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ABSTRACT: As a monolayered version of nanoscale
metal−organic frameworks (nMOFs), nanoscale metal−
organic layers (nMOLs) represent an emerging class of
highly tunable two-dimensional materials for hierarchical
functionalization and with facile access to analytes. Here
we report the design of the first nMOL-based biosensor
for ratiometric pH and oxygen sensing in mitochondria.
Cationic Hf12-Ru nMOL was solvothermally synthesized
by laterally connecting Hf12 secondary building units
(SBUs) with oxygen-sensitive Ru(bpy)3

2+-derived DBB-
Ru ligands (bpy = 2,2′-bipyridine). The Hf12-Ru nMOL
was then covalently functionalized with pH-sensitive
fluorescein isothiocyanate and pH/oxygen-independent
Rhodamine-B isothiocyanate through thiourea linkages to
afford Hf12-Ru-F/R as a mitochondria-targeted ratiometric
sensor for pH and O2 in live cells. High-resolution
confocal microscope imaging with Hf12-Ru-F/R revealed a
positive correlation between pH and local O2 concen-
tration in mitochondria. Our work shows the potential of
nMOL-based ratiometric biosensors in sensing and
imaging of biologically important analytes in live cells.

The development of biosensors to probe physiological
processes and pathobiological factors is of great

importance to early disease diagnosis.1−4 Among many forms
of biosensors, optical probes are the most commonly used in
cellular sensing and imaging as they permit direct, real-time,
and label-free detection of many biological and chemical
analytes.5−10 In particular, nanoparticle-based optical bio-
sensors have afforded powerful tools for minimally invasive
analyte monitoring in live cells.11−17 They provide the
foundation to develop multifunctional ratiometric biosensors
to precisely monitor a number of biological and chemical
factors underlying various pathobiologies.
In the past decade, nanoscale metal−organic frameworks

(nMOFs) have shown great potential for biological sensing
and related applications.18−30 By simultaneously incorporating
molecular sensors and reference probes as well as ensuring
their spatial isolation to avoid self-quenching in the frame-
works, nMOFs have provided a novel crystalline molecular
nanomaterial platform for designing ratiometric sensors with
high sensitivity and resolution.31,32 However, due to the strict
symmetry requirement of bridging ligands and relatively small

pores/channels of most nMOFs, only simple molecular sensors
can be incorporated into nMOFs and accessible to small
analytes, severely limiting the universality of nMOFs in
biosensing. We propose that nanoscale metal−organic layers
(nMOLs),33,34 a monolayered version of nMOFs, can
overcome these limitations of nMOFs to afford the next
generation of two-dimensional nanobiosensors. nMOLs not
only retain the molecular nature, structural regularity, and
compositional diversity of nMOFs, but also possess high
densities of open sites to allow covalent installation of complex
molecular sensors and ready access to large analytes. Herein we
report the design of a proof-of-concept nMOL-based
biosensor, Hf12-Ru-F/R, for ratiometric pH and oxygen sensing
in mitochondria (Figure 1).
The Hf12-Ru nMOL was synthesized solvothermally

between HfCl4 and Ru(H2DBB)(bpy)2
2+ [H2DBB-Ru, bpy =

2,2′-bipyridine, DBB = 4,4′-di(4-benzoato)-2,2′-bipyridine] in
N,N-dimethylformamide (DMF) at 80 °C with trifluoroacetic
acid (TFA) and water as modulators (Figures S1−S3). Hf12-
Ru was proposed as an infinite 2D network of kgd topology,
where Hf12 secondary building units (SBUs) were vertically
terminated by TFA groups and laterally bridged by DBB-Ru
ligands to afford the formula of Hf12(μ3-O)8(μ3−OH)8(μ2-
OH)6(DBB-Ru)6(TFA)6. The monolayer morphology of Hf12-
Ru was demonstrated by transmission electron microscopy
(TEM, Figures 2a and S4a) showing a diameter of ∼150 nm
and atomic force microscopy (AFM, Figures 2c,d and S4b)
giving a thickness of ∼1.7 nm. This thickness is consistent with
the modeled height of Hf12 clusters capped with TFA groups.
Dynamic light scattering (DLS) measurements gave a number-
averaged diameter of 98.5 ± 2.2 nm for Hf12-Ru (Figure S9).
The proposed topological structure of Hf12-Ru was further
confirmed by its similar powder X-ray diffraction (PXRD)
pattern to that simulated from a Hf12 MOL (Figure 2f)33 and
high-resolution TEM (HRTEM) image along with its fast
Fourier transform (FFT, Figure 2b), which revealed a six-fold
symmetry and a Hf12−Hf12 distance of ∼2.7 nm that matches
the modeled structure well. The formulation of Hf12-Ru was
further supported by thermogravimetric analysis (Figure S6).
The ratiometric sensor Hf12-Ru-F/R was synthesized by

