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Abstract

We report the design of a phosphorescence/fluorescence dual-emissive nanoscale metal–organic 

framework (NMOF), R-UiO, as an intracellular oxygen (O2) sensor. R-UiO contains a Pt(II)-

porphyrin ligand as an O2-sensitive probe and a Rhodamine-B isothiocyanate ligand as an O2-

insensitive reference probe. It exhibits good crystallinity, high stability, and excellent ratiometric 

luminescence response to O2 partial pressure. In vitro experiments confirmed the applicability of 

R-UiO as an intracellular O2 biosensor. This work is the first report of a NMOF-based intracellular 

oxygen sensor and should inspire the design of ratiometric NMOF sensors for other important 

analytes in biological systems.

Oxygen (O2) is a vital component in aerobic respiration that provides metabolic energy to 

cells. Hypoxia—a reduction in normal levels of O2—is related to various diseases,1 

including vascular disease, pulmonary disease, and cancer.2 For instance, sustained hypoxia 

in a growing tumor can result in a more aggressive phenotype.3 Monitoring and quantifying 

O2 levels in living cells are thus of great importance for cancer diagnosis, tumor 

pathophysiology assessment, and evaluation of the therapeutic effects of anticancer 

treatments. O2 tension can be detected and measured by several methods, including 

polarographic O2 needle electrodes,4 immunohistochemical staining,5 positron emission 

tomography imaging,6 magnetic resonance imaging,7 and photoluminescence imaging.8 

Because of their high sensitivity and outstanding spatial resolution, photoluminescence-

based techniques provide particularly powerful tools for sensing O2 in living cells. 
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Ratiometric sensing, which uses an O2-insensitive reference and an O2-sensitive probe to 

measure emission ratios at two different wavelengths, can compensate for signal changes 

caused by disturbances from the external environment, such as light scattering and 

fluctuations in the excitation source,9 allowing for accurate measurements of O2 

concentrations. Since Kopelman and co-workers first developed PEEBLEs (probes 

encapsulated by biologically localized embedding) containing a cyanine dye standard and a 

Pt-porphyrin phosphor for ratiometric O2 sensing,10 a number of polymeric 

nanoparticles,8c,e silica gels,11 and quantum dots12 have emerged as promising ratiometric 

O2 sensors.

Metal–organic frameworks (MOFs) are an emerging class of porous materials built from 

metal ions or clusters bridged by organic linkers that have been explored as chemical 

sensors.13 Nanoscale MOFs (NMOFs) have also been used for small molecule sensing14 and 

biomedical imaging.15 NMOFs exhibit several characteristics that make them ideal 

nanomaterials for biological and biomedical applications. First, NMOFs have good 

crystallinity and structural tunability, which allow synthetic elaborations for specific 

applications. Second, NMOFs are highly porous, which allows them to accommodate high 

loadings of imaging/therapeutic agents, quickly diffuse small molecules (i.e., drugs, 

analytes), and prevent dye self-quenching. Third, NMOFs do not suffer from agent leaching 

due to covalent bonding. Fourth, NMOFs are intrinsically biodegradable in the long term 

due to their relatively labile metal–ligand bonds.16 For example, we have recently used a 

fluorescent NMOF for real-time intracellular pH sensing15a and a porphyrin-based NMOF in 

photodynamic therapy.17 Herein, we report the first NMOF probe for ratiometric O2 sensing 

in live cells.

We hypothesized that an NMOF with both O2-independent and -sensitive ligands would 

serve as an excellent ratiometric O2 sensor by taking advantage of the aforementioned 

features of NMOFs. Pt-5,15-di(p-benzoato)porphyrin (DBP-Pt) was chosen as an O2-

sensitive bridging ligand, whereas Rhodamine-B isothiocyanate (RITC)-conjugated 

quaterphenyldicarboxylate (QPDC) was used as an O2-independent ligand to construct a 

ratiometric NMOF, R-UiO (Scheme 1). Pt-porphyrin shows bright phosphorescence with a 

long-lived triplet state at ambient temperature, and its phosphorescence intensity is highly 

