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A  new fluorescent sensor for imaging cancer cells was designed by bioconjugation of holo-transferrin (hTf) with a 

nitro-pyrazinotriazapentalene moiety (PyTAP -N O 2 )  as a bioreductive fluorescent unit. hTf was chosen to in
crease its selective delivery to cancer cells through transferrin receptor (TfR ) mediated endocytosis. PyTAP-NO 2 

was applied to enhance the fluorescent signal in oxygen-deprived cells due to the increased expression of  
nitroreductases under such conditions. A  protein-dye bioconjugate had an average of 8 fluorophore molecules 

per protein that effectively amplifying the fluorescence signal. The designed hTf- PyTAP-NO 2 was non-toxic and 

its efficient accumulation through TfR, as well as its high stability and sustained intracellular retention, was 

proven. hTf-PyTAP-NO2 bioconjugate allows selective accumulation in cancer cells containing increased levels 

of TfRs with simultaneous slight enhancement of signal in hypoxic cells due to increased expression of  
nitroreductases.

1. Introduction

Imaging cancer cells is o f great importance not only for locating them 
within the whole body but also for determining their development stage, 
follow ing the effectiveness o f treatment, and finally for providing 
detailed information that can be used while performing surgery [1 ].
Surgical cancer removal is one o f the most effective treatments; how
ever, a complete resection o f malignant tissue with adequate tumor-free 
margins is critical. To help in the recognition o f the margin extent o f  the 
tumor front and subsequently the adequacy o f the excision o f the pri
mary tumor, a real-time imaging technique is needed. Among others, 
fluorescence-based visualization methods due to their superior sensi
tivity, resolution, and high safety can provide real-time feedback for the 
delineation o f tumors during surgery and recently the resulting medical 
procedures have attracted the attention o f  scientists [2 ,3 ]. To use fluo
rescence imaging for the visualization o f cancer, tumor-specific fluo
rescent agents are necessary. They can be designed based on cancer

hallmarks [4 ,5 ]. The first-in-human study on intraoperative 
tumor-specific fluorescence imaging were already successfully con
ducted applying, among others, folate and fluoresceine isothiocyanate 
conjugate (Xex/em 490/525 nm) or bevacizumab conjugated to 
IRDye800CW dye (Xex/em NIR) [6 -8 ].

In one o f the approaches to achieve target-specific fluorescence im
aging, fluorescent agents can be delivered to tumor cells using trans
ferrin (T f) as a natural carrier. T f  is a plasma glycoprotein with a primary 
function o f  serum iron transportation. It reversibly binds two atoms o f 
ferric iron (Fe3+) with high affinity (10~22 1, at pH 7.4), and differic
transferrin is called holo-transferrin (hTf) [9 ] . Neoplastic cells due to 
abnormal proliferation and increased DNA synthesis show an increased 
need for iron compared to healthy cells [1 0 ]. To meet these re
quirements, cancer cells overexpress a panel o f proteins involved in iron 
metabolism, especially the transferrin receptor (TfR ), responsible for 
delivering iron inside the cell by binding hTf, and its internalization via 
receptor-mediated endocytosis into the endosome [11,12]. Acidification
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Scheme 1. The mechanism of reduction of nitroaromatic compound by type-I and -II nitroreductases (adapted from [32,33]).

inside the endosome leads to the release o f iron and its further transport 
to the cytoplasm by the DMT1 iron transporter, while remaining 
apo-transferrin (aTf) and TfR are recycled back to the extracellular 
environment [1 3 ]. hTf has 10- to 100-fold higher affinity for TfR 
compared to aT f under physiological conditions [1 4 ]. T fR  is expressed in 
neoplastic cells at a level that is many times higher than in normal cells, 
and its expression is correlated with the stage o f cancer and its pro
gression. For these reasons, TfR  is an attractive target for diagnosis and

therapy [15,16 ]. Its natural ligand, hTf, is selected for conjugating drugs 
or diagnostic compounds, improving their internalization and selectivity 
for delivery to tumor tissue while minimizing side effects [17,18]. One 
should pay attention to the fact that approximately 85-95 % o f the 
TfR-transferrin complex follows the recycling pathway, which brings 
them back to the cell surface [1 3 ]. Therefore, the cargo (drug or sensor) 
needs to be effectively released or modified transferrin needs to be 
trapped inside the cell.

Fig. 1. Reaction pathway for the conjugation of PyTAP-NO 2 sensor withholo-transferrin (hTf). For clarity the conjugation of one sensor molecule is shown in the 

scheme, however, the average number of fluorophore molecules per molecule of hTf (degree of labeling, DOL) was ca. 8.



Furthermore, one o f the crucial microenvironmental features in most 
solid tumors is the chronically lowered level o f oxygen in cancer tissue 
(<  5-10 mmHg) called hypoxia [1 9 ]. Areas o f hypoxia in tumor tissues 
result from a limited oxygen supply due to inefficient blood vessel for
mation in rapidly growing tumor tissues. The occurrence o f chronic 
hypoxia in cancer tumors induces the activation o f complex intracellular 
signaling pathways necessary for cellular adaptation to hypoxia stress. 
One o f the most crucial responses is the overexpression o f the 
oxygen-sensitive transcription factor HIF-1 (hypoxia-inducible factor 1), 
which activates more than 30 genes involved in various cellular path
ways [2 0 -2 2 ]. The hypoxic state usually promotes increased genetic 
instability and aggressiveness o f the cancer cell phenotype. That leads to 
a poorer efficacy o f anticancer therapies (chemotherapy, radiotherapy, 
or photodynamic therapy) and a poor prognosis [2 3 ]. Due to severe 
negative effects, it is very important to detect hypoxic cells during im
aging. However, the delivery o f fluorescent agents for imaging is usually 
hampered by the lack o f adequate vascularization. To overcome this 
problem, a TfR-mediated delivery system can be applied, since its ac
tivity is regulated, among others, by hypoxia, which induces the tran
scription o f the TFR1 gene [2 4 ]. Additionally, fluorophores whose 
emission can be enhanced in a hypoxic environment may have an 
additional advantage.

