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A Fluorescent Probe for Rapid, High-Contrast Visualization of 

Folate-Receptor-Expressing Tumors in Vivo 

Koji Numasawa,[a] Kenjiro Hanaoka,*[a] Naoko Saito,[a] Yoshifumi Yamaguchi,[a,b] Takayuki Ikeno,[a] 

Honami Echizen,[a] Masahiro Yasunaga,[c] Toru Komatsu,[a] Tasuku Ueno,[a] Masayuki Miura,[a] Tetsuo 

Nagano,[d] and Yasuteru Urano*[a,e,f] 

 

Abstract: Folate receptors (FRs) are membrane proteins involved in 

folic acid uptake, and the alpha isoform (FR-) is overexpressed in 

ovarian and endometrial cancer cells. For fluorescence imaging of 

FRs in vivo, the near-infrared (NIR) region (650–900 nm), where 

tissue penetration is high and autofluorescence is low, is optimal, but 

existing NIR fluorescent probes targeting FR- show high non-

specific tissue adsorption, and require prolonged washout to visualize 

tumors. We have designed and synthesized a new NIR fluorescent 

probe, FolateSiR-1, utilizing a Si-rhodamine fluorophore having a 

carboxy group at the benzene moiety, coupled to a folate ligand 

moiety via a negatively charged tripeptide linker. This probe exhibits 

very low background fluorescence, and afforded a tumor-to-

background ratio (TBR) of up to 83 in FR-expressing tumor-bearing 

mice within 30 min. Thus, FolateSiR-1 has the potential to contribute 

to the research in the field of biology and the clinical medicine. 

Introduction 

Folic acid, which is required in one-carbon metabolic reactions 

and for the synthesis of nucleotide bases, emerged as a targeting 

ligand for imaging of cancer tissues in the 1990s.[1,2] It is 

internalized into cells via folate receptors (FRs) expressed on the 

cell surface. The alpha isoform of folate receptor (FR-) is 

upregulated in about 40% of human cancers, especially in 

malignant tissues such as ovarian cancer, whereas normal 

tissues, except for the kidney, do not accumulate folic acid or its 

conjugates.[3-5] Folic acid binds to FR- with high affinity (Kd about 

10-9 M) even after conjugation to imaging agents, and undergoes 

receptor-mediated endocytosis.[3] Consequently, various folate-

linked drugs and imaging agents have been developed.[1-3] 

Among available imaging modalities, fluorescence imaging 

provides real-time images with millimeter resolution, and has 

attracted interest for intraoperative fluorescence imaging of tumor 

tissues.[6] For example, 90-95% of epithelial ovarian cancers 

overexpress FR-, and a folate-linked fluorescent dye, folate-

FITC, was recently employed for intraoperative tumor-specific 

fluorescence imaging in patients.[7] However, FITC emits green 

fluorescence (around 520 nm), and is unsuitable for imaging deep 

tissues. For this purpose, dyes emitting in the near-infrared (NIR) 

region (650–900 nm) are most useful, because tissue penetration 

is high and autofluorescence is low, resulting in a low background 

signal.[8,9] However, existing folate-linked NIR fluorescent dyes 

show nonspecific adsorption on tissues, and require a washout 

period of up to 24 h to clearly image tumors in tumor-bearing mice 

(Scheme 1).[10-12] Therefore, we aimed to develop a NIR 

fluorescent probe suitable for rapid, high-contrast detection of FR-

expressing tumors in vivo, without the need for a washout 

procedure. 

Two approaches have so far been used to improve the signal-

to-background ratio (SBR) of fluorescent probes. One approach 

is to develop activatable fluorescent probes whose fluorescence 

signal is emitted only in response to a specific feature of the local 

environment, such as pH. For example, a probe targeting human 

epidermal growth factor receptor type 2 (HER2) employed a 

fluorescent dye-labeled antibody that is fluorescently activated in 

the low pH environment of lysosomes after cellular 

internalization.[13] This approach provides a high tumor-to-normal-

tissue signal ratio. However, endocytotic transport of the probe to 

lysosomes takes up to 24 h. Yang et al. designed and synthesized 

an off/on-type fluorescent probe for detection of FRs by utilizing a 

pH-sensitive acyl hydrazone linker and a dark quencher, but failed 

to observe fluorescence enhancement after cellular 

internalization.[14] They also developed a folate conjugate whose 

fluorescence wavelength is changed by reduction of disulfide in 

the probe structure during receptor-mediated endocytosis.[15] The 

latter probe was suitable for cellular applications, but the half-time 

of disulfide reduction was as long as 6 h after endocytosis. The 

second approach is to minimize nonspecific adsorption of the 

probe in vivo. Choi et al. reported that the zwitterionic 

heptamethine indocyanine NIR fluorophore ZW800-1 exhibits low 
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serum-protein binding, ultralow nonspecific tissue background 

