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ABSTRACT: Biomedical investigations reveal that excessive formaldehyde generation is possibly a critical factor for tissue 
cancerization, cancer progression and metastasis. Responsive molecular probes that can detect lysosomal formaldehyde in 
live cells and tumors and monitor drug-triggered formaldehyde scavenging contribute potentially to future cancer diagnosis 
and treatment monitoring. Herein, a novel “dual-key-and-lock” strategy-based ruthenium(II) complex probe, Ru-FA, is 
reported as an effective tool for formaldehyde detection in vitro and in vivo. Ru-FA shows weak luminescence due to pho-
ton-induced electron transfer (PET) process from Ru(II) centre to electron withdrawing group 2,4-dinitrobenzene (DNB). 
Triggered by the specific reaction with formaldehyde (first “key”) in an acidic microenvironment (second “key”), DNB is 
cleaved from Ru-FA, affording an emissive Ru(II) complex derivative, Ru-NR. Spectrometric analysis including steady-state 
and time-gated luminescence indicates that Ru-FA is favourable to be used as the probe for quantification of formaldehyde 
in human sera and mouse organs. Ru-FA is biocompatible and cell membrane permeable. Together with its smart “dual-
key-and-lock” response to formaldehyde, luminescence imaging of lysosomal formaldehyde in live cells, visualization of 
tumor-derived endogenous formaldehyde and monitoring of formaldehyde scavenging in mice were achieved, followed by 
the successful demonstration on detection of formaldehyde in tumors and other organs. These in vivo and in vitro detection 
confirm not only the excessive formaldehyde generation in tumors, but also the efficient drug administration to scavenge 
formaldehyde, demonstrating the potential application of Ru-FA in cancer diagnosis and treatment monitoring through 
lysosomal formaldehyde detection. 

INTRODUCTION  

Although formaldehyde is a highly toxic compound and 
carcinogen to living organisms,1 recent studies reveal the 
existence of endogenous formaldehyde at a higher concen-
tration level in live cells, especially in cancer cells.2-3 The 
concentration level of endogenous formaldehyde is ranged 

of 100-400 M in cells, and around 100 M in blood.3-4 As 
one of the most important reactive carbonyl species (RCS), 
formaldehyde participates in various carbon cycles of in-
tracellular metabolisms, and is implicated in a variety of 
human diseases.3 Clinical data suggest that the endoge-
nous formaldehyde concentration in cancer patient tissues 
is approximately 2-8 fold higher than that in adjacent tis-
sues.2 The elevated formaldehyde in cancer tissues is pos-
sibly a critical factor in tissue cancerization and tumor pro-
gression.2, 5 At a single cell level, increasing evidences in re-
cent investigations reveal that the biological roles of en-
dogenous formaldehyde in live cells heavily rely on its gen-

eration and metastasis in lysosomes where majority of en-
zymes coexist in this acidic microenvironment (lysosomal 
pHl 4.5-6.0).2 Therefore, investigating the generation and 
the physiological functions of lysosomal formaldehyde in 
live cells and tumors is of great significance, which how-
ever remains a challenge because of the lack of robust bio-
analytical methods. 

Among various analytical methods, optical technique us-
ing responsive probes has previously been demonstrated 
its huge potentials in sensing and imaging of various bi-
omarkers in living intact cells and organisms.6-10 For for-
maldehyde analysis, several organic dye-based fluores-
cence probes were recently reported based on the exploi-
tation of either formaldehyde-triggered 2-aza-Cope rear-
rangement reaction11-23 or formaldehyde-amine condensa-
tion reaction.24-31 Of these promising methods, few of 
probes could be used for detection and imaging of lysoso-
mal formaldehyde in live cells,32-34 and visualization and 
monitoring of tumor-derived formaldehyde. To unveil the 
biological functions of lysosomal formaldehyde in cancers, 



 

the design of a responsive probe is expected to meet fol-
lowing criteria: i) abundant photo-chemical/physical prop-
erties allowing reliable formaldehyde analysis; ii) smart 
sensing mechanism facilitating “OFF-ON” luminescence 

response towards formaldehyde; iii) ability to detect and 
visualize formaldehyde expression in lysosomes specifi-
cally; and iv) ability to effectively detect and visualize tu-
mor-derived endogenous formaldehyde as well as to mon-
itor the formaldehyde scavenging effect of exogenous drug 
administration.  

Generally, the probes for formaldehyde are designed by 
a “one-key-and-lock” strategy, i.e., the quenched emission 
of the probe is switched on by reacting with formaldehyde 
(one “key”).17, 31 With this strategy for the detection and vis-
ualization of lysosomal formaldehyde, morpholine moiety 
is commonly conjugated to guide the original probe and 
also the products of original probe reacted with formalde-
hyde to be accumulated in lysosomes.32, 34-37 Another design 
strategy, namely “dual-key-and-lock” system, has rarely 
been used for the development of probes for formaldehyde 
detection, but is more specific for lysosomal formaldehyde 
detection.33, 38 With this strategy, the emission of the probe 
can only be switched on in the presence of both formalde-
hyde (first “key”) and an acidic microenvironment (second 
“key”), precluding false positive signals derived from the 
probe being triggered “ON” in other organelles and then 
accumulated in lysosome (Scheme 1A).38 Therefore, it is de-
sirable to develop a new “dual-key-and-lock” strategy-
based probe for the detection and monitoring of lysosomal 
formaldehyde in live cells and tumors.  