One common adaptive mechanism o f hypoxic tumor cells is an in
crease in the contribution o f  glycolysis to metabolism, resulting in a 
change in the redox potential and a more reductive environment, 
compared to normal tissues. These microenvironmental conditions favor 
the overexpression o f many redox enzymes, such as oxidoreductases 
[25-27 ]. Among them are nitroreductases (NTRs) that catalyze the 
reduction o f nitroaromatic compounds in the presence o f NAD (P)H  as 
the reducing agent and flavin mononucleotide (FM N) or flavin adenine 
dinucleotide (FAD) as the prosthetic group [28-30 ]. In type I NTRs first 
step is the oxygen-independent two-electron reduction, while in type II 
NTRs oxygen-sensitive one-electron reduction functions only in extreme 
hypoxia environments [3 1 ]. The subsequent reaction steps are shown in 
Scheme 1 along with examples o f Type I and II NTRs.

One o f the approaches in designing fluorescent agents for imaging 
cancer cells is to take advantage o f the increased expression or activity o f 
NTRs [12,32,34-36]. Small molecular sensors consist o f a fluorophore, a 
linker, and a nitroaromatic moiety that quenches the fluorescence o f 
fluorophore and is also a substrate for nitroreductases [37-40 ]. NTRs 
can convert non-fluorescent or weakly fluorescent compounds into 
fluorescent ones through irreversible reduction o f the nitro group shown 
in Scheme 1, allowing them to be used for imaging hypoxic cancer cells 
[41-43 ]. Recently our group has designed fluorescent sensors based on 
pyrazine-1,3a,6a-triazapentalene fluorophore coupled with a 
hypoxia-sensitive nitrophenyl moiety that in the presence o f  NTRs un
derwent irreversible reduction to a highly fluorescent form [3 3 ]. These 
probes exhibited high sensitivity towards NTRs with a detection limit as 
low  as 20-30 ng/mL. In vitro studies on A2058 melanoma cells showed 
their low  toxicity, high photostability efficient uptake, and enhanced 
imaging properties under hypoxic conditions.

Considering the requirements for imaging cancer cells described 
above and based on our previous experience, we have designed a new 
fluorescent sensor by bioconjugation o f hTf with a nitro- 
pyrazinotriazapentalene scaffold (Fig. 1). The aim o f such a combina
tion was to increase its selective delivery to cancer cells by exploiting 
TfR and enhancing the fluorescent signal in hypoxic cells due to the 
increased expression o f NTRs. Holo-transferrin was chosen because o f its 
high affinity for TfR. N-hydroxysuccinimide ester was employed as the 
dynamic covalent linker to prepare a multifunctional protein-dye bio
conjugate to effectively increase the number o f hypoxia-sensitive units. 
W e report here the synthetic pathways for obtaining the dye and its 
bioconjugation to hTf and bioconjugate response to NTRs. In vitro 
studies are focused on the evaluation o f the imaging properties o f the 
bioconjugate along with the demonstration o f its uptake via the TfR- 
mediated endocytosis, enhanced fluorescent signal under hypoxia, and

high retention in cells.

2. Material and methods

2.1. Synthesis and characterization o f  PyTAP-NO2-NHS-ester dye

2.1.1. General chemistry
Unless otherwise specified, all reagent-grade chemicals and solvents 

- commercially available, were used without further purification. 1H and 
13C NMR spectra were recorded on the Bruker Avance DPX-250 
(250 M Hz) and Bruker Avance 400 (400 M Hz) spectrometers, report
ing chemical shifts (5) in ppm and coupling constants (J) in Hz. Chemical 
shifts were analyzed in reference to the solvent peaks (DMSO-d6, 

CDCls).
High-resolution mass spectra (HRMS) were registered on a Bruker 

maXis mass spectrometer by the "Fódóration de Recherche" ICOA/CBM 
(FR2708) platform. Low-resolution mass spectra were recorded on a 
Thermo Scientific Endura mass spectrometer. Thin-layer chromatog
raphy (TLC) was performed with the use o f aluminum sheets pre-coated 
Silica Gel 60 F254 (Merck), which were visualized with ultraviolet light 
at 254 nm. Purification o f compounds included the column chroma
tography on Silica Gel 60 (230 — 400 mesh, Merck). Melting points were 
determined using Thermo Scientific 9200 apparatus with capillary 
tubes. The infrared spectra were recorded on a Thermo Scientific Nicolet 
iS10 FT-IR and maximum absorption wavenumbers v" are given in cm~1. 
Experimental details for the photophysical characterization (absorption 
and emission spectra, the quantum yield o f luminescence (O ), are 
described in paragraph 2).

Additionally, the synthesis o f the substrate 1 is presented in the in 
paragraph 8. Preparation o f PyTAP is precisely described in M. Daniel 
et al. [4 4 ].

2.1.2. Methyl 6-(1-(3-amino-6-brom opyrazin-2-yl)- 1 H-pyrazol-4-yl) 
hex-5-ynoate (2 )

In a round bottom flask, 2-amino-5-bromo-3-chloropyrazine [33] 
(100 mg, 0.48 mmol), 1 (134 mg, 0.72 mmol) and Cs2CO3 (234 mg, 
0.72 mmol) were dissolved in dry DMF under argon atmosphere. The 
mixture was heated at 70 °C for 3 h. At the end o f the reaction, water 
was added, and the resulting mixture was extracted w ith ethyl acetate. 
The combined organic phase was washed with water, dried with MgSO4 
and concentrated under reduced pressure. The crude product was pu
rified by column chromatography on silica gel (eluent DCM/AcOEt 9/1) 
to obtain the desired compound 2 as a pale-yellow solid (151.1 mg, 87 
% ). mp: 109 °C. 1H NMR (400 MHz, CDCl3) 5 8.56 (s, 1 H), 8.00 (s, 1 H), 
7.71 (s, 1 H), 6.60 (s, 2 H), 3.69 (s, 3 H), 2.49 (q, J  =  7.9 Hz, 4 H), 1.92 
(qu, J  =  7.2 Hz, 2 H). 13C NMR (101 MHz, CDCl3) 5 173.7, 145.3, 143.4,
141.8, 131.5, 130.9, 121.5, 106.2, 91.8, 71.3, 51.8, 33.0, 23.9, 19.1. IR 
(cm-1) v 3403, 3267, 3158, 2954, 1728, 1608, 1469, 1453, 1425, 1378, 
1354, 1332, 1258, 1219, 1198, 1172, 1145, 1023, 963, 876, 847. HRMS 
(ESI) m/z: calculated for C14H!sBrN5O2 [M  +  H ]+  364.040363; found 
364.040241.