and rapid elimination from the body through renal filtration.[16] In 

tumor model applications, a tumor-to-background ratio (defined 

as the contrast-to-background ratio in the tumor divided by the 

contrast-to-background ratio in nearby normal tissue) of over 17 

was achieved at 4 h after injection of ZW800-1 conjugated to 

cRGD. Here, we build on this approach to design and synthesize 

an NIR fluorescent probe that we believe offers sufficiently high 

performance for practical in vivo imaging. 

 

 

Scheme 1. Imaging strategy of existing near-infrared fluorescent probes for in 

vivo fluorescence imaging of whole animals. 

Results and Discussion 

First, we needed a system to assess the occurrence of 

nonspecific adsorption of folate-linked NIR fluorescent dyes. For 

this purpose, we performed live-cell fluorescence imaging of FR-

-expressing and FR--non-expressing cultured cells, i.e., KB 

cells (FR+) and OVCAR-3 cells (FR–), with a commercially 

available NIR fluorescent probe, FolateRSense 680 

(PerkinElmer, USA). The expression of FRs on these cells was 

confirmed by immunostaining (Figure S1). KB cells showed 

strong fluorescence at the cell membrane due to probe binding to 

FR- on the cell surface, but we also observed some bright dots 

inside the cells, apparently due to nonspecific internalization of 

the probe (Figure S2a). On the other hand, OVCAR-3 cells 

showed many very bright dots within the cells (Figure S2b). 

Therefore, we considered that this cellular imaging system was 

suitable to judge whether or not our newly synthesized folate-

linked fluorescent dyes might show nonspecific adsorption when 

used for in vivo fluorescence imaging. 

In the molecular design of our folate-linked fluorescent dyes, 

we chose to conjugate the linker moiety to the folate glutamate 

moiety (Figure 1a). The crystal structure of human FR- 

complexed with folic acid has the folate pteroate moiety buried 

inside FR, whereas the glutamate moiety is exposed to the 

solvent and protrudes from the binding pocket entrance, so that it 

can be conjugated with a fluorescent dye without adversely 

affecting the binding to FR-.[17] By this molecular design, we 

expected that fluorescent probes would show the high affinity for 

FR, i.e., Kd around 10-9 M, because folate conjugates (and folic 

acid) normally bind to FR with this affinity.[3] We also employed a 

negatively charged peptide linker, Asp-Lys-Gly, in order to reduce 

the cell-membrane permeability of the folate-linked fluorescent 

dye, and we attached various xanthene fluorophores to the amino 

group of the lysine side chain in the linker (Figure 1a and Figure 

S3). We applied each compound to the live-cell fluorescence 

imaging with KB cells and OVCAR-3 cells. As shown in Figure S3, 

basically fluorescein derivative-labeled folates such as 

Fluorescein Folate, 2-Me DCTM Folate and 2-COOH DCTM 

Folate showed the selective detection of FR in living cells, while 

rhodamine derivatives-labeled folate such as TAMRA Folate and 

Alexa488 Folate stained the cell membrane of KB cells, but they 

also showed nonspecific adsorption. Among them, we fortunately 

found a promising NIR fluorescent probe for detecting FR, 

FolateSiR-1, along with a control compound, FolateSiR-2, which 

has very similar chemical structure to FolateSiR-1 (Figure 1a). 

Both FolateSiR-1 and FolateSiR-2 showed similar absorption 

and emission spectra in the NIR region, and their fluorescence 

quantum yields were 7.6% and 5.1%, respectively (Figure 1). The  
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Figure 1. a) Molecular design of fluorescent probes for detection of folate 

receptors. The structures of FolateSiR-1 and FolateSiR-2 are also shown. b) 

Absorption and emission spectra of 1 μM FolateSiR-1 in 100 mM sodium 

phosphate buffer at pH 7.4. Excitation wavelength: 652 nm. c) Absorption and 

emission spectra of 1 μM FolateSiR-2 in 100 mM sodium phosphate buffer at 

pH 7.4. Excitation wavelength: 656 nm. 

