmole MB/µg 

cationized gelatin were not detected. 

Hybridization specificity of complexes 

The hybridization specificity of free MB and complexes was evaluated (Figure 1). The 

fluorescent intensity of free MB increased with an increase of the specific target concentration. 

On the contrary, when incubated with the non-specific target, the fluorescent intensity remained 

as low as that without the target incubation (Figure 1A). For the complexes prepared with 

different cationized gelatins (Figures 1B, 1C, and 1D), the fluorescent intensity incubated with 

the specific target became low as the increase of cationization extent. However, the fluorescent 

intensity incubated with the non-specific target was as low as free MB without target 

oligonucleotides for any type of complexes. 

Table 3. Apparent size of complexes prepared. 

 Apparent size of complexes (nm) 

Mixing ratio (pmole/µg) a) SM1 SM10 SM50 

5 286.0 ± 39.9 b) 290.3 ± 38.2 302.3 ± 67.0 

10 307.3 ± 53.5 306.1 ± 63.4 299.2 ± 75.4 

20 280.8 ± 38.7 307.9 ± 39.1 315.8 ± 28.5 

40 309.3 ± 7.50 303.2 ± 32.4 325.3 ± 32.4 

200 N.D. c) N.D. N.D. 

a) The amount of MB per 1 µg of cationized gelatin. 

b) Average ± SD. 

c) Not detected. 

Table 4. Zeta potential of complexes prepared. 

 Zeta potential of complexes (mV) 

Mixing ratio (pmole/µg) a) SM1 SM10 SM50 

5 4.47 ± 0.57 b) 8.78 ± 0.27 9.00 ± 0.52 

10 3.59 ± 0.22 9.23 ± 0.12 8.31 ± 0.61 

20 -5.35 ± 1.53 8.41 ± 0.10 8.58 ± 0.35 

40 -15.0 ± 1.11 -14.4 ± 1.38 -21.0 ± 1.66 

200 N.D. c) N.D. N.D. 

a) The amount of MB per 1 µg of cationized gelatin. 

b) Average ± SD. 

c) Not detected. 
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Cell viability and MB internalization after incubation with complexes 

Figure 2 shows the viability of cells incubated with complexes. The percent survival 

decreased with a decrease of the mixing ratio, irrespective of the complex type. In addition, the 

higher cytotoxicity of complexes was observed for the higher extent of cationization. 

Significant cytotoxicity was observed at 5 and 10 pmole MB/µg cationized gelatin of SM50 

complexes and 5 pmole MB/µg cationized gelatin of SM10 complex. For other samples, any 

cytotoxicity was not seen. 

 
Figure 1. Hybridization specificity of free MB and MB incorporated in complexes. The 

fluorescent intensity of free MB (A), SM1 (B), SM10 (C), and SM50 complexes (D) mixed 

with different concentrations of specific (□) and non-specific target oligonucleotides (■). 

The concentration of GAPDH MB is 100 nM. *, p < 0.05; significant against the fluorescent 

intensity of non-specific target at the corresponding concentration. 
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Figure 2. Viability of cells incubated with complexes prepared at various conditions. The 

cells were incubated with 1, 5, 10, 20, and 40 µg/ml SM1 (□), SM10 (■), and SM50 

complexes (■). The GAPDH MB concentration is 200 nM. The viability of cells incubated 

without complex is expressed as 100%. *, p < 0.05; significant against the percent survival 

of cells incubated without complexes at the corresponding mixing ratio. 
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Figure 3. The amounts of MB internalized into cells incubated with complexes prepared at 

various conditions. The cells were incubated with SM1 (□), SM10 (■), and SM50 

complexes (■) prepared at different mixing ratios. The GAPDH MB concentration is 200 

nM. *, p < 0.05; significant against the fluorescent intensity of SM1 complexes at the 

corresponding mixing ratio. †, p < 0.05; significant against the fluorescent intensity of 

SM10 complexes at the corresponding mixing ratio. 
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The amounts of complexes internalized into cells were evaluated as a function of 

mixing ratio (Figure 3). For the SM10 and SM50 complexes, the amounts increased and then 

decreased as the mixing ratio of complexes increased. The highest amount of MB internalized 

was observed for the SM50 complex prepared at 10 pmole MB/µg cationized gelatin. On the 

contrary, for the SM1complex, few complexes were internalized into cells. 

 

Evaluation of intracellular fluorescence and imaging of endogenous GAPDH mRNA 

GAPDH mRNA was selected as the endogenous target because of the constant 

expression in each cell. Figure 4 shows the fluorescent microscopic images of cells incubated 

with SM1, SM10 and SM50 complexes prepared at various mixing ratios. The fluorescence of 

SM1 complexes was hardly detected at any mixing ratio (Figure 4A). For the complexes 

 

Figure 4. Fluorescent microscopic images of cells incubated with complexes prepared at 

various conditions. The cells were incubated with SM1 (A), SM10 (B), and SM50 

complexes (C) prepared at mixing ratios of 5 (a), 10 (b), 20 (c), 40 (d), and 200 pmole MB/µg 

cationized gelatin (e). The GAPDH MB concentration is 200 nM. After incubation with 

complexes for 24 hr, the images were taken. The left panel shows the merged images of 

phase contrast and MB fluorescence, while the right panel shows the MB fluorescence. Scale 

bar is 100 µm. 
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prepared with SM10 and SM50 at 5 pmole MB/µg cationized gelatin (Figures 4B (a) and 4C 

(a)) and with SM50 at 10 pmole MB/µg cationized gelatin (Figure 4C (b)), strong fluorescent 

spots were observed in dead cells. When compared at the same mixing ratio, the fluorescence 

tended to become strong with an increase of the cationization extent. 

Figure 5 shows the flow cytometric analysis of complexes after the elimination of 

dead cells. The fluorescent intensity became stronger as the cationization extent increased 

although this tendency was not seen at the mixing ratio of 200 pmole MB/µg cationized gelatin. 

Considering the cytotoxicity and fluorescent intensity, the complexes prepared at 20 pmole/µg 

was used in the following experiments. 

Figure 6 shows the fluorescent microscopic images of cells incubated with the SM1, 

SM10 and SM50 complexes prepared at 20 pmole MB/µg cationized gelatin. The fluorescence 

of SM10 and SM50 complexes was observed in the cells, whereas that of SM1 complex was 

hardly observed. The fluorescent intensity and the number of fluorescent cells incubated with 

SM50 complex were larger than those incubated with the SM10 complex. 

 

Figure 5. Flow cytometric analysis of cells incubated with complexes prepared at various 

conditions. The cells were incubated with SM1 (□), SM10 (■), and SM50 complexes (■) 

prepared at different mixing ratios. The GAPDH MB concentration is 200 nM. *, p < 0.05; 

significant against the fluorescent intensity of SM1 complexes at the corresponding mixing 

ratio. †, p < 0.05; significant against the fluorescent intensity of SM10 complexes at the 

corresponding mixing ratio. 
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Figure 6. Fluorescent microscopic images of cells incubated with GAPDH MB complexes 

prepared at 20 pmole/µg. The cells were incubated with SM1 (A), SM10 (B), and SM50 

complexes (C) prepared at the mixing ratio of 20 pmole MB/µg cationized gelatin. The 

GAPDH MB concentration is 200 nM. After the incubation with complexes for 24 hr, the 

images were taken. Red: GAPDH MB. Blue: nuclei. Scale bar is 20 µm. 

A  SM1 B  SM10 C  SM50

 

Figure 7. Fluorescent microscopic images of cells incubated with EGFP MB complexes 

prepared at 20 pmole/µg. The cells were incubated with HVJ-E (A), SM1 (B), SM10 (C), 

and SM50 complexes (D) prepared at the mixing ratio of 20 pmole MB/µg cationized 

gelatin. The EGFP MB concentration is 200 nM. After incubation with complexes, (a) EGFP 

mRNA was transfected by Lipofectamine® MessengerMAXTM 3 hr later or (b) not 

transfected. The fluorescent images were taken after the transfection for 36 hr. Red: EGFP 

MB. Green: EGFP. Blue: nuclei. The left panel shows the merged fluorescence, while the 

right panel shows the MB fluorescence. Scale bar is 20µm. 
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Imaging of the EGFP mRNA exogenously transfected 

To further evaluate the function of complexes, the mRNA of EGFP was exogenously 

transfected to detect the MB visualization. Figure 7 shows the fluorescent microscopic images 

of cells with or without transfection of target EGFP mRNA after incubation with the SM1, 

SM10, and SM50 complexes prepared at 20 pmole/µg or HVJ-E complexes. For the HVJ-E 

complex, a stronger fluorescence was detected by the transfection of EGFP mRNA. The 

fluorescence of SM1 complex was hardly detected, irrespective of the EGFP mRNA 

transfection. On the contrary, for cells incubated with SM10 and SM50 complexes, a stronger 

fluorescence was detected by the transfection of EGFP mRNA. Fluorescence was hardly 

observed even though the EGFP mRNA was not transfected (Figures 7A (b), 7B (b), and 7C 

(b)). 

 

 

DISCUSSION 

The present study demonstrates that the preparation conditions of cationized gelatin-

MB complexes affect their physicochemical properties. In particular, the cationization extent 

of cationized gelatin was essential. The cytotoxicity, cell internalization, and MB imaging were 

evaluated by the culture of cells with various complexes. The complexes of highly cationized 

gelatin at a low mixing ratio showed a high cytotoxicity. On the other hand, for the complexes, 

the amount of MB internalized into cells was large. This may be because the cationic extent 

was high or the mixing ratio was low. The fluorescent intensity of complexes in the cells, in 

other words, the MB detection efficacy, was the highest for the SM50 complex mixed at 20 

pmole MB/µg cationized gelatin. This MB detection was observed both the endogenous 

GAPDH mRNA and EGFP mRNA exogenously transfected. It is possible that this result is due 

to a balance of cytotoxicity and the MB amount internalized. 

The percentage of amino groups introduced increased as the increase of spermine 

amount to the carboxyl groups in preparation (Table 2). However, the percent introduced did 

not increase even when the molar ratio was higher than 50. It is likely that when the number of 

spermine conjugated with gelatin increased, new spermine molecules cannot introduce due to 
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the steric hindrance. SM3, SM5, and SM20 were used to preliminarily evaluate both the 

hybridization and cytotoxicity. The SM3 or SM5 and SM20 showed the intermediate results 

between SM1 and SM10, and between SM10 and SM50, respectively. These findings suggest 

that their properties change monotonically as the spermine introduction rate increases. Based 

on this, to comprehensively evaluate the effect of different spermine introduction extents on the 

properties of complexes, three types of SM1, SM10, and SM50 cationized gelatin composites 

with maximum, minimum, and medium percentages of spermine introduced were selected. 

It is apparent in Table 3 that significant change in the complexes size was not observed, 

irrespective of the mixing ratio. It is conceivable that only some portions of cationized gelatin 

contribute to the complexation of MB. Consequently, the mixing ratio would not affect the 

apparent size of complexes. On the other hand, the zeta potential of complexes was influenced 

by the preparation conditions to change the values (Table 4). This can be explained in terms of 

increased cationic nature of complexes and decreased amount of anionic MB associated with 

the complexes. The apparent size and zeta potential of complexes prepared at 200 pmole MB/µg 

cationized gelatin were not measured. It might be possible that the complexes prepared at the 

mixing ratio of 200 pmole/µg were aggregated to each other by the presence of excessive MB 

in the solution. In addition, the aggregated complexes might have a heterogeneous size 

distribution with different surface charges. It is highly conceivable that this heterogeneous 

aggregation would prevent the accurate measurements of apparent size and zeta potential. 

The fluorescent intensity in the hybridization assay of complexes depended on the 

percent introduced of spermine or the sequences of target nucleotides (Figure 1). As one 

possible reason that the fluorescent intensity decreased as the increase in the percent introduce, 

the hybridization would be inhibited by the electrostatic interaction of MB with the strongly 

cationized gelatin. However, it should be noted that the fluorescent intensity of MB incubated 

with the specific sequence was significantly higher than that with the non-specific sequence for 

any type of complexes used. 

The cell viability decreased as the decreased mixing ratio or the increased percentage 

of amino groups introduced (Figure 2). Since the same amount of MB was incubated with cells, 

the concentration of cationized gelatin increased with the decreased mixing ratio. Consequently, 
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the cytotoxicity would become higher. At the cationized gelatin concentrations of 40, 40, and 

20 μg/ml for SM50, SM10, and SM50, respectively, a significant cytotoxicity was observed. 

The cationic extent of complexes generally increases with an increase in the percent introduced. 

This will cause the decreased cell viability. The zeta potential of complexes became large for 

complexes with a decreased mixing ratio (Table 4). It is well known that highly cationic 

materials show a high cytotoxicity 23-25. The result of this study is consistent with the reports. 

Since the cell membrane is of anionic charge, it is likely that cationic materials easily internact 

with the cell membrane, leading to the subsequent internalization 26, 27. The same influence of 

cationized extent on the amount of MB internalized was observed (Figure 3). It may be that the 

amount of complexes internalized is well corresponded with that of MB internalized, since the 

MB is always associated with the complex. 

There was no fluorescence detection for the SM1 complex or complexes prepared at 

the high mixing ratios (Figure 4). Bright spots were observed for the SM50 complexes mixed 

at 5 or 10 pmole/µg and the SM10 complex mixed at 5 pmole/µg at death cells (Figure 4). It is 

apparent in Figure 3 that only the small amount of MB was internalized into cells. Taken 

together, it is highly possible that the cell membrane is damaged, and consequently complexes 

are easily internalized into cells, leading to a strong fluorescence in cells. 

The fluorescent intensity of MB internalized in the flow cytometry assay comes from 

only the living cells (Figure 5), since the death cells were removed before the assay. The 

fluorescent intensity of the SM50 complex was higher than that of the SM1 and SM10 

complexes. The large amount of MB was internalized into cells for the SM50 complex (Figure 

3). The MB presence in cells would increase the probability of MB reacting with the target 

mRNA, resulting in an enhanced MB fluorescence. For the complexes at low mixing ratios, the 

cytotoxicity was high (Figure 2). This is due to the high concentration of cationized gelatin, 

leading to the low fluorescent intensity. In other words, since the dead cells internalizing a large 

amount of complexes were removed, only the living cells which had internalized a small 

amount of complexes, were evaluated with the flow cytometry. On the other hand, for the 

complexes at high mixing ratios, the fluorescent intensity was low (Figure 5). Considering the 

balance between the cytotoxicity and the fluorescent intensity, it is concluded that the SM50 
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complex prepared at a mixing ratio of 20 pmole MB/µg cationized gelatin is an optimal system 

to detect the intracellular mRNA in the condition of this study. 

In the panels of Figure 6 for the SM10 and SM50 complexes, the MB was spotted in 

the cell. It has been demonstrated that the intracellular mRNA was observed as dots in single 

molecule fluorescence in situ hybridization (smFISH) 28. 

In the experiment to detect exogenous EGFP mRNA, HVJ-E was used as a positive 

control. HVJ-E is the particle prepared by inactivating the Hemagglutinating Virus of Japan and 

has an inherent ability of membrane fusion 29. Since it is neither infectious nor proliferative, it 

has been used as a non-viral transfection tool for the genetic materials 29-31. Because of the 

membrane fusion ability of HVJ-E, the cargo was directly transfected into cytosol. In the case 

of HVJ-E complex, MB is inserted into cytoplasm, and hybridize with the target mRNA to 

allow the fluorescence detection. On the other hand, in the case of cationized gelatin-MB 

complexes, the mechanism of MB detection is considered as shown below. The complexes are 

generally internalized into cells by an endocytotic pathway similarly to other transfection 

reagents of cationic liposome 32. Since the spermine conjugated to the gelatin facilitates the 

endosomal escape of complexes by the pH buffering capacity of secondary amino groups in 

spermine 33, it is likely that the complexes were released in the cytosol and consequently 

hybridize with the target mRNA. Incidentally, the weak fluorescence of MB was observed even 

in the cells that is not transfected EGFP mRNA (Figure 7). Moreover, in both the GAPDH and 

EGFP MB, fluorescent dots with different sizes and brightness and the diffused fluorescent 

background were observed. The reason why fluorescent dots varied and diffused background 

signal was observed is not clear at present. The background signal might be due to the non-

specific fluorescence of MB (Figure 1). In the case of smFISH, the detection reactions of 

mRNA are performed in fixed and dead cells. On the other hand, MB were internalized into 

living cells in this study. It is highly possible that the local concentrations of intracellular target 

mRNA and MB are different between the living and fixed/dead cells in terms of spatio-temporal 

reaction. In addition, the degradation of MB by nucleases 34 and the non-specific interaction 

with intracellular proteins 35 will be possible reasons of these results. In the preliminary 

experiments, the SM1, SM10, and SM50 complexes prepared at the mixing ratio of 20 pmole 
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MB/μg cationized gelatin showed an increased stability against the nuclease (DNase I) with the 

increase of cationization extent. This can be due to the limited access of DNase I to the MB 

incorporated in the complexes as well as the inhibited recognition of MB as a substrate of the 

nuclease. Therefore, the anti-nuclease stability would be enhanced compared with the free MB 

although further study is required to comprehensively investigate the incorporation ability of 

MB and the consequent stability for various complexes prepared with different cationized 

gelatins and mixing ratios. Some modified MB, including 2’-O-methylated RNA 36, 37, locked 

nucleic acids (LNA) 36, 38, and protein nucleic acids (PNA) 39, have been reported to be effective 

in avoiding the false-positive signal of MB. In addition to the carrier design of MB, chemical 

modifications of nucleic acids themselves would be utilized to further increase the specificity 

of MB and detection accuracy of target mRNA. 

In addition to gelatin, various materials are known as carriers to internalize nucleic 

acid substances into cells 40-45. In these studies, the cytotoxicity or transfection efficiency is 

evaluated based on the N/P ratio; the molar ratios of the amino groups of carrier materials to 

the phosphate groups of nucleic acids, as a main factor. The cytotoxicity and transfection 

efficacy increase as the N/P ratios increase. This is because the complexes are easily internalized 

into cells, since the electrostatic interaction between the complexes and the cell membrane 

becomes stronger 43. In addition, it is reported that when the N/P ratio increases, the transfection 

efficiency will reach a maximum, and then decrease 40, 42, 44. It is claimed that the interaction 

between the carrier and nucleic acid substance is too strong, which may inhibit the release of 

nucleic acid in cells 44. Table 5 shows the N/P ratios of complexes used in this study. The 

cytotoxicity and fluorescent intensity of complexes used in this study are evaluated by the N/P 

ratio. The cytotoxicity increased with the increasing N/P ratios (Figure 2 and Table 5). When 

compared between the complexes prepared with the same cationized gelatin, the fluorescent 

intensity increased with an increase of the N/P ratio, reached a maximum value, and then 

decreased (Figure 5 and Table 5). The decrease of MB fluorescence can be explained in terms 

of the strong electrostatic interaction between the cationized gelatin and MB in the higher N/P 

ratios as well as the decreased MB amount internalized into cells (Figure 3). The fluorescence 

was hardly detected with the SM1 complexes, irrespective of the N/P ratios. The fluorescent 
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intensity was influenced by the N/P ratios, and also the amounts of spermine introduced into 

gelatin. 

In the present study, the fluorescent detection property of carrier material-MB 

complexes was focused. The complexes were prepared at various conditions and optimized to 

visualize both the intracellular endogenous and exogenous mRNA. The physicochemical and 

hybridization properties, cytotoxicity, the amount of MB internalized into cells, and the 

resulting fluorescent detection efficacy of MB, were greatly influenced by the preparation 

conditions of complexes. The findings in this study would be informative for wide research 

fields, and will contribute to the design of carrier materials used for the delivery of nucleic acids, 

such as plasmid DNA (pDNA), small interfering RNA (siRNA), as well as MB. To establish 

the imaging methods with MB, it is technically necessary to improve the sequence specificity 

of MB by adjusting the nucleotide sequence and to develop MB that emits stronger fluorescence, 

in addition to optimize the preparation conditions of complexes. This imaging method is not 

only useful for basic researches, but also applications to the fields of drug discovery, cancer 

diagnosis, and regenerative medicine including cell transplantation therapy. 

  

Table 5. N/P a) ratio of complexes prepared. 

 N/P ratio of complexes 

Mixing ratio (pmole/µg) b) SM1 SM10 SM50 

5 2.3 4.0 4.8 

10 1.2 2.0 2.4 

20 0.58 1.0 1.2 

40 0.29 0.51 0.60 

200 0.058 0.10 0.12 

a) The molar ratio of the amino groups of cationized gelatin to the phosphate groups of MB. 

b) The amount of MB per 1 µg of cationized gelatin. 
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Chapter 3 

 

Preparation of cationized gelatin-molecular beacon complexes 

and cationized gelatin nanospheres incorporating molecular beacon 

for intracellular controlled release 

 

INTRODUCTION 

One of major limitations of molecular beacons (MB) imaging is the temporal 

fluorescent activity due to their short remaining time (within several days to 1 week) in the 

living cells 1, 2. On the other hand, it is well recognized that cell functions continuously change 

in the order from day to week. Therefore, it is of prime importance to prolong the intracellular 

activity of MB to realize the continuous and long-term visualization of cell functions. As one 

trial to tackle this problem, it is highly expected that the intracellular controlled release of MB 

from the cationized gelatin nanospheres (cGNS) is a feasible system. In the previous studies, it 

has been demonstrated that the cGNS can achieve the intracellular controlled release of nucleic 

acid molecules, such as plasmid DNA (pDNA) 3 and small interfering RNA (siRNA) 4, to 

prolong their biological activity in the cells. In addition, Chapter 2 demonstrated that the 

spermine-introduced cationized gelatin was an effective carrier material of MB to visualize the 

intracellular messenger RNA (mRNA). The preparation condition of cationized gelatin-MB 

complexes (i.e. cationization extent and mixing ratio of MB to cationized gelatin) was 

optimized from the viewpoint of cytotoxicity, MB amount internalized into cells, and the 

consequent detection efficiency of MB fluorescence. Based on the findings, the cGNS are 

prepared to incorporate MB under the optimized condition, and the intracellular controlled 

release of MB are compared between the cGNS incorporating MB (cGNSMB) and the cationized 

gelatin-MB complexes. For the easy comparison of MB fluorescence, MB for mRNA of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) of a constantly expressing 

housekeeping gene is used as a control of stable fluorescence in the cell. 

In this chapter, the cGNSMB and the cationized gelatin-MB complexes (complex) were 

prepared to evaluate the time period of mRNA visualized. Since the release profile of bioactive 

molecules from the gelatin hydrogels is regulated by the hydrogel degradability 5-11, the cGNS 
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with different degradabilities were prepared by changing the amount of glutaraldehyde (GA) of 

a crosslinking reagent to incorporate MB. The release profile of MB was compared between 

the cGNSMB and complex. The cytotoxicity, the cell internalization, the mechanism of 

internalization, and the intracellular localization were also investigated. After the cell 

internalization of cGNSMB and complex, the time period of mRNA visualization was evaluated 

in terms of the intracellular remaining of MB. 

 

 

EXPERIMENTAL 

Materials 

Gelatin with an isoelectric point of 9.0 and the weight-averaged molecular weight of 

99,000, prepared by an acidic process of pig skin, was kindly supplied from Nitta Gelatin Inc., 

Osaka, Japan. MB for mouse mRNA of GAPDH was designed by NIPPON GENE Co., Ltd, 

Tokyo, Japan, and synthesized by Eurogentec S.A., Seraing, Belgium. The sequence of MB was 

5’-[Cy®5]-CTGGTAATCCGTTCACACCGACCTTCACCAG-[BHQ®-2]-3’ (BHQ: black 

hole quencher, underline: stem structure). GA (25 wt% in water), glycine, concentrated 

hydrochloric acid (HCl), acetone, and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride salt (EDC) were purchased from Nacalai Tesque. Inc., Kyoto, Japan. Collagenase 

D was purchased from Roche Diagnostics, Indianapolis, IN, USA. Spermine was purchased 

from Sigma-Aldrich Inc., St. Louis, MO, USA. The reagents were used without further 

purification. 

 

Preparation of cationized gelatin 

Cationized gelatin was prepared according to the method described in Chapter 2. In 

brief, spermine was added at molar ratios of 3, 5, 7, 10, 20, and 50 to the carboxyl groups of 

gelatin into 50 ml of double-distilled water (DDW) containing 2.0 g of gelatin. The solution pH 

was immediately adjusted to 5.0 by adding 11 M HCl, and DDW was added into the solution 

to give the final volume of 100 ml. Then, EDC was added at a molar ratio of 3 to the carboxyl 

groups of gelatin, followed by the agitation at 40 ℃ for 18 hr and dialysis against DDW for 3 
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days with a dialysis membrane (molecular weight cut off = 12,000 to 14,000, Viskase 

Companies, Inc., Willowbrook, IL, USA) at room temperature. The dialyzed solution was 

freeze-dried to obtain cationized gelatins. The conventional 2,4,6-trinitrobenzene sulfonic acid 

(TNBS, FUJIFILM Wako Pure Chemical Inc., Osaka, Japan) method was performed to 

determine the percentage of amino groups introduced into the carboxyl groups of gelatin 

(percent introduced) 12. 

 

Preparation of cGNS, cGNSMB and complex 

According to the preparation procedure previously reported 4, cGNS were prepared by 

the conventional coacervation method. Briefly, 5 ml of acetone was added to 1.25 ml of 

cationized gelatin aqueous solution (50 mg/ml) at 40 ℃ to form coacervate. Immediately after 

that, GA (20, 40, 60, 80, and 100 µl) was added to the solution, followed by chemically 

crosslinking for 6 hr. Next, 2 ml of glycine aqueous solution (0.5 M) was added to the solution 

for the blocking of aldehyde groups unreacted. The resulting solution was agitated overnight at 

40 ℃ and the residual acetone was evaporated. Then, cGNS were collected by the 

centrifugation of 14,000 rpm for 30 min at 25 ℃ and resuspended in DDW. The centrifugation 

and resuspension were repeated three times to wash cGNS. 

The cGNS (200 µg/ml) and MB (4 µM) were mixed in DDW (20 pmole MB/µg cGNS) 

and incubated for 15 min at room temperature. The mixture was centrifuged at 14,000 rpm for 

30 min at 25 ℃ and resuspended in DDW to obtain cGNSMB. 

The complexation of cationized gelatin and MB was performed by simply mixing 

cationized gelatin (100 µg/ml) and MB (1.5 µM) in DDW (15 pmole MB/µg cationized gelatin). 

The mixture was incubated for 15 min at room temperature to obtain a cationized gelatin-MB 

complex. 

 

Radiolabeling of MB 

According to the method described in Chapter 2, MB was labeled with radioactive 

iodine (125I) 13. The MB (5 µl, 10 µM in 0.2 M sodium acetate and 40 mM acetic acid solution, 

pH5.0) was incubated at 60 ℃ for 50 min with 2 µl of 0.3 mM Na2SO3, 5 µl of Na125I (740 
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MBq/ml in 0.1 M NaOH aqueous solution, PerkinElmer Inc., Waltham, MA, USA), and 5 µl of 

4 mM TlCl3. Mixed 100 µl of 0.1 M Na2SO3, and 900 µl of 0.1 M NaCl, 50 mM Tris, and 1 

mM ethylenediaminetetra acetic acid (EDTA) were added to the solution. After the incubation 

for 30 min at 60 ℃, the mixture was applied on the PD-10 column (GE Healthcare Bio-Sciences 

Corp., Piscataway, NJ, USA) to separate free 125I from 125I-labeled MB by the gel filtration. The 

radioactivity of 125I was measured using a gamma counter (Auto Well Gamma System ARC-

380 CL, Aloka Co., Ltd, Tokyo, Japan). 

 

Characterization of cGNS, cGNSMB, and complex 

The apparent size of cGNS, cGNSMB, and complex resuspended in 10 mM phosphate 

buffered-saline solution (PBS, pH7.4) was measured by dynamic light scattering (DLS, 

Zetasizer Nano-ZS, Malvern Instruments Ltd., Worcestershire, UK). On the other hand, the zeta 

potential of cGNS, cGNSMB, and complex resuspended in 10 mM phosphate buffered solution 

(PB, pH7.4) was measured by electrophoresis light scattering (ELS, Zetasizer Nano-ZS, 

Malvern Instruments Ltd., Worcestershire, UK). The amount of MB incorporated in cGNS was 

determined by the radioactivity of cGNSMB prepared with the 125I-labeled MB. These 

experiments were performed independently three times for each of the samples unless otherwise 

mentioned. 

 

Degradation test of cGNS 

 The cGNS crosslinked with 20, 60, and 100 µl of GA (200 µg) were suspended in 1 

ml of PBS, and then incubated at 37 ℃. At different time intervals, the PBS supernatant was 

collected by the centrifugation (14,000 rpm for 10 min at 25 ℃) and the nanospheres were 

resuspended in the same volume of fresh PBS. After 9 hr incubation, PBS was changed to PBS 

containing 50 µg/ml collagenase, and the supernatant was collected at sampling time points. 

The amount of cationized gelatin in the supernatant was determined by Micro BCATM Protein 

Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). The standard curve was plotted 

using bovine serum albumin, and the percent degraded was determined by the total amount 

detected by the assay and the time point of cGNS disappeared. 
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Release test of MB from complex and cGNSMB 

The complex and cGNSMB (200 µg) crosslinked with 20 µl of GA which had been 

incorporated by the 125I-labeled MB, were suspended in 1 ml of PBS, put into a dialysis bag 

(Spectra/Por® Float-A-Lyzer® G2, molecular weight cut off = 1,000,000, Repligen Corporation, 

Waltham, MA, USA), and dialyzed against 50 ml of PBS at 37 ℃. At different time intervals, 

50 ml of PBS was changed by the same volume of fresh PBS. After 9 hr dialysis, collagenase 

was added into the dialysis bag (50 µg/ml), and PBS was changed to PBS containing 50 µg/ml 

collagenase. The amount of MB released into the PBS collected was determined by the 

radioactivity measurement. 

 

Evaluation of cell viability after incubation with complex and cGNSMB 

KUM6 cells of mouse bone marrow-derived mesenchymal stem cells (MSC) (JCRB 

Cell Bank, National Institute of Biomedical Innovation, Health and Nutrition, Osaka, Japan) 

were seeded into each well of 96 well multi-dish culture plate (Corning Inc., Corning, NY, 

USA) at a density of 1 × 104 cells/well. The cells were cultured in 100 µl of Iscove’s Modified 

Dulbecco’s Medium (IMDM, Thermo Fisher Scientific Inc., Waltham, MA, USA) containing 

10 vol% bovine fetal calf serum (FCS, GE healthcare Life Sciences Hyclone laboratories inc., 

Logan, UT, USA) and 1 vol% penicillin/streptomycin at 37 ℃ in a 5% CO2-95% air 

atmospheric condition for 24 hr. The medium was changed to OPTI MEM (Thermo Fisher 

Scientific Inc., Waltham, MA, USA), and then complex or cGNSMB crosslinked with 20, 60, 

and 100 µl of GA, were added to each well at different concentrations (1, 5, 10, 15, and 20 

µg/ml). The cell viability was evaluated using a cell counting kit (Nacalai Tesque. Inc., Kyoto, 

Japan). After the incubation of 3 hr with complex or nanospheres, 10 µl of 2-(2-methoxy-4-

nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8) solution was 

added to each well and further incubated for 1 hr. The absorbance of samples at 450 nm was 

measured by Multi-mode Microplate Reader (SpectraMax i3x, Molecular Devices Japan Co., 

Ltd., Tokyo, Japan). The percentage of cell viability was expressed as 100% for cells without 

incubation of complex or cGNSMB. 
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Quantification of cell internalization after incubation with complex and cGNSMB 

Cells were seeded in each well of 6 well multi-dish culture plate (Corning Inc., Corning, 

NY, USA) at a density of 5 × 104 cells/well, and cultured for 24 hr. The medium was changed 

to OPTI MEM, and then complex or cGNSMB crosslinked with 20, 60, and 100 µl of GA which 

had been incorporated by the 125I-labeled MB were added to each well at different 

concentrations (1, 5, 10, 15, and 20 µg/ml). After the incubation of 3 hr with complex or 

cGNSMB, the cells were washed with PBS and detached with 0.25 wt% trypsin-containing 1 

mM EDTA solution (Nacalai Tesque. Inc., Kyoto, Japan). The amount of MB was determined 

by the radioactivity measurement of cells collected. 

 

Evaluation of cell internalization mechanism 

To evaluate the cell internalization mechanism of complex and cGNSMB, various 

endocytosis inhibitors were used to evaluate the effect 14-16. In brief, cells were similarly seeded 

in each well of 6 well multi-dish culture plate at a density of 5 × 104 cells/well, and cultured for 

24 hr. The cells were then treated with 10 mM 2-deoxy-D-glucose (2-DG) and 10 mM sodium 

azide, 6.25 µg/ml chlorpromazine (CPZ), 2.5 µg/ml filipin III, 1.5 µg/ml cytochalasin D (cyto 

D), and 50 µg/ml amiloride for 1 hr at 37 ℃. After the treatment of inhibitors, cells were washed 

with PBS and complex or cGNSMB crosslinked with 20 µl of GA which had been incorporated 

by the 125I-labeled MB were added (5 µg/ml), and incubated for 3 hr. In addition to the inhibitor 

treatments, the cells incubation with complex or cGNSMB were performed at 4 ℃ for 3 hr. The 

cells were washed with PBS and collected by their trypsinization. The amount of MB was 

determined by the radioactivity measurement, and the amount without the endocytosis 

inhibitors was expressed as 100%. 

 

Evaluation of intracellular localization 

Cells were seeded in a glass bottom dish of 35 mm in diameter (Matsunami Glass 

Industries Ltd., Tokyo, Japan) at a density of 5 × 104 cells/dish, and cultured for 24 hr. After the 

medium change to OPTI MEM, the cells were incubated with 5 µg/ml complex or cGNSMB 

crosslinked with 20 µl of GA for 3 hr. After the incubation of 5 and 12 hr with complex or 
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cGNSMB, the lysosomes of cells were stained with 80 nM LysoTracker® Red DND-99 (Thermo 

Fisher Scientific Inc., Waltham, MA, USA), and fixed with 4 vol% paraformaldehyde and the 

cell nuclei were stained with 300 nM 4’,6-diamidino-2-phenylindole (DAPI, Thermo Fisher 

Scientific Inc., Waltham, MA, USA), and then the fluorescent images were taken by a 

fluorescent microscope (BZ-X700, KEYENCE Co., Ltd., Osaka, Japan). The fluorescence was 

expressed as a pseudo color. 