2.1.3. Methyl 6-(1-(3-amm o-6-(4-nitrophenyl)pyrazin-2-yl)- 1 H- 
pyrazol-4-yl)hex-5-ynoate (3 )

In a sealed tube, 2 (100 mg, 0.28 mmol) was introduced with para- 
nitrophenylboronic acid (70 mg, 0.42 mmol), Pd(PPh3) 4 (16 mg, 
0.014 mol) and K2CO3 (77 mg, 0.56 mmol) under argon atmosphere. 
The solids were dissolved in methanol (4 mL) and the mixture was 
heated at 100 °C for 3 h. After concentration under reduced pressure, 
the crude product was purified by column chromatography on silica gel 
(eluent DCM/AcOEt 9/1) to obtain the desired compound 3 as a yellow  
solid (95 mg, 83 %). mp 175 °C. 1H NMR (400 MHz, CDCl3) 5 8.71 (s, 
1 H), 8.49 (s, 1 H), 8.29 (d, J  =  8.5 Hz, 2 H), 8.07 (d, J  =  8.5 Hz, 2 H), 
7.76 (s, 1 H), 6.89 (s, 2 H), 3.70 (s, 3 H), 2.52 (q, J  =  7.5 Hz, 4 H), 1.95 
(qu, J  =  7.2 Hz, 2 H). 13C NMR (101 MHz, CDCl3) 5 173.7, 147.5, 146.3,
143.3. 142.3, 138.0, 135.9, 131.7, 130.5, 125.8, 124.4, 106.1, 91.9,



71.4, 51.8, 33.1, 24.0, 19.1. IR (cm-1) v 3380, 3267, 3126, 2950, 1731, 
1620, 1593, 1532, 1510, 1480, 1435, 1404, 1337, 1248, 1215, 1178, 
1111, 1052, 1022, 963, 851. HRMS (ESI) m/z: calculated for 
C20H19N6O4 [M  +  H ]+  407.146230; found 407.146209.

2.1.4. 8-(6-Methoxy-6-oxohex-1-yn-1-yl)-2-(4-nitrophenyl)pyrazolo 
[1 ',2 ':1 ,2 ][1 -3 ] triazolo-[4,5-b]pyrazin-6-ium-5-ide (4 )

In round bottom flask, 3 (216 mg, 0.53 mmol,) was dissolved in 
degassed DMSO (4 mL) under argon atmosphere. NaH 60 % dispersion 
in mineral oil (53 mg, 1.33 mmol) was added to the mixture and stirred 
for 10 min before adding PhI(O Ac)2 (341 mg, 1.06 mmol). The mixture 
was heated at 80 ° C for 1 h then cooled to room temperature and fil
trated over Celite. The crude product was purified by column chroma
tography on silica gel (eluent DCM/AcOEt 9/1) to obtain the desired 
compound 4 as a red solid (46 mg, 22 %). mp: 143 °C. 1H NMR 
(400 MHz, CDCl3) 5 8.98 (s, 1 H), 8.30 (d, J  =  8.5 Hz, 2 H), 8.18 -  8.12 
(m, 3 H), 7.87 (s, 1 H), 3.70 (s, 3 H), 2.57 -  2.47 (m, 4 H), 1.96 (qt, J  =
7.2 Hz, 2 H). 13C NMR (101 MHz, CDCl3) 5 173.4, 152.5, 147.5, 142.8,
141.8, 136.7, 129.0, 127.0, 126.4, 124.4, 113.0, 112.1, 108.5, 94.0, 
70.0, 51.8, 33.0, 23.6, 19.0. IR (cm-1) v 3113, 2952, 1729, 1581, 1511, 
1435, 1339, 1203, 1108, 853, 752, 691, 601. HRMS (ESI) m/z: calcu
lated for C20H17N6O4 [M  +  H ]+  405.130579; found 405.130776.

2.1.5. Synthesis o f  the PyTAP-NO2-NHS ester
In a round bottom flask, 4 (188 mg, 0.47 mmol) was dissolved in 

MeOH (3.2 mL) and NaOH 1 M (10 mL) was added in 4 portions (ca.
2.5 mL per h). After complete conversion, the reaction mixture was 
neutralized then extracted with DCM and washed with water. The 
organic phase was dried with MgSO4  and concentrated under reduced 
pressure. The residue was dissolved in DCM (4 mL). N-hydrox- 
ysuccinimide and (60 mg, 0.52 mmol) and 1-ethyl-3-(3-dimethylamino- 
propyl)carbodiimide (81 mg, 0.52 mmol) were added to the mixture 
which was stirred at room temperature for 3 h. A t the end o f the reac
tion, water was added, and the resulting mixture was extracted with 
DCM. The combined organic phase was washed with water, dried with 
MgSO4 and concentrated under reduced pressure. The crude product 
was purified by column chromatography on silica gel (eluent DCM/ 
AcOEt 1/1) to obtain the desired PyTAP-NO2-NHS ester as a red solid 
(41 mg, 18 %). mp: 226 °C (degradation). 1H NMR (400 MHz, DMSO- 
d6) 5 9.22 (d, J  =  1.6 Hz, 1 H), 9.06 (s, 1 H), 8.77 (s, 1 H), 8.36 (t, J  =  
1.8 Hz, 4 H), 2.94-2.86 (m, 2 H), 2.85 (bs, 4 H), 2.65 (t, J  =  7.2 Hz, 
2 H), 2.05 -  1.90 (m, 2 H). 13C NMR (101 MHz, DMSO-d6) 5 170.2,
168.6, 152.0, 146.6, 142.9, 141.5, 134.5, 129.2, 126.0, 124.2, 115.4,
113.2, 106.9, 92.6, 71.0, 29.4, 25.5, 23.4, 17.8. IR (cm-1) v 3134, 2937, 
1808, 1781, 1733, 1578, 1513, 1492, 1438, 1386, 1339, 1318, 1201, 
1092, 1066, 991, 905, 854, 789, 766, 751, 691, 646, 602. HRMS (ESI) 
m/z: calculated for C23H18N7O6 [M  +  H ]+ 488.131308; found 
488.130720.