relatively low fluorescence quantum yields were probably due to 

dynamic quenching between the fluorophore and the electron-rich 

pteroate moiety,[18] but are sufficiently high for cellular and in vivo 

fluorescence imaging. When we applied FolateSiR-1 to KB cells, 

the cell membrane was clearly stained; there were no bright dots 

inside the cells, and the fluorescence disappeared in the presence 

of 1 mM folic acid as a competitor (Figure 2a), indicating that 

nonspecific endocytosis of FolateSiR-1 did not occur. FolateSiR-

1 may also possess the low cell-membrane permeability owing to 

the relatively large molecular weight and the negatively charged 

peptide linker. Further, when we applied FolateSiR-1 to OVCAR-

3 cells, almost no fluorescence was observed, supporting the idea 

that there is little nonspecific adsorption of the dye (Figure 2b). On 

the other hand, FolateSiR-2 stained the cell membrane of KB 

cells, but also exhibited many bright dots inside the cells both in 

the presence and absence of 1 mM folic acid (Figure 2a). It also 

afforded some bright dots inside OVCAR-3 cells, supporting the 

existence of nonspecific adsorption (Figure 2b). Although folate 

receptors can normally induce cell uptake of ligands via 

endocytosis, the endocytosis of FolateSiR-1 and FolateSiR-2 via 

folate receptors was not observed. In short, FolateSiR-1 showed 

a high S/N ratio with little nonspecific adsorption in cellular 

fluorescence imaging. 

 

Figure 2. a) Bright-field (left) and fluorescence (right) images of KB cells 

incubated with 5 μM FolateSiR-1 or FolateSiR-2 in the presence or absence of 

1 mM folic acid and 0.5% DMSO as a cosolvent. White arrows indicate bright 

dots inside cells. Ex. 650 nm, Em. 670-750 nm. Scale bars: 20.0 μm. b) Bright-

field (left) and fluorescence (right) images of OVCAR-3 cells incubated with 5 

μM FolateSiR-1 or FolateSiR-2 and 0.5% DMSO as a cosolvent. White arrows 

indicate bright dots inside cells. Ex. 650 nm, Em. 670-750 nm. Scale bars: 20 

μm. 

Next, we applied these two fluorescent probes to ex vivo 

mouse embryos to visualize endogenously expressed folate-

binding protein 1 (Folbp1), the mouse analogue of human FR-. 

Periconceptional folate supplementation significantly reduces the 

risk of neural tube defects, and Folbp1 is one of the membrane 

proteins that mediate cellular uptake of folate; mice lacking Folbp1 

are defective in early embryonic development.[19] Maternal anti-

FR antibodies are also associated with neuronal tube defects in 

humans.[20] In situ hybridization revealed a distinct expression 

pattern of Folbp1 mRNA in the neural folds prior to the initiation 

of neural tube closure at the cervical region and the 

prosencephalic/mesencephalic boundary.[21] Folbp1 mRNA is 

mainly localized to the most dorsal regions of the neural folds, 

where fusion takes place, and as neural fold fusion proceeds, 

Folbp1 mRNA expression extends to the adjacent unfused neural 

folds (Figure 3a). However, the expression pattern of Folbp1 

protein has not been reported. 

We firstly applied FolateSiR-1 to embryos at day 8.5 

postcoitum. The living embryos were stained with 20 μM 

FolateSiR-1 for 30 min at 37˚C and fluorescence imaging was 

quickly performed. The neural tube closing region showed strong 

fluorescence compared with other regions, while weak 

fluorescence was observed throughout the embryo (Figure 3b). 

On the other hand, we observed strong, speckled fluorescence 

throughout the whole embryo when FolateSiR-2 was loaded 

(Figure 3c), suggesting the idea that FolateSiR-2 binds non-

specifically in the cells. We then performed a competition 

experiment of FolateSiR-1 with 1 mM folic acid. The fluorescence 

images changed with time, probably because embryogenesis is 

rapid, so in this experiment we fixed the embryos with 4% 

formaldehyde after staining with FolateSiR-1. We confirmed that 

FolateSiR-1 was retained in the cell membrane of KB cells after 

the fixation process (Figure S4a). Fluorescence imaging of the 

FolateSiR-1-stained, fixed embryos showed a similar pattern of 

strong fluorescence in the neural tube closing region to that 

shown in Figure 3b (Figure S4b and Figure S5). This pattern 

disappeared in the presence of 1 mM folic acid (Figure S4c). Thus, 

FolateSiR-1 appears to stain Folbp1-expressing regions in a folic 

acid-competitive manner. 
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Figure 3. a) Schematic illustration of folate receptor (= Folbp 1) expression in 

mouse embryo; regions reported to show folate receptor expression are shown 

in gray. b) Fluorescence image of mouse embryo incubated with 20 μM 

FolateSiR-1. Locations stained with FolateSiR-1 are indicated by white 

arrowheads. c) Fluorescence image of mouse embryo incubated with 20 μM 

FolateSiR-2. 

