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Abstract：A newly designed, dual-functional probe based on intracellular activation 
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2 

 

has been successfully developed for the detection of cancer cells. The probe is nearly 

non-fluorescent in buffer due to its highly efficient FRET quenching, but it can be 

specifically activated with dramatic fluorescence enhancement upon intracellular 

cathepsin B cleavage in target cancer cells after selective internalization via folate 

receptor-dependent endocytosis. Therefore, this probe enables “turn-on” visualization 

of cancer cells with desirable specificity and contrast enhancement. This targeted, 

intracellularly activatable probe displays low fluorescence-quenched background 

when compared with “always-on” probes and avoids non-specific activation by 

non-specifically expressed enzymes in normal tissue, which normally occurs when 

using common “turn on” probe design strategies. Therefore, this probe can be 

potentially applied in intraoperative inspection during clinical cancer surgery with 

higher contrast and sensitivity.  

 

1. Introduction 

Biological imaging technology has provided indispensable tools for cancer research 

and clinical treatment by offering anatomic and physiological information that is 

useful for diagnosis or during surgical procedures.
1
 Noninvasive imaging can clearly 

show the location and anatomic structure of tumors, allowing for the observation of 

distinct clinical presentations and tumor diagnosis at much earlier stages.
2
 Surgical 

operation aided by tumor-specific, probe-based imaging enables the discrimination of 

the malignant tumor from the normal tissues, which is difficult or impossible to 
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determine by visual observation, and provides real-time feedback on residual 

malignant tissue and more radical excision of tumor tissues.
3
  

The development of sensitive and specific molecular probes using novel 

techniques is one of the central challenges for noninvasive imaging.
4
 Currently, many 

in vivo imaging technologies, such as radiologic approaches (X-ray, CT, PET, MRI) 

and ultrasound have been intensively tested or used in these fields.
5
 However, these 

methods usually suffer from disadvantages, such as non-tumor specificity, low 

sensitivity and high expense.
6
 Furthermore, they are generally not applicable for intra-

operative applications such as surgical inspection and practice. By contrast, 

fluorescence imaging, as an optical technique, offers superior resolution and 

sensitivity and accurate, real-time imaging for surgical inspection compared with 

preoperative radiological imaging and visual inspection and palpation during surgery.
7
 

In the last decade, many studies have contributed to the development of 

tumor-specific fluorescent imaging probes for clinical applications,
8
 and their 

potential in imaging-guided surgery processes has been demonstrated in several 

preclinical
9
 and clinical studies.

10
 

Fluorescent probes for cancer imaging primarily rely on a strategy based on 

“always-on” probes, in which the fluorophore-bearing ligands are bound to and 

accumulate around the target cancer cells, resulting in an elevated signal in reference 

to the surrounding environment.
11

 These types of “always on” probes have constant 

fluorescence signals, which result in high background and limited signal contrast. In 
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contrast, “turn on” fluorogenic probes, which are activated only at specific tumor sites 

using cancer-related enzymes, could significantly reduce in vivo background signals, 

thus improving contrast and sensitivity and offering a more ideal imaging strategy for 

in vivo tumor diagnosis.
12

 In this strategy, fluorogenic probes consisting of 

enzyme-cleavable substrates that are labeled with a fluorescent reporter and a 

quencher dye are highly sensitive and sequence-specific to the environment of the 

tumor sites. This strategy has been well demonstrated, and a variety of useful probes 

have been successfully developed.
13

 

Usually, “turn on” probes use a highly expressed protease, such as metal-protease 