2.2. Bioconjugation o f  PyTAP-NO2-NHS-ester to hTf

To a solution o f hTf (75 |iM) in 0.1 M sodium bicarbonate buffer pH
8.3 a ten-fold molar excess o f PyTAP-NO2-NHS ester (750 iM ) dis
solved in anhydrous DMSO was added. The final concentration o f DMSO 
in the solution was fixed at 5 % (v/v). The reaction mixture was gently 
stirred for 1.5 h at RT in the dark. To stop the reaction, hydroxylamine 
(0.15 M, pH 8.5 in water) was added to the solution and incubated for 
1 h. Subsequently, the conjugated protein was purified from the 
unreacted dye by ultrafiltration (cut-off 30 kDa, Amicon), and the pro
tein bioconjugate was characterized by absorption spectroscopy and 
stored at — 20 °C in aliquots. To calculate the degree o f labeling (DOL), 
the protein concentration was determined using the Bradford Protein 
Assay, and the number o f ligands (PyTAP-NO2) linked to hTf were 
calculated using the absorption coefficient for PyTAP-NO2-NHS-ester (e 
at 450 nm 19000 m ol- '-cm -1). DOL was determined from measure
ments for three independently prepared bioconjugates.

2.3. Reduction o f  the bioconjugate by type I  nitroreductase

Nitroreductase, NTR, from Escherichia coli (Sigma-Aldrich N9284) 
was used to check the reduction o f nitro groups in the hTf-PyTAP-NO2 
bioconjugate by type I NTRs. The reduction was monitored by following 
changes in the emission spectra (from  480 to 800 nm) o f the b io
conjugate upon excitation at 450 nm using a spectrofluorometer (Perkin 
Elmer L55) while the absorption spectra were recorded on a Perkin 
Elmer Lambda 35 spectrophotometer. Typical conditions involved
3.3 pM o f hTf-PyTAP-NO2 (which corresponds to 28 pM o f the nitro 
group in the bioconjugate), 400 pM NADH, and 4.8 pg/mL o f NTR. For 
checking the concentration dependence fluorescence spectra were 
measured with different NTR concentrations up to 30 pg/mL. The re
action was conducted in 50 mM TRIS-HCl buffer pH 7.4 at 37 °C. Before 
each measurement, the tested solutions were incubated for 5 min at 
37 °C, followed by the addition o f the enzyme. A  blank solution with 
hTf-PyTAP-NO2 and NADH in the absence o f NTR was also prepared 
and measured under the same conditions.

2.4. Reduction o f  the bioconjugate by type I I  nitroreductase

Rat liver microsomes (Sigma-Aldrich M9066) were used as a source 
o f  type II NTRs. Typical reduction conditions involved 3.3 pM hTf- 
PyTAP-NOa, 1 mM NADH and 1 mg/mL o f liver microsomes, and the 
reaction was carried out in 50 mM TRIS-HCl buffer pH 7.4 at 37 °C for 
6 h. The reaction was carried out under air-equilibrated conditions and 
in a glovebox (Inert, I-Lab) with a pO2 content below  1 ppm. The 
progress o f the reduction and was determined using a plate reader 
(Tecan Infinite 200) by monitoring emission spectra in the range 
480-750 nm upon excitation at 450 nm.

2.5. Cell culturing

In vitro studies were conducted using the human highly metastatic 
melanoma A2058 cell line. Cells were cultured in EMEM medium sup
plemented with 2 mM glutamine, 1 % non-essential amino acids (NEAA) 
(v/v), 10 % fetal bovine serum (FBS) (v/v) and 1 % penicillin
streptomycin solution (100 units/mL-100 ig/m L) (v/v). Cells were 
routinely cultured at 37 °C in a humidified incubator in a 5 % CO2 at
mosphere. Hypoxic conditions were maintained in a humidified hypoxic 
chamber (Coy) filled with a gas mixture comprising o f 94 % N 2, 5 % CO2, 
and 1 % O2 . For hypoxia screens, cells were seeded under normal con
ditions and after 2 -  4 h o f incubation moved to the hypoxic chamber for 
at least 24 h preincubation. The medium intended to be used in hypoxic 
experiments was also preincubated in the hypoxic chamber for at least 
24 h. Experimental details o f the evaluation o f hTf-PyTAP-NO2 cyto
toxicity and photocytotoxicity are in paragraph 5.

2.6. Uptake o f  the bioconjugate

A2058 cells were seeded into a 96-well plate with a density o f 
3 x  104 cells per cm2 in a complete medium and cultured for 24 h. 
Subsequently, the medium was removed, and cells were treated with 
various concentrations o f the hTf-PyTAP-NO 2  in a basic medium sup
plemented with 20 mM glucose for a different period (1 -  24 h) in 
normoxic conditions. Afterwards, cells were washed with PBS, and the 
fluorescence at 530 nm upon excitation at 450 nm was measured using a 
microplate reader (Tecan Infinite 200). Experiments were performed in 
triplicates and repeated three times. Results are presented as mean 
values and standard error o f the mean.

2.7. Bioimaging o f  cells

A2058 cells were seeded into a 96-well plate with a density o f 
3 x  104 cells per cm2 and cultured for 24 h in complete medium under 
normoxic (21 % O2) or hypoxic conditions (1 % O2). Next, (still under



Scheme 2. Synthetic pathway to PyTAP-NO 2-NHS-ester.

hypoxic or normoxic conditions) various concentrations o f the hTf- 
PyTAP-NO 2  were added and incubated for a different period. Subse
quently, the incubated cells were washed with PBS and fluorescent 
images were taken using an Olympus IX83 microscope equipped w ith a 
CellVivo chamber (Xext (470 ±  20) nm, Xem (525 ±  25) nm).