We further applied FolateSiR-1 to in vivo fluorescence 

imaging of tumors in mouse models. FolateSiR-1 was 

intravenously injected via the tail vein into tumor-bearing mice 

prepared by subcutaneous inoculation of KB cells. FR--

expressing tumors were clearly visualized with an extremely low 

background (TBR up to 83) just 30 minutes after injection of 

FolateSiR-1 (Figure 4a,b). The mice were sacrificed, and we 

confirmed that FolateSiR-1 was strongly accumulated in the 

tumor (fluorescence in the stomach may have been derived from 

the feed in this experiment) (Figure S6a). On the other hand, 

relatively strong fluorescence throughout the whole body was 

observed at the same time-point after injection of FolateSiR-2, 

resulting in a low TBR (Figure 4c). Even at 6 h after injection of 

FolateSiR-2, the fluorescence was relatively strong throughout 

the whole body and the TBR was around 12, which was much 

lower than that of FolateSiR-1 (Figure 4c,d), though tumor 

accumulation of FolateSiR-2 was observed in excised tissues 

(Figure S6b). We also prepared an FR(-)-tumor model by 

subcutaneous injection of HT1080 cells. The absence of FR was 

confirmed by immunostaining (Figure S1). No fluorescence was 

observed when FolateSiR-1 was injected into these mice (Figure 

S7). On the other hand, when we injected FolateSiR-2 into these 

mice, fluorescence rapidly appeared throughout the whole body 

(Figure S8); it subsequently decreased with time, but the tumor 

was not visualized. Moreover, when we injected 6 mM folic acid 

in saline into KB tumor-bearing mouse, followed by 100 μM 

FolateSiR-1 in saline (100 μL), no fluorescence was observed 

except in the intestine, which might be due to the feed (Figure S9). 

These results indicate that FolateSiR-1 binds specifically to FR-

expressing tumors in these mice, affording high-contrast images 

unlike typical NIR fluorescent probes such as FolateSiR-2. 

 

 

Figure 4. a) Time-lapse fluorescence images of KB tumor-bearing mouse 

injected with 100 μM FolateSiR-1 in 100 μL saline containing 1% DMSO as a 

cosolvent. Fluorescence and white light images were obtained before and 0, 0.5, 

1, 2, 3 and 6 h after the probe injection. Ex. 661 (641-681) nm, Em. 700-800 nm. 

T: tumor, M: muscle. Fluorescence intensity scale: gray scale 0 to 255. b) Time-

dependent change of fluorescence intensity in tumor and non-tumor (muscle) 

areas of three mice, including the mouse in (a). Error bar shows S.E. c) Time-

lapse fluorescence images of KB tumor-bearing mouse injected with 100 μM 

FolateSiR-2 in 100 μL saline containing 1% DMSO as a cosolvent. 

Fluorescence and white-light images were obtained before and 0, 0.5, 1, 2, 3 

and 6 h after the probe injection. Ex. 661 (641-681) nm, Em. 700-800 nm. T: 

tumor, M: muscle. Fluorescence intensity scale: gray scale 0 to 255. d) Time-

dependent change of fluorescence intensity in tumor and non-tumor (muscle) 

areas of three mice, including the mouse in (c). Error bar shows S.E. 

To further investigate the potential applicability of FolateSiR-

1 for intraoperative tumor detection, we utilized a tissue 

microarray of patient-derived ovarian tumor tissues and normal 

tissues from regions adjacent to tumors (Figure S10). FolateSiR-

1 successfully visualized ovarian tumor tissues, while exhibiting 

little binding to normal tissues (Figure 5a and Figure S11). 

Furthermore, the fluorescence image of the tissue microarray 

closely matched the immunostaining image (Figure 5b, Figure 

S12 and Figure S13), confirming the ability of FolateSiR-1 to 

visualize human tumors ex vivo. The selective staining of tumor 

tissues by FolateSiR-1 was also observed in a specimen of tissue 

microarray, which contains both tumor tissues and non-tumor 

tissues (vascular tissues and fibrous tissues) (Figure S13c). 
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Figure 5. a) The ovarian cancer tissue microarray was incubated with 5 μM 

FolateSiR-1 and 2.9 μM DAPI (nuclear stain) in phosphate-buffered saline 

containing 0.05% Tween 20 (PBST) for 2 h. Then, the tissue microarray was 

washed with PBST three times and the fluorescence image was obtained. The 

microarray contains 37 tumor tissues and 3 normal tissues. Fluorescence 

images of the 3 normal tissues and 3 representative tumor tissues are shown. 