dependent on O2 concentration, making it an ideal choice as an O2-sensitive probe in 

ratiometric O2 sensing.8c–e,10 We selected Rhodamine-B as a reference dye for the following 

reasons: (1) Absorption of Rhodamine-B and H2DBP-Pt at 500–540 nm allows for the 

simultaneous excitation of both dyes (Figure S5). (2) The non-overlap of Rhodamine-B 

fluorescence (570 nm) and H2DBP-Pt phosphorescence (630 nm) (Figure S5) facilitates 

ratiometric luminescence quantifications. (3) The pH-independent fluorescence of 

Rhodamine-B at pH >6 prevents disturbance due to cellular pH changes.18 (4) Emissions of 

both dyes at relatively long wavelengths (>570 nm) minimize background autofluorescence 

from live cells.

We further hypothesized that a mixed-ligand NMOF with both DBP-Pt and amino-

quaterphenyldicarboxylate (QPDC-NH2) could be built due to the similar lengths of these 

ligands. We observed that the unit cell parameter of Zn-DPDBP-UiO17 (38.76 Å, DPDBP = 

10,20-diphenyl-5,15-di(p-benzoato)-porphyrin), whose ligand is similar in structure to DBP-
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Pt, is only 0.2% larger than that of TPHN-UiO19 (38.68 Å, TPHN = 4,4′-

bis(carboxyphenyl)-2-nitro-1,1′-biphenyl). The QPDC-NH2 ligands in the mixed-ligand 

NMOF could be readily conjugated with RITC to afford the dual-emissive R-UiO NMOF. 

Furthermore, the relative intensities of RITC fluorescence and DBP-Pt phosphorescence can 

be tuned by adjusting the feed ratio of the two dyes during MOF synthesis and post-

synthesis modification, respectively.

H2QPDC-NH2 was obtained by Suzuki coupling between 4,4′-dibromo-2-amino-1,1′-

biphenyl and 4-methoxycarbonylphenylboronic acid, followed by hydrolysis. H2DBP-Pt was 

synthesized by metalation of 5,15-di(4-methoxycarbonyl)-porphyrin (Me2DBP) with 

K2PtCl4 in benzonitrile under reflux, followed by hydrolysis in basic conditions, and 

characterized by NMR spectroscopy and mass spectrometry (Scheme S2). A solvothermal 

reaction between H2DBP-Pt, H2QPDC-NH2, and HfCl4 in N,N-dimethylformamide (DMF) 

at 80 °C afforded the mixed-ligand NMOF, M-UiO, as an orange powder (Scheme 1). 

Transmission electron microscopy (TEM) revealed hexagonal plate morphology with a 

diameter of ~200 nm and a thickness of ~30 nm (Figure 1b). Powder X-ray diffraction 

(PXRD), high-resolution TEM, and fast Fourier transform patterns showed that M-UiO 

displayed good crystallinity (Figures 1). The distance between adjacent secondary building 

units was measured to be ~2.26 nm by TEM, consistent with the distance of 2.18 nm 

calculated from the PXRD data. UV–vis spectrum of M-UiO showed only two Q-band 

peaks, suggesting no Pt leaching during NMOF synthesis (Figure S4).19 Inductively coupled 

plasma–mass spectrometry (ICP-MS) gave a DBP-Pt:QPDC-NH2 molar ratio of 6.2:93.8 in 

M-UiO.

Rhodamine-B was covalently attached to M-UiO by forming the thiourea linkage between 

QPDC-NH2 and RITC in R-UiO, which was confirmed by mass spectrometry (Figure S6). 

TEM images and PXRD patterns showed that R-UiO retained the plate-like morphology and 

the crystallinity of M-UiO (Figure 1a,f). Dynamic light scattering measurements gave an 

average diameter of 177.8 (PDI = 0.064) and 181.1 (PDI = 0.079) for M-UiO and R-UiO, 

respectively. The loadings of Rhodamine-B could be adjusted by controlling the feed amount 

of RITC, leading to R-UiO-1 and R-UiO-2 that contain 0.6 and 1.6 mol% Rhodamine-B, 

respectively (Figures S12 and S13).