2.7.1. Quantification o f  fluorescence intensity in cell suspension by flow  
cytometry

A2058 cells were seeded into a 6-well plate with a density o f
1.5 x  104 cells per cm2 in a complete medium and cultured for 24 h in 
normoxia (21 % O2) or hypoxia (1 % O2). Then the complete medium 
was removed, and the cells were incubated with hTf-PyTAP-NO2 
(0.6 pM or 1.2 pM) in a basic medium supplemented with 20 mM 
glucose for 2 or 4 h. Next, cells were washed with PBS buffer, and after 
detachment by trypsin, the cells were suspended in PBS buffer and 
analyzed using a BD FACS Verse cytometer applying different channels 
FITC (488/527 ±  16 nm), PE (488/586 ±  21 nm), and PerCP (488/700 
±  27 nm). The experiment was performed three times and the mean 
values and standard error o f  the mean are presented.

2.8. Sensor retention in cells

To evaluate the removal o f dye (in the form o f bioconjugate with 
transferrin or alone) from cells, A2058 cells were seeded into a 6-well 
plate with a density o f 1.5 x  104 cells per cm2 in a complete medium 
and cultured for 24 h in normoxia (21 % O2) or hypoxia (1 % O2). Then, 
the complete medium was removed, and the cells were incubated with 
hTf-PyTAP-NO2 (0.6 pM or 1.2 pM) in a basic medium supplemented 
with 20 mM glucose for 4 h. The cells were then washed with PBS buffer 
and left in a new batch o f buffer for a specified period after removal o f 
the sensor (0, 2, 4, 6 or 24 h). After this time, the PBS was collected from 
the cells and the cells were detached by trypsinization, suspended in PBS 
buffer, and analyzed using a BD FACS Verse cytometer (FITC channel 
488 nm/527 nm ±  16 nm). The experiment was performed three times 
and the mean values, and the standard error o f the mean were presented.

2.9. Inhibition o f  transferrin receptor-mediated uptake o f  the bioconjugate

To evaluate the impact o f transferrin receptor-mediated uptake on 
the accumulation o f hTf-PyTAP-NO2 in cells, A2058 cells were seeded 
into 96-well plates with a density o f 3 x  104 cells per cm2 in a complete 
medium and cultured for 24 h. Then, 100 pM ferristatin II (Chlorazol 
Black, Merck) -  a TfR1 inhibitor -  dissolved in the basal medium sup
plemented with 20 mM glucose was added for another 24 h o f incuba
tion. Next, the medium was removed and either commercially available 
Tf-AlexaFluor488 bioconjugate (Thermo Fisher Scientific, 0.6 or
1.2 pM) and hTf-PyTAP-NO2 bioconjugate (2 or 4 pM) were added and 
incubated for 4 h in a basic medium supplemented with 20 mM glucose 
and 100 pM ferristatin II. Similarly, both probes were added to cells not

preincubated with ferristatin II. Subsequently, the incubated cells were 
washed with PBS and fluorescent images were taken using an Olympus 
IX83 microscope equipped with a CellVivo chamber (Xex (470 ±  20) nm, 
Xem (525 ±  25) nm). Untreated cells were used as a control.

In a competitive experiment, A2058 cells prepared in the same way 
as for imaging experiment were treated with hTf-PyTAP-NO 2  (0.6 or
1.2 pM) alone or in the presence o f  a10-fold excess o f  hTf (6 or 12 pM). 
Cells preincubated with ferristatin II were also treated with hTf-PyTAP- 
N O 2 (0.6 or 1.2 pM). After 1 h o f incubation, cells were washed with PBS 
and the fluorescence intensity o f the cells was quantified at 530 nm after 
excitation at 450 nm using a microplate reader (Tecan Infinite 200). 
Untreated cells were used as a control.

3. Results and discussion

3.1. Synthesis and characterization o f  PyTAP-NO2-NHS-ester dye and its 
conjugation to hTf

The fluorescent properties o f pyrazino-1,3a,6a-triazapentalene 
(PyTAP) derivatives were recently reported [45,46] and their synthe
sis can be achieved through three main synthetic pathways: deoxygen
ation from nitro derivatives [47] thermolysis from azide derivatives[45] 
or oxidative cyclisation from amine derivatives [4 4 ]. With respect to 
nitro-containing probes, the amine approach was used. The synthesis 
started with a SNAr reaction between 2-amino-5-bromo-4-chloropyra- 
zine [44] and pyrazole 1 (see SI section for more details). Then, a 
Suzuki-Miyaura cross coupling reaction occurs in the presence o f 
palladium tetrakis triphenylphosphine with p -nitrophenylboronic acid 
leading to 3 with an excellent yield. Due to the favorable 
electron-withdrawing character o f the nitrophenyl group, the key N-N 
bond formation was carried out in the presence o f PhI(O Ac)2 and NaH in 
DMSO to afford the pyrazinotriazapentalene 4 in a moderate yield. 
Finally, the ester group was hydrolyzed under basic conditions and the 
carboxylic acid group o f the dye was converted into an activated ester 
using N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylamino- 
propyl)carbodiimide (EDC) yielding the desired PyTAP-- 
N O 2-NHS-ester with 18 % efficiency over the two steps. The reaction 
steps are shown in Scheme 2. The photophysical data for the synthesized 
compound and data for PyTAP as reference (i.e., unsubstituted 
pyridazino-1,3a,6a-triazapentalene) are collected in Table S1.

