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ABSTRACT: Nicotinamide adenine dinucleotide (NADH) is central to
metabolism and implicated in various diseases. Herein, nanohybrids of
gold nanostars and metal—organic frameworks are devised and
demonstrated as a dual-mode NADH sensor, for which colorimetric
detection is enabled by its peroxidase-like nanozyme property and Raman
detection is realized by its surface-enhanced Raman scattering property
with the detection limit as low as 28 pM. More importantly, this probe
enables real-time SERS monitoring in living cells, providing a unique tool
to investigate dynamic cellular processes involving NADH. Our
experiments reveal that metabolism dynamics is accelerated by glucose
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and is much higher in cancerous cells. The SERS results can also be 4,

verified by the colorimetric detection. This sensor provides a new

potential to detect biomarkers and their dynamics in situ.
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Nicotinamide adenine dinucleotide (NADH) is an
important coenzyme involved in the cytoplasmic
glycolysis pathway and respiratory cascade in mitochondria
and therefore implicated in various diseases, such as cancer,
Alzheimer’s disease, and diabetes."”” In living cells, NADH is
oxidized to NAD" in the electron transport chain of the
tricarboxylic acid cycle in glycometabolism, donating its
electron for ATP synthesis.”” In addition, NADH is also
well-known for its reducing power as a redox cofactor and an
up-regulator of the glutathione level.” Therefore, endogenous
NADH detection is beneficial to revealing its metabolic
mechanism and to the diagnosis and treatment of related
diseases. Currently, a variety of approaches have been
established to detect NADH, such as electrochemical measure-
ment,”” fluorescence detection,” ' and high-performance
liquid chromatography.'”” However, these methods often
suffer from many limitations on the in situ monitoring of the
endogenous NADH in living cells, such as cell destruction,
expensive facility, vulnerability to various interferences, slow
response, photobleaching, poor reproducibility, or poor
specificity.

Surface-enhanced Raman scattering (SERS) spectroscopy is
deemed a powerful tool for label-free detection of
biomolecules with high specificity and sensitivity.'*~"” More
importantly, SERS shows many advantages in preventing
photobleaching and autofluorescence, making it a potential
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technique for quantitative analysis and bioimaging in living
cells.”*™1° Generally, noble metal nanostructures (Au, Ag, Cu,
etc.) can act as SERS substrates to greatly enhance the Raman
signals even over 10 orders of magnitude via electromagnetic
enhancement, which are highly suitable for the application of
SERS in biomedical applications."”"” For example, Masson’s
group has fabricated SERS nanofibers decorated with
plasmonic metal nanoparticles to monitor metabolites under
different conditions.'*"> Specifically, when the SERS nanofiber
was modified with a pH-responsive molecule (4-mercapto-
benzoic acid), it was able to linearly quantify intracellular pH
over the range of 6.5—9.5."° Recently, it has been reported that
semiconducting metal organic frameworks (MOFs) can
magnify Raman signals via chemical enhancement.'®'” More-
over, MOFs can also act as vehicles to carry individually
dispersed SERS-responsive noble nanoparticles.'® Thus,
MOEF/noble nanoparticle hybrids can synergistically enhance
SERS signals. Besides, MOFs have attracted increasing
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Scheme 1. Schematic Illustration of a Dual-Mode NADH Biosensor Based on Au/CoFe,-MOFs to Reveal the Dynamics of Cell

Metabolism
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attention in colorimetric detection due to their intrinsic
enzyme-like property.”” Therefore, we conceive that dual-
mode sensing systems based on MOF/noble nanoparticles
may be designed where colorimetrics can provide convenient
ensemble analysis and highly enhanced Raman signals can
provide label-free and real-time detection at the cellular level.