2 and 9, at tumor sites to cleave and activate the probe.
14

 However, these enzymes 

are not tumor-specific, and large amounts of normal tissue may also express these 

enzymes, but at a different level.
15

 Therefore, these types of probes could be 

nonspecifically cleaved and activated in normal tissues, which will consume the 

probes and increase the background signals in the normal tissues. In contrast, 

cathepsin B is a specific, intracellular enzyme that is only expressed inside the 

lysosome.
16

 It is absent outside all normal cells and derived from the cell matrix, and 

it is only occasionally expressed on the cell surface of some tumor cells.
17

 Cathepsin 

B substrates show high stability in the plasma and are only cleavable inside the 

lysosome.
18

 Therefore, a “turn on” fluorogenic probe based on activation by the 

specific, intracellular enzyme cathepsin B can maintain a stably quenched state in 

circulation before entering into cells, avoid hydrolysis consummation outside cells 

and reduce the background signal. On the other hand, if such a probe is conjugated to 
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cell-specific ligands for targeting, this type of dual-functional probe can be 

selectively internalized inside specific tumor cells via ligand-based endocytosis and 

then activated by cathepsin B inside cells. Because these types of probes exist in a 

stably quenched state and are not hydrolyzed outside of cells, the detection contrast 

could increase as long as the ligands have high affinity and selectivity for specific 

cells. 

The folate receptor (FR), which is a glycosylphosphatidylinositol-linked protein 

that captures folic acid from the extracellular milieu and transports it into the cell via 

a recycling endosomal pathway, is highly expressed on the cell surface of many 

human malignancies,
19

 especially when associated with aggressively growing 

cancers,
20

 but it is absent from healthy cell surfaces. As such, the FR is potentially a 

good target for therapeutic and imaging purposes.
21

 As a ligand of the FR, folic acid 

has been linked to fluorescein isothiocyanate (FITC) to form a fluorescence probe for 

use in imaging ovarian cancer during human surgery, and real-time surgical 

visualization of tumor tissue in patients with the aid of intraoperative, tumor-specific 

fluorescence imaging was carried out for suspected ovarian cancer.
22

 Compared with 

the antibody-targeting strategy, as non-immunogenic small-molecular probes, folic 

acid conjugates may exhibit faster tissue penetration and uptake, shorter residence in 

the blood and non-target organs and a higher ratio of target accumulation. When 

combined with their inexpensive prices, these probes offer great potential for in vivo 

cancer imaging for clinical use. The number of tumors that overexpress FR is large. 

Therefore, FR-targeted imaging probes could have broad-spectrum applications for 
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tumor detection. However, as an “always on” fluorescent probe, a probe based on 

folic acid conjugated to FITC may suffer from the limitation of relatively low signal 

contrast due to its constant signal, which would hamper its intensive use in clinical 

surgery. 

To test the idea of a new “turn on” strategy based on intracellular activation, we 

designed a new, dual-functional, intracellular, cathepsin B-activatable fluorogenic 

probe, Folate-Lys(FITC)-Val-Cit-Lys(DABCYL) 

(FA-FITC-CathepsinSubstrate-DABCYL, shortened to FFCD 1), that uses folic acid 

as the targeting group and the cathepsin B sequence for cleavage, as illustrated in 

Figure 1, with the aim to improve the contrast and sensitivity of a ligand-targeted 

probe in cancer imaging. The designed probe was a peptide conjugate consisting of 

three fragments: (1) a short peptide sequence linker, Val-Cit-Lys, with the cathepsin 

B-specific cleavage site at the C-terminus of Cit; (2) a fluorescent dye, FITC, and a 

quencher, DABCYL, that are covalently linked at either terminus to make this 

construct fluorescently silent using FRET; and (3) folic acid as the targeting group to 

direct the selective internalization of the probe through receptor-mediated endocytosis. 

The dual-functional, activatable probe itself is fluorescently quenched. We postulate 

that when this probe encounters target cancer cells that overexpress FRs, it binds and 

enters into cells via receptor-mediated endocytosis, and, consequently, cathepsin B in 

the lysosome should induce specific cleavage of the peptide linker and separate FITC 

from the quencher, DABCYL, thus restoring its fluorescence. Subsequently, the 

targeted cells should be fluorescent, while leaving normal cells undetectable. Herein, 
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7 

 

we describe the synthesis and evaluation of the dual-functional cancer-imaging probe 

FFCD 1 in enzyme- and cell-based studies.  