In this contribution, a ruthenium(II) complex-based lu-
minescence probe, Ru-FA, bearing a formaldehyde respon-
sive linker is designed for the detection and visualization 
of lysosomal formaldehyde in cells as well as for the moni-

toring of tumor-derived endogenous formaldehyde in 
mice. Ru-FA is expected to be weakly luminescent due to 
the photoinduced electron transfer (PET) from Ru(II) cen-
ter to electron withdrawing group, 2,4-dinitrobenzene 
(DNB) (Scheme 1B).39 The reaction of Ru-FA with formal-
dehyde in acidic media leads to the cleavage of DNB to 
yield Ru-NR. It is thus envisioned that the Ru(II) complex 
luminescence can be switched on to allow quantitative for-
maldehyde detection. The response reaction has been con-
firmed by HRMS titration analysis, and the luminescence 
“OFF-ON” mechanism rationalized by theoretical compu-
tation. Formaldehyde detection in buffer and human sera, 
visualization of endogenous formaldehyde in lysosomes of 
live cells, tracing of cancer-derived endogenous formalde-
hyde and monitoring of formaldehyde scavenging in vivo 
have been successfully demonstrated.  

RESULTS AND DISCUSSION 

Proposed response mechanism of Ru-FA towards 
formaldehyde. In continuation of our previous efforts on 
development and biological application of responsive 
metal complexes,39-43 the present research focuses on the 
design and preparation of a Ru(II) complex-based probe 
for quantitative monitoring and imaging of cancer-derived 
endogenous formaldehyde in lysosomes of cancer cells and 
tumors. Robust luminescence properties of transition 

 

Scheme 1. (A) Schematic illustration of “dual-key-and-lock” ruthenium(II) complex probe for detection and imaging 
of lysosomal formaldehyde; (B) the reaction mechanism of Ru-FA with formaldehyde; (C) molecular orbitals (MO) of 
Ru-FA and Ru-NR corresponding to calculated emission transitions. The emission related computations were per-
formed based on the optimized lowest-lying triplet excited states (T1) of Ru(II) complexes.  



 

metal complexes,44-51 in particular Ru(II) complexes, pro-
vide a reliable platform for quantitative detection and im-
aging of formaldehyde in vitro and in vivo. The capability 
of lysosomal formaldehyde detection in cancer cells and 
tumors are secured by the “dual-key-and-lock” strategy. 
Together with the formaldehyde-triggered 2-aza-Cope re-
arrangement reaction, a unique probe, Ru-FA, is designed 
with a “luminophore-responsive linker-quencher” ap-
proach, i.e., incorporating the Ru(bipyridine)3

2+ signaling 
unit with a DNB group through a formaldehyde responsive 
linker (Scheme 1B).  

To gain initial information about luminescence proper-
ties of Ru-FA and Ru-NR, theoretical computations, i.e., 
density function theory (DFT) and time-dependent DFT 
(TD-DFT) calculations, were conducted. Corresponding 
transition energies of Ru-FA and Ru-NR and the rational 
of PET from Ru(II) centre to DNB moiety were investi-
gated. As shown in Figure S1, S2, Table S1, and S2, the mo-
lecular geometries of Ru-FA and Ru-NR at ground state 
(S0) and lowest-lying excited state (T1) were optimized. The 
effects of bulk solvent (H2O) are considered by means of 
the polarizable continuum model (PCM). Based on the S0 
molecular geometries (Figure S1, S2), molecular orbitals 
(MOs), including highest-occupied molecular orbitals 
(HOMOs) and lowest-unoccupied molecular orbitals (LU-
MOs) of both Ru-FA and Ru-NR, were calculated (Figures 
S3, S4). In Ru-FA, HOMOs (HOMO, HOMO-1, and 
HOMO-2) are mainly located on the Ru(II) centre; LUMOs 
(LUMO+2, LUMO+3, and LUMO+4) are largely distributed 
on bpy ligand. Interestingly, the LUMO and LUMO+1 
clearly display DNB moiety character rather than whole 
bpy ligand. In Ru-NR, HOMOs are mainly distributed on 
the Ru(II) centre, and LUMOs are largely dominated on 
bpy ligand. 

TD-DFT computations were then performed to investi-
gate the electronic transitions that are related to their ab-
sorption profiles. As shown in Table S3, in Ru-FA, elec-
tronic transition from S0 to first excited state (S1) is mainly 
contributed by HOMO→LUMO (84.80%) and 
HOMO→LUMO+1 (14.68%). As the fact of the small oscil-
lator strength (f) and the lack of overlap between the 
HOMO and LUMO, the S1←S0 is deemed a forbidden tran-
sition, i.e., S1 state cannot be directly populated by photo-
excitation but can be populated by internal conversion 
from higher excited states, such as S11-S15. ET character was 
noticed for S1, S2, S3, S6, S8, S9, and S10 for Ru-FA. In Ru-NR, 
characteristic 1MLCT transitions were noticed for all ex-
cited singlet states (S1-S10). 

The ET character and the luminescence “OFF-ON” re-
sponse were then rationalized by TD-DFT calculations of 
the emission electronic transitions (Scheme 1C). These 
emission transitions were obtained based on the optimized 
molecular geometries of Ru-FA and Ru-NR at lowest-lying 
triplet excited states (T1). As shown in Table S4, the T1 of 
Ru-FA is largely contributed by HOMO→LUMO (68.11%) 
and HOMO→LUMO+1 (13.17%) with clear ET character. 
These computation data confirm that the luminescence 
quenching of Ru-FA is due to the PET process from Ru(II) 

centre to DNB moiety. For Ru-NR, the T1 is mainly con-
tributed by HOMO→LUMO (87.91%). This transition 
clearly showed 3MLCT character that is normally featured 
by emissive transition of Ru(II) complexes. The calculated 
emission wavelength is 666 nm, which is in agreement 
with the spectrometric measurement emission of Ru-NR 
at 644 nm. On the basis of these calculations, the lumines-
cence emission can be switched on when Ru-FA is trans-
ferred to Ru-NR by a specific formaldehyde and proton du-
ally-driven reaction. 