Herein, a dual-mode biosensor, gold nanostar/CoFe,-MOF
hybrids (Au/CoFe,-MOFs), are devised to detect NADH
based on either a colorimetric or SERS mechanism and reveal
the dynamics of cell metabolism (Scheme 1). CoFe,-MOF
serves not only as a peroxidase-mimicking nanozyme to
catalyze the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB)
dye molecules for the colorimetric detection of NADH but also
as an enhancer for Raman signal and a carrier of Au nanostars
(Au NSs) which present abundant sharp edges and tips to act
as SERS-active “hot spots”. Such sensors exhibit high
sensitivity and specificity toward NADH. Furthermore, it can
reveal the intracellular distribution of NADH, its metabolism-
dependent dynamics, and the metabolic differences between
normal and cancerous cells. The demonstrated strategy may be
also applied to other key factors in the intracellular metabolic
networks, whereby providing unique tools for both funda-
mental study of cell biology and diagnosis.

B EXPERIMENTAL SECTION

Synthesis of CoFe,-MOFs Hybrids. FeCl,-6H,0 (0.346 mmol,
93.4 mg), CoClL,-6H,0 (0.173 mmol, 41.2 mg), and NH,—-BDC
(0.519 mmol, 94.2 mg) are added into the DMF solution (16 mL) to
dissolve by sonication for 10 min. Then, the mixture is placed in the
microwave reactor at 140 °C for 5 h.>" The red—black product is
collected by centrifugation for 10 min.

Synthesis of the Gold Nanostars (Au NSs). The surfactant-free
method is used to prepare Au nanostars. Aqueous HAuCl, solution
(20.0 uL, 10.0 mM) is first mixed with water (1.0 mL), and then
AgNO; solution (3.0 4L, 10.0 mM) is added. After the solutions are
thoroughly mixed, fresh ascorbic acid (AA) (4.0 uL, 100 mM) is
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quickly added and vigorously shaken for 20 s at room temperature.
After centrifugation at a speed of 4800 rpm for 10 min, the Au NSs
are redispersed in water (1.0 mL) for further use.””

Synthesis of Au/CoFe,-MOFs Hybrids. The prepared Au NSs
solution (20.0 mL) is used to disperse the synthetic CoFe,-MOFs
(20.0 mg) and mixed by sonication for about 60 min. The Au/CoFe,-
MOFs are obtained by centrifugation.

NADH Detection by Colorimetric Method. First, NADH
solutions with various concentrations (50 L, 1.93 X 107" M to 1.93
X 107 M) are incubated with NAc-Ac buffer (pH 4.5, 2800 uL, 20.0
mM). Subsequently, Au/CoFe,-MOFs solution (1.0 mg/mL, SO L),
H,0, (30 mM, 50 uL), and TMB (30 mM, S0 uL) are added into the
above solution. Finally, the absorption spectra of mixed solutions are
recorded after being incubated at 25 °C for 2 min.

SERS Measurement. The R6G is used as a Raman probe to
estimate the SERS properties of Au/CoFe,-MOFs. In a typical
experiment, the Au/CoFe,-MOFs (1.0 mg) are dispersed in 1 mL of
R6G solution (107° M) over the course of 2 h for the SERS
measurements. The SERS experiments are performed by Raman
spectroscopy (inVia Qontor, Renishaw), and the excitation source is
the 785 nm laser. The Enhanced Factor (EF) is calculated by the
following equation:**

C

ISERS ref

I

ref

EF =
Csers

where Igprg and I are the peak intensities of the R6G at 1510 cm™

on the SERS substrate and the reference substrate, respectively. Cgggg
and C,¢ are the R6G concentrations on SERS substrates and reference
substrates.