  

2. Results and discussion 

2.1. Synthesis and characterization 

Folic acid displays a high affinity for the FR, which functions to concentrate 

exogenous folic acid into the cell cytosol by endocytosis. Folic acid conjugates also 

bind tightly to the FR and trigger cellular uptake via endocytosis, which has been 

intensively studied for the delivery of cargos to FR-positive cells and tissues for 

cancer treatment and diagnosis.
23

 The designed, folic acid-targeted, cathepsin 

B-triggered, dual-functional, fluorogenic cancer imaging probe FFCD 1 

(FA-Lys(FITC)-Val-Cit-Lys(DABCYL)-OH), as well as the quencher-less probe FFC 

2 (FA-Lys(FITC)-Val-Cit-Lys(Ac)-OH, without DABCYL), which serves as an 

“always on” control, and FCD 3 (Ac-Lys(FITC)-Val-Cit-Lys(DABCYL)-OH, without 

folic acid) and FC 4 (Ac-Lys(FITC)-Val-Cit-Lys(Ac)-OH, without DABCYL and 

folic acid), which serve as non-targeting, negative controls, are shown in Figure 1 (see 

Supporting Information for their syntheses). The UV-Vis spectra of FFCD 1, FFC 2 

and DABCYL in PBS (pH = 7.4) are shown in Figure 2A, and the fluorescence 

spectra of FFCD 1 and the “always on” control, FFC 2, in PBS (pH = 7.4) are shown 

in Figure 2B at the same concentration for comparison. FFCD 1 (1.0 µM) only 

showed low, intrinsic fluorescence intensity due to the FITC structure being quenched 
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by DABCYL, and the intensity was approximately 10-fold less than that of FFC 2, 

meaning that approximately 90% of the fluorescence emission was quenched in the 

intact FFCD 1 molecule. This result demonstrated that DABCYL effectively 

quenches FITC fluorescence. The Absolute fluorescence quantum efficiency of these 

probes were measured to be 0.08 (FFCD 1), 0.72 (FFC 2), 0.10 (FCD 3) and 0.81 (FC 

4). 

 

2.2. Verification of enzymatic cleavage and stability in mouse plasma using 

HPLC 

We confirmed the specific cleavage of the peptide linker Val-Cit-Lys in FFCD 1 by 

bovine spleen cathepsin B using HPLC. In principle, FFCD 1 would be cleaved by 

cathepsin B and yield two products, 5 and 6, and this cleavage would be accompanied 

by fluorescence due to the abolishment of FRET quenching, as shown in Figure 3A.  

Figure 3B shows the high-performance liquid chromatography (HPLC) profile of 

the intact FFCD 1 and FFCD 1 after a 4-h incubation with 1 µM cathepsin B at 37 °C. 

HPLC analysis clearly indicated the disappearance of FFCD 1 (at 16.7 min) and the 

appearance of the two new products at 8.2 min and at 9.5 min, respectively (Fig. 3B). 

In addition, using HPLC, no cleavage was observed in the solution containing FFCD 

1 without cathepsin B, and only a single peak corresponding to the intact FFCD 1 was 

found (data not shown). These data demonstrate that cathepsin B is able to 

specifically cleave FFCD 1 and separate FITC from the quencher DABCYL. 
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Although cathepsin B is not present outside cells, the stability of FFCD 1 after 

incubation with plasma was still examined using HPLC. No signs of FFCD 1 

degradation or metabolism were observed after 24-h incubation with mouse plasma 

(HPLC data shown in Fig. 3B), demonstrating the high plasma stability of FFCD 1 

and allowing its use in vivo. 