Ru-FA was synthesized through a three-step reaction 
procedure (Scheme S1). Briefly, compound 2 was firstly 
synthesized by reacting 2,4-dinitrobenzaldehyde with po-
tassium allyltrifluoroborate, and further used as the rea-
gent for the synthesis of the ligand FA-bpy (compound 4). 
Then Ru-FA was synthesized by the coordination reaction 
between FA-bpy and cis-Ru(bpy)2Cl2·2H2O in EtOH. The 
chemical structures of compound 2, FA-bpy, Ru-FA and 
Ru-NR were characterized by 1H NMR, 13C NMR, ESI-MS, 
and elemental analysis (Figure S5-S14). 

The reaction mechanism was verified by HRMS analysis 
of Ru-FA and formaldehyde solution of 50 mM NaAc-HAc 
buffer (pH 5.0). Upon addition of formaldehyde to the Ru-
FA solution, peaks at m/z = 842.1752, 812.1639, 348.6049, 
333.6000 were observed (Figure S15), which can be at-
tributed to the species of [Ru-NR-PF6+HCHO]+ (calcd. 
m/z = 842.1745), [Ru-NR-PF6]+ (calcd. m/z = 812.1639), 
[Ru-NR-2PF6+HCHO]2+ (calcd. m/z = 348.6051) and [Ru-
NR-2PF6]2+ (calcd. m/z = 333.5999), respectively. In an-
other experiment, formaldehyde was added to Ru-FA so-
lution in 50 mM NaAC-HAc buffer at pH 7.4. Peaks at m/z 
= 978.1649, 431.6047, 416.5999 were observed by HRMS 
analysis (Figure S16). These peaks can be attributed to the 
species of [Ru-FA-PF6]+ (calcd. m/z = 978.1654), [Ru-FA-
2PF6+HCHO]2+ (calcd. m/z = 431.6059) and [Ru-FA-2PF6]2+ 
(calcd. m/z = 416.6006), indicating no reaction of formal-
dehyde with Ru-FA under neutral conditions.  

UV-vis absorption spectra of both Ru-FA and Ru-NR 
showed visible absorption centred at 460 nm and UV ab-
sorption below 300 nm (Figure S17, Table S5), which can be 
ascribed to the characteristic metal-to-ligand charge trans-

fer (MLCT) and the ligand-centred →* transition, re-

spectively.52-54 Similar extinction coefficients (nm) were 
obtained for Ru-FA (1.20 × 104 cm-1 M-1) and Ru-NR (1.19 × 
104 cm-1 M-1). Together with negligible changes of absorp-
tion spectra, the UV-vis absorption data corroborate the 
PET mechanism, in agreement with the theoretical com-
putation result. 

Upon excitation at 460 nm, Ru-FA and Ru-NR displayed 
maximum emissions at 634 nm and 644 nm (Figure S18), 
respectively. As anticipated, Ru-FA showed very weak lu-

minescence ( = 0.10%), while Ru-NR exhibited intense lu-
minescence with a quantum yield of 2.12% (Table S5). 
These emission data indicate that the luminescence of Ru-
FA can be switched on in the presence of formaldehyde 
due to the formation of Ru-NR. By a time-correlated single 
photon counting (TCSPC) technique, the emission life-
times of Ru-FA and Ru-NR were determined to be 330.4 



 

ns and 346.1 ns (Figure S19, Table S5), respectively. The 
long-lived emissions of these Ru(II) complexes contributed 
to the following time-gated luminescence (TGL) analysis of 
formaldehyde in human sera and mouse organ tissues.  

Detection of formaldehyde with the probe Ru-FA. 
To validate the proposed “dual-key-and-lock” strategy, the 
effects of pH on the luminescence intensities of Ru-FA and 
Ru-NR and the luminescence response of Ru-FA towards 
formaldehyde were firstly investigated by spectrometric 
analysis. As shown in Figure 1A, the luminescence intensity 
of Ru-FA is weak and stable over a wide range of pH from 
3.0 to 11.0. Upon addition of formaldehyde, no enhance-
ment in luminescence intensity of the Ru-FA solution was 
observed in the pH range from 7.0 to 11.0, while signifi-
cantly enhanced luminescence of Ru-FA solution was no-
ticed in pH of 3.0 to 6.0. Ru-NR showed intense and stable 
luminescence emission in the pH range from 3.0 to 11.0, 
suggesting the sensing reaction between Ru-FA and for-
maldehyde happens in the acidic condition only. 

 

Figure 1. pH-dependent luminescence response of Ru-FA 
towards formaldehyde. (A) Effects of pH on the lumines-

cence intensities of Ru-FA (10 M) and Ru-NR (10 M), 

and the response of Ru-FA (10 M) towards formaldehyde 
(4 mM). (B) Real-time luminescence response of Ru-FA 

(20 M) towards formaldehyde at different pH environ-
ments. To the solution of Ru-FA in 50 mM HOAc/OAc- 
buffer at pH 5.0 was added formaldehyde (final concentra-
tion 8 mM), then NaOH (3 M) and HCl (3 M) were added 
to adjust pH to 7.5 and 5.0, respectively. The transition be-
tween each regime is marked with an arrow. Excitation was 
performed at 460 nm. 