NADH Detection by SERS. NADH is examined by Au/CoFe,-
MOF substrates. First, the Raman probes are obtained by modifying
4-mercaptophenylboronic acid (MPBA) molecules on the surface of
Au/CoFe,-MOFs via Au—S bonds. In brief, the mixture of MPBA
(200 pL, 25 mM) in ethanol is added to the Au/CoFe,-MOFs (0.8
mL, 1.0 mg/mL) solution and maintained overnight. After that, the
solution is centrifuged at 8000 rpm for 10 min to remove the excess
probe. Then, the obtained MPBA-Au/CoFe,-MOFs are dispersed in
water or culture medium for the following experiments. Different
concentrations of NADH (200 uL) are incubated with MPBA-Au/
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Figure 1. (A) Preparation process of Au/CoFe,-MOFs. (B) TEM images of CoFe,-MOFs. (C,D) HRTEM of CoFe,-MOFs at different lattice
planes. (E) FFT pattern of CoFe,-MOF. (F) EDS images of a CoFe,-MOF and the corresponding elemental mappings for C, N, O, Fe, and Co.
(G) TEM image of Au/CoFe,-MOFs. The scale bar is 200 nm. (H) X-ray diffraction pattern of CoFe,-MOFs (black curve) and Au/CoFe,-MOFs

(red curve).

CoFe,-MOFs (800 uL) for 1 h. Then, the NADH-MPBA-Au/CoFe,-
MOFs are collected by centrifugation (8000 rpm) and dispersed by
PBS (1.0 mL, pH 7.4). NADH-MPBA-Au/CoFe,-MOFs solutions
(10.0 L) at different concentrations are dropped onto aluminum foil
for SERS measurements. For SERS studies, a 785 nm laser is used.
and the collective time was 3 s for a one-time measurement. SERS
signals from random spots on the substrates are recorded to
investigate the reproducibility. For in situ SERS imaging, MPBA-
Au/CoFe,-MOFs solution (the final concentration was 10.0 yg/mL)
is cultured with HeLa cells or L929 cells (1 X 10° cells/mL). Then,
HeLa cells or L929 cells are cleaned by PBS three times. After that,
HeLa cells or L929 cells are treated with glucose (10.0 mM) for 1 h or
pyruvic acid (1.0 mM) for 30 min. The SERS imagings are recorded
using the same conditions as above with extension of time.

B RESULTS AND DISCUSSION

Characterization of Au/CoFe,-MOFs. The synthesis of
CoFe,-MOFs is schematically described in Figure 1A. First,
amine-1,4-dicarboxybenzene (NH,—BDC), FeCl;-6H,0, and
CoCl,-6H,0 are mixed in N,N-dimethylformamide (DMF)
and dissolved by ultrasound. The mixture is then placed in a
specific tube and the tube kept in a microwave oven.”' The
carboxyl groups of NH,—BDC could be coordinated with Fe**
and Co" at 140 °C to produce dark red CoFe,-MOF powder
(Figure S1 inset). As revealed by scanning transmission
electron microscopy (SEM) and transmission electron micro-
scope (TEM), CoFe,-MOFs are octahedral with a relatively
uniform size of ~200 nm (Figure S1 and Figure 1B). The high-
resolution TEM (HRTEM) image is employed to determine
the crystal structures of CoFe,-MOFs under the very low
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energy of an electron beam. As displayed in Figure 1C and D,
the crystal planes belonging to [022] and [111] in CoFe,-
MOFs are collected.”* The relevant fast Fourier transform
(FFT) pattern of the CoFe,-MOFs is shown in Figure 1E.
Subsequently, energy dispersive X-ray spectroscopy (EDS) on
TEM is used to determine the element composition and
distribution. As shown in Figure 1F, the distribution of C, O,
N, Co, and Fe elements is homogeneous on the entire CoFe,-
MOF particle, demonstrating that the proposed MOFs are
bimetallic CoFe,-MOFs rather than simply mixing Co-MOFs
with Fe-MOFs. Inductively coupled plasma mass spectrometry
(ICP-MS) quantified the proportion of Fe elements and Co
elements in the CoFe,-MOFs to be 3.27 and 1.48 wt %,
respectively, which is almost equivalent to the feed ratio of
FeCl;-6H,0 and CoCl,-6H,0 (2:1).