 

2.3. Fluorescence activation by cathepsin B 

To evaluate the specificity of fluorescence activation by cathepsin B-induced peptide 

cleavage, we monitored the process of fluorescence enhancement of FFCD 1 treated 

with cathepsin B in a buffer solution at 37 °C over time using fluorescence 

spectroscopy. Figure 4A shows the spectra of the fluorescence variation of 2.0 µM 

FFCD 1 treated with 200 nM cathepsin B at different incubation times. As time 

elapsed, FFCD 1 exhibited a continuous increase in FITC fluorescence emission. 

After incubation with cathepsin B for 960 min, the fluorescence of FFCD 1 at 514 nm 

gradually increased from 190 to 2000, which was an approximately 10-fold increase. 

Figure 4B shows the fluorescence intensity-time curve of FFCD 1 incubated with 

different concentrations of cathepsin B. The cleavage reaction was complete in 4 h 

when 400 nM of cathepsin B was used, as observed by the restoration of fluorescence 

that reached a plateau after 4 h. The time point of the plateau is delayed with reduced 

concentrations of cathepsin B because, when 100 nM of enzyme was used, the 

fluorescence intensity still increased after 16 h and did not reach the plateau. 
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Therefore, the Lys-Val-Cit-Lys peptide linker can be effectively cleaved by cathepsin 

B, and the FRET quenching between FITC and DABCYL is subsequently abolished. 

Complete cleavage of FFCD by cathepsin B resulted in an approximately 10-fold 

increase in fluorescence and complete fluorescence restoration (i.e., the final 

fluorescence intensity was the same as that of FFC at the same concentration).  

 

2.4. FACS analysis of fluorescence activation in KB cells treated at 37 °C 

After we validated cathepsin B-triggered FFCD 1 activation in solution, we performed 

flow cytometry assays to investigate the targeting function and fluorescence activation 

of the probe by target cancer cells overexpressing the FR. Elevated expression of the 

FR occurs in many malignant cells.
18-19

 Approximately 80-90% of ovarian tumors
24

 

and pediatric ependymal brain tumors, mesothelioma, myeloid leukemia and tumors 

associated with breast, lung, colon, renal, kidney, brain and endometrium overexpress 

the FR.
25

 We selected human epidermoid carcinoma cells (KB cells) for this aim 

because KB cells overexpress cell surface FRs, especially when grown in 

low-folic-acid medium.
26

 The cells were treated with different concentrations of the 

targeted “turn on” probe, and the specific binding and dose dependence of the probes 

for KB cells was monitored via flow cytometry. The “always on” probe FFC 2, which 

lacked the quencher DABCYL; the non-targeted “turn on” probe, FCF 3; and the 

“always on” probe FC 4, which lacked folic acid, were used as controls and compared 

to the targeted “turn on” probe, FFCD 1.  
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As shown in Figure 5, the KB cells were incubated with these probes at final 

concentrations of 10 nM, 50 nM, 100 nM, 200 nM and 300 nM at 37 °C for 4 h. The 

targeted “turn on” (FFCD 1) and “always on” (FFC 2) probes achieved much higher 

relative fluorescence intensities and showed dose-dependent binding to KB cells, 

whereas the non-targeted controls (FCD 3 and FC 4) showed minimal binding. The 

targeted “turn on” probe, FFCD 1, showed an MFI profile and dose dependence 

similar to those of the targeted “always on” probe, FFC 2, which revealed that FFCD 

1 was substantially activated and its fluorescence was restored after binding and 

entering into the target cancer cell under these incubation conditions.  

 

2.5. FACS analysis of fluorescence activation in KB cells treated at 0 °C 

We also performed experiments at 0 °C to investigate ATP-dependent internalization 

of the probes through the high-affinity FR, which is inactive at this temperature. The 

targeted “turn on” (FFCD 1) and “always on” (FFC 2) probes showed a substantial 

difference in MFI when we treated KB cells with them for 4 h at 0 °C. As shown in 

Figure 6, the “turn on” probe, FFCD 1, has a much lower MFI compared with the 

“always on” probe, FFC 2. At 0 °C, the cell endocytosis process was greatly reduced, 

which blocked the fluorescence activation of the FFCD 1 probe.  