 

Continuous fluorescent imaging of mRNA and intracellular remaining of MB 

Cells were similarly seeded in the glass bottom dish at a density of 5 × 104 cells/dish, 

and cultured for 24 hr. After the medium change to OPTI MEM, the cells were incubated with 

5 µg/ml complex or cGNSMB crosslinked with 20, 60, and 100 µl of GA for 3 hr, and cultured 

further for 14 days. The cells were observed by the fluorescent microscopy 1, 2, 3, 5, 7, 9, and 

14 days later. 

To evaluate the intracellular remaining of MB, cells were similarly seeded in each well 

of 6 well multi-dish culture plate at a density of 5 × 104 cells/well, and cultured for 24 hr. After 

the medium change to OPTI MEM, complex or cGNSMB crosslinked with 20, 60, and 100 µl 

of GA which had been incorporated by the 125I-labeled MB were added (5 µg/ml) and incubated 

for 3 hr. The cells were further cultured, and trypsinized to collect at days 0, 1, 2, 3, 5, 7, 9, and 

14. The amount of MB was determined by the radioactivity measurement, and the amount at 

day 0 was expressed as 100%. 

 

Statistical analysis 

The data were expressed as the average ± standard deviation (SD). All the statistical 

analysis was performed using one-way analysis of variance (ANOVA) with a post-hoc Tukey-

Kramer multiple comparison test. P values less than 0.05 were considered to be statistically 

significant. 
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RESULTS 

Preparation of cationized gelatin 

Figure 1 shows the cationization extent of gelatin plotted as a function of the molar 

ratio of spermine added. The percent introduced increased as the increase of spermine addition 

ratio. In the following experiments, the cationized gelatin with the highest extent of 

cationization (44.8 mole%) was used. 

 

Characterization of cGNS 

Figure 2 shows the apparent size and zeta potential of cGNS crosslinked with different 

amounts of GA. Both the apparent size and zeta potential were constant, irrespective of the GA 

amounts. Figure 3 shows the degradation time profiles of cGNS crosslinked with different 

amounts of GA. In the collagenase-free PBS, 58, 44, and 38 wt% of gelatin were released within 

9 hr from cGNS crosslinked with GA 20, 60, and 100 µl, respectively. The gelatin release in 

hydrogel degradation for every cGNS was observed even in PBS containing collagenase, 

although it tended to become slowly with an increase of GA amounts used in preparation. The 

fastest degradation was observed for cGNS (GA 20 µl), and the cGNS disappeared at the time 

point of 15 hr. 

 

Figure 1. Cationization extent of gelatin as a function of the molar ratio of spermine added 

to the carboxyl groups of gelatin. 
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Characterization of complex and cGNSMB 

Table 1 shows the physicochemical properties of complex and cGNSMB. The apparent 

size of cGNSMB was constant, irrespective of the GA amounts. On the other hand, the MB 

amount incorporated and the zeta potential of cGNSMB slightly decreased with an increase of 

GA amount. The apparent size and zeta potential of complex were similar to those of cGNSMB. 

 
Figure 2. Apparent size (A) and zeta potential (B) of cGNS prepared at different amounts 

of GA. 
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Figure 3. Time profiles of degradation of cGNS crosslinked with 20 (◯), 60 (△), and 100 

µl of GA (□). The degradation test was performed in PBS for the initial 9 hr, and thereafter 

in PBS containing collagenase at 37 ℃. 
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Figure 4 shows the release profiles of MB from complex and cGNSMB crosslinked 

with 20 µl of GA. In the collagenase-free PBS, 16 and 3 wt% of MB were released from 

complexes and cGNSMB, respectively. After the solution was changed to PBS containing 

collagenase, the MB release from complex was accelerated. On the other hand, the MB was 

slowly released from cGNSMB, irrespective of the collagenase addition. 

Table 1. Physicochemical properties of complex and cGNSMB. 

 
Amount of MB 

incorporated (pmole/µg) 
Apparent size (nm) Zeta potential (mV) 

Complex 15 223.6 ± 42.3 7.55 ± 0.90 

cGNS
MB

 (GA20 μl) a) 15.1 ± 0.1 b) 225.9 ± 19.8 9.23 ± 1.12 

cGNS
MB

 (GA40 μl) 14.7 ± 0.2 231.8 ± 13.4 8.40 ± 1.32 

cGNS
MB

 (GA60 μl) 13.6 ± 1.2 223.8 ± 19.3 6.84 ± 0.89 

cGNS
MB

 (GA80 μl) 13.8 ± 0.4 249.3 ± 21.6 5.94 ± 0.47 

cGNS
MB

 (GA100 μl) 13.5 ± 0.4 251.5 ± 27.5 2.90 ± 1.09 

a) The volume of GA added in cGNS preparation. 

b) Average ± SD. 

 

Figure 4. Time profiles of MB release from complex (◯) and cGNSMB (●) crosslinked with 

20 µl of GA. The release test was performed in PBS for the initial 9 hr, and thereafter in PBS 

containing collagenase at 37 ℃. 

0

10

20

30

40

50

60

0 10 20 30 40 50 60 70

P
e

rc
e

n
t 
re

le
a
s
e

d

Time (hr)

0



Preparation of complexes and cGNSMB 
for intracellular controlled release 

97 

 

Cell viability and cell internalization after incubation with complex and cGNSMB 

The cytotoxicity and the amount of MB internalized into the cells were evaluated 

(Figure 5). The percentage of survived cells decreased as the increase of complex and cGNSMB 

concentration. Significant cytotoxicity was observed at 10 µg/ml of complex and 15 µg/ml of 

cGNSMB (GA 20 µl) or higher. However, no cytotoxicity was observed at any concentration for 

cGNSMB crosslinked with GA 60 and 100 µl. The amount of MB internalized into the cells 

increased when the concentration increased for both the complex and cGNSMB. When complex 

and cGNSMB were incubated at low concentrations of 1 and 5 µg/ml, the similar amount level 

of MB internalized was observed between the complex and cGNSMB. On the other hand, at high 

concentrations of 10, 15, and 20 µg/ml, the amount of complex internalized was larger than that 

of cGNSMB crosslinked with GA 20, 60, and 100 µl. 

 

Figure 5. Cell viability (A and B) and amount of MB internalized into the cells (C and D) 

incubated with different concentrations of complex (A and C) and cGNSMB (B and D) 

crosslinked with 20 (□), 60 (■), and 100 µl (■) of GA. The viability of cells incubated 

without complex nor cGNSMB was expressed as 100%. *, p < 0.05; significant against the 

percent survival of cells without complex nor cGNSMB. 
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Mechanism of cell internalization and intracellular localization 

The cell internalization pathway of complex and cGNSMB was evaluated by the pre-

treatment of various endocytosis inhibitors (Figure 6). The amount of MB internalized was the 

most significantly decreased by the 4 ℃ incubation for both the complex and cGNSMB. In 

addition, various endocytosis inhibitors, such as 2-DG and sodium azide (energy depended 

endocytosis), CPZ (clathrin-mediated endocytosis), filipin III (caveolae-mediated endocytosis), 

cyto D (phagocytosis and macropinocytosis), and amiloride (macropinocytosis) were pre-

treated with the cells before the internalization culture of complex and cGNSMB. For the 

complex, the pre-treatment with filipin III and amiloride significantly decreased the 

internalization. On the other hand, the pre-treatment with all kinds of inhibitors, especially CPZ 

caused the significant decrease of cGNSMB internalization. 

 

 

Figure 6. The effect of endocytosis inhibitors on the amount of MB internalized into cells. 

The cells were pre-treated with 2-DG and sodium azide, CPZ, filipin III, cyto D, and 

amiloride for 1 hr, followed by incubating with 5 µg/ml of complex (A) or cGNSMB 

crosslinked with 20 µl of GA (B). Incubation with complex or cGNSMB were also performed 

at 4 ℃. The amount of MB without the endocytosis inhibitor (untreated) was expressed as 

100%. *, p < 0.05; significant against the amount of MB internalized into the untreated cells. 
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Figure 7 shows the intracellular localization after 5 and 12 hr incubation with complex 

or cGNSMB. For both the complex and cGNSMB, the fluorescence of MB and lysosomes was 

not co-localized at 5 and 12 hr. The fluorescence of complex and cGNSMB were detected at a 

similar level at 5 hr. However, the fluorescence of complex disappeared at 12 hr, whereas that 

of cGNSMB was still observed. 

 

 

 

 

 

 

Figure 7. Fluorescent microscopic images of cells after the incubation with 5 µg/ml of 

complex (A) and cGNSMB crosslinked with 20 µl of GA (B). After the incubation with 

complex or cGNSMB, the images were taken at 5 (a) and 12 hr later (b). Red: MB. Yellow: 

lysosomes. Blue: nuclei. Scale bar is 20 µm. 

A  Complex B  cGNSMB (GA 20 μl)
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Continuous fluorescent imaging of mRNA and intracellular remaining of MB 

Figure 8 shows the fluorescent microscopic images of cells incubated with complex 

or cGNSMB for different time periods. The fluorescence of complex was hardly detected after 5 

days incubation, whereas the fluorescence of cGNSMB was sufficiently observed even after 14 

days. The level of intracellular fluorescence at days 1 and 2 was almost same among cGNSMB 

crosslinked with GA 20, 60, and 100 µl. When compared at the same time point, the intracellular 

fluorescence of cGNSMB increased as the increase of GA amount after 3 days incubation. 

Figure 9 shows the percent remaining of MB in the cells after the incubation with 

complex or different types of cGNSMB. One day later, only 12 wt% of complex was remained 

and the percent remaining slightly decreased in a time dependent manner. On the contrary, at 

day 1, the percent remaining of cGNSMB was 53, 58, and 65 wt% for the volume of GA 20, 60, 

and 100 µl used in preparation, respectively, although it decreased with time. The intracellular 

remaining of cGNSMB became higher as the GA amount increased. 

 

 

Figure 9. Intracellular remaining of complex (◯) and cGNSMB crosslinked with 20 (●), 60 

(▲), and 100 µl of GA (■). The amount of MB at day 0 was expressed as 100%. 
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DISCUSSION 

The present study demonstrates that the cGNSMB and the cationized gelatin-MB 

complexes were readily internalized into the cells via an endocytotic pathway, but not co-

localized with lysosomes. The release profile of MB was different between the complex and 

cGNSMB. The intracellular fluorescence of complex disappeared at day 5, while that of 

nanospheres was observed over 14 days. This is because the intracellular rate of complex release 

was faster than that of cGNSMB. In addition, the decrease of intracellular cGNSMB became 

slower as the increase of GA amount used in preparation. It is likely that, as the results, the 

intracellular fluorescence was retained at a high level. To our knowledge, this study is the first 

report to compare cell internalization between the complex and nanospheres prepared from the 

same starting material. In addition, this is the first investigation to estimate the intracellular 

activity of MB in terms of the time period of mRNA visualization. The time period could be 

regulated by changing the degradability of cGNSMB. 

The apparent size and zeta potential of cGNS prepared were constant, irrespective of 

the GA amount (Figure 2). On the other hand, the time profile of degradation became slower 

as the increase of GA amount (Figure 3). In this study, collagenase was used to simulate the 

intracellular environment although the concentration is not clear. In addition, the reason of 

cGNS degradation in the absence of collagenase may be due to the release of gelatin which did 

not contribute to the crosslinking. The cGNS crosslinked with 20 µl of GA was completely 

degraded at the time point of 15 hr, whereas those of 60 and 100 µl were not completed. This 

is because the concentration of collagenase was not high enough to allow cGNS to degrade 

completely. However, it should be noted that the degradability of cGNS can be controlled only 

by the amount of GA of a crosslinking reagent. The apparent size of cGNSMB was constant, 

while the amount of MB incorporated and zeta potential slightly decreased as the increase of 

GA amount. It is conceivable that the increase of GA amount increases the crosslinking extent 

of gelatin hydrogel, leading to the smaller mesh size of gelatin in hydrogel. Since the smaller 

mesh size prevents the incorporation of MB into the hydrogel, the number of MB molecules on 

the surface of nanospheres would increase with the increase of GA amount, resulting in an 

enhanced apparent size and reduced zeta potential. It is apparent from Table 1 that the apparent 
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size of complex and cGNSMB were similar, and both of them had a similar positive charge. It is 

well recognized that the range of small size (around 200 nm) and positive charge is favorably 

internalized into cells 17, 18. Figure 4 shows that the release of MB from complex was faster 

than that from cGNSMB crosslinked with 20 µl of GA. The cGNS (GA 20 µl) which degraded 

in the fastest profile (Figure 3) was used to compare with the complex. It has been reported 

that nucleic acids complexed with cationized gelatin and incorporated in cGNS were released 

with the fragment of gelatin degraded 4, 19. This can be explained in terms of gelatin crosslinking. 

It is highly possible that complex which was physicochemically associated, but not crosslinked 

is easily degraded by collagenase compared with cGNSMB crosslinked with GA. The constant 

MB release from cGNSMB, irrespective of collagenase addition, was observed. The cGNSMB 

tended to be aggregated in the PBS containing collagenase. This aggregation might prevent the 

cGNSMB from the collagenase degradation. Therefore, MB would be slowly released from the 

surface of aggregate degraded by the collagenase. 

Figure 5 shows the cytotoxicity and the amount of MB internalized into the cells after 

incubation with the complex and cGNSMB. When complex and cGNSMB were incubated at high 

concentrations of 10, 15, and 20 µg/ml, the amount of complex internalized was larger than that 

of cGNSMB. On the other hand, significant cytotoxicity of complex was observed over 10 µg/ml. 

However, the reason why higher cytotoxicity and better internalization of complex over 

cGNSMB is not clear at present. In general, it is well known that cationic substances tend to 

show the cytotoxicity, although the better internalization into cells was observed 20-22. The 

complex and cGNSMB had a similar apparent size and zeta potential, but the cGNSMB was 

crosslinked with GA. It is possible, therefore, that the cationized gelatin molecules of complex 

might be more flexible than that of cGNSMB. More flexible positive gelatin molecules of 

complex would interact with the surface of cells more strongly. This difference of molecular 

flexibility might cause the higher cytotoxicity and better internalization of complex over 

cGNSMB. In addition, it is likely that the presence of free cationized gelatin which did not 

contribute to the complex formation causes the higher cytotoxicity. Another possible reason of 

different cytotoxicities might be due to the different release profiles of MB and cationized 

gelatin fragment. Faster release of cationized gelatin fragments might lead to the higher 
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cytotoxicity. Considering the non-cytotoxic condition and similar amount of cell internalization, 

in this study, 5 µg/ml was selected for comparison between the complex and cGNSMB. 

The pre-treatment of endocytosis inhibitors was performed to evaluate the mechanism 

of cell internalization (Figure 6). The amount of MB internalized was the most significantly 

decreased by 4 ℃ incubation for both the complex and cGNSMB. This result indicates that both 

the complex and cGNSMB were internalized into the cells by the endocytotic pathway. The 

decreased internalization of complex by the pre-treatment with filipin III and amiloride 

experimentally confirms that the complex was internalized mainly via the caveolae-mediated 

endocytosis and macropinocytosis. On the other hand, for the cGNSMB, the decreased 

internalization was observed by the pre-treatment with all kinds of inhibitors, especially CPZ. 

This indicates that there are many pathways for the cGNSMB internalization, although the 

clathrin-mediated endocytosis and macropinocytosis are mainly contributed. The reason of a 

small difference in endocytotic pathways between the complex and cGNSMB is not clear at 

present. However, it is highly conceivable that they were internalized into cells via the 

endocytosis pathway. The molecular flexibility on the surface of complex and cGNSMB might 

contribute to the endocytotic pathways. For both the complex and cGNSMB, the fluorescence of 

MB was not co-localized with lysosomes after 5 and 24 hr incubation (Figure 7). Taken together, 

it is demonstrated that both the complex and cGNSMB were endosomally escaped following 

their endocytosis. This endosomal escape may be due to the pH buffering effect by the 

secondary amino groups of spermine 23. As shown in Figure 8, the intracellular fluorescence of 

complex disappeared at day 5, while that of cGNSMB was observed over 14 days. It is reported 

that the intracellular fluorescence of MB diminished by fourth day after transfection with 

xtreamGENE HPTM reagent which is a complex-based transfection reagent 1. The results in this 

study well correspond to the report. In addition, it has been demonstrated that more than 50% 

of intracellular MB signal diminished by 96 hr after the streptolysin O (SLO) transfection 2. 

This is due to the degradation of naked MB by endogenous nucleases and the resulting clearance 

from the cells. The different time periods of intracellular fluorescence decrement between the 

complex and cGNSMB may be due to the degradability and the consequent MB release profile 

(Figures 3 and 4). This is also experimentally confirmed from the intracellular remaining of 
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MB (Figure 9). The decrease of intracellular cGNSMB became slower as the increase of GA 

amount, leading to a prolonged high level of intracellular fluorescence. These findings 

demonstrate that the time period of mRNA visualization is controlled by the degradability of 

cGNSMB which can consequently modify the intracellular release profile of MB. The detailed 

mechanism of the MB release into the cytosol and the cellular clearance is not clear at present. 

It is reported that the polyion complex of a poly(ethyleneimine) (PEI) and pDNA were 

internalized into cells via the caveolae- and clathrin-mediated endocytosis, followed by the 

rapid rupture of endosomes due to the high buffering ability of PEI 24, 25. The complex and 

cGNSMB which have secondary amino groups of spermine should be also released into cytosol 

as well as the polyion complex of PEI. On the other hand, the MB release is thought to be driven 

by the degradation of cationized gelatin which might occur in late-endosomes and lysosomes 

containing matrix metalloproteinases. The degraded fragment of cationized gelatin with MB 

might also be released into cytosol. Therefore, it is possible that the degradability affected the 

existence probability in the cytosol, and the resulting intracellular remaining. Further study is 

needed to investigate the intracellular event after the internalization of complex and cGNSMB 

to clarify the mechanism of intracellular MB release and the cellular clearance. 

In this study, the feasibility of intracellular controlled release of MB to prolong the 

time period of mRNA visualization is clearly demonstrated. The complexation-based cell 

internalization has been widely applied in gene transfection. However, the short time period of 

gene expression or suppression is a challenging problem 26. On the other hand, the intracellular 

release of nucleic acids enables the prolongation of its bioactivity because the intracellular 

concentration is kept high 4, 27, 28. This study directly proved that the intracellular controlled 

release prolongs the intracellular activity of nucleic acid comparing with the complexation-

based cell internalization. This intracellular controlled release of MB must be a versatile tool to 

visualize the long-term cellular biological functions. Wiraja et al. have reported that MB 

intracellular release from poly(lactic-co-glycolic acid) (PLGA) nanoparticles continuously 

visualized the mRNA of β-actin 2, 15, osteogenesis 29, and chondrogenesis 30 of MSC. The 

intracellular release of MB from the PLGA nanoparticles enabled the mRNA visualization over 

28 days. The present study focused on regulating the time period of mRNA visualization by 
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changing the degradability of cGNSMB. The advantage of cGNS over PLGA nanoparticles 

would be the simplicity of controlling degradability and the consequent controllability of 

nucleic acids release profile. The time period of mRNA visualization and the intracellular 

remaining of MB was readily regulated by the degradability of cGNSMB (Figures 8 and 9). This 

controlled release system based on the degradation of cationized gelatin has been applied 

extracellularly 7, 8, 10, 19, 31, 32 and intracellularly 3, 4 to prolong the bioactivity of nucleic acids. 

Another strategy to prolong the intracellular MB activity is the modification of MB, such as 

locked nucleic acid (LNA) 33, 34 and 2’-O-methylation 34-36, based on nucleic acid chemistry. 

These modifications enhance the specificity in hybridization with the target mRNA and the 

stability against nucleases. It has been reported that 2’-O-methyl modified MB visualizing Oct-

3/4 mRNA of a pluripotent marker were persistent in human embryonic stem (ES) cells at least 

for 7 days after the electroporation-based transfection 35. In addition to the intracellular 

controlled release of MB based on material sciences, the modifications of MB could be 

combined to cGNSMB for the further prolongation of intracellular activity. In the near future, 

biological functions of cells which change in a time dependent manner, will be visualized based 

on the intracellular controlled release of MB. 
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Chapter 4 

 

Preparation of cationized gelatin nanospheres incorporating 

molecular beacon to visualize cell proliferation ability 

 

INTRODUCTION 

Proliferation ability is one of the fundamental biological functions of cells. It is quite 

important to evaluate the proliferation ability of cells in the research fields of biology and 

medicine. For example, highly proliferative cancer cells are one of the characteristic features 

of malignant cancers 1. For the cell therapy in regenerative medicine, the survival and 

proliferation of cells transplanted in vivo lead to an improvement of therapeutic efficiency. In 

addition, a variety of trials have been reported to enhance the proliferation ability of cells, such 

as the application of bioreactors 2-4, and growth factors 5, 6. However, at present, it is 

experimentally difficult to continuously assess the time course of cell proliferation ability. It 

has been well recognized that Ki67 is one of the representative proliferation markers 

extensively used in the fields of basic cell research 7 and pathology 8, 9. As the conventional 

assay of Ki67 expression, immunohistological and immunofluorescent stainings, western 

blotting, and polymerase chain reaction (PCR) are used to evaluate the proliferation ability of 

cells. However, the techniques require cell destruction, and can only detect the temporal 

situation of cells at the sampling time. Under these circumstances, it is of prime importance to 

develop the imaging technologies and methodologies to continuously visualize the time course 

of cell proliferation ability. 

Based on the results in Chapter 3, it was demonstrated that the intracellular controlled 

release of molecular beacons (MB) is an effective system to continuously visualize intracellular 

messenger RNA (mRNA) which regulates various cell functions. The cationized gelatin 

nanospheres (cGNS) incorporating MB (cGNSMB) are easily internalized into cells, and the MB 

released into cytosol from the cGNS can specifically detect intracellular target mRNA over 2 

weeks. To visualize the cell proliferation ability, MB to detect mRNA of Ki67 as a target of 

proliferation ability is designed to be incorporated in the cGNS. In addition, MB for mRNA of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) of a constantly expressing 
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housekeeping gene is used as a control of stable fluorescence in cells. 

 In this chapter, the cell proliferation ability was visualized based on the cGNSMB 

imaging system. The cGNS incorporating Ki67 and GAPDH MB (cGNSKi67 MB and cGNSGAP 

MB, respectively) were prepared and internalized into KUM6 cells of a mouse bone marrow-

derived mesenchymal stem cell (MSC) line. Basic fibroblast growth factor (bFGF) was used to 

enhance the proliferation ability of cells. In addition to the cell proliferation, the effect of bFGF 

concentration on the mRNA and protein expressions of Ki67 was investigated. The fluorescent 

intensity of cells incubated with cGNSKi67 MB and cGNSGAP MB in the presence or absence of 

bFGF was evaluated in terms of the MB function to visualize the cell proliferation ability. A 

timelapse imaging of cells after the bFGF addition was performed to assess the time course of 

proliferation ability enhancement. 

 

 

EXPERIMENTAL 

Materials 

Gelatin with an isoelectric point of 9.0 and the weight-averaged molecular weight of 

99,000, prepared by an acidic process of pig skin, was kindly supplied from Nitta Gelatin Inc., 

Osaka, Japan. MB for mouse mRNA of GAPDH was designed by NIPPON GENE Co., Ltd, 

Tokyo, Japan, while that for Ki67 was designed by Beacon DesignerTM (PREMIER Biosoft, 

Palo Alto, CA, USA). The secondary structure of MB was estimated by an RNA/DNA folding 

software (UNAFold, Integrated DNA Technologies, Inc., Coralville, IA, USA.) to confirm the 

stem-loop structure. The MB were synthesized by Integrated DNA Technologies, Inc. Coralville, 

IA, USA. The sequences of MB were listed in Table 1. Basic fibroblast growth factor (bFGF, 

KCB-1) was kindly supplied from Kaken Pharmaceutical Co., Ltd., Tokyo, Japan. 

Glutaraldehyde (GA, 25 wt% in water), glycine, concentrated hydrochloric acid (HCl), acetone, 

and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride salt (EDC) were 

purchased from Nacalai Tesque. Inc., Kyoto, Japan. Spermine was purchased from Sigma-

Aldrich Inc., St. Louis, MO, USA. The reagents were used without further purification. 
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Preparation of cationized gelatin 

Cationized gelatin was prepared by conjugating spermine with the carboxyl groups of 

gelatin as described in Chapter 2. In brief, spermine was added at a molar ratio of 50 to the 

carboxyl groups of gelatin into 50 ml of gelatin aqueous solution (40 mg/ml). Immediately after 

that, the solution pH was adjusted to 5.0 by adding 11 M HCl. Double-distilled water (DDW) 

was added to give the final volume of 100 ml. Next, EDC was added at a molar ratio of 3 to the 

carboxyl groups of gelatin, followed by the agitation at 40 ℃ for 18 hr and dialysis against 

DDW for 3 days with a dialysis membrane (molecular weight cut off = 12,000 to 14,000, 

Viskase Companies, Inc., Willowbrook, IL, USA) at room temperature. The dialyzed solution 

was freeze-dried to obtain the cationized gelatin. The percentage of amino groups introduced 

into gelatin was determined by the conventional 2,4,6-trinitrobenzene sulfonic acid (TNBS, 

FUJIFILM Wako Pure Chemical Inc., Osaka, Japan) method 10. The percentage was 59.8 

mole% per the carboxyl groups of gelatin. 

 

 

 

Table 1. Sequences of MB and PCR primers used. 

MB and PCR primers Sequences (5’ to 3’) 

Ki67 MB [Alexa Fluor®488]-CGCGATCTGTATCACTCATCTGCTGCT

GCGATCGCG-[IBFQ] 

GAPDH MB [TYE®665]-CTGGTAATCCGTTCACACCGACCTTCACCAG

-[IBRQ] 

Ki67 forward CATCCATCAGCCGGAGTCA 

Ki67 reverse TGTTTCGCAACTTTCGTTTGTG 

GAPDH forward AACTTTGGCATTGTGGAAGG 

GAPDH reverse GGAGACAACCTGGTCCTCAG 

MB: molecular beacons 

PCR: polymerase chain reaction 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase 

IBFQ: Iowa Black®FQ 

IBRQ: Iowa Black®RQ 

underline: stem structure 
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Preparation of cGNS 

According to the preparation procedure described in Chapter 3, cGNS were prepared 

by the conventional coacervation method. Briefly, 5 ml of acetone was added to 1.25 ml of 

cationized gelatin aqueous solution (50 mg/ml) at 40 ℃ to form coacervate. Aqueous solution 

of 25 wt% GA (20 µl) was immediately added to the solution, followed by chemically 

crosslinking of cationized gelatin for 6 hr. After that, an excessive amount of 0.5 M glycine 

aqueous solution (2 ml) was added for the blocking of aldehyde groups unreacted. The resulting 

solution was agitated overnight at 40 ℃ and the residual acetone was evaporated. Then, cGNS 

were collected by the centrifugation of 16,000 g for 30 min at 25 ℃ and resuspended in DDW. 

The centrifugation and resuspension procedures were repeated three times to wash cGNS. The 

apparent size of cGNS dispersed in 10 mM phosphate buffered-saline solution (PBS, pH7.4) 

was measured by dynamic light scattering (DLS, Zetasizer Nano-ZS, Malvern Instruments Ltd., 

Worcestershire, UK). On the other hand, the zeta potential of cGNS dispersed in 10 mM 

phosphate buffer (PB, pH7.4) was measured by electrophoresis light scattering (ELS, Zetasizer 

Nano-ZS, Malvern Instruments Ltd., Worcestershire, UK). The apparent size and zeta potential 

of cGNS were 155.3 ± 0.92 nm and 8.05 ± 0.17 mV, respectively. 

 

Radiolabeling of MB 

According to the method described in Chapter 2, MB was labeled with radioactive 

iodine (125I) 11. The MB (5 µl, 50 µM in 0.2 M sodium acetate and 40 mM acetic acid solution, 

pH5.0) were incubated at 60 ℃ for 50 min with 2 µl of 0.3 mM Na2SO3, 5 µl of Na125I (740 

MBq/ml in 0.1 M NaOH aqueous solution, PerkinElmer Inc., Waltham, MA, USA), and 5 µl of 

4 mM TlCl3. Next, mixed 100 µl of 0.1 M Na2SO3 and 900 µl of 0.1 M NaCl, 50 mM Tris, and 

1 mM ethylenediaminetetra acetic acid (EDTA) solution was added to the MB solution. After 

the incubation for 30 min at 60 ℃, the reactant was applied on the PD-10 column (GE 

Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) to purify the 125I-labeled MB by the gel 

filtration. The radioactivity of 125I was measured using a gamma counter (Auto Well Gamma 

System ARC-380 CL, Aloka Co., Ltd, Tokyo, Japan). 
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Preparation of cGNSMB 

The cGNS (200 µg/ml) and MB (Ki67 and GAPDH, each 4 µM) were mixed in DDW 

at the MB/cGNS ratio of 20 pmole/µg. After the incubation for 15 min at room temperature, the 

mixture was centrifuged at 16,000 g for 15 min at 25 ℃ and resuspended in DDW to obtain 

cGNS incorporating Ki67 and GAPDH MB (cGNSKi67 MB and cGNSGAP MB). The amount of 

MB incorporated in cGNS was determined by the radioactivity of cGNSMB prepared with 125I-

labeled MB. The apparent size and zeta potential of cGNSMB were determined by DLS and ELS 

measurements, respectively. These measurements were performed independently three times 

for each sample. 

 

Cell culture experiments 

KUM6 cells (JCRB1202) of a mouse bone marrow-derived MSC line were purchased 

from JCRB Cell Bank (National Institute of Biomedical Innovation, Health and Nutrition, 

Osaka, Japan). The cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM, 

Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10 vol% bovine fetal 

calf serum (FCS, GE healthcare Life Sciences Hyclone laboratories inc., Logan, UT, USA) and 

1 vol% penicillin and streptomycin (Nacalai Tesque. Inc., Kyoto, Japan) at 37 ℃ in a 5% CO2-

95% air atmospheric condition. The cells were detached with 0.25 wt% trypsin-containing 1 

mM EDTA solution (Nacalai Tesque. Inc., Kyoto, Japan) and continued to culture in 100 mm 

cell culture dish (Corning Inc., Corning, NY, USA) to allow to grow until to 80% confluency. 

 

Analysis of mRNA expression 

The cells were seeded on each well of 6 well multi-dish culture plate (Corning Inc., 

Corning, NY, USA) at a density of 5 × 104 cells/well, and cultured for 24 hr. After that, bFGF 

was added to the cells at different final concentrations (0, 5, 10, 20, 40, and 100 ng/ml), and 

cultured further for 24 hr. Then, the total RNA was extracted from the cells by RNeasy Plus 

Mini Kit (QIAGEN, Hilden, Germany) according to the manufacture’s instructions. The total 

RNA was reverse-transcribed to complementary DNA (cDNA) using a SuperScript VILO 

cDNA synthesis kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). The cDNA (100 ng, 
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1 µl), forward and reverse primers (20 µM, each 0.5 µl), 12.5 µl of Power SYBR Green PCR 

Master Mix (Applied Biosystems, Foster City, CA, USA), and 10.5 µl of RNase-free water 

were mixed, and quantitative real-time polymerase chain reaction (qPCR) was performed on a 

Prism 7500 real-time PCR thermal cycler (Applied Biosystems, Foster City, CA, USA). The 

sequences of primers used were listed in Table 1. The following qPCR conditions were used: 

95 ℃ for 10 min, followed by 40 cycles of 95 ℃ for 15 sec and 60 ℃ for 1 min. The level of 

Ki67 expression was normalized by that of GAPDH, and the expression level was analyzed by 

∆∆Ct method comparing with the cells cultured without bFGF (0 ng/ml). 

 

Immunofluorescent staining 

The cells were seeded on a glass bottom dish of 35 mm in diameter (Matsunami Glass 

Industries Ltd., Tokyo, Japan) at a density of 5 × 104 cells/dish. After the incubation for 24 hr, 

different concentrations of bFGF was added to the cells, and cultured further for 24 hr as 

described above. The cells were fixed with 4 vol% paraformaldehyde for 20 min, and 

permeabilized with 0.2 vol% TritonX-100 for 45 min at room temperature. After the blocking 

(ImmunoBlockTM, KAC Co. Ltd., Kyoto, Japan), the cells were incubated with 1 μg/ml rabbit 

polyclonal anti-Ki67 antibody (ab15580, Abcam, Cambridge, UK) overnight at 4 ℃. Next, the 

cells were washed with PBS three times, followed by the incubation with the secondary goat 

anti-rabbit IgG (H + L) antibody conjugated with Alexa Fluor®546 (A11010, Thermo Fisher 

Scientific Inc., Waltham, MA, USA) for 1 hr at room temperature. The cell nuclei were stained 

with 300 nM 4’,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific Inc., Waltham, 

MA, USA), and then the fluorescent images were taken by a fluorescent microscope (BZ-X700, 

KEYENCE Co., Ltd., Osaka, Japan). 

 

Evaluation of cell proliferation 

The cells were seeded on each well of 6 well multi-dish culture plate at a density of 

5 × 104 cells/well supplemented with different concentrations of bFGF (0, 5, 20, and 40 ng/ml). 

The medium was changed every 3 days. After the different time periods of culture, the cells 

were detached with 0.25 wt% trypsin containing 1 mM EDTA solution (Nacalai Tesque. Inc., 
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Kyoto, Japan) and collected by the centrifugation at 1,000 rpm for 3 min. The cell number was 

counted by using a hemocytometer after the staining of dead cells with 0.4% trypan blue 

solution (Thermo Fisher Scientific Inc., Waltham, MA, USA). 

 

Evaluation of cGNSMB internalization into cells 

The cells were seeded on each well of 6 well multi-dish culture plate at a density of 

5 × 104 cells/well, and cultured for 24 hr. The medium was changed to OPTI MEM (Thermo 

Fisher Scientific Inc., Waltham, MA, USA), and then cGNSKi67 MB and cGNSGAP MB which had 

been labeled with 125I (10 μg/ml) were added to each well. After the incubation for 1 hr, the 

cells were washed with PBS and detached by the trypsinization. The amount of MB internalized 

into the cells was determined by the radioactivity measurement of cells collected. 