Gold nanostars (Au NSs) are synthesized using a typical
surfactant-free method and modified with thiol caproic acid via
Au—S bonds (Figure S2).*** Au/CoFe,-MOF hybrids are
prepared by mixing negatively charged carboxyl modified Au
NSs with positively charged CoFe,-MOFs via electrostatic
interactions (Figure 1A). The octahedral morphology of
CoFe,-MOFs is clearly observed by TEM (Figure 1G), and
Au NSs (around 60—90 nm) are randomly distributed on the
surface of MOFs. The zeta potentials of Au NSs, CoFe,-MOFs,
and Au/CoFe,-MOFs are —32, +39, and +19 mV, respectively
(Figure S3). Zeta potential changes further demonstrate that
Au NSs are incorporated simply with CoFe,-MOFs via
electrostatic interactions.”> The crystal structures of CoFe,-
MOFs and Au/CoFe,-MOFs are further investigated by X-ray
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Figure 2. (A) Schematic illustration of the process for NADH detection by the colorimetric method. (B) UV—vis spectra of different groups in
NAc-HAc buffer (pH 4.5, 20.0 mM) (black curve: TMB, red curve: H,0,/TMB, blue curve: Au/CoFe,-MOFs/TMB/H,0,, respectively). The
concentration of Au/CoFe,-MOF was 0.1 mg/mL, that of H,0, is 800.0 M. and that of TMB is 1.0 mM in buffer solution. (C) Fluorescence
spectra of different reaction systems (pH 4.5, 20.0 mM) after 10 min reaction. (Black curve: TA, red curve: TA/H,0,, blue curve: Au/CoFe,-
MOFs/TA/H,0,). (D) UV—vis spectra of ox-TMB after adding variable concentrations of NADH (the arrow: 19.3 nM to 193.0 mM). (E) Linear
calibration plot of (Aj—A) versus the logarithm of NADH concentration. A: the absorbance of ox-TMB before adding NADH. A: the absorbance
of ox-TMB after adding NADH. The inset is the color change after adding different concentrations of NADH. From left to right: the concentration
of NADH increased. The error bars represent the standard deviation (n = 3 experiments).

diffraction patterns (XRD) (Figure 1H). The main peaks of
CoFe,-MOFs and Au/CoFe,-MOFs at 7—30° are basically the
same, ascribing to the NH,-MIL-101(Fe) typical signals.”**° It
also suggests that the crystal structure of CoFe,-MOFs is not
destroyed after decoration with Au NSs. In addition, the XRD
spectrum of Au/CoFe,-MOF powders displays two new
characteristic peaks at 38.5° and 44.1°, consistent with Au
[111] and Au [200].>° Furthermore, Fourier transform
infrared spectra (FT-IR) of CoFe,-MOFs and Au/CoFe,-
MOFs are similar (Figure S4). On the basis of the related
results, it could be assumed that the structure of CoFe,-MOFs
is not damaged after introducing Au NSs. Besides, X-ray
photoelectron spectroscopy (XPS) analysis also provides more
evidence to confirm the successful synthesis of the as-prepared
Au/CoFe,-MOFs shown in Figure S5.

NADH Detection by Colorimetric Method. As shown in
Figure 2A, Au/CoFe,-MOFs possess excellent peroxidase-like
activity. In the presence of H,0,, Au/CoFe,-MOFs can oxidize
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colorless 3,3",5,5'-tetramethylbenzidine (TMB) to blue color
oxidized TMB (ox-TMB) with a characteristic peak located at
652 nm,”” which is absent from TMB and TMB/H,0, (Figure
2B). Like natural horseradish peroxidase (HRP), the
peroxidase-like activity of Au/CoFe,-MOFs is concentration
and pH dependent (Figure S6 and Figure S7). According to
the Michaelis—Menten, the Michaelis—Menten constant (K,,)
and the maximum reaction velocity (V,,) are calculated (Figure
S8). When TMB and H,0, serve as substrates, the V,, values
of the Au/CoFe,-MOFs at pH 4.5 are around 8.1 X 107 M st
and 6.4 X 107 M s7, respectively. Meanwhile, when TMB
and H,0, are introduced as substrates, the K, values are about
0.162 mM and 0.092 uM, respectively. Au/CoFe,-MOFs
possess lower K,, and faster V,, compared to HRP,”® suggesting
the strongest affinity and higher reaction activities.