 

To further confirm the pH-dependent sensing reaction, 
time-profile luminescence enhancement of Ru-FA solu-
tions with different pH values was recorded in the presence 
of formaldehyde. As shown in Figure 1B, gradual enhance-
ment in luminescence intensity at 644 nm was noticed in 
HOAc/OAc- buffered formaldehyde solution of pH 5.0. 
The increase was stopped immediately when the solution’s 
pH was adjusted to neutral (pH 7.5), and then remained 
constant until the solution’s pH was adjusted back to acidic 
(pH 5.0). These results reveal that Ru-FA responds to for-
maldehyde only in weakly acidic media, such as in the 
acidic lysosome (pH 4.5-6.0).55   

Time-dependent luminescence enhancement profile of 

the Ru-FA (10 M) solution was investigated by recording 
the changes of emission intensity at 644 nm in the absence 
and presence of formaldehyde. As shown in Figure S20, no 
change of luminescence intensity was noticed for Ru-FA 
solution in HOAc/OAc- buffer at pH 5.0. Upon addition of 

formaldehyde, the luminescence intensity was gradually 
increased and reached the maximum after 120 min reac-
tion. 

Figure 2A illustrates the emission spectrum changes of 

Ru-FA (10 M) solutions with various concentrations of 
formaldehyde. The emission was clearly enhanced with the 
formaldehyde concentration (Figure 2B). The maximum 
luminescence intensity was reached in 4 mM formalde-
hyde solution. The luminescence intensity at 644 nm ex-
hibited a good linear correlation with the concentration of 
formaldehyde (R2 = 0.997) (Figure 2C). Based on the defi-
nition by IUPAC (3σ/k), the detection limit was deter-
mined to be 19.8 nM, indicating high sensitivity of Ru-FA 
to formaldehyde. Moreover, the paper-based formalde-
hyde test strips were prepared by dipping into Ru-FA solu-
tion and then air-drying. These test strips showed con-
sistent luminescence color changes when they were con-
tacted with different concentrations of formaldehyde (the 
inset in Figure 2B), suggesting the potential of Ru-FA for 
the paper-based analysis of soluble formaldehyde.  

 

Figure 2. Luminescence response of Ru-FA towards for-
maldehyde in 50 mM HOAc/OAc- buffer at pH 5.0. (A) 

Emission spectra of Ru-FA (10 M) in the presence of for-
maldehyde at different concentrations; (B) correlation of 
luminescence intensity at 644 nm to the concentration of 
formaldehyde (inset: visual photoluminescence colors of 
the Ru-FA-loaded filter paper strips treated with various 
concentrations of formaldehyde); (C) linear correlation of 
luminescence intensity to the concentration of formalde-

hyde in the range of 0 to 650 M; (D) luminescence inten-

sities at 644 nm of the Ru-FA solution (10 M) upon reac-
tions with various relevant molecules and ions (4 mM): a) 
blank; b) formaldehyde; c) acetaldehyde; d) pyruvalde-
hyde; e) benzaldehyde; f) glyoxal; g) glucose; h) GSH; i) 
Cys; j) Hcy; k) His; l) H2S; m) H2O2. Excitation was per-
formed at 460 nm. 

 

The specificity of luminescence response of Ru-FA to-
wards formaldehyde is shown in Figure 2D. The emission 
intensity at 644 nm did not change upon additions of acet-
aldehyde, pyruvaldehyde, benzaldehyde, glyoxal, glucose, 
glutathione (GSH), cysteine (Cys), homocysteine (Hcy), 



 

histidine (His), H2S, and H2O2 at the concentration of 4 
mM. In sharp contrast, a remarkable enhancement in lu-
minescence intensity was obtained after Ru-FA was re-
acted with formaldehyde, indicating high selectivity of Ru-
FA for formaldehyde detection. 

 

Figure 3. Luminescence (A, 0 ns delay) and time-gated lu-
minescence (B, 100 ns delay) spectra of human serum sam-
ples (10-fold diluted with 50 mM HOAc/OAc- buffer of pH 
5.0) before and after reacting with Ru-FA (the concentra-
tion of exogenous formaldehyde used for the detection was 

8.86 M). (C) Linear correlation of time-gated lumines-
cence intensity to the concentration of formaldehyde in 

the range of 0 to 60 M. (D) Time-gated luminescence 
analysis results of formaldehyde concentrations in ex vivo 
dissected organs of a mouse. Excitation was performed at 
450 nm. 

 

Ru-FA was found to able to quantify the formaldehyde 
level in human serum samples in combination with the 
time-gated luminescence analysis (TGLA) (Figure 3). In-
tense background autofluorescence was noticed even after 
10-fold dilution of sera with 50 mM HOAc/OAc- buffer (pH 
5.0) (Figure 3A). With additions of Ru-FA and exogenous 
formaldehyde into the sera, the emission spectrum (0 ns 
delay) remained no changes. In contrast, this background 
autofluorescence was completely removed in the TGLA 
mode (100 ns delay) (Figure 3B). The TGL spectral intensity 
significantly increased with addition of Ru-FA into the 
sera, which can be attributed to the response of Ru-FA to-
wards formaldehyde in sera. Furthermore, the TGL inten-
sity of the sera increased by adding exogenous formalde-
hyde. The TGL intensity showed a linear correlation to the 
concentration of formaldehyde (Figure 3C). According to 
this standard curve, the concentration level of formalde-

hyde in human sera was calculated to be 106.2 ± 1.9 M, 
which is in consistent with the results reported in the lit-
erature.2, 5 Consistently, the TGLA of the formaldehyde 
level in artificial spiked human serum samples exhibited 
recovery of 90.2% to 91.4% (Table S6). Altogether these re-
sults demonstrate that Ru-FA can serve as a TGL probe for 
quantifying formaldehyde in human sera with a high accu-
racy. 