The preparation o f the transferrin-based bioconjugate hTf-PyTAP- 
N O 2 is shown schematically in Fig. 1. PyTAP-NO2-NHS-ester (10-fold 
excess) was conjugated to hTf via a reaction o f the NHS ester group with 
the amino group o f the lysine residues present in hTf. After performing 
the conjugation, an aqueous solution o f hydroxylamine was added to the 
reaction mixture to interact with the NHS ester group o f the unreacted 
probe, preventing any further reaction. The efficiency o f the conjugation 
and purification by ultrafiltration o f the formed adducts were evaluated 
by applying fast protein liquid chromatography (FPLC) with an anion



Fig. 2. Absorption spectra of holo-transferrin (hTf, black), PyTAP-NO 2-NHS- 
ester (green) and hTf-PyTAP-NO2 bioconjugate (red) in water.

exchange column. FPLC analysis o f  the hTf-PyTAP-NO2 bioconjugates 
showed an almost complete absence o f the native transferrin and the 
free dye (Fig. S1). T f possesses 58 lysine residues, so it is expected that 
more than one o f the amino groups is conjugated to the probe leading to 
a mixture o f modified transferrin with various degree o f  labeling (DOL). 
The calculated DOL specifying the average number o f fluorophore 
molecules per molecule o f bioconjugate and was 8.3 ±  0.2.

The UV-Vis absorption spectra (Fig. 2) also confirm that in the hTf- 
PyTAP-NO2 bioconjugate, several dyes are attached to the hTf. A  hyp- 
sochromic shift in the absorption band from 464 to 447 nm compared to 
the free PyTAP-NO2-NHS-ester was observed.

3.2. Response o f  hTf-PyTAP-NO2 bioconjugate to type I  nitroreductase

To examine the response o f the tested sensor to nitroreductases that 
might be overexpressed in hypoxic tumor cells, type I oxygen-insensitive 
nitroreductase (NTR type I), from Escherichia coli encoded by the NfsB 
gene was used. In previous studies it was shown that the nitro- 
pyrazinotriazapentalene derivatives are characterized by a very low  
fluorescence at 541 nm in DMSO due to the effective quenching o f  the

Fig. 3. A ) Fluorescence emission spectra o f hTf-PyTAP-NO2 (3.3 pM ) before (black line), and after the addition of nitroreductase, NTR (30 pg/mL) in the presence of  
NADH after 1 h incubation in the absence (red line) or the presence of 200 pM dicoumarol (blue line). B ) Fluorescence emission spectral changes of hTf-PyTAP-NO2 
(3.3 pM ) in the presence o f various concentrations o f NTR (2.5-30 pg/mL). Inset: A  correlation between fluorescence intensities at 536 nm and concentrations o f NTR 

after incubation with hTf-PyTAP-NO2. Reaction conditions: 400 pM NADH, TRIS-HCl buffer (pH 7.4, 50 mM), 37 °C, air-equilibrated conditions, Àex 450 nm.

Fig. 4. Time-dependent changes in absorption spectrum (A ) or absorbance at the selected wavelength (B ) for hTf-PyTAP-NO2 (3.3 pM ) in the presence of 400 pM 

NADH and NTR (30 pg/mL) recorded at 37 °C, TRIS-HCl buffer (pH 7.4, 50 mM).



fluorophore by the nitroaromatic group, while after the reduction by 
NTR they are converted into strongly emissive compounds [3 3 ]. In 
contrast, the obtained hTf-PyTAP-NO 2  bioconjugate already exhibited 
fluorescence at 530 nm after excitation at 450 nm (Fig. 3A ). This in
crease o f the fluorescence intensity combined with the blue shift for the 
emission wavelength are consistent with the positive solvatochromism 
o f PyTAP derivatives. One can assume that the 
nitro-pyrazinotriazapentalene scaffold binds in a hydrophobic environ
ment o f the hTf protein that prevents fluorescence quenching by water 
molecules. Importantly, the intensity o f  fluorescence o f hTf-PyTAP-NO2 
bioconjugate is distinctly increased upon the addition o f NTR in the 
presence o f  NADH and the maximum is shifted to 537 nm (Fig. 3A ). Such 
an increase is suppressed upon the addition o f dicoumarol (Fig. 3A ), a 
competitive inhibitor o f NADH, confirming that the observed response is 
directly related to the NTR activity. A  closer inspection o f  this process 
showed that the fluorescence o f hTf-PyTAP-NO2 was gradually 
enhanced with increasing concentration o f NTR (Fig. 3B) and is char
acterized by an exponential rather than linear increase. It can be 
explained by the fact that the bioconjugate can accommodate about 
eight molecules o f dye which are not equally accessible to the enzyme. 
Thus, to convert dyes with lower accessibility, a higher enzyme con
centration is needed, and this is manifested by an enhanced fluorescent 
signal observed for a higher enzyme concentration. However, due to the 
relatively high fluorescence o f the hTf-PyTAP-NO 2  bioconjugate and 
insufficient signal enhancement after reduction, it cannot be used 
exclusively for NTR quantification in a complex system/environment.

Simultaneously with the increase in fluorescence, a disappearance o f 
the band at 340 nm in the absorption spectrum, characteristic for NADH 
is observed (Fig. 4A). This clearly indicates that the reduction o f nitro- 
aromatic group in the conjugated nitro-pyrazinotriazapentalene moi
eties is taking place. Therefore, the probe conjugated to hTf preserves its 
affinity to the enzyme. Time-dependent absorption spectra showed that 
the reduction proceeded in several steps (Fig. 4B), and analogous 
pattern was observed for similar probe based on nitro- 
pyrazinotriazapentalene scaffold in our previous studies [3 3 ]. The first 
step o f the reaction was fast up to a few  minutes under applied experi
mental conditions. The initial step was followed by a slower step 
(completed within ca. 2 h), which corresponds to the gradual depletion 
o f NADH. The subsequent step was quite fast (completed within mi
nutes), and resulted in a pronounced increase in the absorption, regis
tered in the visible part o f the spectra. The last stage o f the process was 
particularly slow, as it was not completed even after 6 h. The observed 
changes suggest that several products are produced upon reduction 
catalyzed by NTR.