-OH radicals can cause the oxidation of TMB to blue ox-
TMB, inducing the NADH detection by the colorimetric
method; thus it is important to confirm whether -OH radicals
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Figure 3. (A) Schematic illustration of the process for NADH detection. (B) SERS spectra of R6G molecules (10~ M and 107 M) using
aluminum, Au NSs, CoFe,-MOFs, and Au/CoFe,-MOFs as SERS substrates. (C) Corresponding enhanced factors (EFs). (D) Raman spectra of
MPBA after adding NADH at different capture times. (E) SERS intensity at 1076 cm™ versus capture time from (D). (F) Raman spectra of MPBA
by variable concentrations of NADH (3.86 X 10™* uM to 3.86 X 10* uM). (G) Linear calibration plot between the increase of Raman intensity at
1076 cm™" and the logarithm of NADH concentration. The error bars represent the standard deviation (n = 3 experiments).

are generated by this nanozyme. Terephthalic acid (TA) can
be oxidized by -OH radicals to produce a fluorescence product
with a maximum emission wavelength of 447 nm.”” Compared
to other groups, there is an obvious peak at 447 nm for H,0,/
Au/CoFe,-MOFs system, indicating -OH is generated due to
the higher catalytic activity of Au/CoFe,-MOFs (Figure 2C).
To further demonstrate the generation of -OH, the Raman
spectra of ox-TMB are recorded during the catalytic process
shown in Figure S9. The results suggested that the high
peroxidase-mimic activity of Au/CoFe,-MOFs can catalytically
decompose H,0, to produce -OH, effectively oxidizing TMB
to blue ox-TMB for further biosensor application based on the
colorimetric method.

As a reductant, NADH suppresses the generation of blue ox-
TMB catalyzed by Au/CoFe,-MOFs (Figure 2A).”” Thereby, a
simple and naked-eye colorimetric detection for NADH is
realized. As shown in Figure 2D, the absorbance at 652 nm
decreased with increasing concentration of NADH. Consis-
tently, visible color changes to colorless are observed as the
concentration of NADH increases (Figure 2F inset). A good
linear relationship between ,A (A = Ay — A, A, is the
absorbance at 652 nm before adding NADH shown in Figure
S10) and the concentration of NADH from 19.3 nM to 193.0
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mM has been found in Figure 2E. The error bars indicate the
standard deviation. In our experiment (Figure 2E), each point
represents the mean and standard deviation of the absorbance
of ox-TMB from 3 parallel measurements after adding NADH
with a defined concentration. The linearly fitted line is A =
0.01 In C + 0.77 with an R value of 0.987. The limit of
detection (LOD) is 2.7 X 10~ M. Based on the above results,
the colorimetric method shows an excellent capability for
convenient and low-cost analysis of NADH without the need
of complicated equipment. However, an acidic environment is
required by the nanozymes-based colorimetric method, and
this limits NADH dynamics study in living cells.