 

Fluorescent imaging of cGNSMB-incubated cells cultured with or without bFGF 

The cells were seeded on the glass bottom dish at a density of 5 × 104 cells/dish, and 

cultured for 24 hr. After the medium changed to OPTI MEM, the cells were incubated with 10 

μg/ml cGNSKi67 MB and cGNSGAP MB for 1 hr. Next, bFGF (0, 5, and 20 ng/ml) was added to the 

cells, and cultured further for 24 hr. The cells were observed by BZ-X700 fluorescent 

microscopy. To evaluate the fluorescent intensity, six images were taken at random and 

analyzed by BZ-X Analyzer equipped with the microscope. The fluorescent area in the cells 

was extracted and the averaged brightness of the area was measured as fluorescent intensity. 

 

Timelapse imaging of cGNSMB-incubated cells cultured with or without bFGF 

The cells were similarly seeded on the glass bottom dish, and cultured for 24 hr. After 

the incubation with cGNSKi67 MB and cGNSGAP MB as described above, 0 and 20 ng/ml bFGF 

was added to the cells. Immediately after that, the timelapse imaging was performed at the time 

interval of 10 min for 24 hr by the fluorescent microscopy. 
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Statistical analysis 

The data were expressed as the average ± standard deviation (SD). All the statistical 

analysis was performed using one-way analysis of variance (ANOVA) with a post-hoc Tukey-

Kramer multiple comparison test. P values less than 0.05 were considered to be statistically 

significant. 

 

 

RESULTS 

Characterization of cGNSMB 

Figure 1 shows the amount of MB incorporated in cGNS, the apparent size, and the 

zeta potential of cGNSKi67 MB and cGNSGAP MB. There was no difference in the values between 

cGNSKi67 MB and cGNSGAP MB. Over 85% of MB was incorporated in the cGNS, while the 

apparent size and the zeta potential were around 230 nm and 8.8 mV, respectively. 

 

Effect of bFGF concentration on the expression of Ki67 and the cell proliferation 

To investigate the effect of bFGF on the cell proliferation, the expression of Ki67 and 

the cell proliferation were evaluated. The mRNA expression of Ki67 after the incubation at 

different concentrations of bFGF for 24 hr was evaluated by the qPCR analysis (Figure 2). The 

expression level significantly increased as the increase of bFGF concentration, and the level 

was saturated over 20 ng/ml. Consistent with the mRNA expression, the protein expression of 

Ki67 detected by the immunofluorescent staining increased depending on the bFGF 

concentration (Figure 3). In addition, the fluorescence of Ki67 was similarly observed over 20 

ng/ml. Figure 4 shows the proliferation curve of cells cultured at different concentrations of 

bFGF. The proliferation was accelerated by the addition of bFGF, and the cell number at the 

time points of days 2 and 3 was significantly higher than that after culturing without bFGF (0 

ng/ml). However, there was no difference in the acceleration of cell proliferation between 20 

and 40 ng/ml bFGF. The following experiments were performed using the bFGF concentrations 

of 0, 5, and 20 ng/ml. 
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Figure 1. Characterization of cGNSMB. Amount of MB incorporated in cGNS (A), apparent 

size (B), and zeta potential of cGNSMB (C). 
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Figure 2. Effect of bFGF concentration on the mRNA expression of Ki67. The cells were 

cultured at different concentrations of bFGF for 24 hr. *, p < 0.05; significant against the 

expression level at 0 ng/ml bFGF. 
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Figure 3. Immunofluorescent staining of Ki67: (A) Red: Ki67, (B) Blue: DAPI (nuclei), and 

(C) Merged fluorescent images. The cells were cultured with 0 (a), 5 (b), 10 (c), 20 (d), 40 

(e), and 100 ng/ml bFGF (f) for 24 hr. Scale bar is 100 µm. 
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Cell internalization of cGNSMB and fluorescent imaging of proliferation ability of 

cGNSMB-incubated cells cultured with or without bFGF 

The cell internalization of cGNSMB was quantified in terms of the amount of MB 

internalized into the cells based on the radioactivity of 125I labeled MB (Figure 5). There was 

no difference in the amount of cGNSMB internalization between cGNSKi67 MB and cGNSGAP MB, 

and the internalization efficiency of MB was around 10%. 

After the incubation for cGNSMB internalization, the cells after 24 hr incubation at 

different concentrations of bFGF, were observed by the fluorescent microscopy (Figure 6). The 

fluorescence of cGNSGAP MB was not changed by the addition of bFGF (Figure 6B). On the 

contrary, for the cGNSKi67 MB, the fluorescence intensity became larger with the increasing 

bFGF concentration (Figure 6A). Figure 7 shows the fluorescent intensity of cells incubated 

with cGNSKi67 MB and cGNSGAP MB, followed by further cultured with bFGF. Similarly, the 

fluorescent intensity of cGNSGAP MB was constant at any concentration of bFGF. However, the 

fluorescence of cGNSKi67 MB became significantly stronger in the bFGF concentration manner. 
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proliferation at different 
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Figure 5. Amount of MB internalized into the cells. The cells were incubated with 10 µg/ml 

cGNSMB for 1 hr. n.s.; not significant. 
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Figure 6. Fluorescent microscopic images of cGNSMB-incubated cells cultured with or 

without bFGF. The cells were incubated with 10 µg/ml cGNSKi67 MB (A) and cGNSGAP MB 

(B) for 1 hr, and further for 24 hr in the presence of 0 (a), 5 (b), and 20 ng/ml bFGF (c). The 

left panel shows the merged images of phase contrast and MB fluorescence, while the right 

panel shows the MB fluorescence. Scale bar is 100 µm. 
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To continuously visualize the enhancement of proliferation ability after the addition of 

bFGF, the timelapse imaging was performed. Figure 8 shows the fluorescent images of cells at 

different time points after the addition of 0 and 20 ng/ml bFGF. The fluorescence of cGNSGAP 

MB was constantly observed between 0 and 20 ng/ml bFGF at any time point (Figure 8B), and 

the fluorescence of cGNSGAP MB was retained at a similar level over the cell division. Similarly, 

the fluorescence of cGNSKi67 MB was observed between 0 and 20 ng/ml bFGF at the time point 

of 0 hr. However, at 20 ng/ml bFGF, the cGNSKi67 MB fluorescence increased faster from that of 

at 0 ng/ml bFGF (Figure 8A). 

 

 

 

 

Figure 7. Proliferation assay of cGNSMB-incubated cells cultured with or without bFGF. The 

cells were incubated with 10 µg/ml cGNSKi67 MB (A) and cGNSGAP MB (B) for 1 hr, and 

further for 24 hr in the presence of 0, 5, and 20 ng/ml bFGF. n.s.; not significant. *, p < 0.05; 

significant between the groups. 
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(b)

(a)

 

Figure 8. Timelapse imaging of cGNSMB-incubated cells cultured with or without bFGF. 

The cells were incubated with 10 µg/ml cGNSKi67 MB (A) and cGNSGAP MB (B) for 1 hr, and 

further for 24 hr in the presence of 0 (a) and 20 ng/ml bFGF (b). The upper panel shows the 

merged images of phase contrast and MB fluorescence, while the lower panel shows the MB 

fluorescence. The fluorescent images at the time point of 0, 6, 12, and 24 hr after bFGF 

addition are shown. Scale bar is 100 µm. 
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DISUSSION 

The present study demonstrates the methodological feasibility of cGNSMB to visualize 

the proliferation ability of cells. The mRNA expression of Ki67 was significantly upregulated 

by the addition of bFGF over 20 ng/ml, as well as the protein expression. In addition, the cell 

proliferation was significantly accelerated by the bFGF addition. The cGNSMB prepared were 

readily internalized into KUM6 cells, and emitted the fluorescence depending on the bFGF 

concentration added. The timelapse imaging experiments indicate that the fluorescence of 

cGNSGAP MB was maintained at an almost same level over the cell division. On the contrary, the 

enhancement of cGNSKi67 MB fluorescence at 20 ng/ml bFGF was faster than that without the 

bFGF addition. 

There was no significant difference in the amount of MB incorporated, apparent size, 

and zeta potential between cGNSKi67 MB and cGNSGAP MB (Figure 1). The results indicate that 

the physicochemical properties of cGNSMB did not depend on the sequence of MB. In addition, 

it is apparent from Figure 5 that the amount of MB internalized into the cells was almost same, 

irrespective of the MB. This is due to the similar physicochemical properties of cGNSMB. The 

apparent size of around 230 nm and the positive charge of cGNSMB is advantageous for the cell 

internalization in terms of the easy interaction with cell membrane and the subsequent 

endocytosis. In Chapter 3, at lower than 10 μg/ml of cGNSMB concentration, 3 hr of incubation 

time did not show any cytotoxicity. In addition, it was demonstrated that the cGNSMB were 

internalized into cells via endocytotic pathways, followed by the endosomal escape into the 

cytosol to specifically detect the target mRNA. Taken together, it is highly conceivable that the 

cGNSKi67 MB and cGNSGAP MB used in this study could specifically detect both the intracellular 

target mRNA of Ki67 and GAPDH. 

The mRNA expression of Ki67 increased with an increase of bFGF concentration, and 

became constant over 20 ng/ml (Figure 2). The result was consistent with the 

immunofluorescent staining of Ki67 (Figure 3). In addition to the Ki67 expression after the 

bFGF addition for 24 hr, the cell proliferation was accelerated by the bFGF addition (Figure 

4). The acceleration extent became greater as the increase of bFGF concentration, but there was 

no difference in the proliferation acceleration between 20 and 40 ng/ml. The result well 
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corresponded to the expression of Ki67. In other words, Ki67 is a promising target of MB for 

the proliferation ability of cells. The cell proliferation at day 1 did not significantly change even 

in the presence of bFGF. On the other hand, after day 2, the cell proliferation significantly 

accelerated. The results indicate that the early enhancement of proliferation ability within 24 hr 

led to the latter cell proliferation. The cGNSMB imaging system developed in this study might 

allow us to judge the cell situation whether the cells can proliferate or not. Ki67 has been well 

recognized as the conventional proliferation marker, and the expression is upregulated during 

cell cycles except for the G0 phase. Other proliferation markers, such as cyclins and cyclin 

dependent kinases (CDK) 12, proliferation cell nuclear antigen (PCNA) 13, minichromosme 

maintenance proteins (MCM) 14, could be used as potential candidates for the MB target. These 

proliferation markers, including Ki67, are useful in the field of pathology for the cancer 

prognosis 1. Among them, in this study, Ki67 was selected as a MB target for the cell 

proliferation ability because the long history of practical applications in the basic biology 7, 15, 

16 and the clinical diagnosis as the labeling index of Ki67 8, 9, 17. Recently, the biological function 

of Ki67 over the cell division has been reported 18. The protein of Ki67 functioned as a 

surfactant to prevent chromosomes from aggregation during the mitosis 19. Therefore, the Ki67 

expression should be essential for the cells capable of proliferation. On the other hand, the effect 

of bFGF on the proliferation and cell cycle of human umbilical cord-derived MSC has been 

reported 20. The cell proliferation at different concentrations of bFGF (5, 10, 20, and 40 ng/ml) 

was evaluated by the 3H-thymidine incorporation assay. The proliferation significantly 

increased as the increase of bFGF concentration, which was consistent with the results in this 

study. However, as a slightly different point from the result of no difference in the cell 

proliferation between 20 and 40 ng/ml (Figure 4), the cell proliferation with 40 ng/ml bFGF 

was higher than that with 20 ng/ml. This might be due to the difference of cell type and the 

evaluation method of cell proliferation. The expressions of cyclin D1 and D2 of cell cycle 

proteins were upregulated by the addition of bFGF to reduce the cell population in G0/G1 phase 

and increase S and G2/M phases. In the present study, considering the expression of Ki67 except 

for the G0 phase, the addition of bFGF should reduce the G0 phase population to allow cells to 

increase the Ki67 expression. 
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After the incubation for cGNSMB internalization, different concentrations of bFGF 

were added to the cells, followed by further incubation for 24 hr (Figures 6 and 7). The 

fluorescent intensity of cGNSKi67 MB significantly increased with the increase of bFGF 

concentration added, whereas that of cGNSGAP MB did not. The fluorescent increase of cGNSKi67 

MB well corresponded to the mRNA expression of Ki67 (Figure 2). These findings indicate that 

the cGNSMB could accurately detect the intracellular mRNA. In addition, the fluorescent 

localization of Ki67 MB was different from the immunofluorescent staining of Ki67 (Figure 

3). This is due to the different intracellular localizations of target molecules. The Ki67 protein 

mainly localizes at cell nucleus. On the other hand, the Ki67 mRNA of MB target exists in the 

cytosol. Consistent with the results in this study, it has been reported that the Ki67 MB 

incorporated in poly(lactic-co-glycolic acid) (PLGA) nanoparticles could detect the Ki67 

mRNA during the chondrogenesis of human MSC 21. The culture conditions of chondrogenesis, 

such as the time period of supplementation with transforming growth factor-β3 (TGF-β3) and 

bFGF, to promote the differentiation into proliferative chondrocytes were optimized based on 

the MB signals. One of the advantages of cGNSMB over the PLGA nanoparticles is the easiness 

of cell internalization. The surface of PLGA nanoparticles were coated with poly-L-lysine to 

enhance the internalization, and a longer incubation of overnight at relatively higher 

concentration (1 mg/ml) needed for cell internalization of nanoparticles. On the contrary, 

cGNSMB were easily internalized into the cells at the concentration of 10 μg/ml and incubated 

only for 1 hr. The shorter incubation time period for the cell internalization of cGNSMB enough 

to give an efficient MB signal allows cells to detect the situation and functions timely. 

It is apparent from Figure 8A that the fluorescent signal of cGNSKi67 MB for cells 

incubated at 20 ng/ml bFGF was stronger than that for the cells without bFGF. Compared with 

the case of 0 ng/ml bFGF, the fast increase of fluorescence which is responded by the bFGF 

addition, was observed within several hours. It is likely that the cGNSKi67 MB could detect the 

increase of Ki67 mRNA caused by the bFGF addition which might occur within several hours 

at single cell level. On the other hand, the fluorescence of cGNSGAP MB was constant between 0 

and 20 ng/ml bFGF at any time point (Figure 8B). This is because the expression of intracellular 

target mRNA of GAPDH is sufficient and constant enough to be detected by cGNSGAP MB, 
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irrespective of the bFGF addition. The timelapse imaging revealed that the fluorescence of 

cGNSGAP MB did not change over the cell division. In general, it is recognized that the 

intracellular signal of imaging probes tends to become weak due to the dilution of intracellular 

concentration by the cell division 22. On the contrary, in the system of intracellular controlled 

release of MB from cGNS, an excessive amount of quenched MB is continuously released into 

the cytosol according to the degradation of cGNS. It is highly possible that the sufficient amount 

of activatable MB enough to detect the target mRNA could be kept high even after the cell 

division. This is the reason why the fluorescence of cGNSGAP MB was retained at a similar level 

over the cell division. Further studies to investigate the time profile of mRNA expression and 

the intracellular concentration and localization of MB during the process of cell division should 

be needed. 

This study demonstrates the feasibility of cGNSMB system to visualize the proliferation 

ability of live cells without cells destruction at the sampling point. To our knowledge, this is the 

first report to chronologically visualize the cellular proliferation ability enhanced by different 

concentrations of bFGF, and the time course of enhancement in detail. In the development of 

anti-tumor drugs, the cGNSMB system could be applied to monitor the proliferation ability of 

tumor cells and surrounding normal cells. This would be beneficial to judge the anti-tumor 

efficacy and the side effects of drugs over the course of treatment. In the fields of tissue 

engineering, the proliferation ability of cells applied to scaffolds could be visualized without 

the destruction of cells and scaffolds. In addition, the efficacy of growth factors like bFGF, and 

the combination with bioreactors to promote the proliferation ability could be tested both in 

two-dimensional (2D) and three-dimensional (3D) cultures in the scaffold. The applications 

would lead to the further development of tissue and disease modeling for basic cell research, 

drug discovery, and transplantation in vivo. In the future, the proliferation ability should be 

visualized by the cGNSMB system for a longer time period in various situations of cell culture, 

as well as different cell types for the further applications. 

 

  



Preparation of cGNSMB to visualize cell proliferation ability 

129 

 

REFERENCES 

1. Whitfield ML, George LK, Grant GD, Perou CM. Common markers of proliferation. Nat 

Rev Cancer 2006; 6: 99-106. 

2. Gardel LS, Serra LA, Reis RL, Gomes ME. Use of perfusion bioreactors and large animal 

models for long bone tissue engineering. Tissue Eng Part B Rev 2014; 20: 126-146. 

3. Tang Y, Xu Y, Xiao Z, Zhao Y, Li J, Han S et al. The combination of three-dimensional 

and rotary cell culture system promotes the proliferation and maintains the differentiation 

potential of rat BMSCs. Sci Rep 2017; 7: 192. 

4. Kwok CK, Ueda Y, Kadari A, Gunther K, Ergun S, Heron A et al. Scalable stirred 

suspension culture for the generation of billions of human induced pluripotent stem cells 

using single-use bioreactors. J Tissue Eng Regen Med 2018; 12: e1076-e1087. 

5. Rodrigues M, Griffith LG, Wells A. Growth factor regulation of proliferation and 

survival of multipotential stromal cells. Stem Cell Res Ther 2010; 1: 32. 

6. Zhang X, Wang Y, Gao Y, Liu X, Bai T, Li M et al. Maintenance of high proliferation 

and multipotent potential of human hair follicle-derived mesenchymal stem cells by 

growth factors. Int J Mol Med 2013; 31: 913-921. 

7. Basak O, van de Born M, Korving J, Beumer J, van der Elst S, van Es JH et al. Mapping 

early fate determination in Lgr5+ crypt stem cells using a novel Ki67-RFP allele. EMBO 

J 2014; 33: 2057-2068. 

8. Pathmanathan N, Balleine RL. Ki67 and proliferation in breast cancer. J Clin Pathol 

2013; 66: 512-516. 

9. Melling N, Kowitz CM, Simon R, Bokemeyer C, Terracciano L, Sauter G et al. High 

Ki67 expression is an independent good prognostic marker in colorectal cancer. J Clin 

Pathol 2016; 69: 209-214. 

10. Snyder SL, Sobocinski PZ. An improved 2,4,6-trinitrobenzenesulfonic acid method for 

the determination of amines. Anal Biochem 1975; 64: 284-288. 

11. Commerford SL. Iodination of nucleic acids in vitro. Biochemistry 1971; 10: 1993-2000. 

12. Hydbring P, Malumbres M, Sicinski P. Non-canonical functions of cell cycle cyclins and 

cyclin-dependent kinases. Nat Rev Mol Cell Biol 2016; 17: 280-292. 



Chapter 4 

130 

 

13. Wang SC. PCNA: a silent housekeeper or a potential therapeutic target? Trends 

Pharmacol Sci 2014; 35: 178-186. 

14. Yu S, Wang G, Shi Y, Xu H, Zheng Y, Chen Y. MCMs in Cancer: Prognostic Potential 

and Mechanisms. Anal Cell Pathol 2020; 2020: 3750294. 

15. Zhang R, Takebe T, Sekine K, Koike H, Zheng Y, Taniguchi H. Identification of 

proliferating human hepatic cells from human induced pluripotent stem cells. Transplant 

Proc 2014; 46: 1201-1204. 

16. Motamedi M, Xu L, Elahi S. Correlation of transferrin receptor (CD71) with Ki67 

expression on stimulated human and mouse T cells: The kinetics of expression of T cell 

activation markers. J Immunol Methods 2016; 437: 43-52. 

17. Li LT, Jiang G, Chen Q, Zheng JN. Ki67 is a promising molecular target in the diagnosis 

of cancer (review). Mol Med Rep 2015; 11: 1566-1572. 

18. Sun X, Kaufman PD. Ki-67: more than a proliferation marker. Chromosoma 2018; 127: 

175-186. 

19. Cuylen S, Blaukopf C, Politi AZ, Muller-Reichert T, Neumann B, Poser I et al. Ki-67 

acts as a biological surfactant to disperse mitotic chromosomes. Nature 2016; 535: 308-

312. 

20. Ramasamy R, Tong CK, Yip WK, Vellasamy S, Tan BC, Seow HF. Basic fibroblast 

growth factor modulates cell cycle of human umbilical cord-derived mesenchymal stem 

cells. Cell Prolif 2012; 45: 132-139. 

21. Tay LM, Wiraja C, Wu Y, Yang Z, Lee EH, Xu C. The effect of temporal manipulation 

of transforming growth factor beta 3 and fibroblast growth factor 2 on the derivation of 

proliferative chondrocytes from mensenchymal stem cells-A study monitored by 

quantitative reverse transcription polymerase chain reaction and molecular beacon based 

nanosensors. J Biomed Mater Res A 2018; 106: 895-904. 

22. Jensen EC. Use of fluorescent probes: their effect on cell biology and limitations. Anat 

Rec 2012; 295: 2031-2036. 

 



131 

 

Chapter 5 

 

Preparation of cationized gelatin nanospheres incorporating 

molecular beacon to visualize cell apoptosis 

 

INTRODUCTION 

Cell transplantation is one of the promising therapies in regenerative medicine to 

induce the regeneration and repairing of damaged tissues and organs 1-8. For the development 

of cell transplantation, the non-invasive technologies and methodologies to visualize the 

localization, distribution, and biological functions of cells transplanted in the living body are 

highly required. Imaging technologies are effective in non-invasively evaluating the 

localization and distribution of cells transplanted 9-17. Various therapeutic effects have been 

reported based on the biological functions of cells transplanted, although the cell functions are 

not always clear 18-20. On the other hand, it is reported that the majority of cells transplanted 

undergo apoptosis 21. Under these circumstances, it is of prime importance to non-invasively 

visualize the apoptosis of cells transplanted which is a key to evaluate the therapeutic efficacy. 

In Chapter 3, it was demonstrated that the intracellular controlled release of molecular 

beacons (MB) from cationized gelatin nanospheres (cGNS) is an effective system to 

continuously visualize intracellular messenger RNA (mRNA) over 2 weeks. In addition, 

Chapter 4 demonstrated that the cell proliferation ability was visualized by detecting the mRNA 

of Ki67 based on the intracellular controlled release of MB. To visualize the cell apoptosis, MB 

to detect caspase-3 mRNA of an apoptosis target expressing in apoptotic cells is designed to be 

incorporated in the cGNS. As a control of stable fluorescence, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) MB which can detect GAPDH mRNA of a housekeeping gene 

constantly expressing in cells is used. 

 In this chapter, cGNS incorporating caspase-3 and GAPDH MB (cGNScasp3 MB and 

cGNSGAP MB, respectively) were prepared aiming at the visualization of cell apoptosis. The 

cGNSMB preparation was performed in different conditions to optimize their physicochemical 

properties for cell internalization. The sequence specificity in hybridization and the stability of 

cGNSMB against nuclease were evaluated. The cytotoxicity, cell internalization, and 
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intracellular localization of cGNSMB were investigated. The fluorescent intensity change of 

cells incubated with the cGNSMB was evaluated to analyze the functional response of MB. 

Apoptosis was induced by the treatment of camptothecin of a common apoptosis inducer for 

cells which had been incubated with the cGNSMB. The conventional analysis of cell apoptosis 

and the mRNA expression of caspase-3 were investigated to compare with the cGNSMB imaging. 

 

 

EXPERIMENTAL 

Materials 

Gelatin with an isoelectric point of 9.0 and the weight-averaged molecular weight of 

99,000, prepared by an acidic process of pig skin, was kindly supplied from Nitta Gelatin Inc., 

Osaka, Japan. MB for mouse mRNA of GAPDH and caspase-3 were designed by NIPPON 

GENE Co., Ltd, Tokyo, Japan, and synthesized by Eurogentec S.A., Seraing, Belgium. Target 

oligonucleotides of DNA for MB (GAPDH specific and caspase-3 specific sequence) were 

synthesized by Hokkaido System Science Co., Ltd, Sapporo, Japan. The sequences of MB and 

target oligonucleotides were listed in Table 1. Glutaraldehyde (GA, 25 wt% in water), glycine, 

concentrated hydrochloric acid (HCl), acetone, and 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride salt (EDC) were purchased from Nacalai Tesque. Inc., Kyoto, 

Japan. Spermine was purchased from Sigma-Aldrich Inc., St. Louis, MO, USA. The reagents 

were used without further purification. 

 

Preparation of cationized gelatin 

Cationized gelatin was prepared by conjugating spermine with the carboxyl groups of 

gelatin as described in Chapter 2. In brief, spermine was added at a molar ratio of 50 to the 

carboxyl groups of gelatin into 50 ml of gelatin aqueous solution (40 mg/ml). Immediately after 

that, the solution pH was adjusted to 5.0 by adding 11 M HCl. Double-distilled water (DDW) 

was added to give the final volume of 100 ml. Next, EDC was added at a molar ratio of 3 to the 

carboxyl groups of gelatin, followed by the agitation at 40 ℃ for 18 hr and dialysis against 

DDW for 3 days with a dialysis membrane (molecular weight cut off = 12,000 to 14,000, 
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Viskase Companies, Inc., Willowbrook, IL, USA) at room temperature. The dialyzed solution 

was freeze-dried to obtain the cationized gelatin. The percentage of amino groups introduced 

into gelatin was determined by the conventional 2,4,6-trinitrobenzene sulfonic acid (TNBS, 

FUJIFILM Wako Pure Chemical Inc., Osaka, Japan) method 22. The percentage was 44.8 

mole% per the carboxyl groups of gelatin. 

 

 

Preparation of cGNSMB 

According to the preparation procedure described in Chapter 3, cGNS were prepared 

by the conventional coacervation method. Briefly, 1.25 ml of cationized gelatin aqueous 

solution (50 mg/ml) was warmed up to 40 ℃. Next, 5 ml of acetone was added to the solution, 

and the coacervate was formed. GA (20 µl) were added, followed by chemically crosslinking 

cGNS for 6 hr. For the blocking of aldehyde groups unreacted, 2 ml of glycine aqueous solution 

(0.5 M) was added. The resulting solution was agitated overnight at 40 ℃ and the residual 

Table 1. Sequences of MB, target oligonucleotides, and PCR primers used. 

MB, target oligonucleotides, 

and PCR primers 
Sequences (5’ to 3’) 

GAPDH MB [Cy®5]-CTGGTAATCCGTTCACACCGACCTTCACC

AG-[BHQ®-2] 

Caspase-3 MB [6-FAM]-GTCACATACAGGAAGTCAGCCTCCACC

GTGAC-[BHQ®-1] 

GAPDH specific target TGGTGAAGGTCGGTGTGAACGGATT 

Caspase-3 specific target CGGTGGAGGCTGACTTCCTGTATG 

GAPDH forward AACTTTGGCATTGTGGAAGG 

GAPDH reverse GGAGACAACCTGGTCCTCAG 

Caspase-3 forward TGTCATCTCGCTCTGGTACG 

Caspase-3 reverse AAATGACCCCTTCATCACCA 

MB: molecular beacons 

PCR: polymerase chain reaction 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase 

6-FAM: 6-carboxyfluorescein 

BHQ®: black hole quencher 

underline: stem structure 
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acetone was evaporated. cGNS were collected by the centrifugation of 14,000 rpm for 30 min 

at 25 ℃ and resuspended in DDW. The centrifugation and resuspension were repeated three 

times to wash cGNS. 

Two types of MB for GAPDH and caspase-3 were used in this study. MB and cGNS 

were mixed at various ratios (2, 10, 20, 30, and 40 pmole MB/µg cGNS) and incubated for 15 

min at room temperature. The mixture was centrifuged at 14,000 rpm for 30 min at 25 ℃ and 

resuspended in DDW to obtain cGNS incorporating GAPDH MB (cGNSGAP MB) and caspase-3 

MB (cGNScasp3 MB). 

 

Radiolabeling of MB 

According to the method described in Chapter 2, MB was labeled with radioactive 

iodine (125I) 23. The MB (5 µl, 10 µM in 0.2 M sodium acetate and 40 mM acetic acid solution, 

pH5.0) were incubated at 60 ℃ for 50 min with 2 µl of 0.3 mM Na2SO3, 5 µl of Na125I (740 

MBq/ml in 0.1 M NaOH aqueous solution, PerkinElmer Inc., Waltham, MA, USA), and 5 µl of 

4 mM TlCl3. Next, mixed 100 µl of 0.1 M Na2SO3 and 900 µl of 0.1 M NaCl, 50 mM Tris, and 

1 mM ethylenediaminetetra acetic acid (EDTA) solution was added to the MB solution. After 

the incubation for 30 min at 60 ℃, the reactant was applied on the PD-10 column (GE 

Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) to purify the 125I-labeled MB by the gel 

filtration. The radioactivity of 125I was measured using a gamma counter (Auto Well Gamma 

System ARC-380 CL, Aloka Co., Ltd, Tokyo, Japan). 

 

Characterization of cGNS with or without MB incorporation 

cGNS, cGNSGAP MB, and cGNScasp3 MB were resuspended in 10 mM phosphate 

buffered-saline solution (PBS, pH7.4), and the apparent size of nanospheres was measured by 

dynamic light scattering (DLS, Zetasizer Nano-ZS, Malvern Instruments Ltd., Worcestershire, 

UK). On the other hand, nanospheres were resuspended in 10 mM phosphate buffer solution 

(PB, pH7.4), and the zeta potential was measured by electrophoresis light scattering (ELS, 

Zetasizer Nano-ZS, Malvern Instruments Ltd., Worcestershire, UK). The amount of MB 

incorporated in cGNS was determined by the radioactivity of cGNSGAP MB and cGNScasp3 MB 
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prepared with the 125I-labeled MB. The experiment was independently performed three times 

for each sample unless otherwise mentioned. 

 

Hybridization assay 

Various concentrations of target oligonucleotides (GAPDH specific and caspase-3 

specific, 0, 50, 100, 500, 1000, and 5000 nM) and free MB (GAPDH MB and casppae-3 MB, 

100 nM) or cGNSMB (cGNSGAP MB and cGNScasp3 MB, 100 nM MB) were mixed in hybridization 

buffer (20 mM Tris-HCl buffer containing 50 mM KCl and 5 mM MgCl2, pH8.0). After the 

incubation of 1 hr at room temperature under light protection, the fluorescent intensity was 

measured by Multi-mode Microplate Reader (SpectraMax i3x, Molecular Devices Japan Co., 

Ltd., Tokyo, Japan). 

 

Evaluation of nuclease stability 

The stability of free MB and cGNSMB against DNase I (QIAGEN, Hilden, Germany) 

was evaluated. Various concentrations of DNase I (0, 0.5, 1, 5, 10, 15, 20, 30, and 40 U/ml) and 

free MB (GAPDH MB and caspase-3 MB, 100 nM) or cGNSMB (cGNSGAP MB and cGNScasp3 

MB, 100 nM MB) were mixed in PBS containing 0.5 mM MgCl2 and 0.9 mM CaCl2. After the 

incubation of 15 min at 37 ℃ in a condition of light protection, the fluorescent intensity was 

measured by the microplate reader described above. 

 

Cell culture experiments 

KUM6 cells (JCRB1202) of a mouse bone marrow-derived mesenchymal stem cells 

(MSC) line were purchased from JCRB Cell Bank (National Institute of Biomedical Innovation, 

Health and Nutrition, Osaka, Japan). The cells were cultured in Iscove’s Modified Dulbecco’s 

Medium (IMDM, Thermo Fisher Scientific Inc., Waltham, MA, USA) containing 10 vol% 

bovine fetal calf serum (FCS, GE healthcare Life Sciences Hyclone laboratories inc., Logan, 

UT, USA) and 1 vol% penicillin/streptomycin (Nacalai Tesque. Inc., Kyoto, Japan) at 37 ℃ in 

a 5% CO2-95% air atmospheric condition. The cells were detached with 0.25 wt% trypsin-

containing 1 mM EDTA solution (Nacalai Tesque. Inc., Kyoto, Japan) and continued to culture 
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in 100 mm cell culture dish (Corning Inc., Corning, NY, USA) to allow to grow until to 80% 

confluency. 

 

Evaluation of cell viability after incubation with cGNSMB 

 Cells were seeded on each well of 96 well multi-dish culture plate (Corning Inc., 

Corning, NY, USA) at a density of 1 × 104 cells/well and cultured for 24 hr. The medium was 

changed to OPTI MEM (Thermo Fisher Scientific Inc., Waltham, MA, USA), and then 

cGNSGAP MB or cGNScasp3 MB (1, 5, 10, 15, and 20 µg/ml) were added to each well. The cell 

viability was evaluated using a cell counting kit (Nacalai Tesque. Inc., Kyoto, Japan). After the 

incubation for 3 hr with nanospheres, 10 µl of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-

5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8) solution was added to each well and further 

incubated for 1 hr. The absorbance of samples at 450 nm was measured by the microplate reader. 

The percentage of cell viability was expressed as 100% for cells without nanospheres 

incubation. 

 

Evaluation of cell internalization 

Cells were seeded in each well of 6 well multi-dish culture plate (Corning Inc., Corning, 

NY, USA) at a density of 5 × 104 cells/well, and cultured for 24 hr. The medium was changed 

to OPTI MEM, and then cGNSGAP MB prepared with the 125I-labeled MB (1, 5, 10, 15, and 20 

µg/ml) was added to each well. After the incubation of 3 hr with nanospheres, the medium was 

removed and cells were washed with PBS, and then the medium was added. The cells treated 

with nanospheres were collected by the trypsinization at 12 hr after nanospheres added. The 

amount of MB was determined by the radioactivity measurement. 

For the inhibition of endocytosis, cells were similarly seeded in each well of 6 well 

multi-dish culture plate at a density of 5 × 104 cells/well, and cultured for 24 hr. The medium 

was changed to OPTI MEM, and cGNSGAP MB (10 µg/ml, 153 pmole of MB) was added, 

followed by incubating for 3 hr at 4 ℃. GAPDH MB (153 pmole) were similarly incubated 

with the cells to measure the amount of MB internalized into the cells based on the radioactivity. 
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Evaluation of intracellular localization 

To fluorescently label cGNS, fluorescein isothiocyanate isomer I (FITC, 200 µg/ml, 

Sigma-Aldrich Inc., St. Louis, MO, USA) and cGNS (5 mg/ml) were mixed in carbonate-

bicarbonate buffer solution (0.1 M, pH9.6) at room temperature. After the incubation of 8 hr, 

the mixture was centrifuged at 14,000 rpm for 30 min at 25 ℃ and resuspended in DDW. The 

centrifugation and resuspension were repeated three times, and finally cGNS labeled with FITC 

(FITC-cGNS) were dispersed in DDW. FITC labeled-cGNSGAP MB (FITC-cGNSGAP MB) were 

prepared by mixing GAPDH MB and FITC-cGNS at the same procedure described above. 