Based on our previous findings [33 ], w e propose that the first step o f 
the reduction, is the formation o f nitroso derivatives, which can be 
further reduced to their hydroxylamine counterparts. Hydroxylamines 
are unstable compounds and can easily be re-oxidized to a nitroso de
rivative by molecular oxygen. The reduction o f the formed nitro de
rivatives by NADH, which is used in the reaction in a more than 10-fold 
excess over the nitro groups present in hTf-PyTAP-NO 2  bioconjugate, 
continues until the complete depletion o f NADH. Identification o f the 
final reduced products for hTf-PyTAP-NO 2  bioconjugate was not 
possible due to the high complexity o f this system. However, for a probe 
similar to that not conjugated to protein, the nitroso derivative and the 
azoxy dimer were predominant products [3 3 ]. The suggested mecha
nism relies solely on UV-Vis spectral changes analysis.

3.3. Response o f hTf-PyTAP-NO2 bioconjugate to type I I  nitroreductases

To study the response o f  hTf-PyTAP-NO2 to type II oxygen-sensitive 
NTRs, liver microsomes were used. These contain, among others, cyto
chrome P450 reductases that have nitroreductases activity [3 2 ]. Bio
conjugate reduction in the presence o f microsomes was carried out for 4 
or 24 h at 37 ° C under air-equilibrated conditions and at very low  ox
ygen concentration (<1  ppm o f pO2 in a glovebox). The hTf-PyTAP-NO2

Fig. 5. The emission spectra (/ext 450 nm) of hTf-PyTAP-NO2 incubated with 

NADH (1 m M ) without or with microsomes (1 mg/mL) after 4 h reaction un
dergoing under normoxic (21 % pO2) or anaerobic conditions ( <  1 ppm o f pO2, 
denoted as ~ 0  % pO2). Experimental conditions: 50 mM TRIS-HCl buffer pH 

7.4, 37 °C.

was reduced by the nitroreductases present in microsomes, as was 
demonstrated by an increase in the fluorescence emission, and as ex
pected, the observed increase was more pronounced under oxygen 
depletion conditions (Fig. 5).

Separation o f the reduction products employing size exclusion 
chromatography (SEC) revealed that in addition to the peak assigned to 
the protein fraction, peaks o f low-molecular-weight products appeared 
( Fig. S2). When the reaction was carried out in the presence o f micro- 
somes, the amount o f low-molecular-weight products was a small frac
tion. In the case o f applying NTR from E. Coli, it was more pronounced, 
and its amount was linearly dependent on the applied enzyme concen
tration (Fig. S3mm). These observations suggest that upon reduction o f 
the dye conjugated to transferrin catalyzed by NTRs, secondary

Fig. 6. (A ) Fluorescence intensity of A2058 cells incubated with hTf-PyTAP- 
N O 2 for different periods of time under normoxia (/ex/em 450/530 nm). 0 de
notes the blank sample; (B ) Fluorescence images of A2058 cells incubated with 

hTf-PyTAP-NO2 for 4 h under normoxic and hypoxic conditions.



Fig. 7. (A ) Fluorescence intensity hTf-PyTAP-NO2 incubated for 2 h or 4 h with A2058 cells under hypoxia (pO 2 1 % ) compared to cells kept under normoxia 

determined using flow cytometry (FITC 488/527 ±  16 nm). (B ) Representative flow cytometry histograms measured at PerCP (488/700 ±  27 nm) and PE (488/ 

586 ±  21 nm).

processes take place, leading to partial release o f dye from the protein. In 
the presence o f microsomes, the reductant products are scavenged by 
proteins present in the microsome homogenate. It is very likely that 
similar behavior is taking place in the cellular microenvironment 
allowing efficient trapping o f dye inside cells, and this issue is discussed 
in the follow ing Chapter.

3.4. In vitro cytotoxicity, photocytotoxicity, bioconjugate uptake and cell 
imaging

The highly metastatic human melanoma cell line A2058 was selected 
to evaluate the imaging properties o f  the hTf-PyTAP-NO2 bioconjugate 
in vitro. It was shown that A2058 cells express nitroreductases, which is 
enhanced under hypoxia conditions [3 3 ]. Therefore, increased emission 
from bioconjugate is expected in cells cultured under hypoxia as 
determined in model studies on microsomes (Fig. 5). To verify this hy
pothesis, A2058 cells were cultured under normoxic and hypoxic con
ditions. To obtain the population o f cells exposed to hypoxia, they were 
cultured in a hypoxic chamber (1 % pO2) 24 h before the experiment. 
The use o f sensors in vitro requires non-toxic doses o f compounds. The 
bioconjugate and the free dye showed neither cytotoxic nor photo- 
cytotoxic activity in the concentration range and light doses applied in 
imaging experiments (Figs. S4 and S5).

The time and concentration-dependent accumulation o f the hTf- 
PyTAP-NO2 bioconjugate in A2058 cells is shown in Fig. 6. The tested 
bioconjugate accumulates in cells very quickly even at low  concentra
tions, reaching a fluorescence maximum after only 2-4 h (Fig. 6A). In 
addition, no decrease in fluorescence level was observed within one day, 
which makes the sensor extremely stable in cells. For further experi
ments, 2 and 4 h were chosen as the optimal accumulation time for the 
hTf-PyTAP-NO2 bioconjugate. As shown in Fig. 6B, the fluorescence 
images o f A2058 cells show a dose-dependent increase in cell fluores
cence, more pronounced for cells cultured under hypoxic conditions.

To quantify fluorescence intensity from A2058 cells cultured under 
normoxia and hypoxia and incubated with hTf-PyTAP-NO2 bio
conjugate for 2 or 4 h, they were analyzed using a flow  cytometer. The 
obtained data (Fig. 7) show a clear difference between the

Fig. 8. Fluorescence intensity of A2058 cells treated with hTf-PyTAP-NO2 
(0.6 pM or 1.2 pM ) for 4 h under normoxic (pO2 21 % ) or hypoxic (pO 2 1 % ) 
conditions at different times intervals after sensor removal o f the sensor. Data 

was obtained using flow cytometry (FITC 488/527 ±  16 nm).

autofluorescence o f control cells and those stained with bioconjugate. 
The difference was registered at different channels FITC (488/527 
±  16 nm), PE (488/586 ±  21 nm), and PerCP (488/700 ±  27 nm), 
which makes this sensor quite universal in terms o f optical devices. A  
low  concentration o f bioconjugate (0.6 pM) and a short incubation time 
with cells were enough to obtain a good signal and easily differentiate 
treated cells from untreated ones. For both studied concentrations and 
incubation times, the fluorescence intensity o f cells incubated with 
bioconjugate slightly increased under hypoxic conditions however the 
difference between the fluorescence signals is too small to indicate the 
oxygenation state o f cells. The small increase in fluorescent signal can be 
associated with a more effective reduction o f the nitro group in the 
probe due to elevated level o f nitroreductases.