 

 

Figure 4. Luminescence imaging of endogenous formalde-
hyde in lysosomes of live HeLa cells. (A) Luminescence im-
aging of endogenous formaldehyde in live HeLa cells (scale 

bar: 10 m). Control group: the cells were stained by Hoch-
est 33342 only; Ru-FA group: the cells were incubated with 

Ru-FA (10 M) for 4 h, and then stained by Hochest 33342; 
HSO3

-+Ru-FA group: the cells were pre-treated with Na-

HSO3 (200 M) for 0.5 h, and stained with Ru-FA (10 M) 
for 4 h, and then stained by Hochest 33342; HSO3

-+control 

group: the cells were treated with NaHSO3 (200 M) for 0.5 
h, and then stained by Hochest 33342. (B) Intracellular col-
ocalization analysis of Ru-FA and LysosensorTM Green in 

live HeLa cells (scale bar: 5 m). The cells were incubated 

with 10 M Ru-FA for 4 h, and then stained with Lysosen-
sorTM Green and Hochest 33342. (a) the image of red emis-
sion channel; (b) the image of green emission channel; (c) 
merged image of (a), (b) and Hoechst 33342-stained nu-
cleus; (d) zoom-in of the interested area in (c); (e) merged 
image of (c) and corresponding bright-field image; (f) lu-
minescence intensity profile of the regions of interest 
(ROIs) across HeLa cells in (c); (g) intensity correlation 
plot of HeLa cells that were co-stained with Ru-FA and Ly-
soSensor™ Green.  
 

Moreover, the formaldehyde concentration in different 
mouse organs was quantified. The collected mouse organs 
were homogenized and then measured with the Ru-FA 
probe. As shown in Figure 3D, the formaldehyde concen-
tration is 0.135 mmol/g in liver, 0.226 mmol/g in kidney, 
0.0864 mmol/g in heart, 0.0447 mmol/g in lung, and 0.519 



 

mmol/g in brain, respectively. The higher concentration of 
endogenous formaldehyde in brain may contribute to the 
various activities, such as memory and cognition pro-
cesses.56 

Visualization of lysosomal formaldehyde in cells. 
Ru-FA and Ru-NR did not show acute cytotoxicity deter-
mined by MTT analysis. Cell viability remained more than 
80% after incubation of cells (HeLa, MCF-7, and RAW 

264.7 macrophage) with either Ru-FA (50 M) or Ru-NR 

(50 M) containing media for 24, 48, and 72 h (Figure S21). 
For another degradation product of Ru-FA reacting with 
formaldehyde, 2,4-dinitrobenzaldehyde, MTT cytotoxicity 
analysis showed > 80% and > 70% HeLa cell viability after 
24 and 72 h incubation, respectively. Therefore, Ru-FA and 
the degradation products, Ru-NR and 2,4-dinitrobenzal-
dehyde have low cytotoxicity to cells under experimental 

conditions (10 M for 4 h incubation).  

To evaluate the feasibility of Ru-FA for specific lumines-
cence visualization of lysosomal formaldehyde, HeLa cells 

were incubated in 10 M Ru-FA media for 4 h. In another 
group, HeLa cells were pre-treated with NaHSO3 (formal-
dehyde scavenger)31 for 30 min, and then stained with 10 

M Ru-FA. As shown in Figure 4A, HeLa cells in the con-
trol group (stained by Hochest33342 only) did not show 
any red luminescence, while clearly red intracellular lumi-
nescence were observed after staining with Ru-FA. The 

NaHSO3 pre-treated HeLa cells showed remarkably weak 
red luminescence. Considering that there is a high level of 
endogenous formaldehyde in cancer cells, these cell im-
ages suggest the feasibility of Ru-FA for imaging endoge-
nous formaldehyde in live cells.  

The Ru-FA stained HeLa cells were then incubated with 
commercially available LysosensorTM Green, and subjected 
to microscopy luminescence imaging analysis. Bright yel-
low luminescence was noticed from the merged image of 
HeLa cells (Figure 4B(c, d)). The luminescence intensity 
profile in the line regions of interest (ROI 1 in Figure 4B(c)) 
across the HeLa cells shows the similarity in green and red 
channels (Figure 4B(f)). Quantitatively, the intensity cor-
relation is also reflected by the large Pearson’s coefficient 
(0.969) and Mander’s overlap coefficient (0.937), indicat-
ing a high colocalization of Ru(II) complex and Lysosen-
sorTM Green in the subcellular apartment. Because the 
probe Ru-FA can only respond to formaldehyde in the 
acidic microenvironment, the images clearly demonstrate 
that only lysosomal formaldehyde in live HeLa cells was 
visualized.  

To further confirm luminescent Ru-NR production in ly-
sosomes of live cells, time course luminescent imaging of 
the Ru-FA-stained HeLa cells was carried out. As shown in 
Figure S22, intracellular luminescence increase of red 
channel (Ru-FA channel) was observed, indicating that 

 

Figure 5. Monitoring of tumor-derived endogenous formaldehyde in nude mice. (A) Schematic illustration for visual-
izing endogenously lysosomal formaldehyde in normal and tumor tissues of mice using Ru-FA as a probe. (B) Imaging 

of endogenous formaldehyde in live mice with different treatments. 1) Saline (50 L) was subcutaneously injected into 

mice (left hind limb for normal mice; right axillae for tumor bearing mice), followed by the injection of Ru-FA (70 L, 

300 M) into the same area; 2) NaHSO3 (50 L, 500 M) was subcutaneously injected into mice, followed by the injec-

tion of Ru-FA (70 L, 300 M) into the same area; 3) Ru-FA (70 L, 300 M) was injected into the tumor; 4) NaHSO3 

(50 L, 500 M) was injected into the tumor, followed by the injection of Ru-FA (70 L, 300 M) into the same area. 
(C) Time-dependent luminescence intensity enhancement of mice in (B). 