Cells were seeded in a glass bottom dish of 35 mm in diameter (Matsunami Glass 

Industries Ltd., Tokyo, Japan) at a density of 5 × 104 cells/dish, and cultured for 24 hr. After the 

medium change to OPTI MEM, the cells were incubated with FITC-cGNSGAP MB (10 µg/ml) 

for 3 hr, and further cultured for 9 hr. The lysosomes of cells treated with nanospheres were 

stained with 80 nM LysoTracker® Red DND-99 (Thermo Fisher Scientific Inc., Waltham, MA, 

USA), followed by wash with PBS and fixation with 4 vol% paraformaldehyde for 20 min. The 

nuclei of cells were stained with 300 nM 4’,6-diamidino-2-phenylindole (DAPI, Thermo Fisher 

Scientific Inc., Waltham, MA, USA). The fluorescent images of cells were taken by a 

fluorescent microscope (BZ-X700, KEYENCE Co., Ltd., Osaka, Japan). The fluorescence was 

expressed as a pseudo color. 

 

Fluorescent imaging of apoptosis 

 After the incubation of 12 hr with cGNSGAP MB or cGNScasp3 MB (10 µg/ml), apoptosis 

was induced by camptothecin (Enzo Life Sciences, Inc., Farmingdale, NY, USA) 24. In brief, 

various concentrations of camptothecin (final concentrations of 1, 2, 5, 10, and 20 µM) were 

added to the cells, and cultured for 12 hr to induce the cell apoptosis. After the apoptosis 

induction, the cells were observed by the fluorescent microscopy. Six fluorescent images were 

taken at random and quantified by BZ-X Analyzer equipped with the microscope. The 

fluorescence of images was calculated according to the following equation: 

Fluorescent intensity = Fluorescent Area × Mean Fluorescent Intensity 
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Apoptosis analysis 

Apoptosis of cells was evaluated by flow cytometry analysis using FITC Annexin V 

Apoptosis Detection Kit I (Becton Dickinson and Company, Franklin Lakes, NJ, USA) 

according to the manufacture’s protocol. Briefly, cells were seeded in each well of 6 well multi-

dish culture plate at a density of 1 × 105 cells/well, and cultured for 24 hr. Camptothecin (final 

concentrations of 0, 1, 2, 5, 10, and 20 µM) was added to the cells, and cultured for 12 hr. The 

cells were collected by the trypsinization and washed with cold PBS twice. Finally, the cells 

were suspended in 10 mM HEPES/NaOH solution containing 140 mM NaCl and 2.5 mM CaCl2 

(pH7.4), and FITC-conjugated annexin V and propidium iodide (PI) were added to the 

suspension. The cell suspension was analyzed on FACSCanto II flow cytometer and FACSDiva 

software (Becton Dickinson and Company, Franklin Lakes, NJ, USA) by counting 10,000 cells. 

 

mRNA expression analysis 

 Cells were seeded in each well of 6 well multi-dish culture plate at a density of 1 × 105 

cells/well, and induced apoptosis by camptothecin at the same procedure described above. After 

the apoptosis induction for 12 hr, the total RNA was extracted using RNeasy Plus Mini Kit 

(QIAGEN, Hilden, Germany) according to the manufacture’s instructions. Complementary 

DNA (cDNA) was synthesized using a SuperScript VILO cDNA synthesis kit (Thermo Fisher 

Scientific Inc., Waltham, MA, USA). The cDNA (100 ng, 1 µl), forward and reverse primers 

(10 µM, each 0.5 µl), 12.5 µl of Power SYBR Green PCR Master Mix (Applied Biosystems, 

Foster City, CA, USA), and 10.5 µl of RNase-free water were mixed, and quantitative real-time 

polymerase chain reaction (qPCR) was performed on a Prism 7500 real-time PCR thermal 

cycler (Applied Biosystems, Foster City, CA, USA). The sequences of primers used were listed 

in Table 1. The following qPCR conditions were used: 95 ℃ for 10 min, followed by 40 cycles 

of 95 ℃ for 15 sec and 60 ℃ for 1 min. The level of caspase-3 expression was normalized by 

that of GAPDH, and the expression level was analyzed by ∆∆Ct method comparing with the 

untreated cells. 
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Statistical analysis 

The data were expressed as the average ± standard deviation (SD). All the statistical 

analysis was performed using one-way analysis of variance (ANOVA) with a post-hoc Tukey-

Kramer multiple comparison test. P values less than 0.05 were considered to be statistically 

significant. 

 

 

RESULTS 

Characterization of cGNS with or without MB incorporation 

The apparent size and zeta potential of MB-free, empty cGNS were 155.1 ± 2.8 nm 

and 8.18 ± 0.06 mV, respectively. Figure 1 shows the amount of MB incorporated in cGNS, the 

apparent size, and the zeta potential of cGNSGAP MB and cGNScasp3 MB. Both the cGNSGAP MB 

and cGNScasp3 MB showed similar physicochemical properties. The amount of MB incorporated 

in cGNS increased as an increase of MB amount added. The apparent size also increased, 

whereas the zeta potential tended to decrease as the amount of MB added increased. The 

following experiments were performed using the nanospheres prepared at the MB amount of 

20 pmole/µg cGNS. 

 

Figure 1. The amount of MB incorporated (A and D), apparent size (B and E), and zeta 

potential (C and F) of cGNSGAP MB (A, B, and C) and cGNScasp3 MB (D, E, and F) prepared at 

different ratios of MB to cGNS. 
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Hybridization specificity and nuclease stability of MB incorporated in cGNS 

Figure 2 shows the hybridization specificity of free MB and MB incorporated in cGNS. 

Both the fluorescent intensities of free GAPDH MB and caspase-3 MB increased with the 

increased specific target concentration. On the other hand, an increase of non-specific target 

concentration did not affect the free MB fluorescent intensity (Figures 2A and 2B). The 

fluorescent intensity of both GAPDH MB and caspase-3 MB incorporated in cGNS increased 

as the increase of specific target concentration. However, compared with free MB, the increase 

was small at the low concentrations of specific target. In addition, the fluorescent intensity of 

MB incorporated in cGNS was slightly increased as the increase of non-specific target 

concentration (Figures 2C and 2D). 

 

 

Figure 2. Hybridization specificity of free MB and MB incorporated in cGNS. The 

fluorescent intensity of free GAPDH MB (A), free caspase-3 MB (B), cGNSGAP MB (C), and 

cGNScasp3 MB (D) mixed with different concentrations of specific (□) and non-specific target 

oligonucleotides (■). The concentration of MB is all 100 nM. 
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Figure 3 shows the nuclease stability of free MB and MB incorporated in cGNS. Both 

the free GAPDH MB and caspase-3 MB were degraded and the fluorescent intensity increased 

with the DNase I concentration. On the other hand, the fluorescent intensity of both GAPDH 

MB and caspase-3 MB incorporated in cGNS was constant at any DNase I concentration. 

 

 

 

Figure 3. Nuclease stability of free MB (◯) and MB incorporated in cGNS (●). The 

fluorescent intensity after mixing GAPDH MB (A) and caspae-3 MB (B) with different 

concentrations of DNase I. The concentration of MB is all 100 nM. 
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Figure 4. Viability of cells incubated with different concentrations of cGNSGAP MB (A) and 

cGNScasp3 MB (B). The viability of cells without incubation with cGNSMB was expressed 

100%. *, p < 0.05; significant against the percent survival of cells without cGNSMB 

incubation. 
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Cell viability after incubation with cGNSMB 

Figure 4 shows the cell viability after incubation with cGNSMB. The percentage of 

cells survived tended to decrease as the increase of cGNSMB concentration for both the cGNSGAP 

MB and cGNScasp3 MB. Significant cytotoxicity was observed at the concentrations of 15 and 20 

µg/ml. 

 

Cell internalization and intracellular localization 

Figure 5A shows the cell internalization amount of MB incorporated in cGNS. The 

amount of MB internalized became higher with the increase of cGNSMB concentration, and 

reached a plateau level. When the cell internalization of MB incorporated in cGNS was 

investigated at 37 and 4 ℃ incubation, the amount of MB internalized at 4 ℃ incubation was 

significantly lower than that at 37 ℃ (Figure 5B). In addition, free MB were hardly internalized 

into the cells both at 37 and 4 ℃ (Figure 5C). 

 
Figure 5. Cell internalization of free GAPDH MB and cGNSGAP MB. (A) The effect of 

cGNSGAP MB concentration on the amount of MB internalized into the cells. (B) The amount 

of MB internalized into cells after incubation with cGNSGAP MB (10 µg/ml, 153 pmole of 

GAPDH MB) at 37 and 4 ℃. (C) The amount of MB internalized into cells after incubation 

with free GAPDH MB (153 pmole) at 37 and 4 ℃. *, p < 0.05; significant against the amount 

at 37 ℃. 
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Figure 6 shows the cell internalization of FITC-cGNSGAP MB and the intracellular 

localization of cGNS or MB, lysosomes, and nuclei. Both the cGNS and MB were localized in 

the cells in a similar distribution pattern. Figure 6B (a) shows the co-localization for all the 

MB and cGNS. It is apparent from Figure 6B (b) that the MB-cGNS complexes were not 

distributed at the lysosomes (magenta) of cells. 

 

Fluorescent imaging of apoptosis 

After the cell incubation and internalization of cGNSMB, the cells following the 

addition of various concentrations of camptothecin, were observed by the fluorescent 

microscopy (Figure 7). Figures 7A and 7B show the fluorescent images of cells incubated with 

cGNSGAP MB and cGNScasp3 MB, respectively. The fluorescence of GAPDH MB was constantly 

observed, irrespective of the camptothecin addition. On the contrary, for the caspase-3 MB, 

fluorescence was observed only after the camptothecin addition. 

 

 

 

 

 

Figure 6. Fluorescent microscopic images of FITC-cGNSGAP MB internalized into cells. (A) 

Fluorescent images of cells after incubation with FITC-cGNSGAP MB (10 µg/ml): (a) Green: 

cGNS, (b) Red: GAPDH MB, (c) Blue: nuclei, and (d) Magenta: lysosomes. (B) Merged 

fluorescent images: (a) cGNS and MB, (b) cGNS, MB, and lysosomes, (c) cGNS, MB, and 

nuclei, and (d) cGNS, MB, nuclei, and lysosomes. Scale bar is 100 µm. 
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Figure 8 shows the fluorescent intensity of cells incubated with cGNSGAP MB and 

cGNScasp3 MB after the addition of camptothecin. The fluorescence of cells incubated with 

cGNSGAP MB was constant at any camptothecin concentration. On the other hand, the 

fluorescence of cells incubated with cGNScasp3 MB significantly increased after the addition of 

camptothecin. 

 

 

Figure 8. Apoptosis evaluation of cells incubated with cGNSGAP MB and cGNScasp3 MB. 

Fluorescent intensity of cells after incubation with 10 µg/ml cGNSGAP MB (A) and cGNScasp3 

MB (B). n.s.; not significant. *, p < 0.05; significant against the fluorescent intensity of cells 

at 0 µM camptothecin. 
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Figure 9. Apoptosis analysis of cells after incubation with different concentrations of 

camptothecin. (A) Flow cytometric plots of cell population and (B) the percentage of 

apoptotic cells 12 hr after incubation with different camptothecin concentrations. *, p < 0.05; 

significant against the percent apoptosis at 0 µM camptothecin. 
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Apoptosis analysis 

Figure 9 shows the flow cytometry results of the conventional apoptosis analysis. As 

the concentration of camptothecin increased, the number of PI and annexin V double positive 

cells increased, whereas PI and annexin V double negative cells decreased. At the 

concentrations of 10 and 20 µM, more than 90% of cells were in an apoptosis condition. 

 

mRNA expression analysis 

Figure 10 shows the expression level of caspase-3 mRNA. Compared with the original 

cells, the expression level increased with the increase of camptothecin concentrations. 

Moreover, at the concentrations of 10 and 20 µM, the expression of caspase-3 mRNA was the 

same level as that of the original cells at 0 µM of camptothecin. 

 

 

Figure 10. Expression analysis of caspase-3 mRNA 12 hr after incubation with different 

camptothecin concentrations. *, p < 0.05; significant against the expression level at 0 µM 

camptothecin. 
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DISCUSSION 

The present study demonstrates that cGNSMB prepared were readily internalized into 

the cells as expected. The hybridization assay revealed that MB incorporated in cGNS showed 

the sequence specificity. In addition, the higher stability against the nuclease was observed than 

free MB. When the apoptotic cells were prepared by the camptothecin addition, the cGNScasp3 

MB showed the intracellular fluorescence expression according to the induction of cell apoptosis. 

The mixing ratio of MB to cGNS in the cGNSMB preparation had an influence on the 

apparent size and zeta potential of cGNSMB (Figure 1). An increased amount of MB added 

increased the apparent size, but decreased the zeta potential. The MB-free, empty cGNS have 

a positive zeta potential, whereas the MB have a negative charge. Therefore, it is likely that the 

increased amount of MB added might cause the aggregation of nanospheres due to the 

electrostatic interaction. The apparent size of cGNSMB is larger than that of MB-free, empty 

cGNS. The aggregation of nanospheres might be due to the association among the nanospheres 

with MB. This formation change would become the increased size and decreased zeta potential. 

It is considered that some MB are on the surface of nanospheres, whereas the majority of MB 

are incorporated due to the small size of MB (31 and 32 bases of GAPDH MB and caspase-3 

MB, respectively) and the constant zeta potential (8 mV of the MB-free, empty cGNS and 

cGNSMB prepared at 2, 10, and 20 pmole MB/µg cGNS). In this study, since the cGNSMB have 

a positive charge and a small size of 200 nm for better cell internalization 25, 26, the cGNS 

prepared at the ratio of 20 pmole MB/µg cGNS were selected, although the MB amount 

increased with an increase in the MB/cGNS ratio. Similar physicochemical properties had for 

both the cGNSGAP MB and cGNScasp3 MB. This finding demonstrates that the physicochemical 

properties of cGNSMB are not influenced by the sequence of MB. Considering the biological 

function of MB, it is important to evaluate the sequence specificity of MB and MB incorporated 

in cGNS for the hybridization 27, 28. The hybridization study indicated that the fluorescent 

recovery of both MB and MB incorporated in cGNS was specific for the target sequences 

(Figure 2). Compared with free MB, the fluorescent recovery of MB incorporated in cGNS was 

small at the low concentrations of specific target. This is because the incorporation of MB in 

the cGNS prevents the target oligonucleotides from the specific association. However, 
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sufficient fluorescent recovery was observed at the high concentrations of specific target. It is 

conceivable that the higher concentration contributes to an increase in the molecular association. 

The reason of slight fluorescent increase of MB incorporated in cGNS with the non-specific 

target is unclear at present. The cationized gelatin and MB are electrostatically interacted to 

each other, and the negative charge of MB may be shielded by the positive charge of cationized 

gelatin. It is possible that this contributes to the slight increase of fluorescent intensity with non-

specific target. However, at the target concentration of 5000 nM, the fluorescent intensity with 

the specific target was sufficiently higher than that with non-specific target (four and seven 

times for GAPDH MB and caspase-3 MB, respectively). In addition to the hybridization 

specificity, the stability against nuclease is also important in terms of the cellular signal 

accuracy of MB 29, 30. The free MB were readily degraded depending on the DNase I 

concentrations. In contrast, MB incorporated in cGNS were hardly degraded by DNase I 

(Figure 3). It is highly conceivable that the poor approach of DNase I to MB incorporated in 

the cGNS, resulting in an inhibited enzymatic reaction to MB. 

It is apparent in Figure 4 that the high concentrations of cGNSMB showed significant 

cytotoxicity. It is well known that cationic substances have a cytotoxic nature 31-33. The amount 

of MB internalized into the cells increased as the increase of cGNSMB concentration, but 

reached a plateau level (Figure 5A). The cytotoxicity might be due to the increased cell 

internalization of cGNSMB. However, the amount of cGNSMB internalized into the cells 

saturated over 15 µg/ml of cGNSMB concentration. It is possible, therefore, that an excess 

amount of cGNSMB which does not contribute to the cell internalization, might cause the 

cytotoxicity. Considering the non-cytotoxic concentration, 10 µg/ml was selected for the 

amount of cGNSMB used in the experiment. In addition, 10 µg/ml of cGNSMB did not affect the 

cell proliferation (data not shown). 

The amount of MB internalized into the cells at 4 ℃ was significantly lower than that 

at 37 ℃ (Figure 5B). This suggests that cGNSMB were internalized into the cells mainly via 

endocytosis. On the contrary, free MB were hardly internalized both at 37 and 4 ℃ (Figure 

5C), and no fluorescence was observed in the cells. This higher internalization of MB for the 

cGNSMB, so-called the concentration effect of MB, is one of the reasons to enhance the MB 
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response in the cells. The red color of MB and the green color of cGNS were well co-localized, 

which can be confirmed by the yellow color in the cells (Figure 6B (a)). This result indicates 

that both the MB and cGNS were internalized in the cells in the complex state. Moreover, MB-

cGNS complexes (yellow) were not co-localized with lysosomes (magenta) in the cells (Figure 

6B (b)). This finding demonstrates that the cGNSMB were endosomally escaped following the 

endocytosis. This may be due to the pH buffering effect by the secondary amino groups of 

spermine 34. Taken together, MB-cGNS complexes internalized into the cells via endocytosis, 

were released into cytosol, and specifically responded with the intracellular mRNA without the 

degradation by the nucleases (Figures 2, 3, 5B, and 6). 

In this study, camptothecin was used as an apoptosis inducer commonly used. As the 

mechanism to induce the cell apoptosis, it is reported that camptothecin conjugates with an 

DNA-topoisomerase I complex to inhibit the topoisomerase I activity 35, 36. For the cells 

incubated with cGNSGAP MB, constant fluorescence was observed, irrespective of the apoptosis 

induction (Figures 7 and 8). On the contrary, cGNScasp3 MB were not fluorescent for the original 

non-apoptotic cells, but after the apoptosis induction, the fluorescence was detected. This 

experimentally confirms that cGNSMB successfully functioned to detect the intracellular target 

mRNA. The fluorescent intensity of cGNScasp3 MB was almost constant at any concentration of 

camptothecin except for 0 µM. This might be considered that the fluorescent recovery due to 

the hybridization of caspase-3 MB with the target mRNA is saturated even at low concentrations 

of camptothecin. For the conventional apoptosis detection, the apoptosis analysis of annexin V 

/ PI staining was performed. PI stains the late apoptotic and dead cells because PI is only 

permeable to the membrane of damaged cells. The annexin V stains only the apoptotic cells 

because it conjugates with the phosphatidylserine of an apoptotic marker 37. The flow 

cytometric assay revealed that the cell population was moved to the apoptotic fraction 

depending on the concentrations of camptothecin, and at the high concentrations (10 and 20 

µM) more than 90% cells showed to be apoptotic (Figure 9). The advantages of cGNSMB over 

the conventional apoptosis detection are to visualize the intracellular localization of apoptosis 

target and detect which cells are in an apoptotic condition. In addition, cGNSMB could detect 

the apoptotic cells after the addition of 1 and 2 µM camptothecin which were less than 20% 
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apoptotic cell. This is also the advantage of cGNSMB due to the detection of apoptosis target 

mRNA which expresses in the earlier apoptotic stage. The expression level of caspase-3 mRNA 

evaluated by the qPCR (Figure 10) tended to increase with the camptothecin concentration. 

However, at the concentrations of 10 and 20 µM, the expression levels were similar to those of 

the original cells. This is because the majority of cells after the addition of 10 and 20 µM 

camptothecin was in the late apoptosis state (Figure 9), and the intracellular mRNA might be 

degraded. On the other hand, for cGNScasp3 MB, the increased fluorescence could be detected 

even after the addition of 10 and 20 µM camptothecin. The fluorescent intensity of MB was 

constant at the high target concentrations (Figure 2). This finding indicates that few amount 

loss of intracellular target mRNA might not lead to decrease in the MB fluorescence. The 

conventional mRNA expression analysis by qPCR is not generally detect the caspase-3 mRNA 

in late apoptotic cells. On the contrary, cGNScasp3 MB system specifically detects the caspase-3 

mRNA. This is another advantage of cGNSMB. 

The present study demonstrates the feasibility that cGNSMB functioned well to 

visualize the cell apoptosis. To our knowledge, this is the first time to visualize the cell apoptosis 

using MB. Based on the results in Chapter 3, it is highly conceivable that the MB are 

intracellularly released into the cytosol with the degradation of cGNS. The release profile of 

MB can be readily regulated by the degradability of cGNS to prolong the time period of mRNA 

detection, leading to the prolonged and controlled visualization of cell functions. On the other 

hand, the advantage of MB is of high versatility because the target is mRNA. Only by simply 

designing and changing the MB sequences 38-40, multiple intracellular mRNA can be detected. 

This detection method will be able to be universal. In the near future, a prolonged visualization 

of cell apoptosis and other cell functions, including cell proliferation ability, will be achieved 

by the cGNSMB imaging system based on the intracellular controlled release of MB. 
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Chapter 6 

 

Preparation of cationized gelatin nanospheres incorporating 

molecular beacon to visualize energy metabolic pathways between 

undifferentiated and differentiated mouse embryonic stem cells 

 

INTRODUCTION 

Cells produce energy via various metabolic pathways for their physiological activities, 

such as proliferation, survival, and differentiation. Among them, the glycolysis and the 

oxidative phosphorylation (OXPHOS) are the main pathways of energy production, and the 

weight of pathways is different for the cell type, situation, and function. For example, it is 

known as Warburg effect that cancer cells heavily rely the glycolysis even with sufficient supply 

of oxygen (aerobic glycolysis) 1. Based on the characteristics of cancer, an enhanced uptake of 

18F-fluorodeoxyglucose has been visualized by positron emission tomography (PET) for the 

clinical cancer diagnosis 2, and extensive trials have been reported to inhibit the metabolic 

pathways and induce the cancer cell death 3-5. For stem cells including pluripotent and somatic 

stem cells, it has been widely recognized that the undifferentiated stem cells mainly rely the 

energy production on the glycolysis. On the contrary, in the differentiated cells, the OXPHOS 

is a major part of energy production 6-9. It is quite important to evaluate the metabolic profile 

as a function of stem cells. The metabolic shift from the OXPHOS to the glycolysis significantly 

affects the reprogramming efficiency to generate induced pluripotent stem (iPS) cells 10. The 

upregulation of glycolytic genes precedes the expression of pluripotent markers over the 

reprogramming 11. On the other hand, it is well accepted that the differentiation of stem cells is 

actively supported and regulated by the increase of OXPHOS 12. Based on the metabolic 

difference, it has been demonstrated that the differentiated cardiomyocytes could be efficiently 

purified by eliminating the remaining undifferentiated cells 13, 14. Moreover, the culture of 

human adipose tissue-derived mesenchymal stem cells (MSC) under a hypoxic condition 

increased the glycolytic profile, which led to the improvement of proliferation, suppression of 

senescence, and maintenance of undifferentiated state 15. It is, thus, indispensable to evaluate 

the metabolic pathways of energy production for the further development of basic cell research, 
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cancer diagnosis, drug discovery, disease modeling, and regenerative medicine. However, at 

present, it is technically difficult to directly assess the metabolic profile of individual cells. 

Under these circumstances, it is of prime importance to develop the imaging technologies and 

methodologies to visualize the energy metabolic pathways in living cells. The visualization of 

metabolic profile makes it possible to discriminate the differentiation state of cells and predict 

the cell potential for reprogramming and differentiation. 

Pyruvate dehydrogenase kinase 1 (PDK1) is one of the key enzymes to maintain the 

glycolysis of cells in an undifferentiated state 16. PDK1 inhibits the pyruvate dehydrogenase 

(PDH) of a gatekeeper enzyme which catalyzes the metabolic pathway to combine glycolysis 

with OXPHOS. The phosphorylation of PDH E1α subunit by the PDK1 activity prevents the 

conversion of pyruvate into acetyl-coenzyme A, which leads to the maintenance of the high 

glycolytic profile 4, 17. On the other hand, peroxisome proliferator-activated receptor γ, 

coactivator-1α (PGC-1α) is a master regulator of mitochondrial biogenesis. The upregulation 

of PGC-1α and the resulting transcription of downstream mitochondrial genes induce the 

enhancement of OXPHOS 3, 18, 19. Based on the mechanism, it can be hypothesized that the 

PDK1 and the PGC-1α would be the targets for glycolysis and OXPHOS between 

undifferentiated and differentiated cells, respectively. 

 In Chapter 3, it was demonstrated that the feasibility of cationized gelatin nanospheres 

(cGNS) incorporating molecular beacons (MB) (cGNSMB) to continuously detect intracellular 

messenger RNA (mRNA) in living cells. In addition, Chapters 4 and 5 demonstrated that the 

cell apoptosis and proliferation ability of cells can be visualized by the cGNSMB imaging system. 

Based on the findings, MB for the mRNA of PDK1 and PGC-1α as the targets for glycolysis 

and OXPHOS, respectively, are designed to be incorporated in the cGNS. In addition, as a 

control of constant fluorescence in the cells, MB for the mRNA of β-actin (Actb) is designed 

due to its constant expression. 

 In this chapter, a cGNSMB imaging system to visualize the energy metabolic pathways 

of cells was developed aiming at the visual discrimination of differentiation state. As one 

example of stem cells, mouse embryonic stem (mES) cells maintained in the undifferentiated 

state and that induced the differentiation are focused. Three types of MB (PDK1, PGC-1α, and 
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Actb MB) were designed to be incorporated in the cGNS. The cell internalization of cGNSMB 

was optimized in terms of the internalization amount, the cell viability, and the labeling 

efficiency. The expression of MB target mRNA and the pluripotency of mES cells after the 

incubation with cGNSMB were examined. The cGNSMB were internalized into the mES cells in 

the undifferentiated state and that induced early differentiation, as well as the neural 

differentiation, and the consequent fluorescent intensity was evaluated. The expression of 

PDK1 and PGC-1α and the phosphorylation of PDH over the differentiations were assessed. In 

addition, the metabolic profiles of mES cells were investigated by the metabolic indicators of 

extracellular acidification rate (ECAR) and oxygen consumption rate (OCR). Based on the 

comparison with the MB fluorescence, the availability of cGNSMB imaging system to visualize 

the energy metabolic pathways was evaluated. Finally, cGNS co-incorporating PDK1, PGC-1α, 

and Actb MB (cGNSmulti MB) were prepared to simultaneously detect the multiple target mRNA. 

The multi-color imaging by cGNSmulti MB was performed to visualize the metabolic profiles and 

discriminate the differentiation state in the same cell population. 

 

 

EXPERIMENTAL 

Materials 

Gelatin with an isoelectric point of 9.0 and the weight-averaged molecular weight of 

99,000, prepared by an acidic process of pig skin, was kindly supplied from Nitta Gelatin Inc., 

Osaka, Japan. MB composed of DNA bases for mouse mRNA of PDK1, PGC-1α, and Actb 

were designed by Beacon DesignerTM (PREMIER Biosoft, Palo Alto, CA, USA), and 

synthesized by Integrated DNA Technologies, Inc. Coralville, IA, USA. The secondary 

structure of MB was estimated by an RNA/DNA folding software (UNAFold, Integrated DNA 

Technologies, Inc., Coralville, IA, USA.) to confirm the stem-loop structure. Target 

oligonucleotides of DNA for MB (PDK1, PGC-1α, and Actb specific sequence) were 

synthesized by Hokkaido System Science Co., Ltd, Sapporo, Japan. The sequences of MB and 

target oligonucleotides were listed in Table 1. Glutaraldehyde (GA, 25 wt% in water), glycine, 

concentrated hydrochloric acid (HCl), acetone, and 1-ethyl-3-(3-dimethylaminopropyl) 
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carbodiimide hydrochloride salt (EDC) were purchased from Nacalai Tesque. Inc., Kyoto, 

Japan. Spermine was purchased from Sigma-Aldrich Inc., St. Louis, MO, USA. The reagents 

were used without further purification. 

 

Evaluation of hybridization specificity of MB 

The hybridization specificity of MB designed was evaluated by incubating with target 

oligonucleotides with different sequences 20. The target oligonucleotides (PDK1, PGC-1α, and 

Actb specific sequence, 0, 50, 100, 500, 1000, and 5000 nM) and the MB (PDK1 MB, PGC-1α 

MB, and Actb MB, 100 nM) were mixed in phosphate buffered-saline solution (PBS, pH7.4) 

containing 0.9 mM CaCl2 and 0.5 mM MgCl2. After the incubation for 1 hr at room temperature 

protected from light, the fluorescent intensity was measured by Multi-mode Microplate Reader 

(SpectraMax i3x, Molecular Devices Japan Co., Ltd., Tokyo, Japan). The MB (1 µl) and the 

target oligonucleotides (5 µM) were mixed in PBS and incubated for 1 hr at room temperature, 

similarly. Then, fluorescent images were taken by LAS-4000 (FUJIFILM Co., Tokyo, Japan). 

 

Table 1. Sequences of MB and target oligonucleotides used. 

MB and target oligonucleotides Sequences (5’ to 3’) 

PDK1 MB [Alexa Fluor®488]-CGCGATCGGAGAACCACAGA

TAACTCACAGGATCGCG-[IBFQ] 

PGC-1α MB [TYE®563]-CGCGATCGCTCATTGTTGTACTGGTT

GGGATCGCG-[IBRQ] 

Actb MB [TYE®665]-CGCGATACCTGGGCCATTCAGAAA 

ATCGCG-[IBRQ] 

PDK1 specific target CTGTGAGTTATCTGTGGTTCTCC 

PGC-1α specific target CCAACCAGTACAACAATGAGC 

Actb specific target TTTCTGAATGGCCCAGGT 

MB: molecular beacons 

PDK1: pyruvate dehydrogenase kinase 1 

PGC-1α: peroxisome proliferator-activated receptor γ, coactivator-1α 

Actb: β-actin 

IBFQ: Iowa Black®FQ 

IBRQ: Iowa Black®RQ 

underline: stem structure 
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Preparation of cationized gelatin 

According to the preparation procedure described in Chapter 2, spermine of an amine 

compound was conjugated with gelatin. Briefly, spermine was added at a molar ratio of 50 to 

the carboxyl group of gelatin into 50 ml of aqueous solution containing 2.0 g of gelatin. The 

pH of solution was immediately adjusted to 5.0 by adding 11 M HCl. After the addition of 

double-distilled water (DDW) to give the final volume of 100 ml, EDC was added to the 

solution at a molar ratio of 3 to the carboxyl group of gelatin. The mixture was agitated for 18 

hr at 40 ℃, and dialyzed against DDW for 3 days with a dialysis membrane (molecular weight 

cut off = 12,000 to 14,000, Viskase Companies, Inc., Willowbrook, IL, USA) at room 

temperature. After the dialysis, the solution was freeze-dried to obtain the cationized gelatin. 

The percentage of amino groups introduced into gelatin was determined by the conventional 

2,4,6-trinitrobenzene sulfonic acid (TNBS, FUJIFILM Wako Pure Chemical Inc., Osaka, Japan) 

method 21. The percentage was 59.8 mole% per the carboxyl group of gelatin. 

 

Preparation of cGNS 

 The cGNS were prepared by the conventional coacervation method as described in 

Chapter 3 with slight modifications. In brief, aqueous solution of cationized gelatin (50 mg/ml, 

1.25 ml) was warmed up to 40 ℃. Then, 5 ml of acetone was gradually dropped to the solution 

to form coacervate. Immediately after that, GA aqueous solution (25 wt%, 20 µl) was added to 

chemically crosslink the coacervate of cationized gelatin for 6 hr. Next, an excessive amount of 

glycine aqueous solution (0.5 M, 2 ml) was added to the solution to block the aldehyde groups 

unreacted, followed by agitation at 40 ℃ overnight to evaporate the residual acetone. The cGNS 

were collected by the centrifugation at 16,000 g for 30 min, and resuspended in DDW. The 

centrifugation and resuspension were repeated three times to wash the cGNS. The concentration 

of cGNS was determined by the measurement of weight after drying 100 µl of cGNS suspension. 

The apparent size of cGNS suspended in PBS was measured by dynamic light 

scattering (DLS, Zetasizer Nano-ZS, Malvern Instruments Ltd., Worcestershire, UK). The zeta 

potential of cGNS suspended in 10 mM phosphate buffer (PB, pH7.4) was measured by 

electrophoresis light scattering (ELS, Zetasizer Nano-ZS, Malvern Instruments Ltd., 
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Worcestershire, UK). The apparent size and the zeta potential of cGNS were 168.0 nm and 8.46 

mV, respectively. 

 

Preparation of cGNSMB 

The cGNSMB were prepared by simply mixing cGNS and MB in DDW. The cGNS 

(200 µg/ml) and MB (PDK1, PGC-1α, and Actb MB, 4 µM) were mixed in DDW (20 pmole 

MB/µg cGNS), and incubated for 15 min at room temperature. Then, the mixture was 

centrifuged at 16,000 g for 15 min, and resuspended in DDW to obtain the cGNSMB (cGNSPDK1 

MB, cGNSPGC-1α MB, and cGNSActb MB). The apparent size and zeta potential of cGNSMB were 

determined by DLS and ELS measurements, respectively. The measurements were 

independently performed three times for each of sample unless otherwise mentioned. 