Fig. 9. Fluorescence images o f untreated A2058 cells (control) or after 4 h of incubation with Tf-AF488 or hTf-PyTAP-NO2 bioconjugates alone or together with 

ferristatin II (100 pM ) preincubated 24 h before applying T f bioconjugates. Experiment was performed under normoxic (pO 2 21 % ) conditions.

3.5. Sensor retention in cells

Sensor retention in cells and its resistance to degradation in the 
cellular environment are two key parameters that need to be considered 
for in v ivo  application. To verify the efficiency in cell staining, the 
bioconjugate was incubated for 4 h with cells, then the unaccumulated 
sensor was washed out, and the intensity o f the fluorescence o f  cells was 
monitored for up to 24 h. As shown in Fig. 8, during the first 2 h, the 
level o f cell fluorescence decreases by 20 % at normoxia and only 10 % 
at hypoxia. The recycling o f the internalized transferrin via the trans
ferrin receptor back to the extracellular cell surface in a cancer cell oc
curs quickly, within a few  minutes.[1 3 ].

Closer inspection o f the supernatant collected from cells revealed 
that the amount o f bioconjugate was much less than 1 % o f the applied 
dose, while the total concentration o f transferrin did not exceed 10 % 
(Fig. S6). The emission from low-molecular-weight derivatives o f the 
probe found in the supernatant also remained at a very low  level sug
gesting that the efflux o f the free probe was not efficient ( Fig. S6). These 
observations suggest that the bioconjugate is entrapped in cells and only 
partially the sensor is released from it in the cell. Furthermore, the free 
probe might also resist efflux due to the interaction with proteins as 
suggested for probes possessing nitroaromatic unit [4 8 ]. Fluorescent 
emission from cells after 24 h o f staining remained quite high, showing a 
decrease o f less than 55 %. The emission o f cells cultured under hypoxia 
was higher in all checked time intervals, and its decrease was more 
sluggish than at normoxia.

3.6. TfR-mediated delivery o f  bioconjugate

To confirm the internalization o f the hTf-PyTAP-NO2 bioconjugate 
through the transferrin receptor pathway, ferristatin II (NSC8679) -  a 
TfR1 inhibitor, was used to inhibit transferrin uptake. Ferristatin II, by 
degrading the TfR1 prevents T f uptake by the cell [49,50]. Initial studies 
were performed using a commercial Tf-AlexaFluor488 bioconjugate 
(Tf-AF488). A  dose-dependent inhibition o f Tf-AF488 uptake was 
observed when cells were pretreated with ferristatin II for 24 h (Fig. S7). 
The IC5 o value for receptor inhibition was 54.2 ±  7.8 pM. For experi
ments with the synthesized hTf-PyTAP-NO2 bioconjugate, a 100 pM 
concentration o f ferristatin II was used. As shown in Fig. 9, the addition 
o f the inhibitor completely blocked the uptake o f the hTf-PyTAP-NO2 
bioconjugate and Tf-AF488, as demonstrated by the decrease in fluores
cence exhibited by cells treated with these compounds. It confirms that 
the uptake o f the bioconjugate occurring by endocytosis is the only 
cellular transport mechanism.

Furthermore, to evaluate the affinity o f the hTf-PyTAP-NO2 bio
conjugate to TfR, a competitive experiment was designed. Uptake o f 
hTf-PyTAP-NO2 by A2058 cells was evaluated in the presence o f a 10
fold excess o f unmodified hTf over bioconjugate and compared to the

Fig. 10. Changes in the fluorescence of A2058 cells after 1 h incubation with 

hTf-PyTAP-NO2 bioconjugate alone, in the presence of 10-fold excess holo- 
transferrin (hTf) or 100 pM of ferristatin II preincubated with cells 24 h prior 

addition of bioconjugate Untreated cells were used as a control. Experiment was 

performed under normoxic (pO 2 21 % ) conditions using plate reader (Àex/em 

450/530 nm).

uptake o f bioconjugate administered alone. As a negative control, cells 
pre-treated with ferristatin II were used. The excess o f unmodified hTf 
has been shown not to adversely affect the uptake efficiency o f the hTf 
bioconjugate (Fig. 10). This suggests that the resulting hTf-PyTAP-NO2 
bioconjugate may have an even higher affinity for the TfR  than hTf itself. 
Such an effect was not observed for commercially available Tf-AF488 

( Fig. S8).

4. Conclusions

W e propose a new sensor for imaging cancer cells, whose selectivity 
is based on its exclusive uptake via transferrin receptor endocytosis. 
Bioconjugation o f holo-transferrin with a nitro-pyrazinotriazapentalene 
scaffold as a fluorophore precursor resulted in a sensor characterized by 
fast and efficient uptake and sustained intracellular retention. The ac
commodation o f eight molecules o f the fluorophore within the protein 
allows achieving a higher fluorescent signal, which is additionally 
amplified under hypoxic conditions, increasing the reduction o f the 
nitro group because o f the overexpression o f nitroreductases. Further
more, only small decrease in the fluorescence signal is observed within 
one day, which makes the sensor exceptionally stable in the cell. The 
proposed sensor offers a practical tool for detecting cells expressing



transferrin receptors through fluorescence microscopy imaging, flow  
cytometry, or even a simple microplate reader and for cell differentia
tion based on nitroreductase activity. It also has the potential to be 
applied as a sensor for intraoperative tumor-specific fluorescence im
aging in v ivo  or for semi-quantitative ex vivo analyses.
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