 

2.6. Competition tests with free folic acid 

Then, we tested the ability of excess free folic acid to outcompete the uptake of FFCD 
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1 by preincubating KB cells with 50 µM of free folic acid for 2 h and then incubating 

the cells with FFCD 1 plus 50 µM of folic acid. As shown in Figure 7, the MFI was 

significantly reduced, from 150 to 50，in these cells, which indicated that the targeting 

and activation of the probe is FR-dependent and provided evidence of FFCD 1 

binding to the FR with specificity. 

 

2.7. FACS analysis of fluorescence activation using different cells 

We also tested the targeting function and activation efficiency of this targeted “turn 

on” probe in several other cell lines with varied levels of FR expression using flow 

cytometry. Human cervical cancer cells (HeLa cells, moderate expression of FR), 

human breast adenocarcinoma cells (MCF-7, negative expression of FR) and mouse 

embryonic fibroblast cells (NIH-3T3, negative expression of FR) were selected
27

 to 

compare to KB cells. Figure 8 depicts the fluorescence intensity of different cell lines 

in response to the probe. FFCD 1 showed varied specificities for cell lines having 

different levels of cell surface FR expression. HeLa cells were able to bind and 

activate the probe quite effectively, nearly as well as KB cells. MCF-7 and 3T3 cells 

only showed low fluorescence intensities, indicating that FFCD 1 was not effectively 

activated by these non-target cells. Therefore, the binding and activation of FFCD 1 

are critically dependent on the FR expression patterns of cells. 

 

2.8. Confocal laser scanning microscopy (CLSM) confirmation of KB cells 
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The specific binding and activation was then further confirmed using confocal 

microscopic analysis of KB cells. The KB cells were incubated with FFCD 1 or the 

controls (FCD 2, FFC 3 and FC 4) at varied concentrations (10 nM, 50 nM, 200 nM) 

at 37 °C for 4 h. After washing with PBS, fixing with p-formaldehyde and 

counter-staining of the nuclei with DAPI, the FITC signal of the cells was detected 

using 488 nm excitation and 515 nm detection wavelengths.  

As shown in Figure 9, confocal images showed a strong fluorescence signal in 

KB cells incubated with FFCD 1 and FFC 2, whereas control experiments using the 

non-targeted probes, FCD 3 and FC 4, without folic acid showed minimal 

fluorescence. High FITC fluorescence was even detected at 10 nM FFCD 1 or FFC 2, 

which showed the high affinity of the folic acid-type probes. The fluorescence 

intensity increased with increasing concentrations of the probes, but FCD 3 and FC 4 

showed minimal, nonspecific fluorescence when the cells were treated with high 

concentrations of the probes, as observed at the 200 nM concentration. The structures 

of folic acid, FITC and DABCYL are hydrophobic, which increases the non-specific 

interaction with the cell membrane and results in minimal, non-specific uptake at high 

concentrations. It is possible that more hydrophilic modifications could be useful to 

reduce these non-specific interactions. The FITC signals of FFCD 1 and FFC 2 could 

be detected throughout the cytoplasm. These signals were absent from the nucleus and 

showed a punctuate pattern within the cytoplasm, which indicated that the probes 

were internalized into the target cells via endocytosis and then released into the 

cytoplasm. Compared with the images for FFC 2, the images for FFCD 1 lacked the 
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FITC signal on the cell surface membrane, which indicated that the FFCD 1 probe 

existed in the quenched state before uptake by the cells.  