To examine the amount of MB incorporated in cGNS, MB were labeled with 

radioactive iodine (125I) 22 according to the method described in Chapter 2. Briefly, MB (50 µM, 

5 µl) was incubated at 60 ℃ for 50 min with 2 µl of 0.3 mM Na2SO3, 5 µl of Na125I (740 

MBq/ml in 0.1 M NaOH aqueous solution, PerkinElmer Inc., Waltham, MA, USA), and 5 µl of 

4 mM TlCl3. Then, 100 µl of 0.1 M Na2SO3, and 900 µl of 0.1 M NaCl, 50 mM Tris, and 1 mM 

ethylenediaminetetra acetic acid (EDTA) were added to the solution, followed by incubation 

for 30 min at 60 ℃. The unconjugated free 125I was separated from 125I-labeled MB by the gel 

filtration using PD-10 column (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). The 

radioactivity of 125I was measured using a gamma counter (Auto Well Gamma System ARC-

380 CL, Aloka Co., Ltd, Tokyo, Japan). The cGNSMB were prepared by using the 125I-labeled 

MB at the same procedure described above, and the amount of MB incorporated was 

determined by the radioactivity measurement. 

 

Cell culture experiments 

EB5 cells of a mES cell line were purchased from RIKEN BioResource Center, 

Tsukuba, Japan 23, 24. The cells were cultured on 0.1 wt/vol% gelatin solution (FUJIFILM Wako 

Pure Chemical Inc., Osaka, Japan)-coated 100 mm cell culture dish (Corning Inc., Corning, NY, 

USA) in Glasgow’s Minimum Essential Medium (GMEM, Thermo Fisher Scientific Inc., 
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Waltham, MA, USA) containing 10 vol% knockout serum replacement (KSR, Thermo Fisher 

Scientific Inc., Waltham, MA, USA), 1 vol% bovine fetal calf serum (FCS, GE healthcare Life 

Sciences Hyclone laboratories inc., Logan, UT, USA), 1 mM sodium pyruvate (Thermo Fisher 

Scientific Inc., Waltham, MA, USA), 0.1 mM non-essential amino acid (NEAA, Thermo Fisher 

Scientific Inc., Waltham, MA, USA), 0.1 mM 2-mercaptoethanol (Nacalai Tesque. Inc., Kyoto, 

Japan), 1 vol% penicillin/streptomycin (Nacalai Tesque. Inc., Kyoto, Japan), and 1000 U/ml 

leukemia inhibitory factor (LIF, Merck Millipore, Burlington, MA, USA). Since the blasticidin 

S-resistant gene was inserted in one of Oct-3/4 locus, the cells were maintained in the 

undifferentiated state in the medium supplemented with 20 μg/ml blasticidin S (FUJIFILM 

Wako Pure Chemical Inc., Osaka, Japan) 25. The medium was changed every day and the cells 

were passaged every 2 or 3 days. 

 

Evaluation of cell internalization after incubation with cGNSMB 

The cells were seeded on each well of 0.1 wt/vol% gelatin solution-coated 6 well multi-

dish culture plate (Corning Inc., Corning, NY, USA) at a density of 2 × 105 cells/well, and 

cultured for 24 hr. The medium was changed to OPTI MEM (Thermo Fisher Scientific Inc., 

Waltham, MA, USA), and then cGNSActb MB (1, 5, 10, 15, and 20 μg/ml) were added to each 

well. After the incubation for 0.5, 1, and 3 hr with cGNSActb MB, the cells were washed with PBS 

and observed by a fluorescent microscope BZ-X700 with a 20× objective lens (KEYENCE Co., 

Ltd., Osaka, Japan). On the other hand, the cells incubated with cGNSActb MB for 1 hr were 

detached with 0.25 wt% trypsin-containing 1 mM EDTA solution (Nacalai Tesque. Inc., Kyoto, 

Japan), and analyzed on FACSCanto II flow cytometer and BD FACSDiva software (Becton, 

Dickinson and Company, Franklin Lakes, NJ, USA) by counting 10,000 cells. 

To evaluate the amount of MB internalized into the cells, the cells were similarly 

incubated with cGNSActb MB which had been labeled with 125I. After that, the cells were washed 

with PBS and trypsinized to collect. The amount of MB was determined by the radioactivity 

measurement for the cell suspension. 
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Evaluation of cell viability after incubation with cGNSMB 

The cells were seeded on each well of 0.1 wt/vol% gelatin solution-coated 96 well 

multi-dish culture plate (Corning Inc., Corning, NY, USA) at a density of 1 × 104 cells/well, 

and cultured for 24 hr. The cell viability was evaluated using a cell counting kit (Nacalai Tesque. 

Inc., Kyoto, Japan). After the incubation with cGNSActb MB at different concentrations and 

incubation times as described above, 10 µl of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-

5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8) solution was added to each well and further 

incubated for 1 hr. The absorbance of samples at 450 nm was measured by the microplate reader. 

The percentage of cell viability was expressed as 100% for cells without incubation of cGNSActb 

MB. 

 

Fabrication of embryoid body to evaluate differentiation ability for three germ lineages 

The embryoid body (EB) was fabricated by the conventional hanging drop method 26 

to evaluate the differentiation ability for three germ lineages (endo-, meso-, and ectoderm). 

Briefly, the original cells and the cells incubated with cGNSPDK1 MB, cGNSPGC-1α MB, and 

cGNSActb MB, were detached by the trypsinization and suspended in the medium without LIF. 

Then, the cell suspension (30 µl containing 500 cells) was dropped on the lid of 100 mm non-

adherent cell culture dish (Corning Inc., Corning, NY, USA), and the lid was inverted over the 

dish filled with PBS. After 2 days, the EB formed was transferred to the 100 mm non-adherent 

dish and cultured for 6 days in a suspension state. Next, the matured EB was seeded on each 

well of 0.1 wt/vol% gelatin solution-coated 6 well plate and cultured for further 6 days in an 

adherent state 27. The medium was changed every 3 days. 

 

Induction of spontaneous early differentiation and fluorescent imaging 

The spontaneous early differentiation of mES cells was induced by the depletion of 

LIF 28. In brief, the cells were seeded on each well of 0.1 wt/vol% gelatin solution-coated 6 

well plate at a density of 5 × 104 cells/well in the medium supplemented with or without LIF. 

The medium was changed every day. After the culture for 1, 2, and 3 days, the medium was 

changed to OPTI MEM, and cGNSPDK1 MB, cGNSPGC-1α MB, and cGNSActb MB (10 μg/ml) were 
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added, and incubated for 1 hr. Then, the cells were washed with PBS and observed by the 

fluorescent microscopy with the 20× objective lens. To evaluate the fluorescent intensity, six 

images were taken at random and analyzed by BZ-X Analyzer (KEYENCE Co., Ltd., Osaka, 

Japan). The fluorescent area in the cells was extracted and the averaged brightness of the area 

was measured as the fluorescent intensity. 

 

Evaluation of cell growth inhibition by metabolic inhibitors 

The cells were seeded on each well of 0.1 wt/vol% gelatin solution-coated 24 well 

multi-dish culture plate (Corning Inc., Corning, NY, USA) at a density of 1 × 104 cells/well in 

the medium supplemented with or without LIF. Then, different concentrations of 2-deoxy-D-

glucose (2-DG, FUJIFILM Wako Pure Chemical Inc., Osaka, Japan) and oligomycin (Cayman 

Chemical Company, Ann Arbor, MI, USA) were added to the cells, and cultured for 3 days. The 

medium was changed every day. The cell number at the time point of day 3 was evaluated by 

determining the DNA amount 29. Briefly, the cells were washed with PBS and lysed with saline-

sodium citrate (SSC) buffer containing 0.2 mg/ml sodium lauryl sulfate (SDS) solution. Next, 

40 μl of cell lysate and 160 μl of 1.25 μg/ml bisbenzimide H33258 fluorochrome 

trihydrochloride (Hoechst 33258) solution (Nacalai Tesque. Inc., Kyoto, Japan) were mixed to 

measure the fluorescent intensity by the microplate reader. The cell number was evaluated from 

the DNA amount determined by the standard curve of cell suspension with different cell 

numbers. 

 

Inhibition of PDK1 activity 

The PDK1 activity was inhibited by the addition of dichloroacetate (DCA, Sigma-

Aldrich Inc., St. Louis, MO, USA) in the presence of LIF 30, 31. The cells were seeded on each 

well of 0.1 wt/vol% gelatin solution-coated 6 well plate (5 × 104 cells/well) in the medium 

supplemented with both 15 mM DCA and LIF, and the medium was changed every day. The 

cells were cultured for 3 days, and the cGNSPDK1 MB and cGNSActb MB (10 μg/ml) were incubated 

with the cells for 1 hr as described above. Then, the cells were observed by the fluorescent 

microscopy (20× objective lens) and the fluorescent intensity was evaluated from the six images 
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taken, as well. On the other hand, the PDH activity was measured using Pyruvate 

Dehydrogenase Activity Colorimetric Assay Kit (BioVision Inc., Milpitas, CA, USA) according 

to the manufacture’s instruction. The enzymatic PDH activity to produce the reduced 

nicotinamide adenine dinucleotide (NADH) was normalized by the cell number used for the 

measurement. 

 

Induction of lineage-specific neural differentiation and fluorescent imaging 

The cells were similarly seeded on each well of 0.1 wt/vol% gelatin solution-coated 6 

well plate at a density of 1 × 105 cells/well in the neural differentiation medium NDiff®227 

(Takara Bio Inc. Shiga, Japan) 32. The medium was changed every one or two days, and the 

cells were cultured for 4, 7, and 9 days to induce the neural differentiation. Then, the cGNSPDK1 

MB, cGNSPGC-1α MB, and cGNSActb MB (10 μg/ml) were incubated with the cells for 1 hr, and the 

fluorescent images (20× objective lens) were taken to evaluate the fluorescent intensity at the 

same procedure as described above. 

For the multi-color imaging, cGNS co-incorporating PDK1, PGC-1α, and Actb MB 

(cGNSmulti MB) were prepared by incubating cGNS and the mixture of MB (1:1:1) (total 20 

pmole MB/μg cGNS). After the incubation for 15 min, the cGNSmulti MB were obtained by the 

centrifugation (16,000 g for 15 min). Then, the cGNSmulti MB (10 μg/ml) were similarly 

incubated with the undifferentiated and the neural differentiation-induced cells (day 9) for 1 hr. 

The sequential fluorescent images (3 × 3 images for each XY direction) were taken by the 

fluorescent microscopy (20× objective lens), and the jointed images were reconstructed by BZ-

X Analyzer software. 

 

mRNA expression analysis 

The total RNA of cells was extracted using RNeasy Plus Mini Kit (QIAGEN, Hilden, 

Germany) according to the manufacture’s instruction. The total RNA was reverse-transcribed 

to complementary DNA (cDNA) using a SuperScript VILO cDNA synthesis kit (Thermo Fisher 

Scientific Inc., Waltham, MA, USA). Then, the cDNA synthesized was subjected to quantitative 

real-time polymerase chain reaction (qPCR) by using Prism 7500 real-time PCR thermal cycler 
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(Applied Biosystems, Foster City, CA, USA). The qPCR was performed with specific TaqMan 

probes (TaqMan Gene Expression Assays, Applied Biosystems, Foster City, CA, USA) in the 

presence of TaqMan Fast Advanced Master Mix (Applied Biosystems, Foster City, CA, USA) 

as described in the manufacture’s instruction. The TaqMan probes used were listed in Table 2. 

Table 2. TaqMan probes used. 

TaqMan Gene Expression Assays Assay ID 

PDK1 Mm00554300_m1 

PGC-1α Mm01208835_m1 

Actb Mm02619580_g1 

Tbp Mm00446973_m1 

Oct-3/4 (Pou5f1) Mm03053917_g1 

Sox2 Mm03053810_s1 

Nanog Mm02019550_s1 

Gata4 Mm00484689_m1 

Gata6 Mm00802636_m1 

Sox17 Mm00488363_m1 

T (Brachyury) Mm00436877_m1 

Gsc Mm00650681_g1 

Pax6 Mm00443081_m1 

Nestin Mm00450205_m1 

Eomes Mm01351985_m1 

Cdx2 Mm01212280_m1 

Glut1 Mm00441480_m1 

HK2 Mm00443385_m1 

PFKFB3 Mm00504650_m1 

PK Mm00834102_gH 

Tubb III Mm00727586_s1 

PDK1: pyruvate dehydrogenase kinase 1 

PGC-1α: peroxisome proliferator-activated receptor γ, coactivator-1α 

Actb: β-actin 

Tbp: TATA-box binding protein 

Glut1: glucose transporter 1 

HK2: hexokinase 2 

PFKFB3: 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 

PK: pyruvate kinase 

Tubb III: βIII tubulin 
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The following qPCR conditions were used: 50 ℃ for 2 min and 95 ℃ for 20 sec, followed by 

40 cycles of 95 ℃ for 3 sec and 60 ℃ for 30 sec. Actb and TATA-box binding protein (Tbp) 

were used as a housekeeping gene, and the expression level of mRNA was analyzed by ∆∆Ct 

method. 

 

Immunofluorescent staining 

The cells were washed with PBS three times and fixed with 4 vol% paraformaldehyde 

for 15 min, and permeabilized with 0.2 vol% TritonX-100 for 30 min at room temperature or 

cold methanol for 15 min on ice. After the blocking (ImmunoBlockTM, KAC Co. Ltd., Kyoto, 

Japan), primary antibodies were incubated overnight at 4 ℃. Then, the cells were washed with 

PBS three times, followed by the incubation with secondary antibodies for 1 hr at room 

temperature. The primary and secondary antibodies used were listed in Table 3. The cell nuclei 

were stained with 300 nM 4’,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific Inc., 

Waltham, MA, USA), and then the fluorescent images were taken by the fluorescent 

microscopy with the 20× objective lens. 

 

Western blotting analysis 

The cells were washed with cold PBS three times, and lysed with 

radioimmunoprecipitation (RIPA) buffer (50 mM Tris-HCl pH7.6, 150 mM NaCl, 1% Nonidet 

P40 substitute, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, Nacalai Tesque. Inc., 

Kyoto, Japan) supplemented with 1 mM Na3VO4 and 1 mM phenylmethanesulfonyl fluoride 

(PMSF). The protein concentration of cell lysates was determined by BCATM Protein Assay Kit 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the manufacture’s protocol. 

The cell lysates were boiled at 95 ℃ for 5 min with Laemmli sample buffer (277.8 mM Tris-

HCl pH6.8, 44.4% glycerol, 4.4% lithium dodecyl sulfate, 0.02% bromophenol blue, Bio-Rad 

Laboratories. Inc., Hercules, CA, USA) supplemented with 2.5% 2-mercaptoethanol. Then, the 

cell lysate (30 μg) was subjected to the conventional sodium lauryl sulfate-poly(acrylamide) 

gel electrophoresis (SDS-PAGE), and transferred to a poly(vinyliden difluoride) (PVDF) 

membrane. The membrane was blocked with the blocking solution (ImmunoBlockTM, KAC Co. 
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Ltd., Kyoto, Japan) for 45 min at room temperature, and incubated with primary antibodies 

overnight at 4 ℃. The membrane was washed with Tris buffered-saline with Tween 20 (TBST) 

three times, and incubated with horseradish peroxidase-conjugated secondary antibodies for 60 

min at room temperature. The primary and secondary antibodies used were listed in Table 3. 

Table 3. Antibodies used for immunofluorescent staining and western blotting analysis. 

Antibody Source 
Product 

number 
Dilution 

Rabbit polyclonal anti-Oct-3/4 Abcam (Cambridge, UK) ab19857 1:250 

Rabbit polyclonal anti-Sox2 Abcam ab97959 1:250 

Rabbit polyclonal anti-Nanog Abcam ab80892 1:250 

Mouse monoclonal anti-SSEA-1 Thermo Fisher Scientific Inc. 

(Waltham, MA, USA) 

MA1-022 1:250 

Rabbit monoclonal anti-α1-fetoprotein Abcam ab213328 1:100 

Rabbit monoclonal anti-α-smooth muscle actin Abcam ab32575 1:250 

Rabbit monoclonal anti-βIII tubulin Abcam ab52623 1:500 

Mouse monoclonal anti-nestin Abcam ab11306 1:100 

Rabbit monoclonal anti-pyruvate dehydrogenase 

kinase 1 a) 

Abcam ab202468 1:1000 

Rabbit polyclonal anti-peroxisome proliferator-

activated receptor γ, coactivator-1α 

Abcam ab54481 1:300 a) 

1:1000 b) 

Alexa FluorⓇ488-conjugated goat anti-mouse IgM Abcam ab150121 1:1000 

Alexa FluorⓇ488-conjugated goat anti-rabbit IgG Thermo Fisher Scientific Inc. A11008 1:1000 

Alexa FluorⓇ546-conjugated goat anti-rabbit IgG Thermo Fisher Scientific Inc. A11010 1:1000 

Alexa FluorⓇ568-conjugated donkey anti-mouse IgG Thermo Fisher Scientific Inc. A10037 1:1000 

Rabbit monoclonal anti-pyruvate dehydrogenase 

E1α (phosphorylated Ser293) 

Abcam ab177461 1:1000 

Rabbit monoclonal anti-pyruvate dehydrogenase 

E1α 

Abcam ab168379 1:1000 

Rabbit monoclonal anti-pyruvate dehydrogenase 

kinase 1 b) 

Cell Signaling Technology 

Japan, K.K. (Tokyo, Japan) 

#3820 1:1000 

Rabbit monoclonal anti-β-actin Cell Signaling Technology 

Japan, K.K. 

#4970 1:1000 

Horseradish peroxidase-conjugated anti-rabbit IgG Cell Signaling Technology 

Japan, K.K. 

#7074 1:2000 

a) The antibody and dilution were used for the immunofluorescent staining. 

b) The antibody and dilution were used for the western blotting analysis. 
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The immunoreactive band was detected by PierceTM ECL Plus Western Blotting Substrate 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) with a chemiluminescence imaging 

system LAS-4000 (FUJIFILM Co., Tokyo, Japan). The chemiluminescent intensity was 

quantified by ImageJ software (NIH, Bethesda, MD, USA). 

 

Evaluation of energy metabolic profiles 

The energy metabolic profiles of cells were evaluated by measuring the extracellular 

acidification rate (ECAR) and the oxygen consumption rate (OCR) on Seahorse XFe96 

Extracellular Flux Analyzer (Agilent Technologies, Inc., Santa Clara, CA, USA). The cells were 

seeded on each well of 0.1 wt/vol% gelatin solution-coated XF96 cell culture plate at a density 

of 1 × 103 cells/well in the medium supplemented with or without LIF, and cultured for 3 days 

to allow cells to induce the early differentiation. Since the cell number at the time point of day 

1 was too small to measure the ECAR and OCR, the seeding density of 3 × 103 cells/well were 

applied to the measurement on day 1. For the neural differentiation, the cells were seeded at a 

density of 2 × 103 cells/well in the neural differentiation medium, and cultured for 9 days. 

Glycolysis and mitochondria stress tests were performed to assess the glycolysis and OXPHOS 

activities, according to the manufacture’s protocol. Briefly, the medium was changed to the 

basal medium of unbuffered Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 

2 mM L-glutamine (for the glycolysis stress test) or 2 mM L-glutamine, 10 mM glucose, and 1 

mM pyruvate (for the mitochondria stress test), and incubated at 37 ℃ for 1 hr without the CO2 

gas supply. The glycolysis stress test was composed of 4 steps: (i) basal medium, (ii) 10 mM 

glucose, (iii) 2 μM oligomycin, (iv) 50 mM 2-DG to measure the ECAR. On the other hand, 

the mitochondria stress test was composed of 4 steps: (i) basal medium, (ii) 2 μM oligomycin, 

(iii) 1 μM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), (iv) 0.5 μM 

rotenone and 0.5 μM antimycin A to measure the OCR. All reagents were purchased from 

Agilent Technologies, Inc., Santa Clara, CA, USA. After the measurements, the cells were lysed 

with the SDS solution, followed by three cycles of freeze and thaw. The protein amount was 

determined by MicroBCATM Protein Assay Kit (Thermo Fisher Scientific Inc., Waltham, MA, 

USA) to normalize the ECAR and OCR values. From the profiles of glycolysis and 
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mitochondria stress tests, the parameters of basal glycolysis and respiration, maximal glycolysis 

and respiration, and glycolysis and respiration reserves, were calculated according to the 

manufacture’s protocol. 

 

Statistical analysis 

The data were expressed as the average ± standard deviation (SD). All the statistical 

analysis was performed using one-way analysis of variance (ANOVA) with a post-hoc Tukey-

Kramer multiple comparison test. P values less than 0.05 were considered to be statistically 

significant. 

 

 

RESULTS 

Characterization of cGNSMB 

First, the specificity of MB designed in hybridization with the target oligonucleotides 

was evaluated (Figure 1). When PDK1, PGC-1α, and Actb MB were mixed with the target 

oligonucleotides with non-specific sequences to each MB, no fluorescence was emitted from 

MB, and the fluorescent intensity was as low as free MB at any concentration. On the other 

hand, the fluorescence of MB specifically increased as an increase of target concentration with 

specific sequences to emit the strong signal visualized. Table 4 shows the amount of MB 

incorporated in cGNS, the apparent size, and the zeta potential of cGNSPDK1 MB, cGNSPGC-1α MB, 

and cGNSActb MB. There was no difference in the values among the MB sequences. The apparent 

size of cGNSMB was around 250 nm, and the zeta potential was of a positive value. 
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Figure 1. Hybridization specificity of MB designed. (A) The fluorescent intensity of PDK1 

(a), PGC-1α (b), and Actb MB (c) mixed with different concentrations of PDK1 (□), PGC-

1α (■), and Actb specific target oligonucleotides (■). The concentration of MB was all 100 

nM. (B) Fluorescent images of PDK1 (a), PGC-1α (b), and Actb MB (c) (1 μM) mixed with 

PDK1, PGC-1α, and Actb specific target oligonucleotides (5 μM). 

0

2

4

6

8

10

F
lu

o
re

s
c
e
n
t 

in
te

n
s
it
y

Target concentration (nM)

0

3

6

9

12

15

F
lu

o
re

s
c
e
n
t 

in
te

n
s
it
y

Target concentration (nM)

0

3

6

9

12

15

18

F
lu

o
re

s
c
e
n
t 

in
te

n
s
it
y

Target concentration (nM)

(a)

PDK1 MB

(b)

PGC-1α MB

(c)

Actb MB

+ PDK1 target + PGC-1α target + Actb targetNo target

A

B

(a) (b) (c)



Preparation of cGNSMB to visualize energy metabolic pathways 
between undifferentiated and differentiated mES cells 

173 

 

 

Cell internalization, cell viability, and labeling efficiency with cGNSMB 

Next, the effect of cGNSMB concentration and incubation time on the cell 

internalization and the viability of cells was assessed. Figure 2A shows the amount of MB 

internalized into the cells incubated with different concentrations of cGNSActb MB with varied 

incubation times. The amount of cell internalization increased with an increase of both cGNSActb 

MB concentration and incubation time other than 1 μg/ml of cGNSActb MB amount. The cell 

viability tended to decrease for the incubation time of 3 hr, and the cytotoxicity was observed 

at the concentration of 20 μg/ml (Figure 2B). However, no cytotoxicity was shown in other 

conditions. When the cells were observed by a fluorescent microscopy, the fluorescence was 

hardly detected at the concentration of 1 μg/ml at any incubation time (Figure 2C). The lower 

concentration and the shorter incubation time led to the weak fluorescence in the cells. On the 

other hand, sufficient fluorescence was detected at 10 μg/ml or higher concentration for 1 hr or 

for longer incubation time. Figure 3 shows the flow cytometric analysis of cells incubated with 

different concentrations of cGNSActb MB for 1 hr. The labeling efficiency with cGNSActb MB 

(fluorescent-positive cells) reached around 100% over the concentration of 10 μg/ml. In terms 

of the cytotoxicity, the sensitivity, and the labeling efficiency, 10 μg/ml and 1 hr incubation was 

selected for the condition of cell internalization in the following experiments. 

 

 

 

 

Table 4. Physicochemical properties of cGNSMB. 

 

Amount of MB 

incorporated 

(pmole/μg cGNS) 

Apparent size (nm) Zeta potential (mV) 

cGNSPDK1 MB 19.7 ± 0.1 a) 260.3 ± 13.0 9.63 ± 0.52 

cGNSPGC-1α MB 19.4 ± 0.2 255.5 ± 18.1 10.0 ± 0.41 

cGNSActb MB 19.4 ± 0.2 252.8 ± 18.8 9.21 ± 0.76 

a) Average ± SD. 
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Figure 2. Effect of cGNSActb MB concentration and incubation time on cell internalization 

and viability of cells. (A) Amount of MB internalized into the cells incubated with 1 (◯), 5 

(●), 10 (△), 15 (▲), and 20 μg/ml (□) cGNSActb MB for different incubation times. (B) 

Viability of cells incubated with different concentrations of cGNSActb MB for 0.5 (□), 1 (■), 

and 3 hr (■). The viability of cells incubated without cGNSActb MB was expressed as 100%. 

*, p < 0.05; significant against the percent survival of cells without cGNSActb MB incubation. 

(C) Fluorescent microscopic images of cells incubated with different concentrations of 

cGNSActb MB for different incubation times. Red: Actb MB. The left panel shows the merged 

images of phase contrast and MB fluorescence, while the right panel shows the MB 

fluorescence. Scale bar is 100 μm. 
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Figure 3. Evaluation of labeling efficiency with cGNSActb MB. The cells were incubated with 

1, 5, 10, 15, and 20 μg/ml cGNSActb MB for 1 hr, and analyzed on the flow cytometry by 

counting 10,000 cells. (A) Fluorescent histogram of cells, and (B) percentage of cells labeled 

with cGNSActb MB. The percentage of fluorescent-positive cells was determined by the 

fluorescent intensity of cells incubated without cGNSActb MB (0 μg/ml). *, p < 0.05; 

significant between the groups. 
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Figure 4
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mRNA expression of MB target and pluripotency after incubation with cGNSMB 

Figure 4 shows the mRNA expression of MB target and the pluripotency of cells 

incubated with 10 μg/ml cGNSPDK1 MB, cGNSPGC-1α MB, and cGNSActb MB for 1 hr. It has been 

reported that some MB have a knockdown effect on the target survivin mRNA of cancer cells 

as the theranostic application of MB 33. Inconsistent with the survivin MB, all the mRNA 

expressions of MB targets (PDK1, PGC-1α, and Actb), as well as pluripotent markers (Oct-3/4, 

Sox2, and Nanog), were constant after the cGNSMB incubation (Figure 4A). The result suggests 

that the hybridization of MB with the target sites of mRNA did not affect the expression. In 

other words, the MB used in this study could detect the target mRNA without interfering the 

expression, and the resulting function of cells. It is apparent from Figure 4B that Oct-3/4, Sox2, 

Nanog, and SSEA-1 of pluripotent markers were immunofluorescently stained even after the 

cGNSMB incubation, which is similar to cells without the incubation. In addition, the 

differentiation ability for three germ lineages mediated by the formation of EB 26 was evaluated 

(Figure 4C). Even after the incubation with cGNSMB, the three germ markers, i.e. α-fetoprotein 

(AFP) for the endoderm, α-smooth muscle actin (α-SMA) for the mesoderm, and βIII tubulin 

(Tubb III) for the ectoderm, were similarly stained after the EB formation. These results indicate 

that the expression of pluripotent markers and the differentiation ability were not affected by 

the cGNSMB incubation. 

Figure 4. Effect of cGNSMB incubation on the expression of MB target mRNA and 

pluripotency. (A) mRNA expression analysis for MB targets (a) and pluripotent markers (b). 

The cells were incubated with 10 μg/ml cGNSPDK1 MB (■), cGNSPGC-1α MB (■), and cGNSActb 

MB (▤) for 1 hr, and the expression level was normalized by that of cells without cGNSMB 

incubation (□). Tbp and Actb were used as a housekeeping gene for (a) and (b), respectively. 

n.s.; not significant. (B) Immunofluorescent staining of pluripotent markers for the original 

cells (a) and the cells incubated with cGNSPDK1 MB (b), cGNSPGC-1α MB (c), and cGNSActb MB 

(d). Red: Oct-3/4, Sox2, and Nanog. Green: SSEA-1. Blue: nuclei (DAPI). Scale bar is 100 

μm. (C) Immunofluorescent staining of three germs markers (AFP: endoderm, α-SMA: 

mesoderm, and Tubb III: ectoderm) for the cells migrated from the matured EB. The EB was 

fabricated from the original cells (a) and the cells incubated with cGNSPDK1 MB (b), cGNSPGC-

1α MB (c), and cGNSActb MB (d). Green: AFP, α-SMA, and Tubb III. Blue: nuclei (DAPI). Scale 

bar is 100 μm. 
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Early differentiation and energy metabolic profiles 

Since it is well recognized that the undifferentiated state of mES cells is maintained by 

the LIF signaling pathways 28, the spontaneous early differentiation by the depletion of LIF was 

investigated for 3 days. Figure 5A shows the mRNA expression of pluripotent and early 

differentiation markers cultured without LIF. All the expressions of pluripotent markers 

significantly decreased by the depletion of LIF, and some early differentiation markers, such as 

Nestin, Eomes, and Cdx2, significantly increased. The result may be due to the inherent 

character of mES cells that tends to spontaneously differentiate into ectodermal linages 34. In 

addition, it has been reported that the expression of Oct-3/4 inhibits the differentiation of mES 

cells into the trophectoderm 35. Although the detailed mechanism was not investigated in this 

study, the mES cells might be differentiated into the ectodermal and trophectodermal linages 

by the simple withdrawn of LIF. Figure 5B shows the mRNA expression of PDK1 and PGC-

1α of MB targets cultured with or without LIF. For the undifferentiated cells, the PDK1 

expression increased as the culture with LIF, and became significantly higher than that of cells 

cultured without LIF at days 2 and 3. On the other hand, the PGC-1α expression of cells cultured 

without LIF, was significantly upregulated and higher than that of cells cultured with LIF at day 

3. In addition to the mRNA, the protein expression of PDK1 and PGC-1α at day 3 was evaluated 

by the western blotting and the immunofluorescent staining (Figure 6). As the similar tendency, 

PDK1 and PGC-1α proteins were upregulated by the culture with or without LIF, respectively. 

Moreover, the expression ratio of phosphorylated PDH (pPDH) to PDH was higher in the cells 

cultured with LIF than that cultured without LIF, while the expression level of PDH was a 

similar extent. To evaluate the contribution of glycolysis and OXPHOS to the cell growth, the 

cells were cultured with or without LIF for 3 days in the presence of 2-DG of a glycolysis 

inhibitor and oligomycin of an ATP synthase inhibitor in OXPHOS (Figure 5C). The cell 

number cultured with LIF was significantly smaller than that cultured without LIF at lower 

concentrations of 2-DG. In contrast, oligomycin showed a tendency to decrease the cell number 

cultured without LIF rather than with LIF. The results suggest that the proliferation of 

undifferentiated and early differentiated cells are mainly supported by the glycolysis and the 

OXPHOS, respectively. 
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Figure 5. Early differentiation of cells by the depletion of LIF. (A) mRNA expression 

analysis for pluripotent (a) and early differentiation markers (b). The cells were cultured 

without LIF for 1 (□), 2 (■), and 3 days (■). The expression level was normalized by that 

of cells cultured with LIF at the corresponding time point. *, p < 0.05; significant against 

the expression level of cells cultured with LIF. (B) mRNA expression analysis for PDK1 (a) 

and PGC-1α (b). The cells were cultured with (□) or without LIF (■), and the expression 

level was normalized by that of cells cultured with LIF at the time point of day 1. Actb was 

used as a housekeeping gene. *, p < 0.05; significant between the groups. (C) Effect of 2-

DG (a) and oligomycin concentrations (b) on the cell growth. The cells were cultured with 

(◯) or without LIF (●) for 3 days in the presence of different concentrations of 2-DG and 

oligomycin. The cell number was normalized by that cultured in the absence of 2-DG and 

oligomycin. *, p < 0.05; significant against the cell number cultured without LIF at the 

corresponding concentration. 
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The metabolic profiles of cells were investigated on the extracellular flux analyzer 

(Figure 7). Figure 7A shows the ECAR change over the glycolysis stress test to assess the 

glycolytic profile. For the undifferentiated cells, the ECAR increased with the addition of 

glucose and oligomycin, and decreased by the addition of 2-DG, while the increase of ECAR 

in the early differentiation-induced cells was of a smaller extent. The basal and maximal 

glycolysis and the glycolysis reserve of cells cultured with LIF significantly became higher than 

that of cells cultured without LIF at days 2 and 3. Figure 7B shows the OCR change over the 

mitochondria stress test to assess the OXPHOS profile. The addition of oligomycin inhibited 

the ATP synthase to decrease the OCR, and the FCCP of an uncoupling agent of mitochondrial 

electron transport chain (ETC) increased the OCR to a maximal level. Finally, the rotenone and 

antimycin A decreased the OCR to a minimum level by inhibiting the complexes I and III in 

ETC, respectively. In contrast to the glycolysis stress test, both the basal and maximal 

respirations of cells cultured without LIF were significantly higher than that of cells cultured 

with LIF at days 2 and 3. However, there was little difference in the respiration reserve. For the 

plots of OCR versus ECAR (Figure 8), the undifferentiated cells showed a glycolytic profile 

as the culture with LIF, whereas the early differentiation-induced cells showed an aerobic 

OXPHOS profile as the culture without LIF. In addition, when the levels of mRNA expression 

related to the glycolysis were evaluated, the expression of hexokinase 2 (HK2) of the first rate-

limiting enzyme in glycolysis was significantly upregulated in the undifferentiated cells 

(Figure 9). 

 

 

Figure 6. Evaluation of protein expression for early differentiation. (A) Western blotting 

analysis of pPDH, PDH, PDK1, and PGC-1α for cells cultured with or without LIF for 3 

days. Actb was used as a loading control. Chemiluminescent signal of each band (a) and 

protein expression analysis for the ratio of pPDH to PDH (b), PDK1 (c) and PGC-1α (d). 

The expression level was normalized by that of cells cultured with LIF. *, p < 0.05; 

significant between the groups. (B) Immunofluorescent staining of PDK1 (a) and PGC-1α 

(b) for cells cultured with or without LIF for 3 days. Green: PDK1, Yellow: PGC-1α, Blue: 

nuclei (DAPI), and Merged fluorescent images. Scale bar is 100 μm. 
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Figure 7

A Glycolysis stress test

B Mitochondria stress test
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Figure 7. Metabolic profiles of undifferentiated and early differentiation-induced cells. (A) 

ECAR change over the glycolysis stress test (sequential addition of glucose, oligomycin, 

and 2-DG) on the cells cultured with (a) or without LIF (b) for 1 (◯), 2 (△), and 3 days (□). 

