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Introduction

Ascorbic acid (L-AA), also known as vitamin C, is an important
nutrient but cannot be synthesized in humans. The source of
vitamin C intake mainly comes from vegetables, fruits or
medicines." It plays key roles in many physiological processes
and in modulating neurological diseases due to its good anti-
oxidant properties.>* For example, L-AA is released extracellu-
larly to scavenge reactive oxygen species (ROS) so as to protect
brain cells from oxidative damage.®” It shows not only effective
prevention and protection from many neurological diseases
caused by brain damage, but also active in the treatment of
scurvy benefiting from its neuro modulatory functions. Exces-
sive or low expression of L-AA in the body will be an indicative
message of disorders of some biological functions or appear-
ance of neurological diseases. Therefore, it is of great impor-
tance to quickly monitor the concentration of ascorbic acid in
cells or in the physiological media with high sensitivity and
accuracy. Even though several methods have been established
for L-AA detection, such as electrochemistry with a limit of
detection (LOD) of 10 %-10"° M,** high performance liquid
chromatography (HPLC) for determination of L-AA in foods,"
chemiluminescence and fluorescence which realize 107 M for
L-AA sensing,"® limitations related to low sensitivity, poor
specificity, expensive equipment requirements and time-
consuming sample procedures, are still existing. New
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solution thanks to the efficient capture and reduction of Fe®* in MIL-100(Fe) constituted the assay,
which was demonstrated to function well in food samples and in cellular media for L-AA sensing.

strategies for the detection of L-AA with high sensitivity, speci-
ficity and simplicity are thus highly desirable.
Surface-Enhanced Raman Scattering (SERS), as an emerging
powerful spectroscopic technique with ultrasensitive and label
free features, has been widely used in many fields such as
chemicals detection,* biomolecules sensing," food additives
monitoring™® and so on."”** The function of SERS-based sensor
mainly relies on the electromagnetic field enhancement
mechanism (EM), where the coupled surface plasmon reso-
nances can enhance the Raman scattering of the target mole-
cules by up to 10'".** In this case, the key step is to construct the
sandwich-type structures of noble metal nanoparticles and to
trap the molecules of interest sitting or binding in the nanogap
between particles, which adds much tedious and complex work
to the experiments. In addition, the multi-step strategy will
reduce the efficiency and accuracy of SERS technique. Another
possibility for Raman scattering enhancing is the chemical
enhancement mechanism (CM), which is usually closely related
to the charge transfer resonance (CT) between the frontier
orbital of the adsorbed molecule and the Fermi level of the
metal substrate.”® Using SERS technology, the detection limit of
L-AA could realize 1078-107° M.2*2* Ag or Au was usually used
as the SERS substrate in these research, and the detection
sensitivity and specific recognition to L-AA need to be improved.
Metal-organic frameworks (MOFs) can be regarded as a high
density, atomically dispersed metal topological skeleton,**
which facilitates and increases the efficiency of its interaction
with the target molecules involving the applications in catal-
ysis,*?*® and chemical detection.”” Combining the MOF mate-
rials which confines and concentrates target molecules with the
metal nanoparticles which serve as a conventional SERS-active
substrate will thus be an efficient way to sensing molecules of
interest. Wu®® et al. integrated AuNPs onto NH,-UiO-66(Zr) for
sensing orange II dyes in food samples. The detection limit was
0.4 mg L™" which is far beyond than that of MOFs or AuNPs
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alone. Shao® et al. reduced Ag' to Ag on MIL-101(Cr) substrate
and reached 10™"" M for 4-ATP detection.

Our previous work®” has demonstrated that MIL-100(Fe)
presents high SERS activity and can be an excellent substrate
in VOCs detection via CM. In situ synthesizing MIL-100(Fe) on
a SERS-active silver-island film (AgNFs), might further enhance
the Raman intensity of target molecules through both EM and
CM processes. Employing MIL-100(Fe)/AgNFs as the substrate
and utilizing the pronounced redox properties of L-AA to Fe®",
this approach reached a LOD of 10" M for L-AA sensing, much
lower than the conventional methods.

Results and discussion

Scheme 1 showed the synthetic route of the preparation of MIL-
100(Fe)/AgNFs at room temperature (RT), and the experimental
details were provided in the experimental section of SI. Briefly,
a silver nanofilm was grown on the glass wafer and followed by
covering an ultrathin film of gold via ion spraying. Then mer-
captopropionic acid (MPA) was linked to the substrate via Au-S
bonding. After reacting with Fe*" and 1,3,5-benzenetricarboxylic
acid (H3BTC) for 24 h, the composite MIL-100(Fe)/AgNFs was
obtained.