covalently attaching fluorescein isothiocyanate (FITC) and
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rhodamine-B isothiocyanate (RITC) to Hf12-Ru (Figure 1a).
Vertically capped TFA groups on Hf12 SBUs were first replaced
by p-aminobenzoate (ABA) to afford Hf12-Ru-ABA with the
formula of Hf12(μ3-O)8(μ3-OH)8(μ2-OH)6(DBB-Ru)6(ABA)6
based on the 1H NMR analysis of digested Hf12-Ru-ABA
(Figures S5 and S7). FITC and RITC were then covalently
conjugated to ABA-capped Hf12 SBUs by forming the ABA-F
(between ABA and FITC) and ABA-R (between ABA and
RITC) thiourea linkages to generate Hf12-Ru-F/R with the
formula of Hf12(μ 3 -O)8(μ 3 -OH)8(μ 2 -OH)6(DBB-
Ru)6(ABA)6‑x‑y(ABA-F)x(ABA-R)y, where x and y represent
FITC and RITC loadings, respectively. The ABA-F and ABA-R
moieties in Hf12-Ru-F/R were confirmed by the presence of
UV−vis absorptions characteristic of FITC and RITC (Figures
3a and S11−S14) and the observation of [ABA-F + H]+ and
[ABA-R]+ peaks in addition to the [H2DBB-Ru/2]

+ peaks in
the high resolution-mass spectrum (HRMS) of digested Hf12-
Ru-F/R (Figure 2g). No signal corresponding to free FITC
and RITC was detected, confirming their covalent attachment
to the MOL via the thiourea linkages. Compared to Hf12-Ru,
Hf12-Ru-F/R displayed similar morphology by TEM (Figures
2e and S8a), identical topological structure by HRTEM
(Figure S8b) and PXRD (Figure 2f), and a slightly increased
number-averaged size of 119.1 ± 2.3 nm by DLS (Figure S9).
We hypothesized that Hf12-Ru-F/R could allow ratiometric

pH sensing based on the fluorescence ratio of pH-sensitive

FITC to pH-independent RITC and O2 sensing based on the
luminescence ratio of O2-sensitive DBB-Ru to O2-independent
RITC. The loadings of FITC and RITC in Hf12-Ru-F/R were
optimized to be 1.1 and 5.6 mol%, respectively, to achieve
comparable luminescence intensities for FITC, RITC, and
DBB-Ru (Figures 3b and S15−S18). Hf12-Ru-F/R with this
composition was used in subsequent studies. Calibration
curves and in vitro sensing studies were performed using
excitation/emission wavelengths of 430/620, 465/500, and
535/600 nm for DBB-Ru, FITC, and RITC, respectively
(Figure S19). The response of Hf12-Ru-F/R to pH and O2 was
first studied by fluorimetry (Supporting Information (SI),
section S3.4). In phosphate buffer solutions (PBS) with pH
values of 4.0−8.0 and under normoxia, Hf12-Ru-F/R showed
significantly different FITC fluorescence intensities but
constant RITC and DBB-Ru signals (Figure 3c). The pH
response of Hf12-Ru-F/R is similar to that of free FITC
(Figures S20 and S22a) and well fitted with SI eq S1 (R2 =
0.998, Figure S23). At the same time, Hf12-Ru-F/R showed
different DBB-Ru luminescence intensities but constant FITC
and RITC signals under varied O2 partial pressures and a pH
of 7.04 (Figure 3d). The O2 responses of both Hf12-Ru-F/R
and H2DBB-Ru were well fitted to the Stern−Völmer equation
(SI eq S5, R2 = 1, Figure S24) with similar fitting parameters
(Figures S21 and S22b). Based on SI eqs S1 and S5, Hf12-Ru-
F/R accurately determined the pH and O2 values of a random