NADH Sensing by SERS. Au NSs can enhance the SERS
signals by electromagnetic enhancement (EM),"® and CoFe,-
MOFs have semiconducting-like properties, providing the
chemical enhancement (CM) of Raman signals.'” Due to the
coexistence with the EM and CM, Au/CoFe,-MOF hybrids
are excellent candidates for the detection of NADH (Figure
3A). In this work, the SERS enhancement capacity on different
substrates is determined by R6G molecule, and the Raman
spectra of R6G (1.0 X 107® M) are recorded from MOFs, Au
NSs, and Au/CoFe,-MOFs under 785 nm laser irradiation,
respectively (Figure 3B). Obviously, R6G bands are very weak
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Figure 4. (A) Scheme of SERS imaging by MPBA-Au/CoFe,-MOFs after treatment with different compounds. Bright-field image (B,D) and
Raman image (C,E) of L929 cells before (B,C) and after (D,E) treatment with glucose (10.0 mM) at 1076 cm™". The scale bar is 10 gm. Bright-
field image (F,H) and Raman image (G,I) of HeLa cells before (F,G) and after (H,I) treatment with glucose (10.0 mM) at 1076 cm™". The scale
bar is 10 ym. Bright-field image (J) and Raman image (K) of HeLa cells after treatment with pyruvic acid (1.0 mM) at 1076 cm™". (L) Raman
spectra of MPBA in L929 cells before and after treatment with 10.0 mM glucose within 6 h (1 = 10 experiments). (M) Raman spectra of MPBA in
HeLa cells before and after treatment with 10.0 mM glucose within 6h (1 = 10 experiments). (N) Average Raman intensity at 1076 cm™" in HeLa
cells and 1929 cells before and after treatment with 10.0 mM glucose at different times. The error bars represent the standard deviation (n = 10
experiments). (O) Raman spectra of MPBA in HeLa cells after treatment with pyruvic acid for 30 min.

on the aluminum even with higher concentration (1.0 X 107"
M), whereas the peak intensities of R6G are noticeable on
CoFe,-MOFs and Au NSs substrates, attributing to the greater
SERS enhancement via CM and EM, respectively. Interest-
ingly, with the decoration of Au NSs on CoFe,-MOFs, the
highest peak intensity of R6G can be observed, attributed to
the synergistic effect of the EM from Au NSs (called “hot-
spot’)*' and the CM from the CoFe,-MOFs. The average
enhancement factors (EF) of Au NSs, CoFe,-MOFs, and Au/
CoFe,-MOFs on the aluminum foil are calculated to be about
44 x 105 32 X 105 and 2.3 X 107, respectively (Figure
3C).>**° Based on the above results, Au/CoFe,-MOFs are
employed for NADH detection on the basis of the SERS
technique. Generally, target NADH is specifically captured by
the boronic acid groups in 4-MPBA on Au/CoFe,-MOFs.””'
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After unwanted species are washed away, the captured NADH
is then subjected to SERS detection.

To acquire more sensitive SERS signals, the optimized
experiments for some parameters are conducted. In this work,
the wavelength of the laser, the power of the laser, the
concentration of MPBA, and the effect of the incubation time
of NADH are the main factors influencing the sensitivity. As
shown in Figure S11, the three strong Raman bands (1586
em™}, 1076 cm™, and 589 cm™') can be collected under three
wavelengths of laser, attributed to C=C stretching, breathing
vibration modes of the aromatic nucleus, and B—OH shear
vibrations in the MPBA spectra, confirming that MPBA shows
high SERS activity.”” The following experiments are performed
with a 785 nm laser in order to gain a higher Raman scattering
intensity at 1076 cm™! compared with a 532 or 633 nm laser,
and the Raman intensity of MPBA at 1076 cm™ is increased
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with increasing power of the 785 nm laser from 0.05% to 100%
(Figure S12). The concentration of MPBA also has an
influence on SERS signals (Figure S13). The characteristic
Raman peaks at 1076 cm™" gradually increase with increasing
concentration of MPBA from 1.25 mM to 5.0 mM and then
plateau after 5.0 mM, suggesting a saturation of MPBA
modification.