R-UiO was incubated in Hank’s Balanced Salt Solution (HBSS) buffer for 24 h to evaluate 

its stability in physiological conditions. After incubation, the d111 peak in the PXRD pattern 

was split into two peaks (Figure 1a), likely due to minor lattice distortion in the buffer 

solution. Nevertheless, TEM image clearly indicated the preservation of lattice fringes 

(Figures 2f, S9, and S10). Moreover, there is no Rhodamine-B or DBP-Pt leaching after 

incubation (Figure S8), suggesting adequate stability for oxygen sensing in the media.

To achieve ratiometric quantification using a single excitation and simultaneous detection of 

RITC fluorescence and DBP-Pt phosphorescence, there cannot be energy transfer from 

DBP-Pt to Rhodamine-B. This lack of energy transfer was confirmed by (1) a negligible 

overlap between H2DBP-Pt emission and Rhodamine-B absorption (Figure S5), (2) the 

presence of only characteristic DBP-Pt phosphorescence, but not RITC fluorescence upon 

exciting R-UiO at 391 nm (corresponding to H2DBP-Pt soret band, Figure S11), and (3) 
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similar phosphorescence lifetimes of R-UiO and H2DBP-Pt (Figure S16). Ratiometric 

sensing was first carried out by fluorimetry with a 514 nm excitation light source in order to 

match the laser in confocal laser scanning microscopy (CLSM). Under a nitrogen-saturated 

atmosphere (pO2 = 0 mmHg), R-UiO-1 showed a strong emission at 630 nm from DBP-Pt 

and a weak emission at 570 nm attributed to RITC (Figure 2a). As pO2 gradually increased 

to aerated atmosphere (pO2 = 160 mmHg), the RITC fluorescence remained unchanged, 

while the DBP-Pt phosphorescence decreased significantly as expected. We quantitatively 

analyzed oxygen quenching by fitting the data to the Stern–Volmer equation,20

(1)

where KSV is the Stern–Volmer constant, and  and RI = IP/IF are the ratios of 

phosphorescence intensity to fluorescence intensity in the absence and presence of oxygen, 

respectively.  showed a good linear relationship with respect to pO2 up to 80 mmHg 

(Figure 2b). Beyond this point, the ratio deviated from the Stern–Volmer plot (Figure S14). 

Such a deviation was also observed in previous reports7,21 and is probably related to the 

complicated dynamics involved in the MOF structure. Fortunately, pO2 in biological tissues 

is typically below 70 mmHg (except in arterial blood).22 Within this range, the intensity 

ratio fitted well to the Stern–Volmer equation with KSV = 0.015 mmHg−1. The O2 quenching 

experiment proved that R-UiO is a good O2 sensor by providing pO2-specific IP/IF ratios.

To further confirm the validity of ratiometric measurements using R-UiO, the 

phosphorescence lifetime of R-UiO-1 in HBSS buffer was measured under different pO2 
(Figure 2c). The data were fitted by bi-exponential decay. The amplitude weighted lifetime τ 
(28.1 µs) in a deoxygenated (0 mmHg) atmosphere steadily decreased as pO2 increased and 

reached 7.54 µs in an aerated atmosphere (160 mmHg). The lifetime was fitted according to 

eq 2 (Figure 2d):

(2)

where τ0 and τ are weighted lifetimes in the absence and presence of oxygen, respectively. 

The obtained KSV = 0.017 mmHg−1 is similar to the ratiometric measurement result, which 

indicates negligible static quenching of R-UiO-1.

Next we tested the validity of the ratiometric sensors by CLSM. R-UiO-2 was dispersed in 

HBSS buffer and subjected to CLSM imaging under different pO2. Upon excitation with a 

514 nm agon laser, signals in the ranges of 620–660 and 540–580 nm were collected in two 

separate channels (Figure S17) and analyzed by ImageJ to quantify the intensity ratios, IP/IF. 