The scale bar represents 2 mm. b) Immunostaining of folate receptors in the 

tissue microarray. The immunostained 3 normal tissues and 3 tumor tissues 

correspond to those in (a). The scale bar represents 2 mm. 

Conclusion 

In this study, we designed and synthesized a series of folate-

fluorescent dye conjugates. We focused on the nonspecific 

adsorption of typical NIR fluorescent dye such as cyanine dyes 

and folate conjugates to tissues inside the body when they are 

injected via tail vein. We conjugated various xanthene-based 

fluorescent dyes to folic acid and applied them to the live-cell 

fluorescence imaging for selection of fluorescent probes showing 

low nonspecific adsorption. Among xanthene fluorescent dye-

conjugated folates, we fortunately found that FolateSiR-1, 

consisting of a Si-rhodamine fluorophore having a carboxy group 

at the benzene moiety, coupled to a folate ligand moiety via a 

negatively charged tripeptide linker (Figure 1a), achieved a very 

low level of nonspecific tissue binding. Indeed, this probe could 

rapidly provide high-contrast images of tumors in a mouse model 

in vivo without any washout procedure, due to the very low 

background fluorescence. We think the low background may be 

due to the combination of the intrinsic low level of nonspecific 

binding derived from the probe design and the preference of the 

2-COOH SiR650 fluorophore for the intramolecularly 

spirocyclized, nonfluorescent form in hydrophobic environments, 

such as those in plasma/inner membranes.[22] The 

spirocyclization converts the cationic xanthene moiety to neutral 

form, whereas in contrast, the cationic charge of cyanines and Si-

rhodamines favors nonspecific adsorption. Indeed, 2-COOH 

SiR650 showed a large absorbance decrease in 100 mM sodium 

phosphate buffer (pH 7.4) containing 10% fetal bovine serum, 

which contains many proteins (Figure S14). This idea is also 

supported by the observation that when FolateSiR-1 was 

dissolved in mouse serum, the absorbance was significantly 

decreased, presumably due to nonspecific binding to proteins of 

mouse serum and the formation of the intramolecularly 

spirocyclized, nonfluorescent form Figure S15). This is also 

consistent with the finding of Weissleder et al. that a neutral 2-

COOH SiR650 derivative could follow the intracellular localization 

of a therapeutic drug in live cells.[23-25] Notably, these ligand-2-

COOH SiR650 conjugates show almost no fluorescence signal at 

non-targeted regions inside the cells, in accordance with the 

concept of using background-free “tame” fluorescent probes[26] to 

obtain clear fluorescence images in live cells. Our work extends 

the scope of this concept to in vivo fluorescence imaging of whole 

animals. Indeed, the effective blocking of nonspecific adsorption 

on non-targeted tissues enabled us to clearly visualize tumors 

within less than 30 minutes after probe injection. During the 

operation, at most 5 to 10 minutes may be allowed as an 

incubation time after probe injection, and FolateSiR-1 has a 

potential to be used even during the operation. A similar approach 

might be applied to other tumor-related membrane proteins, such 

as carbonic anhydrase IX, which is overexpressed in hypoxic 

tumor tissues.[27] 

Moreover, the NIR probe OTL-38, which is based on the 

cyanine fluorophore, is currently in phase II clinical trial for 

intraoperative imaging of ovarian cancer.[28-30] Our new probe 

FolateSiR-1 might be superior to OTL-38 in terms of high S/N 

ratio, and we believe it should be suitable for precise 

intraoperative fluorescence detection of tiny tumors in the 

millimeter size range, as well as for the efficient endoscopic 

detection of cancer cells in abdominal dropsy immediately after 

surgical operation. Recently, therapeutic antibodies have been 

applied to the treatment of various types of cancer. However, 

although it was confirmed to be safe, anti-FRs antibody did not 

meet the primary endpoints of progression-free survival or overall 

survival in a clinical trial. Therefore, anti-FRs antibody-drug 

conjugates (ADCs) have been developed in order to enhance the 

efficacy.[31,32] However, poor penetration into solid tumors still 

poses a problem for ADCs as well as naked therapeutic 

antibodies. On the other hand, small-molecular drug conjugates 

are expected to overcome this issue.[33] The binding activity and 

specificity for FR of FolateSiR-1 are thought to be high as well as 

anti-FRs antibodies,[3] and so FolateSiR-1 might be available as 

a basic scaffold for the development of new small-molecular drug 

conjugates to treat FR-expressing ovarian cancer. Furthermore, 

the theranostic features of such agents could be valuable to 

assess the pharmacokinetic profile within the tumor tissue. 
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