 

Ru-FA responds to endogenous formaldehyde in live cells 
to form luminescent Ru-NR. Co-staining with LysoSen-
sorTM Green, luminescence images showed well colocalisa-
tion of signals from green and red channels. Moreover, red 
luminescence signals were only found within lysosomes 
during co-incubation of HeLa cells with Ru-FA for 1-4 h (1 
h interval), corroborating that Ru-NR is generated after 
the reaction of Ru-FA with formaldehyde in lysosomes of 
live cells.  

Monitoring of tumor-derived lysosomal formalde-
hyde. Capability of Ru-FA for tracing tumor-derived lyso-
somal formaldehyde and further monitoring the formalde-
hyde scavenging was evaluated by in vivo and ex vivo imag-
ing analysis. Proof-of-concept experiments were initially 
performed by imaging the endogenous formaldehyde in 

normal (non-tumor) mice. Buffers (50 L) with different 
pH values were subcutaneously injected into mouse hind 
limbs, followed by the injection of Ru-FA into the same 
area. Images in Figure S23 show gradually increased lumi-
nescence intensities for both hind limbs. Pre-injection 
with HOAc/OAc- buffer (pH 5.0) allowed the temporal de-
crease of local pH at right hind limb. Relatively fast lumi-
nescence response and higher luminescence intensity were 
thus observed from right hind limb because the injected 
Ru-FA responded to both extracellular and intracellular 
formaldehyde in this artificial acidic microenvironment.  

Another group of experiment was performed to confirm 
the feasibility of Ru-FA for monitoring the scavenging of 
formaldehyde by NaHSO3 injection at right hind limb of 
normal mice. As shown in Figures 5B, 5C, and S24, the lu-

minescence intensity of control group (area “1”, Ru-FA in-
jection only) was significant higher than the one that pre-
treated with NaHSO3 (area “2”). Lower luminescence in-
tensity at area “2” could be attributed to the scavenging of 
endogenous formaldehyde by NaHSO3. The images indi-
cate that Ru-FA can be used as a luminescence probe for 
in vivo visualization of endogenous formaldehyde. 

Visualization of cancer tissue-derived endogenous for-
maldehyde in tumor-bearing mice was demonstrated by 
using Ru-FA as a probe (Figures 5, S25). Ru-FA was in-
jected into the tumor (area “3”), and then the luminescence 
image was recorded in every 10 min within 150 min. Rapid 
luminescence enhancement was clearly observed and the 
luminescence intensity reached a maximum at approxi-
mate 100 min post injection (Figure 5C). Comparing of the 
luminescence intensity at normal tissue (area “1” in middle 
row of Figure 5B), significant luminescence increase was 
observed from tumor tissue. Imaging analysis showed 3.7-
fold luminescence enhancement at 100 min (Figure 5C). 
The fast luminescence increment and higher intensity of 
tumor tissue could be ascribed to: i) higher level of tumor-
derived endogenous formaldehyde; and ii) lower lysosomal 
pH level in tumor tissue cells (pH 4.5-5.0) than normal tis-
sue cells (pH 5.0-6.0) (Figure 5A).55 

Then, the ability of Ru-FA for monitoring the formalde-
hyde scavenging in tumor-bearing mice was evaluated. Tu-
mor (area “4”) was pre-treated with NaHSO3, followed by 
the injection of Ru-FA and luminescence imaging in every 
10 min. As shown in Figures 5, and S26, NaHSO3 pre-
treated tumor showed weak luminescence over the time of 

 

Figure 6. (A) Visualization of endogenous formaldehyde in intact organs of a mouse, including heart, liver, spleen, 
kidney, lung, brain and tumor. (B) Luminescence imaging of endogenous formaldehyde in the mouse organ tissue 
slices. (C) Mean luminescence intensity for each of the mouse tissue slices. (D) Brain and tumor tissue slices were pre-

treated with NaHSO3, and then stained with Ru-FA. Scale bar: 100 m. 



 

0-150 min. More than 4.2-fold decreased luminescence in-
tensity was noticed compared to that observed from the 
NaHSO3-untreated tumor. This significant luminescence 
decrease can be attributed to the low formaldehyde con-
centration after NaHSO3 scavenging, indicating the poten-
tial of Ru-FA for assessing formaldehyde-mediated tumor 
progression.  