In Figure 9, the KB cells were incubated with the probes at 37 °C for 4 h, which 

was sufficient time for FFCD 1 to enter into the cell and then be activated by 

cathepsin B in the lysosome. However, when we incubated KB cells with the probes 

at 37 °C for a shorter time, confocal images showed quite different fluorescence 

signal patterns between the FFCD 1 and FFC 2 probes. As shown in Figure 10, we 

can see a stepwise internalization process. Confocal microscopy showed that after 

incubation with the probes for 30 min, a strong membrane distribution pattern of 

FITC fluorescence was observed when the cells were treated with the “always on” 

probe, FFC 2; however, the FITC fluorescence for the “turn on” probe, FFCD 1, was 

lacking on the membrane, and nearly no fluorescence was detected inside the cells. 

After 1 h of incubation, fluorescence began to be emitted from inside the cells for 

both probes, and the fluorescence signals were still increasing after 4 h of incubation. 

The different membrane distribution patterns of FITC fluorescence for these two 

probes were still obvious after 1 h or 4 h of incubation. These data clearly 

demonstrate that FFCD 1 exists in a quenched state before entering the cells but can 

be selectively internalized via receptor-mediated endocytosis by specific target cells 

and then undergo an efficient fluorescence activation process inside the cells.  

 

3. Conclusion 

Page 14 of 27Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



15 

 

In summary, a folic acid-targeted, intracellularly activatable, dual-functional probe 

has been successfully developed for the detection of cancer cells. Due to highly 

efficient FRET quenching, this probe is nearly non-fluorescent in buffer, but it can be 

specifically activated upon cathepsin B cleavage in target cancer cells with dramatic 

fluorescence enhancement. Furthermore, because of the specific affinity of folic acid 

for cancer cells, the probe showed desirable specificity in discriminating tumor cells 

with high FR expression. This targeted, intracellularly activatable, dual-functional 

probe may enable “turn-on” visualization of cancer cells with contrast enhancement 

by displaying a low-fluorescence-quenched background compared to that of 

“always-on” probes and avoiding non-specific activation by the non-specifically 

expressed enzyme in normal tissue that is a common problem in “turn on” probe 

design strategies. This new, targeted, intracellularly activatable probe may have 

potential applications for intraoperative inspection in clinical cancer surgery that 

would offer higher contrast and sensitivity. The design concept can also be widely 

adapted to other specific targeting probes for in vivo molecular imaging of cancer. 

 

4. Experimental section 

4.1. Chemicals and materials 

Bovine spleen cathepsin B and RPMI-1640 without folic acid were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Penicillin/streptomycin, fetal bovine serum, 

RPMI-1640 and Trypsin-EDTA were purchased from Thermo Scientific HyClone 
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(South Logan, USA). 4’,6-Diamidino-2-phenylindole (DAPI) was purchased from 

Roche (Mannheim, Germany). Paraformaldehyde and PBS were purchased from 

Sangon (Shanghai, China). Deionized water was obtained using the Barnstead 

Nanopure water purification system from Thermo Scientific (Thermo, USA). Other 

chemical agents were purchased from Alfa Aesar (Tianjin, China). 

 

4.2. Cells and culture conditions. 

Human nasopharyngeal epidermoid carcinoma cells (KB), human cervical cancer 

cells (HeLa) and human breast adenocarcinoma cells (MCF-7) were obtained from the 

Cell Bank of the Committee on Type Culture Collection of the Chinese Academy of 

Sciences. The mouse embryonic fibroblast cells (NIH-3T3) were kind gifts from Dr. 

Zhimou Yang (Nankai University, China). The cells were continuously cultured in 

folic acid-free RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin at 37 °C in a humidified atmosphere containing 5% 

CO2. The final folic acid concentration (with FBS as the only source of folic acid) 

falls in the range of the physiological concentration of human serum.  