Notably, the IP/IF−pO2 curve deviates from that obtained by fluorimetry (Figure 2a), which 

is reasonable, given that the process of collecting photoluminescence on a CLSM is much 

more complicated than using a fluorimeter. Many factors besides pO2 such as laser power 

and dwell time can influence the absolute and relative intensities of phosphorescence/
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fluorescence.23 We also noticed that the phosphorescence component was more prominent 

under CLSM with our instrument settings, so we used R-UiO-2 with a higher RITC loading 

for CLSM experiments. The IP/IF−pO2 curves obtained by CLSM are highly reproducible 

with the IP/IF ratio gradually decreasing as pO2 increases, and are fitted with a rational 

function (fomula S2, SI) which serves as a standard curve for intracellular pO2 
measurements.

We chose mouse colon carcinoma CT26 cells with a low background autofluorescence for in 
vitro imaging. The cellular uptake of R-UiO-2 in CT26 cells was first investigated by 

incubating CT26 cells with 30 µg/mL R-UiO-2 for different times. Cytotoxicity assay 

indicates that R-UiO is biocompatible (Figure S18). Time-dependent endocytosis was 

quantified by ICP-MS and shown in Figure 3b. Efficient cellular uptake (~2.5 pg/cell) was 

observed after a 2 h incubation, which indicates feasibility for intracellular pO2 
measurements.

Finally, we used R-UiO-2 to examine cellular O2 levels. CT26 cells were incubated with R-

UiO-2 for 2 h. The culturing media were then exchanged to HBSS buffer with different pO2 
in a sealed chamber, and cells were incubated for another 15 min to ensure efficient oxygen 

exchange across cell plasma membranes. CLSM settings were identical to those used for the 

calibration curve. We tested three different pO2 conditions: 4, 32, and 160 mmHg, which 

represent hypoxia, normoxia and aerated conditions, respectively. Different channels of 

cellular uptake of R-UiO-2 captured by CLSM are shown in Figure S19. The IP/IF ratios of 

R-UiO-2 are shown by pseudocolor images in Figure 3c. The IP/IF values of internalized R-

UiO-2 analyzed by ImageJ were 5.29 ± 0.12, 4.45 ± 0.09, and 2.80 ± 0.06, corresponding to 

5.1 ± 2.5, 27.3 ± 3.1, and 158 ± 11 mmHg (see SI for error analysis), respectively, according 

to the calibration curve in Figure 3a. The results matched well with the preset pO2 in each 

chamber. These data suggest the broad range and good accuracy of R-UiO as intracellular 

oxygen sensor.

In conclusion, we have for the first time reported the rational design and synthesis of stable, 

crystalline, porous, and dual-emissive R-UiO NMOFs for ratiometric sensing of intracellular 

oxygen in live cells. This study should inspire the design of NMOF sensors for other 

biologically important analytes by taking advantage of the synthetic tunability, structural 

versatility, and other unique attributes of NMOFs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure and morphology of mixed-ligand M-UiO and R-UiO NMOF. (a) PXRD patterns of 

M-UiO, as-synthesized R-UiO and R-UiO after incubation in HBSS for 12 and 24 h. (b) 

TEM, (c) high-resolution TEM, and (d) fast Fourier transform patterns of M-UiO. TEM 

images of R-UiO (e) before and (f) after incubation in HBSS for 24 h.
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Figure 2. 
(a) Emission spectra (λex = 514 nm) and (c) phosphorescent decays (λex = 405 nm) of R-

UiO-1 in HBSS buffer under various oxygen partial pressures. Plots of  (b) and τ0/τ 
(d) as a function of oxygen pressure.
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Figure 3. 
(a) Calibration curve of the phosphorescence/fluorescence intensity of R-UiO-2 on CLSM 

under different oxygen partial pressures. (b) Time-dependent cellular uptake of R-UiO-2 in 

CT26 cells determined by ICP-MS. Ratiometric luminescence imaging (λex = 514 nm) of 

CT26 cells after incubation with R-UiO-2 under (c) hypoxia, (d) normoxia, and (e) aerated 

conditions. Scale bar: 10 µm.
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Scheme 1. 
Synthesis of Mixed-Ligand M-UiO NMOF and Its Postsynthesis Modification To Afford R-

UiO NMOF
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