The basal glycolysis (c), maximal glycolysis (d), and glycolysis reserve (e) of cells cultured 

with (□) or without LIF (■) were determined by the profiles of ECAR change. (B) OCR 

change over the mitochondria stress test (sequential addition of oligomycin, FCCP, and a 

mixture of rotenone and antimycin A) on the cells cultured with (a) or without LIF (b) for 1 

(◯), 2 (△), and 3 days (□). The basal respiration (c), maximal respiration (d), and 

respiration reserve (e) of cells cultured with (□) or without LIF (■) were determined by the 

profiles of OCR change. *, p < 0.05; significant between the groups. 

 

Figure 8. Plots of OCR versus ECAR for undifferentiated and early differentiation-induced 

cells. The cells were cultured with (white) or without LIF (black) for 1 (◯●), 2 (△▲), and 

3 days (□■). The ECAR and OCR were the values from maximal glycolysis (Figure 7A 

(d)) and respiration (Figure 7B (d)), respectively. 
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Fluorescent imaging of undifferentiated and early differentiation-induced cells after 

incubation with cGNSMB 

The cell internalization of cGNSMB was evaluated over the maintenance of 

undifferentiated state and the induction of early differentiation for 3 days (Figure 10). Although 

the amount of MB internalized into the cells increased depending on the culture time period, 

the MB amount internalized into the cells cultured without LIF for 3 days was significantly 

lower than that cultured with LIF. This is because the cell number of early differentiation was 

 

Figure 9. Expression analysis of mRNA related to the glycolysis for early differentiation. 

The cells were cultured with (□) or without LIF (■), and the expression level was 

normalized by that of cells cultured with LIF at the time point of day 1. Actb was used as a 

housekeeping gene. *, p < 0.05; significant between the groups. 
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smaller than that of undifferentiated cells. However, there was no difference in the cell 

internalization amount among cGNSPDK1 MB, cGNSPGC-1α MB, and cGNSActb MB. This is due to 

the similar physicochemical properties of cGNSMB, which is independent of the MB sequences 

(Table 4). 

 

Figure 11 shows the cGNSMB imaging for undifferentiated and early differentiation-

induced cells. The packed colonies as a character of undifferentiated cells cultured with LIF 

were observed, while the colonies were dissociated as the culture without LIF. The fluorescence 

of cGNSActb MB was similarly observed at any time point of culture, irrespective of the LIF 

presence, and the fluorescent intensity was constant. The cGNSPDK1 MB fluorescence was 

strongly observed for the undifferentiated cells cultured with LIF than that cultured without LIF, 

and the fluorescent intensity significantly increased as the culture with LIF. In contrast to the 

cGNSPDK1 MB, the intense fluorescence of cGNSPGC-1α MB was observed for the early 

differentiation-induced cells cultured without LIF than that cultured with LIF, and the 

fluorescent intensity significantly became higher as the culture without LIF. The fluorescent 

intensity of cGNSPDK1 MB and cGNSPGC-1α MB showed a similar profile to the mRNA expression 

of PDK1 and PGC-1α (Figures 11B and 5B). 

 

Figure 10. Amount of MB internalized into undifferentiated and early differentiation-

induced cells after incubation with cGNSMB. The cells were cultured with (□) or without 

LIF (■) for 3 days, and incubated with 10 μg/ml cGNSPDK1 MB (A), cGNSPGC-1α MB (B), and 

cGNSActb MB (C) for 1 hr at different culture time points. *, p < 0.05; significant between the 

groups. 
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Figure 11. Fluorescent imaging of undifferentiated and early differentiation-induced cells 

after incubation with cGNSMB. (A) Fluorescent microscopic images of cells incubated with 

10 μg/ml cGNSPDK1 MB (a), cGNSPGC-1α MB (b), and cGNSActb MB (c) for 1 hr at different 

culture time points. The cells were cultured with or without LIF for 1, 2, and 3 days. Green: 

PDK1 MB, Yellow: PGC-1α MB, and Red: Actb MB. The left panel shows the merged 

images of phase contrast and MB fluorescence, while the right panel shows the MB 

fluorescence. Scale bar is 100 μm. (B) Fluorescent intensity of cells after incubation with 

cGNSPDK1 MB (a), cGNSPGC-1α MB (b), and cGNSActb MB (c). The cells were cultured with (□) 

or without LIF (■) for 1, 2, and 3 days. *, p < 0.05; significant between the groups. 
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For the further evaluation of cGNSMB imaging, the inhibitory experiments of PDK1 

activity by the addition of DCA were performed (Figure 12). DCA, an analog of the PDH 

complex substrate pyruvate, has been utilized to inhibit the PDK activity in the fields of cancer 

research and therapy 4, 30. As the mechanism of inhibition, it has been reported that the DCA 

binds to the allosteric site in the amino-terminal domain of the PDK enzymes, leading to the 

local conformational changes in both the nucleotide- and lipoyl-binding pockets 36. Despite the 

cells were cultured with LIF, the addition of 15 mM DCA led to the increased PDH activity and 

the decreased expression of PDK1 mRNA, which was consistent with the previous report 31. 

When the cGNSPDK1 MB and cGNSActb MB were incubated with the cells, the fluorescent intensity 

of cGNSPDK1 MB for the cells supplemented with DCA was significantly lower than that for the 

cells without DCA, whereas the fluorescent intensity of cGNSActb MB was constant. The 

fluorescent intensity of cGNSPDK1 MB was consistent with the decreased expression of PDK1. 

These results also experimentally indicate that the expression level of target mRNA could be 

accurately detected by cGNSMB. 
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Neural differentiation and energy metabolic profiles 

In addition to the spontaneous early differentiation, the lineage-specific neural 

differentiation was induced. The mRNA expression of pluripotent markers (Oct-3/4, Sox2, and 

Nanog) significantly decreased, while that of neural markers (Pax6, Nestin, and Tubb III) 

significantly increased as the differentiation culture (Figure 13A). As shown in Figure 13B, 

both Nestin and Tubb III of neural progenitor and neuronal markers, respectively, were 

immunofluorescently stained after the induction of differentiation for 9 days, and the formation 

of neuronal network was observed. Figure 13C shows the mRNA expression of PDK1 and 

PGC-1α over the neural differentiation. The expression of PDK1 was significantly 

downregulated, whereas that of PGC-1α was significantly upregulated as the differentiation. 

The similar tendency was experimentally confirmed by the western blotting analysis (Figure 

14). The phosphorylation of PDH and the protein expression of PDK1 in the undifferentiated 

cells were significantly higher than those of the differentiated. On the contrary, the protein 

expression of PGC-1α was significantly upregulated as the neural differentiation. The results 

were consistent with the immunofluorescent staining of PDK1 and PGC-1α (Figure 15). 

 

 

 

 

 

Figure 12. Inhibition of PDK1 activity by DCA. (A) PDH activity of cells cultured with 15 

mM DCA for 3 days in the presence of LIF. The activity was normalized by the cell number 

used for the measurement. (B) PDK1 mRNA expression of cells cultured with 15 mM DCA 

for 3 days in the presence of LIF. The expression level was normalized by that of cells 

cultured 0 mM DCA. Actb was used as a housekeeping gene. *, p < 0.05; significant between 

the groups. (C) Fluorescent microscopic images of cells after incubation with 10 μg/ml 

cGNSPDK1 MB (a) and cGNSActb MB (b) for 1 hr. The cells were cultured with 15 mM DCA for 

3 days in the presence of LIF. Green: PDK1 MB, Red: Actb MB. The left panel shows the 

merged images of phase contrast and MB fluorescence, while the right panel shows the MB 

fluorescence. Scale bar is 100 μm. (D) Fluorescent intensity of cells after incubation with 

cGNSPDK1 MB (a) and cGNSActb MB (b). *, p < 0.05; significant between the groups. 



Chapter 6 

190 

 
 

 
Figure 13. Evaluation of neural differentiation. (A) mRNA expression analysis for 

pluripotent (a-c) and neural markers (d-f). (B) Immunofluorescent staining of cells after the 

induction of neural differentiation for 9 days: (a) Blue: nuclei (DAPI), (b) Red: Nestin, (c) 

Green: Tubb III, and (d) Merged fluorescent images. Scale bar is 100 μm. (C) mRNA 

expression analysis for PDK1 (a) and PGC-1α (b). The expression level was normalized by 

that of undifferentiated cells. Actb was used as a housekeeping gene. *, p < 0.05; significant 

between the groups. 
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Figure 14. Evaluation of protein expression for neural differentiation. (A) Western blotting 

analysis of pPDH, PDH, PDK1, and PGC-1α for undifferentiated and neural differentiation-

induced cells. Actb was used as a loading control. (B) Protein expression analysis for the 

ratio of pPDH to PDH. (C) Protein expression analysis for PDK1 (a) and PGC-1α (b). The 

expression level was normalized by that of undifferentiated cells. *, p < 0.05; significant 

between the groups. 
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Figure 15. Immunofluorescent staining of PDK1 (A) and PGC-1α (B) for neural 

differentiation at different time points of culture. Green: PDK1, Yellow: PGC-1α, Blue: 

nuclei (DAPI), and Merged fluorescent images. Scale bar is 100 μm. 
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Figure 16 shows the results of glycolysis and mitochondria stress tests on the 

undifferentiated and neural differentiation-induced cells. All the glycolytic parameters, basal 

glycolysis, maximal glycolysis, and glycolysis reserve, were significantly higher in the 

undifferentiated cells than those of the differentiated cells at any time point of differentiation. 

On the other hand, among the OXHOS parameters, the maximal respiration and the respiration 

reserve significantly increased as the induction of neural differentiation. In particular, the 

enhancement of respiration reserve was significantly higher than that in the early 

differentiation-induced cells. It is known that the neuronal cells heavily rely the energy demand 

on the OXPHOS 37. It is likely that the respiration reserve increased to meet the high energy 

demand in the neuronal OXPHOS. The high level of glycolysis in the undifferentiated cells and 

the gradual increase of OXPHOS as the neural differentiation were confirmed by the plots of 

OCR vs ECAR, as well (Figure 17). Among the expression of mRNA related to the glycolysis 

(Figure 18), the HK2 mRNA was significantly upregulated in the undifferentiated cells. 

However, the 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) expression 

increased in the cells induced to neural differentiation for 9 days. The result suggests that HK2 

might play a more critical role in the maintenance of glycolysis than other glycolysis markers 

evaluated in this study, although only the mRNA was investigated. 
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Figure 16. Metabolic profiles of undifferentiated and neural differentiation-induced cells. 

(A) (a) ECAR change over the glycolysis stress test (sequential addition of glucose, 

oligomycin, and 2-DG) on the undifferentiated (●) and neural differentiation-induced cells 

for 4 (◯), 7 (△), and 9 days (□). The basal glycolysis (b), maximal glycolysis (c), and 

glycolysis reserve (d) were determined by the profiles of ECAR change. (B) (a) OCR change 

over the mitochondria stress test (sequential addition of oligomycin, FCCP, and a mixture 

of rotenone and antimycin A) on the undifferentiated (●) and neural differentiation-induced 

cells for 4 (◯), 7 (△), and 9 days (□). The basal respiration (b), maximal respiration (c), 

and respiration reserve (d) were determined by the profiles of OCR change. *, p < 0.05; 

significant between the groups. 

 

Figure 17. Plots of OCR versus ECAR for undifferentiated and neural differentiation-

induced cells. The measurements were performed on the undifferentiated (●) and neural 

differentiation-induced cells for 4 (◯), 7 (△), and 9 days (□). The ECAR and OCR were 

the values from maximal glycolysis (Figure 16A (c)) and respiration (Figure 16B (c)), 

respectively. 
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Fluorescent imaging of undifferentiated and neural differentiation-induced cells after 

incubation with cGNSMB 

The cGNSMB were incubated with the undifferentiated and the neural differentiation-

induced cells at different time points of differentiation culture, and the cells were observed by 

the fluorescent microscopy (Figure 19). The fluorescence of cGNSActb MB was similarly 

observed for the undifferentiated and the neural differentiation-induced cells at any time point 

of induction, and the fluorescent intensity was a constant value. On the other hand, the intense 

 

Figure 18. Expression analysis of mRNA related to the glycolysis for neural differentiation. 

The expression level was normalized by that of undifferentiated cells. Actb was used as a 

housekeeping gene. *, p < 0.05; significant between the groups. 
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fluorescence of cGNSPDK1 MB was observed for the undifferentiated cells, and the intensity was 

significantly higher than that of the neural differentiation-induced cells. In contrast, the 

cGNSPGC-1α MB fluorescence was strongly observed for the cells induced to neural differentiation, 

while that of undifferentiated cells was of a weak signal. In addition, the fluorescent intensity 

of cGNSPGC-1α MB tended to increase depending on the time period of differentiation culture, and 

became significantly higher than undifferentiated cells 9 days later. The fluorescent intensity of 

cGNSPDK1 MB and cGNSPGC-1α MB well corresponded to the mRNA expression of PDK1 and 

PGC-1α (Figures 19B and 13C), and the profile of MB fluorescence showed a pattern similar 

to the immunnofluorescent staining (Figures 19A and 15). 

As one potential application of cGNSMB imaging system, the multi-color imaging was 

performed to visualize the difference of energy metabolic pathways in the same cell population. 

The undifferentiated and the neural differentiation-induced cells for 9 days were incubated with 

cGNS co-incorporating PDK1, PGC-1α, and Actb MB (cGNSmulti MB), and observed by the 

fluorescent microscopy with wide fields (Figure 20). The fluorescence of Actb MB was 

detected from almost all of cells in both undifferentiated and differentiated cells. For the 

undifferentiated cells, fluorescence of PDK1 MB was homogenously observed, whereas that of 

PGC-1α MB was weak. On the other hand, the fluorescent signal of PDK1 MB was detected 

around the intense signal of PGC-1α MB in the cells induced to neural differentiation. 
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Figure 19. Fluorescent imaging of undifferentiated and neural differentiation-induced cells 

after incubation with cGNSMB. (A) Fluorescent microscopic images of cells incubated with 

10 μg/ml cGNSPDK1 MB (a), cGNSPGC-1α MB (b), and cGNSActb MB (c) for 1 hr at different time 

points of differentiation culture. Green: PDK1 MB, Yellow: PGC-1α MB, and Red: Actb 

MB. The upper panel shows the merged images of phase contrast and MB fluorescence, 

while the lower panel shows the MB fluorescence. Scale bar is 100 μm. (B) Fluorescent 

intensity of cells after incubation with cGNSPDK1 MB (a), cGNSPGC-1α MB (b), and cGNSActb 

MB (c). *, p < 0.05; significant between the groups. 
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Figure 20. Multi-color fluorescent imaging of undifferentiated and neural differentiation-

induced cells after incubation with cGNSmulti MB. Fluorescent microscopic images of 

undifferentiated (A) and neural differentiation-induced cells at day 9 (B) incubated with 10 

μg/ml cGNSmulti MB for 1 hr. The fluorescence of MB was expressed as a pseudo color to 

visualize the co-localization: (a) Phase contrast, (b) Green: PDK1 MB, (c) Magenta: PGC-

1α MB, (d) Red: Actb MB. Merged fluorescent images: (e) Phase contrast, PDK1 MB, and 

PGC-1α MB, and (f) PDK1 MB and PGC-1α MB. Scale bar is 200 μm. 
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DISCUSSION 

The present study clearly demonstrates that undifferentiated and differentiated cells 

could be discriminated from the energy metabolic pathways by making use of the cGNSMB 

imaging system. The cGNSMB prepared were readily internalized into the mES cells to allow 

MB to efficiently label, without modifying their pluripotency. The PDK1 was significantly 

upregulated in the undifferentiated cells, and the resulting phosphorylation of PDH was 

maintained in a high level. On the other hand, the expression of PGC-1α significantly increased 

as the early differentiation by the depletion of LIF, as well as the neural differentiation. The 

analysis of metabolic profile by the measurements of ECAR and OCR revealed that the 

undifferentiated cells showed an enhanced glycolytic profile. In contrast, the OXPHOS profile 

increased as the early and neural differentiations were induced. For the cGNSMB imaging, the 

intense fluorescence of cGNSPDK1 MB was detected for the undifferentiated cells. On the contrary, 

the fluorescence of cGNSPGC-1α MB significantly increased by the induction of early and neural 

differentiations, while the cGNSActb MB fluorescence was similarly observed for both the 

undifferentiated and differentiated cells. The fluorescence of MB showed a good accordance 

with the metabolic profiles of undifferentiated and differentiated cells. To our knowledge, this 

study is the first trial to discriminate the differentiation state of cells from the energy metabolic 

pathways based on the MB imaging system. 

 The cGNSMB were efficiently internalized into the mES cells at the concentration of 

10 µg/ml and the incubation time for only 1 hr to emit the sufficient fluorescence (Figure 2) 

and achieve the labeling efficiency of around 100% (Figure 3). The condition of cell 

internalization did not show any cytotoxicity. The efficient cell internalization results from the 

small size of 250 nm and the positive surface charge of cGNSMB (Table 4), which is 

advantageous for the cell internalization 38, 39. Importantly, the expression of pluripotent 

markers and the differentiation ability for three germ layers of mES cells were preserved even 

after the internalization of cGNSMB (Figure 4). In addition, the proliferation of MSC did not 

change after the cGNSMB internalization (data not shown). This might be due to the efficient 

internalization property of cGNSMB, and the consequent mild internalization condition. In 

Chapters 3 and 5, as the mechanism of cell internalization, it has been demonstrated that the 
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cGNSMB were internalized into cells via an endocytotic pathway, followed by the endosomal 

escape into the cytosol due to the pH buffering effect of spermine 40. The MB were 

intracellularly released into the cytosol accompanied with the degradation of cGNS. The release 

profile is readily regulated by the degradability of hydrogels, and gelatin fragments degraded 

showed no cytotoxicity. The MB fluorescence did not become weak over the cell division due 

to the high retention of MB in the cytosol, which made it possible to detect the target mRNA 

over 2 weeks without the digestion of nuclease. The sequence specificity of MB in the 

hybridization was experimentally confirmed (Figure 1). Taken together, it is highly conceivable 

that the cGNSMB used in this study could specifically detect the target mRNA based on the 

intracellular controlled release with little influence on the cell function. The low cytotoxicity, 

susceptibility to cell internalization, high labeling efficiency, and the easy regulation of 

degradability and the consequent release profile of MB, are advantageous characteristics of 

cGNSMB over other carrier materials 41-43. The intracellular controlled release of MB enables 

the time-course tracing of same cells, which is quite important in the biological and medical 

research fields. 

The PDK1 expression and the consequent phosphorylation level of PDH were 

significantly upregulated in the undifferentiated cells. The results well agreed with the previous 

papers on the energy metabolism of stem cells 44, 45. The high expression of PDK1 and its 

enzymatic activity led to the phosphorylation of PDH and the inhibited activity, resulted in the 

limitation of metabolic flux into the OXPHOS and the maintenance of enhanced glycolysis in 

the undifferentiated cells (Figures 7A and 16A). On the other hand, the increased expression 

of PGC-1α was observed for the cells induced to both early and neural differentiations. The 

increase of PGC-1α well corresponded to the increased OXPHOS over the differentiations 

(Figures 7B and 16B). The PGC-1α is known to regulate the biogenesis of mitochondria to 

enhance the OXPHOS, and the upregulation has been reported over the differentiation of stem 

cells, such as osteogenic 46 and adipogenic 47 differentiations of human MSC, and the neuronal 

differentiation of human neural stem 48 and progenitor cells 37, which is consistent with the 

results in this study. It is, thus, highly possible that the PDK1 and the PGC-1α would 

synergistically play a key role in the regulation of balance between the glycolysis and the 
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OXPHOS, and it would be reasonable to select as the targets of MB. 

The fluorescence of cGNSPDK1 MB increased as the maintenance of undifferentiated 

state, and significantly higher than that in the early and neural differentiations-induced cells. In 

contrast, the cGNSPGC-1α MB fluorescence gradually increased with the induction of early and 

neural differentiations to give the mirror images with cGNSPDK1 MB (Figures 11 and 19). The 

fluorescent intensity of cGNSPDK1 MB and cGNSPGC-1α MB reflected the expression levels of target 

mRNA (Figures 5B and 13C). The fluorescence of cGNSActb MB was similarly observed 

between undifferentiated and differentiated cells at any time point, and the fluorescent intensity 

was constant. In other words, cGNSActb MB worked well as a reference fluorescence of cGNSMB, 

although the internalization amount was varied in the differentiation state of cells (Figure 10). 

This is due to the constant expression of Actb mRNA in each cell. As the mechanism of mRNA 

detection, it is likely that the excessive MB over the target mRNA could be released into the 

cytosol from cGNS, whereas most of MB are in a quenched state. Therefore, the fluorescent 

signal of MB reacted with the target mRNA reflects the expression level of mRNA in individual 

cells, which was independent of the internalization amount of MB. 

When the cGNSMB imaging was compared with the results of extracellular flux 

analyzer, the fluorescence of MB showed a good accordance with the metabolic profiles of 

undifferentiated and differentiated cells. Among the parameters of glycolysis and OXPHOS in 

both the early and neural differentiations, the ECAR of maximal glycolysis (Figures 7A (d) 

and 16A (c)) and the OCR of maximal respiration (Figures 7B (d) and 16B (c)) well 

corresponded to the fluorescent intensity of cGNSPDK1 MB (Figures 11B (a) and 19B (a)) and 

cGNSPGC-1α MB (Figures 11B (b) and 19B (b)), respectively. The maximal glycolysis and 

respiration represent the metabolically stressed and enhanced glycolysis and OXPHOS, 

respectively. On the other hand, the PDK1 is a critical regulator in the inhibition of metabolic 

flux to maintain the glycolysis, while the PGC-1α is a master regulator of mitochondrial 

biogenesis, which is an upstream of OXPHOS. Therefore, the change of its mRNA 

accompanied with the differentiation might reflect the capacity of glycolysis and OXPHOS, 

and the consequent values of maximal glycolysis and respiration. The difference of energy 

metabolic pathways, especially maximal glycolysis and respiration, would be detected by the 
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MB fluorescence. 

The extracellular flux analyzer is a powerful tool to evaluate the cellular metabolic 

profiles measuring the ECAR and OCR as the indicators of glycolysis and OXPHOS 49, and the 

differentiation state of stem cells has been investigated based on the metabolic profiles 37, 47, 48, 

50, 51. However, the ECAR and OCR are measured as the total values to only indicate the 

metabolic state as a cell population. On the other hand, the advantage of cGNSMB imaging 

system is to visualize the metabolic pathways in individual cells. Based on the advantage, the 

multi-color imaging was performed between the undifferentiated and the neural differentiation-

induced cells (Figure 20). It is highly conceivable that the cGNSmulti MB were internalized into 

nearly 100% of cells because the fluorescence of Actb MB as an internal reference was detected 

from almost all of cells. This is experimentally supported by the labeling efficiency of around 

100% (Figure 3). The intense fluorescence of PDK1 MB was homogenously observed in the 

undifferentiated cells (Figure 20A). The finding suggests that the metabolic state of 

undifferentiated cells should be relatively homogenous and the glycolysis is the main pathway. 

On the contrary, for the neural differentiation-induced cells, some fluorescence of PDK1 MB 

was observed around the intense PGC-1α MB fluorescence (Figure 20B). It has been 

conventionally recognized that there are heterogeneous cell populations after the differentiation 

of mES cells. Recent technologies on the RNA-sequence have revealed the dynamic 

heterogeneity over the differentiation in a single cell level 52. In this study, it is possible that 

various cell types, such as matured neuron, neural progenitor/stem cells, and remaining 

undifferentiated cells, with different metabolic states would be induced. The heterogeneity of 

cell population would lead to the different localizations of MB fluorescence. The cGNSMB 

imaging system developed in this study might have a potential to visualize the metabolic 

heterogeneity in the same cell population. 

It has been recognized on the heterogeneity of energy metabolism in cancer, which 

might be one possible reason of resistance against therapies. The energy metabolism of some 

cancer stem cells (CSC), e.g. glioma stem cells 53, breast CSC 54, and pancreatic CSC 55, is 

reported to be different from other cancer cells, although the weight of glycolysis and OXPHOS 

seems to depend on the cancer type. In the case of immune cells, including T cells 56, dendritic 
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cells 57, and macrophages 58, 59, the energy metabolic pathways are different in its subsets and 

activation patterns against immune stimulations. For pluripotent stem cells, the different 

metabolic states between naive and primed human iPS cells 60, as well as human ES cells 61, 

have been reported. It is important to claim here that the decisive role of PDK1 and PGC-1α as 

the metabolic regulators has been recognized in these research fields. This technological 

universality would expand the biological and medical applications of cGNSMB imaging system. 

In the future, the metabolic heterogeneity in various cell types and states would be visually 

discriminated by making use of the cGNSMB imaging system to contribute to the development 

of basic cell research, drug discovery, and regenerative medicine. 
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Chapter 7 

 

Preparation of gelatin nanospheres incorporating quantum dots 

and iron oxide nanoparticles to visualize human induced pluripotent 

stem cells-derived three-dimensional cartilage tissue 

 

INTRODUCTION 

Recently, many studies on the three-dimensional (3D) fabrication of cells have been 

extensively performed and applied to wide research fields which make use of cell functions  

enhanced in the 3D state 1-8. Under these circumstances, it is indispensable to develop the 

imaging technologies and methodologies for non-invasive visualization of 3D cells fabricated. 

To visualize the 3D cells fabricated, it is technically necessary to develop the labeling method 

as well as imaging probes. Based on the results in Chapter 1, it was demonstrated that the gelatin 

nanospheres (GNS) incorporating quantum dots (QD) and iron oxide nanoparticles (IONP) 

(GNSQD+IONP) were feasible as a multimodal imaging probe. The GNSQD+IONP treated with octa-

arginine (R8) were readily internalized into human chondrocytes, and visualized by both the 

fluorescent and magnetic resonance (MR) imaging modalities. QD is one of the useful imaging 

probes for the cellular labeling, and a lot of carrier materials of QD including the use of R8 

have been reported 9-13. However, most of the studies focused on the use of single QD. In this 

study, a multi-modal and multi-color imaging probe by utilizing three kinds of QD with 

different fluorescent wavelengths and IONP was designed. The multi-color imaging is 

potentially useful to visualize different intracellular targets as well as the enhancement of 

imaging reliability. 

In this chapter, the labeling method of human induced pluripotent stem (iPS) cells-

derived 3D cartilage tissue with the GNS co-incorporating three kinds of QD and IONP 

(GNS3QD+IONP) was developed. To label the human iPS cells-derived 3D cartilage tissue, two 

labeling approaches were tried. One is that the cartilage tissue was labeled directly by 

incubating with R8-GNS3QD+IONP (direct labeling method). The other one is a “dissociation and 

labeling method”. First, the cartilage tissue was dissociated to cells in a single dispersed state. 

Then, the cells were incubated with R8-GNS3QD+IONP in a monolayer culture. Finally, the cells 
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labeled were fabricated to 3D pellets or cell sheets. The labeling efficiency was compared in 

terms of the fluorescent visualization. In addition, the immunohistological evaluation of 

cartilage tissue after the labeling with GNS3QD+IONP was performed to assess the cartilage 

properties. 

 

 

EXPERIMENTAL 

Materials 

Gelatin with an isoelectric point of 5.0 and the weight-averaged molecular weight of 

100,000, prepared by an alkaline treatment of bovine bone collagen, was kindly supplied from 

Nitta Gelatin Inc., Osaka, Japan. Qdot 525, 605, and 705 ITK Carboxyl Quantum Dots (QD525, 

605, and 705, 8 µM in water) were purchased from Invitrogen Co., Tokyo, Japan. Alkali-treated 

dextran-coated magnetic iron oxide nanoparticle (IONP, 5 mg Fe/ml in water) was purchased 

from Meito Sangyo Co., Ltd, Nagoya, Japan. Isooctane, poly(oxyethylene) sorbitan monooleate 

(Tween 80), glutaraldehyde (GA, 25 wt% in water), glycine, and concentrated hydrochloric 

acid (HCl) were purchased from Nacalai Tesque. Inc., Kyoto, Japan. Sorbitan monooleate (Span 

80) was purchased from Tokyo Chemical Industry Co., Ltd, Tokyo, Japan. R8 was purchased 

from Sigma-Aldrich Inc., St. Louis, MO, USA. The reagents were used without further 

purification. 

 

Preparation of GNS3QD+IONP 

According to the preparation procedure described in Chapter 1, the GNS3QD+IONP were 

prepared by the conventional emulsion method. Briefly, QD525 (200 nM), QD605 (80 nM), 

QD705 (160 nM), and IONP (25 µg Fe/ml) were mixed with 2 ml of gelatin aqueous solution 

(5 mg/ml). The mixed solution was added into 40 ml of isooctane containing Tween 80 (480 

mg) and Span 80 (480 mg), and then sonicated for 3 min at room temperature to obtain 

gelatin/isooctane emulsion. Next, 0.5 wt% GA aqueous solution (200 µl) was mixed with 

isooctane (40 ml) containing Tween 80 (480 mg) and Span 80 (480 mg), followed by sonication 

to prepare the GA/isooctane emulsion. Then, the gelatin/isooctane and GA/isooctane emulsions 
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were mixed and sonicated for 3 min on ice, and the mixture was agitated for 3 hr at 4 ℃ to 

allow gelatin to crosslink in emulsion with GA. After that, the glycine/isooctane emulsion 

prepared similarly was added to block the aldehyde groups unreacted. The final reactant was 

centrifuged at 8,500 rpm for 60 min at 4 ℃ to collect the GNS3QD+IONP. The nanospheres were 

washed with acetone, and then double-distilled water (DDW) by the centrifugation of 5,000 

rpm for 5 min at 4 ℃ and 20,000 rpm for 30 min at 4 ℃, respectively. Finally, the GNS3QD+IONP 

were dispersed in 1 ml of DDW. 

 

Characterization of GNS3QD+IONP 

The apparent size and polydispersity index of GNS3QD+IONP resuspended in 10 mM 

phosphate buffered-saline solution (PBS, pH7.4) were measured by dynamic light scattering 

(DLS, Zetasizer Nano-ZS, Malvern Instruments Ltd., Worcestershire, UK). The zeta potential 

of GNS3QD+IONP resuspended in 10 mM phosphate buffered solution (PB, pH7.4) was measured 

by electrophoresis light scattering (ELS, Zetasizer Nano-ZS, Malvern Instruments Ltd., 

Worcestershire, UK). The amount of QD and IONP incorporated in the GNS3QD+IONP was 

measured by an atomic absorption spectrophotometer of Cd and Fe (AA-6800, Shimadzu Corp., 

Kyoto, Japan) after the degradation with concentrated HCl. The fluorescent intensity of 

GNS3QD+IONP was measured by a microplate reader (SpectraMax i3x, Molecular Devices Japan 

Co., Ltd., Tokyo, Japan). The excitation wavelength was 350 nm, and the emission wavelengths 

were 525, 605, and 705 nm, respectively. The experiments were independently performed three 

times unless otherwise mentioned. 

 

Cell culture experiments 

Cartilage tissue differentiated from human iPS cells (human iPS cells-derived cartilage 

tissue) was kindly supplied from Professor Tsumaki’s laboratory 14. The cartilage tissue was 

suspended to maintain in Dulbecco's Modified Eagle Medium (DMEM, Sigma-Aldrich Inc., St. 

Louis, MO, USA) supplemented with 1 vol% bovine fetal calf serum (FCS, GE healthcare Life 

Sciences Hyclone laboratories inc., Logan, UT, USA), 1 vol% insulin, transferrin, selenium, 

and ethanolamine solution (ITS-X, Thermo Fisher Scientific Inc., Waltham, MA, USA), 1 mM 
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sodium pyruvate (Thermo Fisher Scientific Inc., Waltham, MA, USA), 0.1 mM non-essential 

amino acid (NEAA, Thermo Fisher Scientific Inc., Waltham, MA, USA), 5 mg/ml L-ascorbic 

acid phosphate (FUJIFILM Wako Pure Chemical Inc., Osaka, Japan), 10 ng/ml bone 

morphogenic protein-2 (BMP-2, PeproTech Inc., Rocky Hill, NJ, USA), 10 ng/ml transforming 

growth factor-β1 (TGF-β1, PeproTech Inc., Rocky Hill, NJ, USA), 10 ng/ml growth 

differentiation factor-5 (GDF-5, ProSpec, Ness Ziona, Israel), and 1 vol% 

penicillin/streptomycin (Nacalai Tesque. Inc., Kyoto, Japan) at 37 ℃ in a 5% CO2-95% air 

atmospheric condition. 

 

Direct labeling of human iPS cells-derived cartilage tissue with GNS3QD+IONP 

The human iPS cells-derived cartilage tissue was directly labeled with GNS3QD+IONP. 

In brief, GNS3QD+IONP were mixed with R8 in OPTI MEM (Thermo Fisher Scientific Inc., 

Waltham, MA, USA) for 15 min at room temperature (R8-GNS3QD+IONP). The cartilage tissue 

was transferred to a 15 ml centrifuge tube (Greiner Bio-One International GmbH, 

Kremsmünster, Austria), and incubated with R8-GNS3QD+IONP (final concentrations of R8 and 

averaged QD were 8 μM and 8 nM, respectively) in OPTI MEM for 3 hr. After that, the cartilage 

tissue was washed with PBS, and the fluorescent images were taken by LAS-4000 (FUJIFILM 

Co., Tokyo, Japan), with UV light (365 nm) excitation and 515 nm filter (QD525), 605 nm filter 

(QD605), and 670 nm filter (QD705). The labeled cartilage tissue was gradually fixed with 4 

vol% paraformaldehyde, and 15 and 30 wt% sucrose. After the fixation, the tissue was 

embedded in Tissue-Tek OCT compound (Sakura Finetek Inc., Tokyo, Japan), followed by 

freezing in liquid nitrogen. The cryosection was prepared by Cryostat (Leica CM3030S, Leica 

Biosystems Ltd., Germany) and observed by confocal laser microscopy FV1000-D IX81 

(OLYMPUS Co., Ltd., Tokyo, Japan). 