 

4.3. Cleavage detection and plasma stability analysis using HPLC 

The cathepsin B assay conditions were adapted from a published procedure.
28

 Briefly, 

bovine spleen cathepsin B (10 µL, 20 µM) was activated at room temperature in 10 
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µL of 30 mM DTT/15 mM EDTA for 15 min and then diluted with 160 µL of 25 mM 

acetate/1 mM EDTA buffer (pH = 5.0, pre-incubated at 37 °C), followed by addition 

of FFCD 1 (20 µL, 500 µM in H2O) to give the following concentrations: [cathepsin 

B] = 1 µM and [FFCD 1] = 50 µM. The mixture was incubated at 37 °C for 240 min 

and then injected into the HPLC for analysis (25 cm C-18 column, 7:3 water/CH3CN 

at 1.0 mL/min, λ = 450 nm). 

For plasma stability analysis, FFCD 1 was incubated in triplicate at 37 °C for 16 

h in normal mouse plasma (1.0 mL, 150 µM of FFCD 1), which was separated from 

the mouse blood by centrifugation. Two milliliters of cold CH3CN was added to the 

mixture, followed by centrifugation at 12,000 rpm for 10 min. The supernatant was 

transferred and injected into the HPLC for analysis.  

 

4.4. Fluorescence activation by cathepsin B 

Cathepsin B was first activated as described above and then diluted with FFCD 1 in 

25 mM acetate/1 mM EDTA buffer (pH = 5.0) to give the following concentrations: 

[nanoprobe 1] = 2 µM, [cathepsin B] = 100 nM, 200 nM or 400 nM, and the mixtures 

were incubated at 37 °C. Aliquots (100 µL) were periodically removed and stopped 

with 100 µL PBS (pH = 7.4, 10 ×), and the fluorescence intensity was monitored 

using a microplate reader (Synergy 4 Hybrid, BioTeK, USA) with an excitation 

wavelength at 480 nm and an emission wavelength from 500 nm to 600 nm. Because 

the fluorescence of FITC is sensitive to pH, a high-concentration PBS buffer was used 
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to stop the reaction to diminish the influence of the acidity of the original buffer.  

 

4.5. Flow cytometry measurements 

The cells were continuously cultivated at 37 °C and 5% CO2 in folic acid-deficient 

RPMI 1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin, 

seeded in 12-well cell culture plates at a density of 2 × 10
5
 cells/well and allowed to 

grow for 24 h at 37 °C before initiating the experiments. Two hours before the 

experiments, the medium was removed and replaced with 1.0 mL of fresh folic 

acid-deficient RPMI-1640. Then, the cells were incubated with a series of the 

prepared probes dissolved in folic acid-free RPMI 1640 medium at either 37 °C or 

0 °C for 4 hours. After removal of the supernatants, the cells were trypsinized and 

collected in FACS tubes, followed by centrifugation at 1000 rpm for 5 min. The 

pellets were washed three times with PBS using repetitive centrifugation at 800 rpm 

for 5 min and finally resuspended in PBS with 0.1% FBS. The preparation of FACS 

samples was performed on ice to inhibit further cellular uptake. The fluorescence 

intensities of the samples were acquired and analyzed using a BD-FACS Calibur flow 

cytometer (BD, Franklin Lakes, NJ, USA). For the competitive inhibition experiments 

with free folic acid, the procedure was the same as above except that free folic acid 

was added at the specified concentrations to the medium two hours before the 

experiments and to the medium used for dissolving the FFCD 1 probe. 
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4.6. Confocal Laser Scanning Microscopy (CLSM) detection 

For the microscopy studies, the procedure for cell culture was the same as described 

above. KB cells that were continuously cultured in folic acid-free RPMI 1640 

medium supplemented with 10% FBS and 1% penicillin/streptomycin at 37 °C and 

5% CO2 were seeded in a glass-bottomed Petri dish and then placed in a 24-well plate 

at a concentration of 5×10
4
 cells/well 24 h before initiating experiments. Two hours 

before the experiments, the medium was removed and replaced with 1.0 mL of fresh 

folic acid-deficient RPMI-1640. After incubation with a series of the prepared probes 

at 37 °C for 30 min, 1 h or 4 h, the cells were washed three times with PBS. The cells 

were then fixed with 4% formaldehyde for 10 min at room temperature and washed 

three times with PBS. Then, the cells were stained with 1 µg/mL DAPI for 3-5 min 

and washed three times with PBS. Confocal images were acquired using a Laser 

Scanning Confocal Microscope (TCS SP8, Leica, Wetzlar, Germany).  