Figure 1. Schematic showing the synthesis of multifunctional Hf12-Ru-F/R. (a) Surface modification of Hf12-Ru by exchanging TFA capping groups
on Hf12 SBUs with p-aminobenzoate groups and covalent conjugation of FITC and RITC to Hf12 SBUs by forming thiourea linkages. (b) Chemical
structures and excitation/emission spectra of FITC, RITC, and H2DBB-Ru. (c) Positively charged Hf12-Ru-F/R targets mitochondria and allows
ratiometric sensing of intramitochondrial pH and oxygen via the luminescence ratios of pH-sensitive FITC to pH-independent RITC and O2-
sensitive DBB-Ru to O2-independent RITC, respectively.
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series of samples (Figure S25). These fluorimetric study results
suggest the potential of Hf12-Ru-F/R in ratiometric pH and O2
sensing.
We next constructed pH and O2 calibration curves for Hf12-

Ru-F/R using an IVIS imaging system. Hf12-Ru-F/R was
incubated in PBS at pH values of 4.01, 4.45, 4.99, 5.57, 5.94,
6.46, 7.04, 7.49, and 8.00 under O2 pressures of 0, 34.1, 63.5,
95.8, 124.2, and 160.0 mmHg) and the luminescence signals of
FITC, DBB-Ru, and RITC in Hf12-Ru-F/R were collected
separately. As shown in Figure S26, FITC only responded to
pH, DBB-Ru only responded to O2, and RITC did not respond
to either pH or O2. The ratiometric calibration curves for pH

and O2 were then established by fitting the dependence of the
fluorescence ratio of FITC to RITC (rF/R) on pH according to
eq 1 (R2 = 0.996, Figures 3e and S27a) and the dependence of
the luminescence ratio of DBB-Ru to RITC (rRu/R) on O2

pressure (PO2
) according to eq 2 (R2 = 0.999, Figures 3f and

S27b), respectively.

= + ×
+ ×

− −

− −r
0.119e 3.91 10

e 3.28 10F/R

2.303pH 7

2.303pH 7 (1)

=
+

r
P

1.613
1 0.00237Ru/R

O2 (2)

The stability of Hf12-Ru-F/R under physiological conditions
was demonstrated by the unchanged PXRD pattern after
incubation in 0.6 mM PBS for 4 h (Figure 2f). We then
evaluated uptake of Hf12-Ru-F/R in mouse colon carcinoma
CT26 cells. The highly positive zeta potentials of Hf12-Ru
(37.7 ± 1.6 mV) and Hf12-Ru-F/R (26.9 ± 2.2 mV) facilitated
their cellular uptake as quantified by ICP-MS (Figure S28).
The biocompatibility of Hf12-Ru and Hf12-Ru-F/R was
demonstrated by their lack of cytotoxicity in the 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium assays (Figure S29). We then
extracted mitochondria after incubating CT26 cells with

Figure 2. TEM image (a), HRTEM image with the FFT pattern in
the inset (b), AFM topography (c) and height profile (d) of Hf12-Ru.
(e) TEM image of Hf12-Ru-F/R. (f) PXRD patterns of Hf12-Ru and
Hf12-Ru-F/R, freshly prepared or after 4 h incubation in 0.6 mM PBS,
in comparison to the simulated pattern for the Hf12 MOL. (g) HRMS
spectrum of digested Hf12-Ru-F/R.

Figure 3. (a) UV−vis spectra of Hf12-Ru and Hf12-Ru-F/R with 31.5
mol% FITC and 10.1 mol% RITC loadings. (b) Luminescence
spectra of Hf12-Ru-F/R showing emissions corresponding to FITC,
RITC, and DBB-Ru, respectively. Plots of luminescence intensities of
Hf12-Ru-F/R at different pHs under normoxia (c) or under different
O2 pressures at pH 7.04 (d), acquired by fluorimetry. Calibration
curves for pH (e, eq 1) and O2 (f, eq 2) of Hf12-Ru-F/R acquired by
IVIS imaging. For (b)−(f), the concentration of Hf12-Ru-F/R was
10.0 μM based on DBB-Ru, and Hf12-Ru-F/R had 1.1 mol% FITC
and 5.6 mol% RITC loadings.
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Hf12-Ru or Hf12-Ru-F/R and determined the percentages of
internalized particles in mitochondria by ICP-MS. Both Hf12-
Ru and Hf12-Ru-F/R were quickly enriched in mitochondria
and reached saturation after 4 h incubation due to their
cationic nature (Figure S30). Localization of Hf12-Ru in
mitochondria was also visualized by confocal scanning laser
microscopy (CLSM).35 After CT26 cells were incubated with
Hf12-Ru for 0, 0.5, 2, and 4 h, CLSM images were captured for
colocalization analysis (Figure 4 and S31): 0.5 h post-