By using Ru-FA as a probe, corroborating evidence of the 
higher tumor-derived formaldehyde concentration was 
provided by ex vivo luminescence imaging analysis. The 
mouse was sacrificed, and its organs were collected. After 
being incubated with Ru-FA in 50 mM HOAc/OAc- buffer 
at pH 5.0, luminescence images of the organs were rec-
orded. As shown in Figure 6A, the highest luminescence 
signal was observed from tumor tissue, followed by the one 
from brain tissue. For the frozen sectioned organ tissue 
slices, red luminescence signal was noticed for all slices, 
and the most bright luminescence image was presented by 
the tumor tissue slice (Figure 6B). Mean luminescence in-
tensity analysis reveals that the brightness of tumor tissue 
slice is significantly higher than other tissues (Figure 6C), 
corroborating the excessive formaldehyde production by 
tumor tissues. In agreement with the results of direct organ 
imaging and time-gated luminescence analysis (Figure 
3D), significantly higher concentration of formaldehyde in 
brain was found than that in other organs except tumor 
(Figure S27), suggesting that brain is one of the major har-
bor for endogenous formaldehyde. By treating with Na-
HSO3, weak luminescence was noticed in both tumor and 
brain tissues (Figure 6D) and thus significant decrease in 
intensity was observed (Figure 6C). Above in vivo and ex 
vivo images gave direct evidences for the excessive tumor-
derived formaldehyde and the feasibility of tumor formal-
dehyde scavenging by drug administering. More im-
portantly, these variations of formaldehyde level were ex-
actly monitored by using Ru-FA as a probe, which high-
lights the potential of Ru-FA for the future investigation of 
formaldehyde-mediated tumor progression.  

CONCLUSIONS  

In the present study, a unique “dual-key-and-lock” 
Ru(II) complex probe, Ru-FA, has been developed for 
quantitative detection and imaging of lysosomal formalde-
hyde in cancer cells and tumors. As the result of PET pro-
cess from Ru(II) centre to electron withdrawing moiety 
DNB, Ru-FA itself displays weak luminescence, but its 
emission can be significantly increased after reacting with 
formaldehyde (key “one”) in acidic microenvironment (key 
“two”), accompanied by the production of emissive Ru-
NR. Spectrometric analysis, including steady-state and 
time-gated luminescence analysis showed that Ru-FA is fa-
vorable to be used for detecting formaldehyde in buffer 
and human sera, as well as in mouse organs. Ru-FA shows 
low cytotoxicity and good cell membrane permeability. To-
gether with the smart “dual-key-and-lock” response of Ru-
FA towards formaldehyde, investigations of lysosomal for-
maldehyde and the capability of formaldehyde scavenging 
at cellular scale were achieved by imaging analysis. Using 

Ru-FA as a probe, visualization of tumor-derived endoge-
nous formaldehyde and monitoring of formaldehyde scav-
enging by exogenous drug were successfully demonstrated. 
The mouse images strongly suggest that Ru-FA could be a 
straightforward tool for tracing the tumor-derived endog-
enous formaldehyde as well as for monitoring the formal-
dehyde scavenging, potentially contributing to future clin-
ical or pre-clinical cancer early diagnosis and treatment re-
sponse monitoring. It is also anticipated that the “dual-
key-and-lock” design strategy could be an ideal strategy for 
promoting the development of responsive probes, espe-
cially transition metal complex-based luminescence 
probes for sensing and imaging of biomolecules.  

EXPERIMENTAL SECTION  

Syntheses of Ru-FA and Ru-NR. The synthesis proce-
dure of compound 2, compound 4, Ru-FA and Ru-NR is 
illustrated in Scheme S1A. Specifically, the studies of Ru-
FA probe for formaldehyde detection were based on a ra-

cemic mixture (rac-Ru-FA), including ∆-Ru-FA and -Ru-

FA enantiomers. The racemates, ∆-/-Ru-FA enantiomers 
were synthesized by reacting of racemic cis-[Ru(bpy)2Cl2] 
(bpy = 2,2’-bipyridine) with the ligand 4 (Scheme S1A). The 

∆-/-Ru-NR was synthesized by reacting of racemic Ru-
Br with 3-butenylamine. The absolute configurations of 

the ∆-Ru-FA and -Ru-FA enantiomers and the lumines-

cent product ∆-Ru-NR and -Ru-NR enantiomers were 
shown in Scheme S1B. To simplify the description, names 
of Ru-FA and Ru-NR were used throughout. The details 
for the synthesis of Ru-FA and Ru-NR are described as fol-
lows. 

Synthesis of Compound 2. 2,4-Dinitrobenzaldehyde 
(0.114mmol, 22.3 mg) was added into 4 mL of NH3 solution 
(7.0 M in methanol, 28 mmol). The mixture was stirred at 
25 °C for 15 min before addition of potassium allyltri-
fluoroborate (0.34 mmol, 50 mg) and 20 μL of deionized 
water. The mixture was reacted at 30 °C for 16 h. The sol-
vent was then evaporated by a rotary evaporator. The crude 
product was purified by column chromatography (silica 
gel) using dichloromethane/methanol (40:1 v/v) as the el-
uent. After evaporation, compound 2 was obtained as the 
white oil (19.4 mg, 72.1% yield). 1H NMR (400 MHz, CDCl3): 
δ (ppm) = 8.67 (s, 1H), 8.44 (d, J = 8.8 Hz, 1H), 8.15 (d, J = 
7.2 Hz, 1H), 5.86-5.73 (m, 1H), 5.21-5.13 (m, 1H), 4.73-4.61 
(m, 1H), 2.66-2.55 (m, 1H), 2.38-2.25 (m, 1H). ESI-MS (m/z): 
238.02 ([M+H]+). 