The optimum hybridization time is investigated by mixing
NADH solution (100.0 pL, 1.93 mM) with MPBA-Au/CoFe,-
MOFs solution (1.0 mL) and then incubated for different
times (10, 20, 30, 40, 50, 60, 70, 80, and 90 min) at 4 °C.
When the NADH solution incubates with MPBA-Au/CoFe,-
MOFs, the Raman intensity at 1076 cm™" first increases and
then remains constant after 60 min (Figure 3D). This
phenomenon indicates that NADH molecules can specifically
react to the boronic acid groups in MPBA, increasing the SERS
intensity of MPBA under charge-transfer effects, and the action
of orientation changes.”> Then the Raman intensity reached a
platform after 60 min, indicating complete hybridization. The
intensity—time curve is shown in Figure 3E, which is in line
with the result in Figure 3D.

The sensitivity is indispensable for evaluating the practicality
of the established sensors. The concentration-dependent
Raman measurements are evaluated on the Au/CoFe,-MOF
substrates. The Raman intensity at 1076 cm™' increases
gradually with the increase of NADH concentration from 3.86
X 107" uM to 3.86 X 10° uM (Figure 3F). The plot of
intensity (I) versus the logarithm concentration (3.86 X 107*
uM to 3.86 uM) of NADH shows that the relative SERS
intensity linearly increases depending on the concentration
(Figure 3G). The linearly fitted line is I = 1029 In C + 11314
with an R?* value of 0.979. Notably, as the concentration of
NADH rises to 38.6 uM, the Raman intensity shows a sharp
increase. The limit of detection (LOD) can be achieved to 2.8
X 107" M (the calculation process is shown in Supporting
Information), which is much lower than that of the most
reported methods depicted in Table SI. To evaluate the
reproducibility of the present sensor, the reproducibility is first
determined by repeatedly detecting NADH molecules (1.93
mM) on Au/CoFe,-MOFs substrate at different spots on the
same batch (Figure S14), and the SERS intensities at 1076
cm™ are averaged with five measurements. This method shows
excellent reproducibility with a quite low value of relative
standard deviation (RSD) of about 5.0%. Similarly, the batch-
to-batch reproducibility is also acceptable with the RSD of
7.8%. To evaluate the specificity of the proposed biosensor for
NADH detection, several relevant interference species were
selected for testing, including albumin from bovine serum
(BSA), glucose (Glu), and glutathione (GSH). These
molecules even at a much higher concentration than NADH
(100 vs 2 mM) did not cause significant interference with the
detection BSA; Glu and GSH gave negligible SERS signal,
whereas the SERS intensity increased rapidly after adding
NADH, indicating that SERS can specifically detect NADH
(Figure S1S5). The results demonstrate that the proposed
sensor exhibits excellent specificity toward NADH.