 

Dissociation and labeling of human iPS cells-derived cartilage tissue with GNS3QD+IONP 

The human iPS cells-derived cartilage tissue was completely dissociated to cells in the 

single dispersed state 15, and the monolayerd cells were labeled with GNS3QD+IONP as described 

in Chapter 1. Briefly, the cartilage tissue was incubated with 0.25 wt% trypsin-containing 1 mM 
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ethylenediaminetetra acetic acid (EDTA) solution (Nacalai Tesque. Inc., Kyoto, Japan) for 1 hr, 

and then washed with PBS. Collagenase D solution (4 mg/ml) (Roche Diagnostics, Indianapolis, 

IN, USA) was added, and incubated for 3 hr. After the incubation, the cartilage tissue was 

dissociated by pipetting to obtain the chondrocytes suspension. 

The chondrocytes were seeded on each well of 6 well multi-dish culture plate (Corning 

Inc., Corning, NY, USA) at a density of 1 × 105 cells/well, and cultured for 24 hr. The medium 

was changed to OPTI MEM, and the R8-GNS3QD+IONP (8 μM R8 and 8 nM QD) were added to 

each well. After the incubation for 3 hr, the cells were washed with PBS and observed by the 

confocal laser microscopy. The percentage of labeled cells was evaluated by the flow cytometry 

analysis (FACSCant II, Becton Dickinson and Company, Franklin Lakes, NJ, USA). 

 

Fabrication of 3D cartilage pellets after the dissociation and labeling with GNS3QD+IONP 

The chondrocytes labeled were detached by the trypsinization, and 3 × 105 cells were 

resuspended in the 15 ml centrifuge tube. After the centrifugation at 1,000 rpm for 5 min, the 

cell pellet was cultured for 1, 2, 3, and 4 weeks to fabricate the 3D cartilage pellet. The 

fluorescent images were taken and the cryosection prepared as described above was observed 

by the confocal laser microscopy. 

 

Fabrication of cell sheets after the dissociation and labeling with GNS3QD+IONP 

The chondrocytes dissociated from the cartilage tissue were seeded on each well of 24 

well multi-dish culture plate (Corning Inc., Corning, NY, USA) at a density of 1 × 105 cells/well, 

and cultured for 24 hr. The cells were incubated with R8-GNS3QD+IONP at the same procedure 

described above, and cultured for 1 week to fabricate the cell sheet. The cell sheet was detached 

by the pipetting and collected by Cell ShifterTM (CellSeed Inc., Tokyo, Japan) according to the 

manufacture’s instruction. The fluorescent images were taken and the cryosection prepared as 

described above was observed by the confocal laser microscopy similarly. 

 

Histological analysis 

To immunohistologically evaluate the 3D pellets and 2D sheets, the original human 
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iPS cells-derived cartilage tissue, the 3D cartilage pellet (4 weeks after the labeling with 

GNS3QD+IONP), and the cell sheet (1 week after the labeling with GNS3QD+IONP) were stained 

with the conventional hematoxylin and eosin (HE), alcian blue, and saflanin O / fast green. The 

expression of collagen types I and II was evaluated by the immunohistochemical staining. In 

brief, the sections were treated with 0.3 vol% hydrogen peroxide in methanol solution, and 

blocked with 1 wt% bovine serum albumin in PBS for 30 min. Then, primary antibodies (1:20, 

goat anti-collagen type I and type II, SouthernBiotech, Birmingham, AL, USA) were incubated 

overnight at 4 ℃. Following the incubation, the samples were treated with peroxidase-

conjugated secondary antibody (Simple StainTM MAX PO (G), Nichirei Biosciences Inc., 

Tokyo, Japan). The immunoreactions were visualized by 3,3’-diaminobenzidine (DAB) 

substrate in chromogen solution (Agilent Technologies Inc., Santa Clara, CA, USA). The 

samples were counter stained with hematoxylin, and observed by a microscope (BZ-X700, 

KEYENCE Co., Ltd., Osaka, Japan). 

 

 

RESULTS 

Physicochemical and fluorescent properties of GNS3QD+IONP 

Table 1 shows the physicochemical properties of GNS3QD+IONP. The apparent size was 

around 200 nm, and the zeta potential was of a negative charge. The percentage of averaged 

QD incorporation was around 60%. On the other hand, the fluorescent efficiency of 

GNS3QD+IONP at each wavelength was lower than the percentage of QD incorporated (Table 2). 

Table 1. Physicochemical properties of GNS3QD+IONP. 

Apparent size (nm) 221.8 ± 9.93 a) 

Polydispersity index 0.220 ± 0.02 

Zeta potential (mV) -12.4 ± 1.17 

Averaged QD percent incorporated 61.5 ± 7.07 

Averaged amount of QD incorporated (nmole/mg GNS) 0.71 ± 0.15 

IONP percent incorporated 52.0 ± 7.05 

Amount of IONP incorporated (Fe-μg/mg GNS) 67.3 ± 8.34 

a) Average ± standard deviation. 
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Direct labeling of human iPS cells-derived cartilage tissue with GNS3QD+IONP 

The human iPS cells-derived cartilage tissue was tried to label directly with 

GNS3QD+IONP (direct labeling method). Figure 1A shows the fluorescent images of cartilage 

tissue co-incubated with R8-GNS3QD+IONP. Fluorescence was hardly observed for any QD. 

Figure 1B shows the confocal microscopic images of cryosectional cartilage tissue. The 

fluorescence of cells was detected only at the surrounding site of cartilage tissue. 

 

 

Figure 1. Direct labeling of human iPS cells-derived cartilage tissue with GNS3QD+IONP. 

Fluorescent images of cartilage tissue in 15 ml centrifuge tube incubated with R8-

GNS3QD+IONP (A). Confocal microscopic images of cryosectional cartilage tissue (B). Scale 

bar is 200 μm. The experiments are performed at least three times to confirm the 

reproducibility, and the representative images are shown. 

A

B

Bright field QD525 QD605 QD705

Bright field QD525 QD605 QD705 Merge

Table 2. Fluorescent properties of GNS3QD+IONP. 

Fluorescent efficiency a) (525 nm) 11.7 ± 3.00 b) 

Fluorescent efficiency (605 nm) 16.9 ± 2.75 

Fluorescent efficiency (705 nm) 35.2 ± 1.95 

a) Percentage of fluorescent intensity relative to QD aqueous solution 

(200 nM QD525, 80 nM QD605, and 160 nM QD705). 

b) Average ± standard deviation. 
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Dissociation and labeling of human iPS cells-derived cartilage tissue with GNS3QD+IONP 

The cartilage tissue was dissociated and the cells of a single state were labeled with 

GNS3QD+IONP in the monolayer culture (dissociation and labeling method). The GNS3QD+IONP 

were efficiently internalized into the monolayer cells and the fluorescence was observed 

(Figure 2A). Figure 2B shows the flow cytometric analysis after the incubation with R8-

GNS3QD+IONP in the monolayer culture. Almost 100% cells were fluorescently positive for 

QD605 and QD705, whereas around 40% cells were positive for QD525. 

 

 

Figure 2. Labeling after dissociation of human iPS cells-derived cartilage tissue with 

GNS3QD+IONP. Confocal microscopic images of monolayer cells incubated with R8-

GNS3QD+IONP (A). Scale bar is 50 μm. Flow cytometric histograms of cells incubated with 

or without GNS3QD+IONP (negative control) and the percentage of fluorescent positive cells 

(B). The experiments are performed at least three times to confirm the reproducibility, and 

the representative images are shown. 

Negative control (QD525) Negative control (QD605) Negative control (QD705)

QD705QD525 QD605

Fluorescent intensity

C
o
u
n

t

A

B

Bright field QD525 QD605 QD705 Merge
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Fabrication of 3D cartilage pellets and cell sheets 

The labeled cells with GNS3QD+IONP were cultured in a pellet state to fabricate the 3D 

cartilage pellets, and the 3D pellets were fluorescently visualized (Figure 3A). The 

fluorescence of GNS3QD+IONP was homogenously observed in the pellet cryosection (Figure 3B). 

Figure 4 shows the fluorescent time course of pellets labeled with GNS3QD+IONP. All the 

fluorescence of pellet (QD525, 605, and 705) could be detected even 4 weeks later. Figure 5 

shows the fluorescent observation of cell sheets labeled with GNS3QD+IONP. The cells of sheet 

were fluorescently visualized for all wavelength of QD. 

 

 

Figure 3. Fabrication of 3D cartilage pellet from cells labeled with GNS3QD+IONP. 

Fluorescent images of cartilage pellet in 15 ml centrifuge tube (A). Confocal microscopic 

images of cryosectional cartilage pellet (B). Scale bar is 200 μm. The experiments are 

performed at least three times to confirm the reproducibility, and the representative images 

are shown. 

A

B
Bright field QD525 QD605 QD705 Merge

Bright field QD525 QD605 QD705
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A

B

C

D

Bright field QD525 QD605 QD705

Bright field QD525 QD605 QD705

Bright field QD525 QD605 QD705

Bright field QD525 QD605 QD705

 

Figure 5. Fluorescent images of cell sheet prepared 1 week after incubation with R8-

GNS3QD+IONP (A). Confocal microscopic images of cryosectional cell sheet (B). Scale bar is 

50 μm. The experiments are performed at least three times to confirm the reproducibility, 

and the representative images are shown. 

Bright field QD525 QD605 QD705

Bright field QD525 QD605 QD705 Merge

A

B

Figure 4. Fluorescent time 

course of 3D cartilage pellet 

from cells labeled with 

GNS3QD+IONP. Fluorescent 

images of cartilage pellet 

prepared 1 (A), 2 (B), 3 (C), 

and 4 weeks after incubation 

(D). The experiments are 

performed at least three 

times to confirm the 

reproducibility, and the 

representative images are 

shown. 
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Histological analysis 

The histological analysis was performed for the original cartilage tissue (Figure 6A), 

the cartilage pellet 4 weeks after label with GNS3QD+IONP (Figure 6B), and the cell sheet 1 week 

after the label with GNS3QD+IONP (Figure 6C). Both the pellet and sheet of cells labeled with 

GNS3QD+IONP were stained with the cartilage specific staining (alcian blue, safranin O / fast 

green, collagen type I, and II) to a similar extent as the original cartilage tissue. 

 

 

DISCUSSION 

The present study demonstrates that the GNS3QD+IONP were prepared to visualize cells 

in the 3D formation. The human iPS cells-derived 3D cartilage tissue was directly incubated 

with R8-treated GNS3QD+IONP (direct labeling method). However, in this case, only cells residing 

in the surrounding site of cartilage tissue were labeled. On the other hand, the 3D cartilage 

pellet and the cell sheet prepared by the “dissociation and labeling method” were homogenously 

 

Figure 6. Histological analysis for the original cartilage tissue (A), cartilage pellet prepared 

4 weeks after incubation with R8-GNS3QD+IONP (B), and cell sheet prepared 1 week after 

incubation with R8-GNS3QD+IONP (C). Scale bars are 100 μm (A, B, and C for the staining of 

safranin O / fast green and collagen type I and II) and 300 μm (C for the staining of HE and 

alcian blue). The experiments are performed at least three times to confirm the 

reproducibility, and the representative images are shown. 

A

B

C

HE Alcian Blue

Safranin O 

/ Fast green

Collagen 

type I

Collagen 

type II
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and fluorescently labeled. Both the pellet and the sheet of cells labeled with GNS3QD+IONP were 

cartilage-specifically stained to the similar extent as the original cartilage tissue. 

The apparent size of GNS3QD+IONP was around 200 nm, and this small size is 

advantageous for the cell internalization 16. On the other hand, the zeta potential of GNS3QD+IONP 

was negative charge. R8 is one of common cell-penetrating peptides (CPP) to enhance the cell 

internalization via an endocytotic pathway 17. The electrostatic interaction between the negative 

charge of GNS3QD+IONP and the positive charge of R8 would permit the surface modification of 

GNS3QD+IONP. This modification may also be advantageous for the cell internalization due to 

the easy interaction with the negative charge of cell membrane 18. Although the percentage of 

averaged QD incorporation was around 60% (Table 1), the fluorescent efficiency of 

GNS3QD+IONP at each wavelength was lower than the percentage of QD incorporated (Table 2). 

The reason why the fluorescent intensity decreased relative to the QD aqueous solution is not 

clear at present. It is highly conceivable that the fluorescence of QD interacts with IONP, and 

the interaction may increase in the hydrogel of GNS in the concentrated state. 

By the direct labeling method, only cells present in the surrounding site of human iPS 

cells-derived 3D cartilage tissue were labeled (Figure 1). This is due to the poor penetration of 

GNS3QD+IONP to the interior of tissue. In general, it is known that the natural cartilage tissue is 

surrounded by extracellular matrix (ECM) to maintain the mechanical structures 19. The human 

iPS cells-derived cartilage tissue used in this study also has rich ECM. It is possible that the 

ECM presence of cartilage tissue prevents GNS3QD+IONP from the penetration into the inside of 

tissue. 

As one trial to label the cartilage tissue homogenously, the “dissociation and labeling 

method” was performed. The cartilage tissue was enzymatically dissociated to cells of a single 

state due to the ECM degradation by the trypsin and collagenase treatments 15. Then, the R8-

GNS3QD+IONP were efficiently internalized into the monolayer cells dissociated from the 

cartilage tissue (Figure 2A). In the previous studies, under the QD concentration of 8 nM, QD 

neither showed the cytotoxicity and affected the cell proliferation 20. In addition, the 8 μM R8-

treated GNS did not show the cytotoxicity, either (Chapter 1). Therefore, it is highly conceivable 

that the labeling condition used in this study has no cytotoxicity. The fluorescence of all QD 
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was well co-localized in the cells. Although the fluorescence of QD was observed from the 

cytosol (Figure 2A), the detail localization is not clear at present. However, it has been reported 

that the liposomes modified with R8 had an ability for endosomal escape 17. It is likely that the 

R8-GNS3QD+IONP were internalized into the cells via an endocytotic pathway, followed by their 

endosomal escape into the cytosol. On the other hand, the flow cytometric assay revealed that 

almost 100% cells were fluorescently positive for QD605 and QD705, while around 40% cells 

were positive for QD525 (Figure 2B). The difference might be due to the weak fluorescence of 

QD525 (Table 2). The poor incorporation in the GNS and the weak fluorescence of QD525 

might lead to the low detection level of flow cytometry. However, it is important to claim here 

that the 3D cartilage pellet fabricated after the labeling with GNS3QD+IONP was fluorescently 

visualized for all wavelength of QD (Figure 3A). In addition, the homogenous fluorescence of 

GNS3QD+IONP from the 3D cartilage pellet was observed (Figure 3B). The homogenous labeling 

should be lead to the retention of fluorescence even 4 weeks later (Figure 4). Another advantage 

of the “dissociation and labeling method” is the versatility to fabricate various structures of 

cells after the labeling. In this study, in addition to the 3D cartilage pellet, the cell sheet was 

fabricated after the labeling. The cell sheet was fluorescently visualized for all wavelength of 

QD (Figure 5A), while it was homogenously labeled as well (Figure 5B). Figure 6 shows the 

histological evaluation for the pellet and the sheet of cells labeled with GNS3QD+IONP. Both of 

3D cartilage pellets and sheets were cartilage-specifically stained. The alcian blue and safranin 

O / fast green stainings revealed the glycosaminoglycans in the cartilage ECM. In addition, both 

the collagen types I and II in the cartilage ECM were stained, while no homogenous staining 

was observed. Although it is further necessary to quantitatively evaluate the expression of 

cartilage markers, the results indicate that the cartilage properties were maintained even after 

the process of dissociation and labeling. 

 It is well recognized that the homogenous labeling of cells in the 3D fabricate is 

sometimes difficult due to the poor penetration of imaging probes into the cell fabricates 21, 22. 

Therefore, some researches on the construction of 3D structure of cells, such as neurosphere 23, 

embryoid body (EB) 24, and spheroid of mesenchymal stem cells (MSC) 25, after the cellular 

labeling in a monolayer culture, have been reported. The 3D cells fabricated after the labeling 
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could be visualized for several weeks after the transplantation in vivo. However, those often 

focus on the cellular labeling with a single imaging probe. In this study, a multimodal imaging 

probe of gelatin nanospheres co-incorporating three kinds of QD and IOPN was designed. The 

multimodal imaging is one of the promising approaches to enhance the reliability of 

visualization by compensating the disadvantages of each imaging modality 26-29. The 

multimodal imaging probe, such as liposomes 30, poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles 31, and other polymeric nanoparticles 32 co-incorporating QD and IONP, have 

been reported. In addition to the use of single QD and IONP, in this study, three kinds of QD 

were used to perform the multi-color imaging. One of the advantages for multi-color imaging 

is to visualize different intracellular targets by one single probe. On the other hand, 

functionalized QD which changes the fluorescent signal based on the fluorescence resonance 

energy transfer (FRET) responding to the intracellular environment, have been investigated 33. 

Combination with the functionalized QD may allow the imaging system of GNS3QD+IONP to 

visualize an intracellular environmental change more pleiotropically. 

Since the self-repairing and regeneration abilities of cartilages are poor, the cell 

transplantation therapy is one of the promising approaches for cartilage injuries 34, 35. Some 

researches using animal models demonstrated that therapeutic potential of human iPS cells-

derived 3D cartilage tissue 14, 15. The labeling technology developed in this study may be a 

powerful tool to evaluate the localization and distribution of cartilage tissues transplanted. In 

the future, the labeled cartilage tissue with GNS3QD+IONP will be transplanted to an animal model, 

and the fluorescent and MR imaging should be performed to evaluate the in vivo efficacy. 
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Chapter 8 

 

Preparation of cationized gelatin nanospheres incorporating 

molecular beacon to visualize apoptosis in three-dimensional cell aggregates 

 

INTRODUCTION 

It has been recognized that cells improve their biological functions in a three-

dimensional (3D) state compared with a two-dimensional (2D) state cultured in the 

conventional cell culture dish or plate. In the 3D environments of cells like living bodies, the 

biochemical and mechanical signals are upregulated due to the increased cell-cell and cell-

extracellular matrix (ECM) contacts 1, 2. Therefore, a variety of 3D cells fabricates have been 

extensively studied to allow the cell functions to enhance in vitro. For example, aggregates or 

spheroids of mesenchymal stem cells (MSC) which are one of 3D multi-cellular structures, 

enhance the therapeutic potential by improving the anti-inflammatory and angiogenic 

properties, stemness, and survival after transplantation in vivo 3-7. However, at present, it is 

technically difficult to evaluate the cell functions in living 3D cell aggregates. As the 

conventional assays, biochemical and histological techniques have been widely utilized to 

evaluate the functions of cell aggregates, while the destruction or fixation are required. The 

destruction and fixation of cell aggregates result in the loss of information on the position and 

time-course change of cell functions in the 3D structure. Under these circumstances, it is of 

prime importance to develop the imaging technology to visualize cell functions in the 3D cell 

aggregates without the destruction of aggregates. The cell apoptosis is one of fundamental cell 

functions to be visualized. For the cell transplantation therapy in regenerative medicine, the 

prevention of cell apoptosis and the enhancement of cell survival in vivo are the keys to improve 

the therapeutic efficiency 8. In addition, the visualization of cell apoptosis in the 3D cell 

aggregates, spheroids, and organoids, would contribute to their quality control in vitro in the 

use of drug screening 9, disease modeling 10, and cell transplantation therapy 11. 

 In Chapter 5, it was demonstrated that the cell apoptosis can be visualized by making 

use of cationized gelatin nanospheres (cGNS) incorporating molecular beacons (MB) in a 2D 

culture condition. In addition, Chapter 7 demonstrated that the cells labeled with gelatin 
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nanospheres incorporating imaging probes in the 2D culture, can be fabricated into the 3D 

structure. The 3D cells fabricated were homogenously labeled with the imaging probes. Based 

on the findings, it is expected that the 3D cell aggregates are prepared from the cells labeled 

with cGNSMB in the 2D culture, and the apoptosis in aggregates could be detected by the MB 

fluorescence. 

In this chapter, a cGNSMB imaging system to visualize apoptosis in 3D cell aggregates 

was developed. Two types of MB for messenger RNA (mRNA) were used: caspase-3 MB of a 

target for apoptosis and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) MB as a control 

of stable fluorescence in cells. The cGNS incorporating caspase-3 and GAPDH MB (cGNScasp3 

MB and cGNSGAP MB, respectively) were prepared. In addition to the single type of MB, cGNS 

co-incorporating caspase-3 and GAPDH MB (cGNSdual MB) were prepared to perform the dual-

color imaging for the same aggregate. The cGNSMB were incubated with KUM6 cells of a 

mouse bone marrow-derived MSC line to allow cells to label with MB in the 2D culture. Then, 

the cell apoptosis was induced by an anti-Fas antibody to agonistically stimulate the Fas 

receptor, so-called “death receptor” 12. The fluorescent intensity of MB in response to the Fas-

mediated apoptosis was evaluated in terms of the MB function to visualize the cell apoptosis. 

In addition, the ratiometric intensity of MB fluorescence (caspase-3 MB / GAPDH MB) was 

compared with that of single MB to assess the availability of dual-color imaging. The 3D cell 

aggregates were prepared from the MB-labeled cells, and the Fas-mediated apoptosis was 

induced to the aggregates. As a different type of apoptosis inducer, camptothecin of a low-

molecular weight compound was used as well. The fluorescence of MB was evaluated between 

the Fas-mediated and camptothecin-induced apoptosis to investigate the localization of 

apoptotic cells in the 3D aggregates. Finally, the distribution of anti-Fas antibody in the 

aggregates was examined to compare with the fluorescent localization of MB. 

 

 

EXPERIMENTAL 

Materials 

Gelatin with an isoelectric point of 9.0 and the weight-averaged molecular weight of 
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99,000, prepared by an acidic process of pig skin, was kindly supplied from Nitta Gelatin Inc., 

Osaka, Japan. MB for mouse mRNA of caspase-3 and GAPDH were designed by NIPPON 

GENE Co., Ltd, Tokyo, Japan, and synthesized by Integrated DNA Technologies, Inc. 

Coralville, IA, USA. The sequences of MB were listed in Table 1. Glutaraldehyde (GA, 25 

wt% in water), glycine, concentrated hydrochloric acid (HCl), acetone, and 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride salt (EDC) were purchased from Nacalai 

Tesque. Inc., Kyoto, Japan. Spermine was purchased from Sigma-Aldrich Inc., St. Louis, MO, 

USA. The reagents were used without further purification. 

 

Preparation of cationized gelatin 

Cationized gelatin was prepared by conjugating spermine with the carboxyl groups of 

gelatin as described in Chapter 2. In brief, spermine was added at a molar ratio of 50 to the 

carboxyl groups of gelatin into 50 ml of gelatin aqueous solution (40 mg/ml). Immediately after 

that, the solution pH was adjusted to 5.0 by adding 11 M HCl. Double-distilled water (DDW) 

was added to give the final volume of 100 ml. Next, EDC was added at a molar ratio of 3 to the 

carboxyl groups of gelatin, followed by the agitation at 40 ℃ for 18 hr and dialysis against 

DDW for 3 days with a dialysis membrane (molecular weight cut off = 12,000 to 14,000, 

Viskase Companies, Inc., Willowbrook, IL, USA) at room temperature. The dialyzed solution 

was freeze-dried to obtain the cationized gelatin. The percentage of amino groups introduced 

into gelatin was determined by the conventional 2,4,6-trinitrobenzene sulfonic acid (TNBS, 

Table 1. Sequences of MB used. 

MB Sequences (5’ to 3’) 

Caspase-3 MB [Alexa Fluor®488]-GTCACATACAGGAAGTCAGCCTCCACC

GTGAC-[IBFQ] 

GAPDH MB [TYE®665]-CTGGTAATCCGTTCACACCGACCTTCACCAG 

-[IBRQ] 

MB: molecular beacons 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase 

IBFQ: Iowa Black®FQ 

IBRQ: Iowa Black®RQ 

underline: stem structure 
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FUJIFILM Wako Pure Chemical Inc., Osaka, Japan) method 13. The percentage was 59.8 

mole% per the carboxyl groups of gelatin. 

 

Preparation of cGNS 

According to the preparation procedure described in Chapter 3, cGNS were prepared 

by the conventional coacervation method. Briefly, aqueous solution of cationized gelatin (50 

mg/ml, 1.25 ml) was warmed up to 40 ℃. Then, 5 ml of acetone was gradually dropped to the 

solution to form coacervate. Aqueous solution of 25 wt% GA (20 µl) was immediately added 

to the solution, followed by chemically crosslinking of cationized gelatin for 6 hr. After that, an 

excessive amount of 0.5 M glycine aqueous solution (2 ml) was added for the blocking of 

aldehyde groups unreacted. The resulting solution was agitated overnight at 40 ℃ and the 

residual acetone was evaporated. Then, cGNS were collected by the centrifugation of 16,000 g 

for 30 min at 25 ℃ and resuspended in DDW. The centrifugation and resuspension procedures 

were repeated three times to wash cGNS. The concentration of cGNS was determined by the 

measurement of weight after drying 100 μl of cGNS suspension. 

The apparent size of cGNS dispersed in 10 mM phosphate buffered-saline solution 

(PBS, pH7.4) was measured by dynamic light scattering (DLS, Zetasizer Nano-ZS, Malvern 

Instruments Ltd., Worcestershire, UK). On the other hand, the zeta potential of cGNS dispersed 

in 10 mM phosphate buffer (PB, pH7.4) was measured by electrophoresis light scattering (ELS, 

Zetasizer Nano-ZS, Malvern Instruments Ltd., Worcestershire, UK). The apparent size and zeta 

potential of cGNS were 151.8 ± 0.98 nm and 8.44 ± 0.39 mV, respectively. 

 

Preparation of cGNSMB 

The cGNSMB were prepared by simply incubating cGNS with MB in DDW. The cGNS 

(200 µg) and MB (caspase-3 and GAPDH MB, each 4 µM) were mixed in DDW at the 

MB/cGNS ratio of 20 pmole/µg. After the incubation for 15 min at room temperature, the 

mixture was centrifuged at 16,000 g for 15 min at 25 ℃ and resuspended in DDW to obtain 

cGNS incorporating caspase-3 and GAPDH MB (cGNScasp3 MB and cGNSGAP MB, respectively). 

On the other hand, cGNS co-incorporating caspase-3 and GAPDH MB (cGNSdual MB) were 
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prepared by incubating cGNS and the mixed solution of caspase-3 and GAPDH MB (1:1) (total 

20 pmole MB/µg cGNS). After the incubation for 15 min, the cGNSdual MB were obtained by the 

centrifugation and resuspension in DDW as well. The apparent size and zeta potential of 

cGNSMB were determined by DLS and ELS measurements, respectively. The measurements 

were performed independently three times for each of sample unless otherwise mentioned. 

 

Cell culture experiments 

KUM6 cells (JCRB1202) of a mouse bone marrow-derived MSC line were purchased 

from JCRB Cell Bank (National Institute of Biomedical Innovation, Health and Nutrition, 

Osaka, Japan). The cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM, 

Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10 vol% bovine fetal 

calf serum (FCS, GE healthcare Life Sciences Hyclone laboratories inc., Logan, UT, USA) and 

1 vol% penicillin and streptomycin (Nacalai Tesque. Inc., Kyoto, Japan) at 37 ℃ in a 5% CO2-

95% air atmospheric condition. The cells were detached with 0.25 wt% trypsin-containing 1 

mM ethylenediaminetetra acetic acid (EDTA) solution (Nacalai Tesque. Inc., Kyoto, Japan) and 

continued to culture in 100 mm cell culture dish (Corning Inc., Corning, NY, USA) to allow to 

grow until to 80% confluency. 

 

Immunofluorescent staining 

The cells were seeded on a glass bottom dish of 35 mm in diameter (Matsunami Glass 

Industries Ltd., Tokyo, Japan) at a density of 1 × 105 cells/dish. After the incubation for 24 hr, 

the cells were fixed with 4 vol% paraformaldehyde for 20 min at room temperature. After the 

blocking (ImmunoBlockTM, KAC Co. Ltd., Kyoto, Japan), the cells were incubated with the 

rabbit monoclonal anti-Fas antibody (1:50, 50027-R004, Sino Biological, Inc., Beijing, China) 

overnight at 4 ℃. Next, the cells were washed with PBS three times, followed by the incubation 

with the secondary goat anti-rabbit IgG (H + L) antibody conjugated with Alexa Fluor®488 

(1:1000, A11008, Thermo Fisher Scientific Inc., Waltham, MA, USA) for 1 hr at room 

temperature. The cell nuclei were stained with 300 nM 4’,6-diamidino-2-phenylindole (DAPI, 

Thermo Fisher Scientific Inc., Waltham, MA, USA), and then the fluorescent images were taken 
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by a fluorescent microscope (BZ-X700, KEYENCE Co., Ltd., Osaka, Japan). 

 

Induction of Fas-mediated apoptosis 

The Fas-mediated apoptosis was induced by the agonistic stimulation of Fas receptor 

with the anti-Fas antibody (Fas Ab) in the presence of actinomycin D (Act D) 14, 15. Briefly, 

cells were seeded in each well of 6 well multi-dish culture plate (Corning Inc., Corning, NY, 

USA) at a density of 1 × 105 cells/well, and cultured for 24 hr. Next, 1 µg/ml hamster 

monoclonal Fas Ab (clone: Jo2, 554255, Becton, Dickinson and Company, Franklin Lakes, NJ, 

USA) and 0.1 µg/ml Act D (Enzo Life Sciences, Inc., Farmingdale, NY, USA) were added to 

the cells, and cultured for further 16 hr to induce the apoptosis. The cell apoptosis was evaluated 

by the flow cytometric analysis using fluorescein isothiocyanate (FITC) Annexin V Apoptosis 

Detection Kit I (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) according to the 

manufacture’s instruction. The cells cultured with Fas Ab and Act D were collected by the 

trypsinization and washed with cold PBS twice. Then, the cells were resuspended in 10 mM 

HEPES/NaOH solution containing 140 mM NaCl and 2.5 mM CaCl2 (pH7.4), and FITC-

conjugated annexin V and propidium iodide (PI) were added to the suspension. The cell 

suspension was analyzed on FACSCanto II flow cytometer and FACSDiva software (Becton 

Dickinson and Company, Franklin Lakes, NJ, USA) by counting 10,000 cells. 

 

Fluorescent imaging of apoptosis in the 2D culture 

The cells were similarly seeded on the glass bottom dish at a density of 1 × 105 

cells/dish, and cultured for 24 hr. The medium was changed to OPTI MEM (Thermo Fisher 

Scientific Inc., Waltham, MA, USA), and cGNSMB (cGNScasp3 MB, cGNSGAP MB, and cGNSdual 

MB) were added to the cells at the concentration of 10 µg/ml. After the incubation for 1 hr with 

cGNSMB, the cells were washed with PBS and cultured for further 5 hr. Then, 1 µg/ml Fas Ab 

and 0.1 µg/ml Act D were added to the cGNSMB-incubated cells to induce the Fas-mediated 

apoptosis. After the apoptosis induction for 16 hr, the cells were observed by the fluorescent 

microscope BZ-X700. To evaluate the fluorescent intensity, six images were taken at random 

and analyzed by BZ-X Analyzer (KEYENCE Co., Ltd., Osaka, Japan). The fluorescent area in 
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the cells was extracted and the averaged brightness of the area was measured as the fluorescent 

intensity. 

 

Preparation of cell aggregates labeled with MB 

The cells were similarly seeded in each well of 6 well plate at a density of 1 × 105 

cells/well, and cultured for 24 hr. After the medium change to OPTI MEM, the cGNSMB were 

added to the cells (10 µg/ml), and incubated for 1 hr to allow cells to label with MB in the 2D 

culture. The MB-labeled cells were detached by the trypsinization 5 hr later, and the cell number 

was counted. 

Poly(vinyl alcohol) (PVA) (degree of polymerization = 1,800 and saponification = 88 

mole%) was kindly supplied from Unitika Ltd., Tokyo, Japan. The PVA solution (1 wt%, 

dissolved in PBS) was added to each well of round-bottomed (U-bottomed) 96 well culture 

plate (Greiner Bio-One International GmbH, Kremsmünster, Austria) to coat wells with PVA 

(100 µl/well). After the incubation for 15 min at 37 ℃, the PVA solution was removed and the 

wells were washed with PBS twice. Then, the MB-labeled cells were added to each well (500 

cells/well, 200 µl/well), and cultured for 3 days to form the aggregates. The cell aggregates 

were transferred to the glass bottom dish, and observed by confocal laser microscopy 

IX73/CSU-W1 (OLYMPUS Co., Ltd., Tokyo, Japan) to take the fluorescent images of optical 

sections and construct the 3D images. On the other hand, the size of cell aggregates prepared 

from MB-labeled cells or original cells was measured from 20 images using the software BZ-

X Analyzer to calculate the average diameter. 

 

Fluorescent imaging of apoptosis in the 3D cell aggregates 

The cells were similarly incubated with cGNSdual MB in the 2D culture, and the cell 

aggregates were prepared from the MB-labeled cells as described above. After the aggregate 

culture for 3 days, the half of medium was changed to the medium containing Fas Ab and Act 

D (final concentration of 1 and 0.1 µg/ml, respectively). In addition, camptothecin (5 µM, Enzo 

Life Sciences, Inc., Farmingdale, NY, USA) of a DNA-topoisomerase I inhibitor was used to 

induce the apoptosis 16-18. The cell aggregates induced apoptosis for 16 hr were transferred to 
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the glass bottom dish, and observed by the fluorescent microscopy BZ-X700 with an optical 

sectioning module. The optical sections of cell aggregates were taken based on the structured 

illumination in a grid pattern and the projection onto only the focused areas of sample 19. The 

fluorescent intensity as a line-profile of optical sections was evaluated by BZ-X Analyzer. 

To investigate the distribution of Fas Ab in the aggregates, the Fas Ab was 

fluorescently labeled using HiLyte FluorTM 555 Labeling Kit-NH2 (Dojindo Laboratories, 

Kumamoto, Japan) according to the manufacture’s protocol. Then, the cell aggregates were 

incubated with 1 µg/ml Fas Ab labeled with HiLyte Fluor 555 and 0.1 µg/ml Act D for 16 hr. 

After the incubation, the cell aggregates were collected and washed with PBS, and the 

fluorescent intensity as a line-profile of optical section taken by the fluorescent microscopy was 

similarly evaluated. 

 

Statistical analysis 

The data were expressed as the average ± standard deviation (SD). All the statistical 

analysis was performed using one-way analysis of variance (ANOVA) with a post-hoc Tukey-

Kramer multiple comparison test. P values less than 0.05 were considered to be statistically 

significant. 