Synthesis of Compound 4. Compound 2 (12.5 mg, 0.056 
mmol), compound 3 (4-methyl-2,2'-bipyridyl-4'-carboxal-
dehyde) (21.0 mg, 0.106 mmol) and sodium cyanotrihy-
droborate (13.0 mg, 0.212 mmol) were dissolved in 5 mL of 
methanol. After the addition of 50 μL acetic acid, the mix-
ture was reacted at 30 °C for 3 h. The solvent was evapo-
rated, and the residue was purified by column chromatog-
raphy (silica gel) using dichloromethane/methanol (50:1 
v/v) as the eluent.  The fraction containing compound 4 
was collected and the eluent was evaporated to give the 
compound 4 as the yellow oil (16.5 mg, 70.0% yield). 1H 
NMR (500 MHz, CDCl3): δ (ppm) = 8.63 (s, 1H), 8.59 (d, J = 
5.0 Hz, 1H), 8.55 (d, J = 5.0 Hz, 1H), 8.41 (d, J = 9.0 Hz, 1H), 



 

8.26-8.21 (m, 2H), 8.18 (s, 1H), 7.18 (dd, J = 14.0 Hz, 5.0 Hz, 
2H), 5.86-5.72 (m, 1H), 5.24-5.08 (m, 2H), 3.78-3.58 (m, 2H), 
2.71-2.60 (m, 1H), 2.44 (s, 3H), 2.41-2.31 (m, 1H). ESI-MS 
(m/z): 420.25 ([M+H]+). 

Synthesis of the Probe Ru-FA. Compound 4 (83.8 mg, 
0.2 mmol) and compound 5 (cis-Ru(bpy)2Cl2·2H2O) (146 
mg, 0.2 mmol) were mixed in 20 mL of ethanol. Under an 
argon atmosphere, the mixture was refluxed overnight. Af-
ter evaporation, the resulting product was purified by silica 
gel column chromatography using 10:1 (v/v) CH3CN/H2O 
(saturated KNO3 aqueous solution) as the eluent. The frac-
tion containing Ru-FA was collected and the eluent was 
evaporated. The purified product was added into 10 mL of 
acetonitrile, and excess potassium nitrate was isolated by 
filtration. The solvent was evaporated, and the product was 
dissolved in 3 mL H2O. Then, saturated NH4PF6 aqueous 
solution (0.5 mL) was added into the solution to give Ru-
FA as the red precipitate (201.0 mg, 89.5% yield). 1H NMR 
(500 MHz, CH3CN): δ (ppm) = 8.55-8.46 (m, 5H), 8.46-8.41 
(m, 1H), 8.31-8.24 (m, 2H), 8.10 (d, J = 7.2 Hz, 1H), 8.08-8.01 
(m, 4H), 7.76-7.65 (m, 4H), 7.59-7.54 (m, 1H), 7.53 (d, J = 
4.4 Hz, 1H), 7.46-7.34 (m, 4H), 7.28-7.20 (m, 2H), 5.88-5.70 
(m, 1H), 5.17-5.00 (m, 2H), 4.21 (t, J = 5.6 Hz, 1H), 3.87-3.68 
(m, 2H), 2.58-2.49 (m, 5H). 13C NMR (100 MHz, CD3CN): 
156.71, 156.43, 156.05, 151.39, 151.21, 151.09, 150.83, 150.52, 
150.21, 149.63, 146.59, 144.61, 137.36, 133.67, 130.77, 127.23, 
126.78, 126.36, 126.28, 123.92, 123.89, 123.00, 122.79, 119.09, 
117.86, 56.14, 49.18, 41.24, 19.97. Elemental analysis calcd. 
(%) for C42H37F12N9O4P2Ru.0.4NH4PF6: C 42.46, H 3.28, N 
11.08; found (%): C 42.36, H 3.081, N 10.77. ESI-MS (m/z): 
416.49 ([M-2PF6]2+), 978.30 ([M-PF6]+).  

Synthesis of Ru-NR. Ru-Br (96.6 mg, 0.1 mmol), 3-bu-
tenylamine hydrochloride (10.7 mg, 0.1 mmol) and potas-
sium carbonate (137.9 mg, 1 mmol) were mixed in 10 mL of 
acetonitrile. Under an argon atmosphere, the mixture was 
refluxed overnight. The solvent was then evaporated by a 
rotary evaporator, and crude product was purified by col-
umn chromatography (silica gel) using CH3CN/H2O (satu-
rated KNO3 aqueous solution, 15:1 v/v) as the eluent. The 
purified product was added into 10 mL of acetonitrile, and 
excess potassium nitrate was isolated by filtration. The sol-
vent was evaporated, and the product was dissolved in 3 
mL H2O. Then, saturated NH4PF6 aqueous solution (0.5 
mL) was added into the solution. Ru-NR was then ob-
tained as the red solid (40.3 mg, 42.1% yield). 1H NMR (400 
MHz, CD3CN): δ (ppm) = 8.59-8.44 (m, 5H), 8.34 (s, 1H), 
8.13-8.00 (m, 4H), 7.83-7.66 (m, 5H), 7.57 (d, J = 6.0 Hz, 1H), 
7.48-7.34 (m, 5H), 7.28 (d, J = 5.6 Hz, 1H), 5.88-5.72 (m, 1H), 
5.18 (m, 2H), 4.28 (s, 2H), 3.12 (t, J = 7.2 Hz, 2H), 2.56 (s, 
3H), 2.44 (q, J = 7.2 Hz, 2H). 13C NMR (100 MHz, CD3CN): 
157.62, 157.05, 157.02, 156.91, 155.93, 152.06, 151.75, 151.66, 
151.61, 151.45, 150.96, 150.71, 142.90, 137.85, 133.08, 128.76, 
127.65, 127.59, 125.20, 124.52, 124.27, 118.30, 49.87, 47.78, 
30.48, 20.35. Elemental analysis calcd. (%) for 
C36H36F12N7P2Ru.PF6: C 39.21, H 3.29, N 8.89; found (%): C 
39.87, H 3.19, N 9.03. HRMS (m/z): 333.5966 ([M-2PF6]2+), 
812.1556 ([M-PF6]+). 
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