 

4.7. Statistical Analysis 

All data are presented as the mean ± SEM. Two-group comparison was performed 

using the independent samples t-test. A p value of less than 0.05 was considered 

statistically significant. 
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Figure Legends：：：： 

Fig. 1. Chemical structures of the targeted, cathepsin B-activatable fluorescence probe 

FFCD 1, the “always on” control, FFC 2, and the non-targeting negative controls, 

FCD 3 and FC 4.  

Fig. 2. UV-Vis and fluorescence spectra of FFCD 1 and FFC 2. For the fluorescence 

spectra, the excitation wavelength was 480 nm. 

Fig. 3. (A) Schematic illustration of fluorescence quenching and dequenching of 

FFCD 1 before and after cathepsin B cleavage, respectively. The blue arrow indicates 

the enzyme cleavage site. (B) HPLC trace of FFCD 1 before cathepsin B cleavage 

(black), after cathepsin B cleavage (red) and after incubation with mouse plasma 

(blue). Wavelength for detection: 450 nm. 

Fig. 4. Time course of the fluorescence emission spectra of FFCD 1 incubated with 

cathepsin B. (A) 2 µM of FFCD 1 was incubated with 200 nM of cathepsin B at 37 °C 

for 0 min to 960 min. Excitation wavelength: 480 nm. (B) 2 µM of FFCD 1 was 

incubated with 100 nM, 200 nM or 400 nM of cathepsin B at 37 °C for 0 min to 960 

min. Error bars represent standard deviations (n = 3). 

Fig. 5. Uptake and activation of FFCD 1, FFC 2, FCD 3 and FC 4 by 

FR-overexpressing KB Cells measured using FACS. The cells were incubated with 

different concentrations of each of the conjugates at 37 °C for 4 h, rinsed and 

measured for their mean fluorescence using a flow cytometer. (A) Uptake and 
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activation of the probes (300 nM) at 37 °C for 4 h. (B) Concentration-dependent 

uptake and activation of the probes at 37 °C for 4 h. Error bars represent standard 

deviations (n = 3). 

Fig. 6. Uptake and activation of FFCD 1 and FFC 2 by FR-overexpressing KB cells 

measured using FACS. The cells were incubated with each of the conjugates at 

different concentrations at 0 °C for 4 h and then treated as above for measurement by 

flow cytometry. Error bars represent standard deviations (n = 3). 

Fig. 7. The effect of free folic acid on the uptake and activation of FFCD 1 in KB 

cells. The cells were incubated with FFCD 1 (300 nM) in the presence of free folic 

acid (50 µM) at 37 °C for 4 h, rinsed and measured for their mean fluorescence using 

a flow cytometer. Error bars represent standard deviations (n = 3). 

Fig. 8. Binding of FFCD 1 to various cell lines, as determined using flow cytometry. 

The cells (KB, HeLa, MCF-7 or 3T3) were incubated at 37 °C for 4 h with different 

concentrations of FFCD 1. Error bars represent standard deviations (n = 3). 

Fig. 9. Confocal microscopic images of KB cells after incubation with FFCD 1, FFC 

2, FCD 3 or FC 4 (10 nM, 50 nM or 200 nM) at 37 °C for 4 h. KB cells were then 

fixed and nuclear stained with DAPI prior to the measurement of FITC (green) and 

DAPI (blue) fluorescence using a confocal microscope.  

Fig. 10. Confocal microscopic images of KB cells after incubation with 200 nM of 

FFCD 1 or FFC 2 at 37 °C for 30 min, 1 h or 4 h. The cells were then treated as above 
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for confocal microscopic observation. 
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