 

 

RESULTS 

Characterization of cGNSMB 

Table 2 shows the apparent size and zeta potential of cGNSMB prepared. There was no 

difference in the values among cGNScasp3 MB, cGNSGAP MB, and cGNSdual MB. 

Table 2. Physicochemical properties of cGNSMB. 

 Apparent size (nm) Zeta potential (mV) 

cGNScasp3 MB 211.9 ± 11.2 a) 9.40 ± 0.35 

cGNSGAP MB 220.1 ± 2.40 9.38 ± 0.28 

cGNSdual MB 222.0 ± 1.66 9.41 ± 0.16 

a) Average ± SD. 
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Analysis of Fas-mediated apoptosis 

The expression of Fas in KUM6 cells was evaluated by the immunofluorescent 

staining (Figure 1). The Fas expression was experimentally confirmed by the positive staining. 

Figure 2 shows the flow cytometric analysis of Fas-mediated apoptosis induced by the addition 

of 1 µg/ml Fas Ab, 0.1 µg/ml Act D, and 1 µg/ml Fas Ab plus 0.1 µg/ml Act D for 16 hr. The 

cells treated with only Fas Ab or Act D were double negative for annexin V and PI. On the other 

hand, the combination of Fas Ab and Act D significantly increased the percentage of apoptotic 

(annexin V-positive) cells. 

 

Figure 1. Immunofluorescent staining of Fas: (A) Green: Fas, (B) Blue: DAPI (nuclei), and 

(C) Merged fluorescent image. Scale bar is 20 µm. 

A Fas B DAPI C Merge

 

Figure 2. Analysis of Fas-mediated apoptosis. (A) Flow cytometric plots of cell population 

and (B) the percentage of apoptotic (annexin V-positive) cells 16 hr after incubation with 1 

µg/ml Fas Ab, 0.1 µg/ml Act D, and 1 µg/ml Fas Ab plus 0.1 µg/ml Act D. *, p < 0.05; 

significant between the groups. 
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Fluorescent imaging of apoptosis in the 2D culture 

The cells were incubated with cGNSMB, followed by the addition of Fas Ab and Act D 

to induce the Fas-mediated apoptosis for 16 hr, and observed by the fluorescent microscopy. 

Figure 3A shows the fluorescent microscopic images of cells incubated with cGNScasp3 MB and 

cGNSGAP MB. The fluorescence of cGNSGAP MB was similarly observed for both no apoptotic 

and Fas apoptosis-induced cells, while the intense fluorescence of cGNScasp3 MB was observed 

for only the Fas apoptosis-induced cells. When the fluorescent intensity was evaluated (Figure 

3B), the intensity of cGNSGAP MB was constant between the no apoptotic and Fas apoptosis-

induced cells. On the other hand, the fluorescent intensity of cGNScasp3 MB significantly 

increased in response to the Fas-mediated apoptosis. 

 

Figure 3. Fluorescent imaging of apoptosis in the 2D culture with single color. (A) 

Fluorescent microscopic images of cells incubated with 10 µg/ml cGNScasp3 MB (a) and 

cGNSGAP MB (b) for 1 hr. The Fas-mediated apoptosis was induced by the addition of 1 µg/ml 

Fas Ab and 0.1 µg/ml Act D for further 16 hr. The left panel shows the merged images of 

phase contrast and MB fluorescence, while the right panel shows the MB fluorescence. Scale 

bar is 100 μm. (B) Fluorescent intensity of cells incubated with cGNScasp3 MB (a) and 

cGNSGAP MB (b). The Fas-mediated apoptosis was induced by the addition of Fas Ab and Act 

D for further 16 hr. n.s.; not significant. *, p < 0.05; significant between the groups. 
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Next, the cells were incubated with cGNSdual MB, and the Fas Ab and Act D were 

similarly added to perform the dual-color imaging of Fas-mediated apoptosis in the 2D culture 

condition (Figure 4). It is apparent from Figure 4A that the fluorescence of caspase-3 MB was 

strongly observed for apoptotic cells. Figure 4B shows the ratiometric fluorescent intensity of 

cGNSdual MB (caspase-3 MB / GAPDH MB). The ratio of fluorescent intensity significantly 

increased with the Fas-mediated apoptosis. In addition, the increase of fluorescent ratio showed 

a profile similar to that of cGNScasp3 MB fluorescent intensity (Figure 3B (a)). 

 

 

Figure 4. Fluorescent imaging of apoptosis in the 2D culture with dual colors. (A) 

Fluorescent microscopic images of cells incubated with 10 µg/ml cGNSdaul MB for 1 hr. The 

Fas-mediated apoptosis was induced by the addition of 1 µg/ml Fas Ab and 0.1 µg/ml Act 

D for further 16 hr. Green: caspase-3 MB. Red: GAPDH MB. Scale bar is 100 μm. (B) 

Ratiometric fluorescent intensity of cells incubated with cGNSdaul MB. The Fas-mediated 

apoptosis was induced by the addition of Fas Ab and Act D for further 16 hr. *, p < 0.05; 

significant between the groups. 
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Preparation of cell aggregate labeled with MB 

The cell aggregates were prepared from the cells incubated with cGNSMB in the 2D 

culture (MB-labeled cells), and observed by the confocal laser microscopy. Figure 5 shows the 

confocal microscopic images of cell aggregates labeled with GAPDH MB. Almost all of the 

cells emitted the fluorescence of GAPDH MB even in the 3D aggregates, and spatially 

distributed in homogenous. In addition, there was no difference in the size of cell aggregates 

prepared form the original or MB-labeled cells (Figure 6). The size of cell aggregates was 

around 100 µm. 

 

Figure 5. Confocal microscopic images of cell aggregates labeled with MB. The cell 

aggregates were prepared from the cGNSGAP MB-incubated cells, and observed by the 

confocal laser microscopy. TYE®563 was used as a 5’-fluorophore of GAPDH MB to adjust 

the optimal laser excitation and emission. (A) 3D image of cell aggregate and (B) optical 

section of the cell aggregate (center image of z-axis). Scale bar is 50 μm. 

A 3D image B Optical section

 

Figure 6. Size of cell aggregates labeled with MB. The cell aggregates were prepared from 

the cGNSdual MB-incubated cells (MB-labeled cells) or the original cells. n.s.; not significant. 
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Fluorescent imaging of apoptosis in the 3D cell aggregates 

The apoptosis was induced to the cell aggregates prepared from cGNSdual MB-incubated 

cells, and the optical sections were observed to investigate the response of MB in the 3D cell 

aggregates (Figure 7). In addition to the Fas-mediated apoptosis, camptothecin of a low-

molecular weight compound was used to induce the apoptosis. The fluorescence of GAPDH 

MB was observed for every condition (no apoptosis, Fas apoptosis, and camptothecin 

apoptosis), whereas that of caspase-3 MB in both the Fas- and camptothecin-induced apoptotic 

conditions was strongly observed compared with the no apoptosis. For the fluorescence 

distribution of MB, the intense fluorescence of caspase-3 MB was detected in cells at the surface 

surrounding site of Fas-mediated apoptotic aggregates rather than the center site, while that of 

GAPDH MB was detected even in the interior site of aggregates. On the other hand, in the 

 

Figure 7. Fluorescent imaging of apoptosis in the 3D cell aggregates with dual colors. The 

cell aggregates were prepared from the cGNSdual MB-incubated cells, and the apoptosis was 

induced by the addition of 1 µg/ml Fas Ab and 0.1 µg/ml Act D (Fas apoptosis), as well as 

5 µM camptothecin for further 16 hr. Green: caspase-3 MB. Red: GAPDH MB. The arrows 

indicate the cells which emit the strong fluorescence of caspase-3 MB at the surrounding 

site of aggregates. Scale bar is 50 μm. 
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camptothecin-induced apoptotic aggregates, both caspae-3 and GAPDH MB fluorescence were 

detected from the interior site of aggregates as well as the surrounding site. Figure 8 shows the 

line-profiles of fluorescent intensity in the cell aggregates. In the aggregate of Fas apoptosis, 

the peaks of caspase-3 MB fluorescence were mainly distributed at the edge sites although the 

GAPDH MB showed the fluorescent peaks even in the interior site. On the contrary, the 

fluorescent peaks of caspase-3 MB in the camptothecin-treated aggregates were distributed at 

both the edge and interior sites. Then, the distribution of Fas Ab in the cell aggregates was 

investigated (Figure 9). As the similar result of caspase-3 MB, the fluorescence of Fas Ab was 

strongly observed in the periphery of aggregates compared with the center site. The fluorescent 

peaks of Fas Ab at the edge sites were higher than that in the interior sites. 

 

Figure 8. Evaluation of apoptosis in the 3D cell aggregates. Left images are the merged 

fluorescence of caspase-3 MB (green) and GAPDH MB (red) in Figure 7, and the fluorescent 

intensity as a line-profile (cyan lines) was evaluated (right graphs). Green line: fluorescent 

intensity of caspase-3 MB. Red line: fluorescent intensity of GAPDH MB. 
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DISCUSSION 

The present study demonstrates that cell apoptosis in 3D cell aggregates could be 

visualized by making use of the cGNSMB imaging system. The cGNSMB were incubated with 

the cells to label with MB in the 2D culture, and the Fas-mediated apoptosis was induced by 

the addition of Fas Ab and Act D. The fluorescence of cGNScasp3 MB significantly enhanced with 

the apoptosis induction, whereas that of cGNSGAP MB was constant, irrespective of the cell 

apoptosis. In addition, the apoptosis was ratiometrically detected by the cGNSdual MB to the same 

extent as single MB. The cell aggregates were prepared from MB-labeled cells, and the MB 

fluorescence was detected from almost all of the cells even in the 3D aggregates to show the 

homogenous distribution. In addition to the Fas-mediated apoptosis, the aggregates were treated 

with camptothecin of a low-molecular weight apoptosis inducer. The fluorescence of caspase-

3 MB was mainly distributed at the surface surrounding site of Fas-mediated apoptotic 

 
Figure 9. Evaluation of Fas Ab distribution in the 3D cell aggregates. The Fas Ab labeled 

with HiLyte FluorTM 555 (1 µg/ml) and Act D (0.1 µg/ml) were added to the cell aggregates 

for 16 hr, and the optical section was taken by the fluorescent microscopy to evaluate the 

fluorescent intensity as a line-profile (cyan line). Magenta: Fas Ab. Scale bar is 50 μm. 
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aggregates rather than the center site, while that of GAPDH MB was detected even in the 

interior site. The distribution of caspase-3 MB fluorescence showed a profile similar to that of 

Fas Ab in the aggregates. On the other hand, in the camptothecin-induced apoptotic aggregates, 

both caspae-3 and GAPDH MB fluorescence emission were detected from the interior site of 

aggregates as well as the surrounding site. 

There was no difference in the apparent size and zeta potential among cGNScasp3 MB, 

cGNSGAP MB, and cGNSdual MB prepared (Table 2). The apparent size was around 220 nm, and 

the zeta potential was of a positive value. The result indicates that the physicochemical 

properties of cGNSMB did not depend on the type of MB, as well as the co-incorporation of 

different MB types. In Chapters 3 and 5, it has been demonstrated that the cGNSMB were 

internalized into the cells via an endocytotic pathway, followed by the endosomal escape into 

the cytosol. The intracellular release of MB according to the degradation of carrier cGNS 

enabled the detection of target mRNA (Chapter 3). The specificity of caspase-3 and GAPDH 

MB for the target nucleotides in hybridization and the stability against nucleases were 

experimentally demonstrated (Chapter 5). In addition, at the cGNSMB concentration lower than 

10 µg/ml, the incubation time for 1 hr did not show any cytotoxicity. This is due to the high 

susceptibility of cGNSMB to cell internalization and the resulting mild internalization condition. 

Taken together, it is highly conceivable that the cGNScasp3 MB, cGNSGAP MB, and cGNSdual MB 

were efficiently internalized into the cells to label with MB, and the target mRNA of caspase-3 

and GAPDH could be specifically detected based on the intracellular controlled release of MB. 

The Fas-mediated apoptosis was induced by the agonistic stimulation of Fas receptor 

with Fas Ab in the presence of Act D. The immunofluorescent staining experimentally 

confirmed the Fas expression in KUM6 cells used in this study (Figure 1). The flow cytometric 

analysis with annexin V / PI staining was performed to assess the Fas-mediated apoptosis 

(Figure 2). PI only permeates the damaged cell membrane to stain the nucleus of late apoptotic 

and dead cells, while the annexin V specifically conjugates with the phosphatidylserine on the 

surface of apoptotic cell membrane 20. The cell population treated with only Fas Ab or Act D 

was double negative for annexin V and PI, which indicates that the apoptosis was hardly 

induced. On the contrary, the apoptosis was significantly induced by the combination of Fas Ab 
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and Act D. The finding suggests that the Fas Ab and Act D synergistically cause the Fas-

mediated apoptosis, which is consistent with the previous reports 21. Fas (also known as Apo-

1/CD95) is one of death receptors widely expressed in many cell types 14, 15, 21-23. The 

stimulation of Fas with Fas-ligands including the agonistic antibody, results in the downstream 

cascade of signal transduction in the apoptosis pathway. It has been reported in mouse 

cardiomyocytes that the apoptotic signal transduction in the treatment with Fas Ab and Act D 

is composed of c-Jun N-terminal kinase (JNK) activation, Bcl-2-associated X protein (Bax) 

upregulation, and caspase-3 upregulation at both mRNA and protein levels 21. It is important to 

claim here that the caspase-3, so-called “effector caspase”, is finally upregulated in almost all 

pathways to execute the apoptosis 24. Therefore, it would be reasonable to select the caspase-3 

mRNA as the target for MB in terms of the visualization of apoptosis as a versatile system. 

After the cell incubation with cGNSMB for internalization and labeling with MB, a Fas-

mediated apoptosis was induced by the addition of Fas Ab and Act D in the 2D culture condition. 

In agreement with the results in Chapter 5, the fluorescence of cGNSGAP MB was similarly 

observed for both no apoptotic and Fas-apoptotic cells, and the fluorescent intensity was 

constant. On the other hand, the cGNScasp3 MB fluorescence significantly enhanced in the 

apoptotic condition (Figure 3). The result would be due to the increased expression of caspase-

3 mRNA by the Fas-mediated apoptosis induction and the constant expression of GAPDH 

mRNA in cells 21. When the dual-color imaging was performed by utilizing cGNSdual MB, the 

fluorescence of caspase-3 MB was strongly observed in the Fas apoptosis condition (Figure 4). 

The increased ratio of fluorescent intensity (caspase-3 MB / GAPDH MB) well corresponded 

to the increased fluorescent intensity of single caspase-3 MB (Figures 3B and 4B). These 

results strongly suggest that the cell apoptosis could be successfully visualized by the dual-

color imaging as well as the use of single MB. 

The 3D cell aggregates were readily prepared only by using the cells labeled with MB 

in the 2D culture. The PVA-coated U-shaped bottom of wells gives cells an environment 

suitable for the efficient formation of aggregates. The cell adhesion on the well is inhibited by 

the PVA-coating 25. In addition, the U-shaped bottom allows cells to accumulate in the center 

of the wells, where the frequency of cell to cell contact is enhanced to form the aggregates 25. 
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The confocal microscopic images show that the cells labeled with MB were spatially distributed 

in a homogenous manner, and almost all of cells emitted the fluorescence of MB (Figure 5). It 

was confirmed that the labeling efficiency with cGNSMB was around 100% after the incubation 

in the 2D culture (Chapter 6). In addition, it has been demonstrated that the intracellular 

fluorescence of MB maintained over 2 weeks (Chapter 3). Taken together, nearly 100% of cells 

were labeled with MB, and the MB fluorescence was sufficiently retained even in the 3D cell 

aggregates. In some cases, it is difficult to label the 3D constructs of cells due to the poor 

penetration of imaging probes into the interior of constructs 26, 27. Therefore, some researches 

on the construction of 3D structures following the cell labeling in a 2D culture have been 

reported 28-30. This labeling strategy is advantageous for the homogenous labeling of cells in the 

3D constructs with varied shapes (Chapter 7). The homogenous labeling with MB makes it 

possible to visualize the change of cell functions in the 3D environments. The size of cell 

aggregates prepared was around 100 µm, which was not affected by the labeling with MB 

(Figure 6). In general, it is well recognized that the excess size of aggregates results in the cell 

death in the core of aggregates due to the insufficient supply of nutrients and oxygen 31, 32. On 

the other hand, it has been reported in hepatocyte spheroids that under the size of 100-150 µm 

in diameter showed no significant cell death 33, 34. It is, thus, highly possible that the cell death 

hardly occurred in the aggregates prepared in this study without the induction of apoptosis. 

It is apparent form Figure 7 that the fluorescence of caspase-3 MB was strongly 

observed for the Fas-mediated and camptothecin-treated apoptotic aggregates compared with 

non-apoptotic aggregates, while that of GAPDH MB was detected in every condition. The result 

suggests that the apoptosis of cell aggregates was detected by the fluorescence of caspase-3 MB, 

and the GAPDH MB worked well as an internal reference. The availability of internal reference 

in the same cell aggregate is one of advantages in the dual-color imaging. In Chapter 5, the 

addition of 5 µM camptothecin caused the significant cell apoptosis (around 40% in cell 

population), which is a similar extent to the Fas-mediated apoptosis in this study (Figure 2). In 

the Fas-mediated apoptotic aggregates, the fluorescent peaks of caspase-3 MB were mainly 

distributed at the surface site of aggregates, while that of GAPDH MB was detected even in the 

interior site (Figure 8). On the other hand, in the case of camptothecin-treated aggregates, the 
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fluorescent peaks of caspase-3 and GAPDH MB were distributed at both the surface and interior 

sites. The difference in the fluorescent distribution between the Fas-mediated and 

camptothecin-induced apoptosis would be due to the molecular size of apoptosis inducers and 

their penetration into the aggregates. The Fas Ab (IgG) is a macromolecule with a Y-shaped 

structure. The typical dimensions of IgG are approximately 14.5 nm × 8.5 nm × 4.0 nm 35. The 

large molecular size of Fas Ab might prevent the penetration into the interior site of cell 

aggregates. It has been reported that the penetration of cetuximab (monoclonal antibody for 

epidermal growth factor receptor) into tumor spheroids (around 400 µm in diameter) was 

limited in the periphery after 16 hr of addition although the penetration was observed in time- 

and dose-dependent manners 36. When the penetration and distribution of Fas Ab in the 

aggregates were investigated (Figure 9), the fluorescent peaks of Fas Ab showed a similar 

pattern to those of caspase-3 MB (Figure 8). These findings experimentally support that the 

poor penetration of Fas Ab into the interior of cell aggregates, and the resulting cell apoptosis 

was significantly enhanced at the surface site compared with the interior site. On the other hand, 

camptothecin has a low-molecular weight of 348.4, and induces the cell apoptosis by 

conjugating with DNA-topoisomerase I to inhibit the activity 16-18. As another type of low-

molecular weight drug, doxorubicin (molecular weight of 543.5) showed the rapid penetration 

into the interior site of tumor spheroid (around 300 µm in diameter) within 8 hr 37. Considering 

the findings, it is highly possible that the camptothecin sufficiently penetrated into the interior 

site of aggregates due to the small molecular size, and caused the cell apoptosis over the entire 

aggregates. Taken together, it is likely that the MB fluorescence reflected the localization of 

apoptotic position as well as the expression level of target caspase-3 mRNA in the 3D cell 

aggregates, which is caused by the different penetration patterns of apoptosis inducers into the 

aggregates. 

The visualization of apoptosis without the destruction of cell aggregates was achieved 

by the cGNSMB imaging system, which facilitated the discrimination of apoptotic position in 

the 3D structure. This is one of advantages over the conventional biochemical techniques like 

western blotting and polymerase chain reaction (PCR). As the histological analysis, terminal 

deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay has been 
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applied to evaluate the apoptotic position in the 3D cells constructs, as well as the tissue samples. 

The TUNEL assay can reveal the localization of late apoptotic cells by staining the DNA 

fragments. However, it is necessary to prepare the histological section for the reaction with TdT 

and the following labeling procedures. Therefore, it would be difficult to analyze the entire 3D 

structures of construct. In addition, it is theoretically impossible to apply the TUNEL assay to 

the living samples. A fluorescent staining by the LIVE/DEADTM assay (calcein-AM for live 

cells and ethidium homodimer-1 for dead cells) has been widely utilized as well. The advantage 

of LIVE/DEAD assay is to stain both live and dead cells by simply incubating with the 

fluorescent dyes. However, in the case of 3D constructs, the incubation condition often requires 

the optimization to confirm the complete penetration of fluorescent dyes into the interior site of 

constructs. On the other hand, the labeling strategy of 3D cell aggregates with cGNSMB 

(construction of 3D aggregates following the MB-labeling in a 2D culture) can validate the 

homogenous labeling even in the interior site of constructs. This is another advantage of 

cGNSMB imaging system. 

Since the MB can be designed against theoretically every mRNA and miRNA, it is 

possible to visualize various cell functions in a versatile imaging system. The present study 

demonstrates the feasibility of cGNSMB imaging system to visualize the apoptosis in 3D cell 

aggregates, especially the localization of apoptotic position without the destruction of 

aggregates. As the limitation of this study, the apoptosis in cell aggregates was visualized as the 

end-point assay. Further study should be performed to trace the time-course of Fas Ab 

penetration and the consequent apoptosis in the cell aggregates. On the other hand, the 

intracellular controlled release of MB from the cGNS (Chapter 3) and biodegradable 

poly(lactic-co-glycolic acid) (PLGA) nanoparticles 38 achieved the continuous and long-term 

detection of target mRNA. The time-course tracing of cell functions in the same cell and 

aggregate is quite important in the biological and biomedical research fields. In the near future, 

in addition to the apoptosis, various cell functions in the 3D environments will be continuously 

visualized for a long time period based on the intracellular controlled release of MB. 
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SUMMARY 

 

Chapter 1. 

 The objective of this chapter is to prepare a multimodal imaging probe which can 

simultaneously visualize cells by fluorescent and MR imaging modalities. Various types of 

GNS, such as empty GNS, GNSQD, GNSIONP, and GNSQD+IONP, were prepared by the 

conventional emulsion method. The apparent size and percentage of QD and IONP incorporated 

in GNSQD and GNSIONP, respectively, were changed by the concentration of gelatin used. At the 

same gelatin concentration in the GNSQD+IONP preparation, the apparent size and zeta potential 

of GNSQD+IONP were not affected by the GA concentration. On the other hand, the percentage 

of QD incorporated in GNSQD+IONP tended to decrease as the GA concentration increased, 

whereas that of IONP was constant. In terms of the efficient QD and IONP incorporation, as 

well as the apparent size suitable for cell internalization, GNSQD+IONP prepared at 5.0 mg/ml of 

gelatin and 0.5 wt% of GA were used in the cell imaging experiments. When GNSQD+IONP were 

treated with R8 of a CPP and incubated with human articular chondrocytes, GNSQD+IONP were 

efficiently internalized into the cells although their cytotoxicity was observed at the R8 

concentration of 320 μM. The cells internalizing GNSQD+IONP could be visualized by both 

fluorescent and MR imaging modalities. It is concluded that the GNSQD+IONP are promising for 

the probe of multimodal cell imaging. 

 

Chapter 2. 

 The objective of this chapter is to prepare cationized gelatin-MB complexes for the 

visualization of intracellular mRNA. The complexes were prepared from spermine-introduced 

cationized gelatins with different extents of cationization and different mixing ratios of MB to 

cationized gelatin. The apparent size of complexes was almost similar, while the zeta potential 

was different among the complexes. Irrespective of the preparation conditions, the complexes 

had a sequence specificity against the target oligonucleotides in hybridization. Upon incubating 

mouse bone marrow-derived MSC with complexes, the cell viability was low for the complexes 

prepared with a high cationic extent at a low mixing ratio. On the other hand, the amount of 
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MB internalized depended on the type of complexes and the mixing ratio. The highest 

fluorescent intensity of MB in cells was observed for the SM50 complex prepared at a medium 

mixing ratio. This can be explained by the balance between the cytotoxicity and the amount of 

MB internalized into cells. Taking the balance into consideration, the SM50 complex prepared 

with the mixing ratio at 20 pmole MB/µg cationized gelatin was the most effective to visualize 

the GAPDH mRNA endogenously present. In addition, the EGFP mRNA exogenously 

transfected was also detected by this complex system. It is concluded that both the endogenous 

and exogenous mRNA can be visualized in living cells by making use of cationized gelatin-MB 

complexes designed. 

 

Chapter 3. 

 The objective of this chapter is to prepare cationized gelatin-MB complexes and 

cGNSMB, and evaluate the time period of mRNA visualization. The cGNS with different 

degradabilities were prepared by changing the amount of GA to incorporate the MB for GAPDH 

mRNA. There was no difference in the apparent size and zeta potential between the complexes 

and the cGNSMB, while the MB release from the complexes was faster than that from the 

cGNSMB. When mouse bone marrow-derived MSC were incubated with the complexes and 

cGNSMB, the amount of MB internalized into cells and cytotoxicity of complexes was higher 

than those of cGNSMB. However, in the amount range of non-cytotoxicity, the amount of MB 

internalized was at a similar level among them. The complexes and cGNSMB were readily 

internalized into the cells via an endocytotic pathway, but not co-localized with lysosomes. The 

intracellular fluorescence of cGNSMB was observed over 14 days, whereas that of complexes 

disappeared within 5 days. This is because the intracellular decrease of cGNSMB was slower 

than that of complexes. In addition, the time period of cGNSMB remaining in the cells prolonged 

with the increase of GA amount used in cGNSMB preparation. As the result, it is likely that the 

intracellular fluorescence was retained at a high level for longer time periods. It is concluded 

that the cGNSMB are a promising system to achieve the intracellular controlled release of MB 

for the long-term and continuous visualization of mRNA. 
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Chapter 4. 

 The objective of this chapter is to visualize the proliferation ability of cells based on 

the cGNSMB imaging system. Two types of MB to detect mRNA were used. One is a Ki67 MB 

of a target for cell proliferation ability. The other one is a GAPDH MB as a control of stable 

fluorescence in cells. The cGNS incorporating Ki67 MB and GAPDH MB (cGNSKi67 MB and 

cGNSGAP MB) were prepared, respectively. There was no difference in the physicochemical 

properties and the cell internalization between the cGNSKi67 MB and cGNSGAP MB. When bFGF 

was added to mouse bone marrow-derived MSC, the mRNA and protein expression of Ki67 

increased as the increase of bFGF concentration, and the level was saturated over 20 ng/ml. In 

addition, the cell proliferation was significantly accelerated by the bFGF addition. After the 

incubation for the cell internalization of cGNSMB, the cells were further incubated for 24 hr 

with or without different concentrations of bFGF. The fluorescent intensity of cGNSKi67 MB 

significantly increased in response to the concentration of bFGF added, whereas that of 

cGNSGAP MB was constant, irrespective of the bFGF concentration. The fluorescent increase of 

cGNSKi67 MB well corresponded to the mRNA expression of Ki67. A timelapse imaging assay 

revealed that a fast enhancement of cGNSKi67 MB fluorescence after the bFGF addition compared 

with no bFGF addition. On the other hand, the constant fluorescence of cGNSGAP MB was 

observed even at any time point after the bFGF addition. Moreover, the cGNSGAP MB 

fluorescence was maintained at an almost same level over the cell division. It is concluded that 

the cGNSMB are a promising system for the chronological visualization of proliferation ability 

in living cells. 

 

Chapter 5. 

 The objective of this chapter is to visualize the cell apoptosis based on the cGNSMB 

imaging system. Two types of MB to detect mRNA of caspase-3 as a target for cell apoptosis 

and GAPDH MB were incorporated in cGNS, respectively (cGNScasp3 MB and cGNSGAP MB). 

The apparent size of cGNSMB increased, whereas the zeta potential tended to decrease as the 

amount of MB added. Since the cGNSMB have a positive surface charge and a small size of 200 

nm suitable for cell internalization, the cGNSMB prepared at the ratio of 20 pmole MB/µg cGNS 
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were selected, although the MB amount increased with an increase in the MB/cGNS ratio. There 

was no difference in the physicochemical properties between cGNScasp3 MB and cGNSGAP MB. A 

hybridization assay revealed that both the caspase-3 and GAPDH MB incorporated in cGNS 

showed the sequence specificity against the target oligonucleotides. In addition, the cGNS 

incorporation enabled MB to enhance the stability against nuclease to a significantly great 

extent compared with free MB. The cGNSGAP MB were internalized into the mouse bone 

marrow-derived MSC by an endocytotic pathway, and were not distributed at the lysosomes. 

After the incubation with cGNSMB, the cell apoptosis was induced at different concentrations 

of camptothecin. The fluorescence of cells incubated with cGNSGAP MB was constant at any 

camptothecin concentration. On the other hand, the fluorescence of cells incubated with 

cGNScasp3 MB was significantly increased after the addition of camptothecin. When compared 

with the conventional apoptosis analysis of annexin V / PI staining, cGNSMB enabled the 

apoptosis detection in the earlier stage at the lower concentrations of camptothecin. It is 

concluded that the cGNSMB are a promising system for the visualization of cell apoptosis. 

 

Chapter 6. 

 The objective of this chapter is to develop a cGNSMB imaging system to visualize the 

energy metabolic pathways of cells aiming at visual discrimination of differentiation state. 

PDK1 and PGC-1α are key regulators in the balance between glycolysis and OXPHOS. MB for 

the mRNA of PDK1 and PGC-1α, as well as Actb of a constant expressing gene, were designed 

to be incorporated in cGNS. The cGNSMB prepared were efficiently internalized into mES cells 

without modifying their pluripotency. The PDK1 was significantly upregulated in the 

undifferentiated cells, and the resulting phosphorylation of PDH was maintained in a high level. 

On the other hand, the expression of PGC-1α significantly increased as the spontaneous early 

differentiation by the depletion of LIF, as well as the lineage-specific neural differentiation. The 

analysis of metabolic profile by the measurements of ECAR and OCR revealed that the 

undifferentiated cells showed an enhanced glycolytic profile. In contrast, the OXPHOS profile 

increased as the early and neural differentiations were induced. For the cGNSMB imaging, the 

intense fluorescence of cGNSPDK1 MB was detected for the undifferentiated cells. On the contrary, 
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the fluorescence of cGNSPGC-1α MB significantly increased by the induction of early and neural 

differentiations, while the cGNSActb MB fluorescence was similarly observed for both the 

undifferentiated and differentiated cells. The fluorescence of MB showed a good accordance 

with the metabolic profiles of undifferentiated and differentiated cells evaluated by the change 

of ECAR and OCR values. When the multi-color imaging with cGNSmulti MB was performed, 

the intense fluorescence of PDK1 MB was homogenously observed for the undifferentiated 

cells. On the other hand, for the neural differentiation-induced cells, some fluorescence of 

PDK1 MB was observed around the intense PGC-1α MB fluorescence. The multi-color imaging 

showed the potential to visualize the heterogeneous metabolic pathways in the same cell 

population. It is concluded that the cGNSMB imaging system is a promising tool to visually 

discriminate the differentiation state of cells from energy metabolic pathways. 

 

Chapter 7. 

 The objective of this chapter is to develop the labeling method of human iPS cells-

derived 3D cartilage tissue with GNS3QD+IONP. To label the 3D cartilage tissue, two labeling 

approaches, i.e. “direct labeling method” and “dissociation and labeling method”, were tried. 

In the “direct labeling method”, a cartilage tissue was labeled directly by incubating with R8-

treated GNS3QD+IONP. However, in this case, only cells residing in the surrounding site of 

cartilage tissue were labeled. This is due to the poor penetration of GNS3QD+IONP to the interior 

of tissue. On the other hand, for the “dissociation and labeling method”, the cartilage tissue was 

enzymatically dissociated to cells in a single dispersed state by the trypsin and collagenase 

treatments. Then, the R8-GNS3QD+IONP were efficiently internalized into the monolayer cells 

dissociated from the cartilage tissue. Finally, the cells labeled were fabricated to 3D pellets or 

cell sheets. As the results, the 3D cartilage pellets and the cell sheets were homogenously 

labeled, and maintained fluorescently visualized over 4 weeks for all wavelength of QD. In 

addition, the cartilage properties were histologically detected even after the process of 

dissociation and labeling. It is concluded that the homogenous labeling and visualization of 

human iPS cells-derived 3D cartilage tissue was achieved by the dissociation and labeling 

method with GNS3QD+IONP. 
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Chapter 8. 

 The objective of this chapter is to visualize the cell apoptosis in 3D cell aggregates 

based on the cGNSMB imaging system. The cGNS incorporating caspase-3 and GAPDH MB 

(cGNScasp3 MB and cGNSGAP MB, respectively) were prepared. In addition, cGNS co-

incorporating caspase-3 and GAPDH MB (cGNSdual MB) were prepared to perform the dual-

color imaging for the same aggregate. The cGNSMB were incubated with mouse bone marrow-

derived MSC to label with MB in the 2D culture, and the Fas-mediated apoptosis was induced 

by the addition of Fas Ab and Act D. The fluorescence of cGNScasp3 MB significantly enhanced 

with the apoptosis induction, whereas that of cGNSGAP MB was constant, irrespective of the cell 

apoptosis. Moreover, the apoptosis was ratiometrically detected by the cGNSdual MB to the same 

extent as single MB. The cell aggregates were prepared from MB-labeled cells, and the MB 

fluorescence was detected from almost all of the cells even in the 3D aggregates to show the 

homogenous distribution. In addition to the Fas-mediated apoptosis, the aggregates were treated 

with camptothecin of a low-molecular weight apoptosis inducer. The fluorescence of caspase-

3 MB was mainly distributed at the surface surrounding site of Fas-mediated apoptotic 

aggregates rather than the center site, while that of GAPDH MB was detected even in the 

interior site. On the other hand, in the camptothecin-induced apoptotic aggregates, both caspae-

3 and GAPDH MB fluorescence emission were detected from the interior site of aggregates as 

well as the surrounding site. It is likely that the MB fluorescence reflected the localization of 

apoptotic position caused by the different molecular sizes of apoptosis inducer and the 

consequent penetration into the aggregates. It is concluded that the cGMSMB are a promising 

system to visualize cell apoptosis in 3D cell aggregates without the destruction of aggregates. 
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