incubation, enhanced magenta signals of Hf12-Ru were mostly
colocalized with red signals representing endo/lysosomes,
indicating fast endocytosis of positively charged Hf12-Ru. At
the 2 h time point, the majority of Hf12-Ru colocalized with
mitochondria, proving its ability to effectively escape from
endosomes and simultaneously enrich itself within mitochon-
dria. At the 4 h time point, Hf12-Ru accumulated in

mitochondria with no colocalization with endo/lysosomes.
CLSM colocalization analysis could not be performed on Hf12-
Ru-F/R due to spectral overlap between RITC and
Mitotracker Red as well as FITC and Lysotracker Green.
These results demonstrate the mitochondria-targeting property
of both Hf12-Ru and Hf12-Ru-F/R.
With low background autofluorescence, CT26 cells were

used to evaluate the applicability of Hf12-Ru-F/R as a
ratiometric sensor in live cells by CLSM. Hf12-Ru-F/R at a
concentration of 20 μM based on Hf was incubated with CT26
cells seeded on a 35 mm glass bottom dish for live cell imaging.
After removing the supernatant and refilling with air, N2/air
mixture, and N2 to mimic normoxic, hypoxic, and anoxic
conditions, respectively, dishes were sealed tightly and scanned
under a confocal microscope with different objective lens. At
both low (Figure S32) and high (Figure 5a) magnifications,
cells under anoxic conditions presented bright magenta signals
of DBB-Ru and dim green signals of FITC, consistent with low
PO2

and pH values. In contrast, under normoxic conditions,
cells showed high FITC signals and low DBB-Ru signals,
consistent with high PO2

and pH values. We randomly picked
regions of interest (ROIs) in each high-resolution CLSM
image (Figure S33) to obtain intensity readouts from ImageJ.
The calculated rF/R is inversely proportional to rRu/R (Figure
S34). We repeated imaging studies under normoxic conditions
to show the robustness and reproducibility of our ratiometric
sensing system (Figure S35). Analysis of over 300 ROIs
showed a positive correlation between pH and local O2
concentration inside mitochondria (Figure 5b). This con-
clusion matches the previously qualitative studies.36,37 Our
work presents the first quantitative study to establish the
correlation between pH and O2 in mitochondria.
In summary, we have demonstrated the first biological

sensing using multifunctional nMOLs. Covalent conjugation of
FITC and RITC on the surface of the Hf12-Ru MOL afforded
Hf12-Ru-F/R as a mitochondria-targeted ratiometric sensor for
real-time monitoring of pH and O2 in live cells. High-
resolution confocal microscope imaging using Hf12-Ru-F/R as
a ratiometric sensor provided the first quantitative evidence for
a positive correlation between pH and local O2 concentration
in mitochondria. This study establishes the potential of
nMOL-based ratiometric biosensors in sensing and imaging

Figure 4. Time-dependent subcellular localization of Hf12-Ru in
CT26 cells. Blue, red, green, and magenta colors represent DAPI-
stained cell nuclei, endo/lysotracker-stained endo/lysosomes, mito-
tracker-stained mitochondria, and Hf12-Ru, respectively. Scale bar = 5
μm.

Figure 5. (a) Ratiometric luminescence imaging of CT26 cells after incubation with Hf12-Ru-F/R under normoxia, hypoxia, and anoxia conditions.
Scale bar = 10 μm. (b) Scatter plot showing a positive correlation between pH and PO2

in mitochondria as sensed by Hf12-Ru-F/R. Statistical
analysis gave a Pearson correlation coefficient (r) of 0.66.
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of biologically important analytes in order to reveal new
insights into physiological processes in live cells.
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