NADH Dynamics in Living Cells. Inspired by the
excellent performance of this NADH probe in vitro, the
application of the proposed sensor for monitoring NADH
dynamics is evaluated in live normal cells and human cancer
cells. The cytotoxicity of Au/CoFe,-MOFs is first assessed
before the bioimaging analysis. Two different cell lines
(fibroblast cells (L929) and human cervical cancer cells
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(HeLa)) are used to carry out the toxicity assay. Obviously, the
Au/CoFe,-MOFs showed negligible toxicity inside living cells
even the concentration is as high as 200 pg/mL (Figure S16).
Therefore, Au/CoFe,-MOFs are suitable candidates for
bioimaging analysis of living cells. Besides, added materials
further improved the negligible effect on the production of
NADH in cells. Specifically, two cell groups at the same
concentration (5§ X 10° cells/mL) with or without materials
were cultured; the NADH was then extracted and quantified
by the colorimetric method as described in the Experimental
Section (Figure S17). Obviously, the material had a slight
effect on the production of NADH, which was conducive to
the in situ study of intracellular NADH concentration and
distribution. Owing to the limitation of the in situ colorimetric
method, SERS technique is used to investigate the metabolic
NADH dynamics in living cells (Figure 4A). It is reported that
intracellular NADH levels show an enhanced response during
glucose metabolism.” To demonstrate the capability of MPBA-
Au/CoFe,-MOFs for detecting intracellular NADH, living cells
are treated with glucose (10 mM). The SERS images of cells
are collected using Raman Spectroscopy (Figure 4B—K). As
expected, when treated with 10 mM glucose, MPBA-Au/
CoFe,-MOFs incubated cells show a stronger Raman response
at 1076 cm™ from the SERS mapping (Figure 4E and I) than
in the absence of glucose (Figure 4C and G). Meanwhile, the
Raman spectra of MPBA are measured in the living cells, upon
pretreatment with glucose. Both 1929 cells (Figure 4L) and
HeLa cells (Figure 4M) exhibit an increase in the intensity at
1076 cm™, which directly correlate with the increase in
intracellular NADH levels. In the time-dependent study, the
amount of NADH molecules increases within time from 2 to 6
h in either HeLa cells or L929 cells. The reason for this is that
the relevant fluctuations of glucose levels have a significant
effect on the NADH level, thereby resulting in a gradually
increased NADH during glucose metabolism.”* Interestingly,
the Raman intensity at 1076 cm™ is larger in cancer cells
(HeLa cells, Figure 4N) than that in normal cells (L929 cells,
Figure 4N). The phenomenon is explained as followings:*>*°
(1) The rapid proliferation of cancer cells demands more
energy, giving rise to higher glucose consumption when
compared to normal cells, which can cause higher NADH
generation in cancer cells. (2) When glucose concentrations
exceed physiological levels, altered metabolism can result from
the high levels of glucose uptake and increased conversion of
glucose via the glycolytic pathway (Warburg effect proposed by
Nobel laureate Otto Warburg).*® In addition, overproduced
pyruvic acid converts into lactic acid in the glycolysis pathway
in cancer cells, which would accelerate the consumption of
NADH. ' Therefore, MPBA-Au/CoFe,-MOFs as a SERS
probe are used to determine the NADH level after adding
pyruvic acid. As shown in Figure 4J,K, the Raman signal at
1076 cm™" from the SERS mapping is weaker than that in the
absence of pyruvic acid. The Raman intensity at 1076 cm™
also decreases, indicating the decrease in intracellular NADH
levels after treatment with pyruvic acid (Figure 40). These
results demonstrate that the probe is a quite promising SERS
tool for the determination of endogenous NADH and cellular
imaging, which is consistent with previously reported work.”
To verify the accuracy of the Raman results;, NADH is
extracted from cells to quantify via the colorimetric method as
shown in Figure S18. It could be seen that the absorbance of
ox-TMB at 652 nm decreases in cells after being treated with
glucose, indicating more NADH generation after the addition
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of glucose. In contrast, the absorbance at 652 nm increases
after being treated with pyruvic acid due to reduced NADH
production. In addition, the absorbance of ox-TMB at 652 nm
is lower in HeLa cells than that in 1929 cells, suggesting the
higher content of NADH in cancer cells. The results are in line
with the result of in situ SERS measurement. Therefore, the
proposed dual-mode biosensor is not only capable of the facile
and fast naked-eye detection of NADH but also a in situ
supersensitive SERS probe for monitoring NADH dynamics in
living cells.

B CONCLUSION

In summary, a new colorimetric and SERS dual-mode sensor
based on Au/CoFe,-MOFs is developed, which shows
significant Raman enhancement and colorimetric response
toward NADH. Based on the colorimetric mode, NADH can
be detected with the naked eye in a linear range of 1.93 X 10~*
to 1.93 X 107" M with the LOD of 2.7 X 10~ M. Such a
sensor also shows a high sensitivity with a wide linear range of
3.86 X 107" M to 3.86 X 107> M based on SERS detection
with the LOD of 2.8 X 107! M. Furthermore, the intracellular
distribution of NADH and its dynamics during glycometab-
olism are revealed. This sensor represents a unique tool to
reveal dynamic cellular processes involving NADH and identify
the difference between cancerous cells and normal cells.
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