Fig. 1a displayed the typical SEM image of MIL-100(Fe). It
could be seen that MIL-100(Fe) presented both bulk and flake
crystals and was uniformly fixed and dispersed on AgNFs
surface through the exposed carboxyl groups. The XRD patterns
of glass, AgNFs and MIL-100(Fe)/AgNFs were shown in Fig. 1b.
Glass presents a broad diffraction hump, which is a typical
characteristic peak of inorganic glass materials.>® The diffrac-
tion peaks at 38.3° observed for AgNFs/glass corresponds to Ag
(111),** proving the successful synthesis of AgNFs on glass.
Furthermore, after in situ growth of MIL-100(Fe) on AgNFs, the
characteristic peaks of MIL-100(Fe) appeared, consisting with
the reported result.*” This proved that the crystals grown on
AgNFs were MIL-100(Fe). The grown process of MIL-100(Fe)/
AgNFs was characterized via SEM and presented in Fig. S1.f It
was clearly seen that only a little amount of MIL-100(Fe) was
observed to occupy on AgNFs surface at 12 h accompanying with
the exposure of most silver nanoparticles. With time extension,
MIL-100(Fe) gradually covered AgNFs surface and after 24 h
clumps of materials appeared on the surface (Fig. S1ff). The
morphology of in situ synthesized MIL-100(Fe) in solution
instead on AgNFs surface was also presented in Fig. S2,7 which
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Scheme 1 Synthetic route for MIL-100(Fe)/AgNFs preparation at RT.
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Fig. 1 (a) SEM of MIL-100(Fe)/AgNFs grown for 24 hours. (b) XRD of
glass, AgNFs and MIL-100(Fe)/AgNFs on glass. (c) Random Raman
spectra of MIL-100(Fe)/AgNFs at ten different spots. (d) Raman spectra
of AgNFs, AgNFs modified with MPA, MIL-100(Fe) growing for 24 h and
28 h, respectively, on AgNFs.

was observed to be similar to that obtained via hydrothermal
synthesis method.*® Comparing Fig. S1f{ with Fig. S2,f it was
safe to conclude that MIL-100(Fe) tended to grow in the way of
in solution after 24 h. Fig. S31 showed that the XRD peaks of
MIL-100(Fe) became to be entirety when it grew to 12 h and the
peak intensity reached a plateau at 24 h, indicating again that
the formation of MIL-100(Fe) on AgNFs basically completed at
24 h. Notedly, the Raman spectra in Fig. 1d showed the intensity
of MIL-100(Fe)/AgNFs for 24 h growth was higher than that for
28 h. The Raman scattering generated by MIL-100(Fe)/H,O
interface might be destroyed to some extent by the covered
clumps of materials which however contributes very little to the
scattering. Besides, a slight oxidation of AgNFs may also
account for the decrease of Raman intensity of MIL-100(Fe)/
AgNFs for 28 h growth. The formation of MIL-100(Fe) on
AgNFs was further confirmed by the EDS characterization
(Fig. S47). Fe element was expected to be less proportional than
Au and Ag and was observed to distribute evenly throughout the
materials. Taken together, these results demonstrated the
successful synthesis of MIL-100(Fe)/AgNFs.

[0}

0 o
on on o
o [ == o | +Fe¥'—m O + Fe¥*+ H*
HO, on 100 (-) HO, o (1)
o on

OH

L-AA AH DHA
o OH
o o
o ﬂ)» HO o
HO, ) [2)
(8]
OH no  om
DHA DKG

The size of MIL-100(Fe) crystals was determined to be 200-
400 nm for 24 h growth. Different from the topography of MIL-
100(Fe) obtained through hydrothermal synthesis method,***
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some crystals grown on the surface exhibited the crystal struc-
ture in lamelliform with less stacking and vertical growth (inset
in Fig. 1a and S31). That is, MIL-100(Fe) in flake shape possibly
possessed more defections, which could expose more Fe**
active sites and consequently facilitating its reaction with L-AA
in the next step.

L-AA exhibited strong reduction and chelation with metal
ions, making it an effective nonheme iron adsorbent. In
a weakly acidic environment, L-AA actively underwent a redox
reaction with Fe** as indicated in eqn (1). During this process,
L-AA was oxidized to dehydroascorbic acid (DHA), while only
a very small part of DHA could converted to 2,3-diketogulonic
acid (DKG) (eqn (2)) according to the literature.***® In this
experiment, MIL-100(Fe) effectively enriched L-AA from solution
and promoted the reduction of L-AA to Fe** in MIL-100(Fe),
resulting in the structure destruction. Spectral changes in
MIL-100(Fe) upon L-AA chelating and reducing Fe’" constitutes
the assay, finally realizing the detection of L-AA in real samples
and cellular media.

Considering that acidic environment would facilitate the
redox reaction of L-AA to Fe*', it was necessary to explore the
effect of pH values and reaction time of L-AA to MIL-100(Fe)/
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Fig. 2 The relationship of lg10 and l147¢ for MIL-100(Fe)/AgNFs with
gold spraying time under (a) 2 mA, (b) 5 mA, respectively.
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AgNFs to obtain the optimized conditions and ensure the
sensing validity of this assay. To remove the interference from
AgNFs due to its oxidation in the system containing NaOH and
Fe®*, a thin film of gold was sputtered on AgNFs for protection.
The sputtering details were provided in SI and the results were
shown in Fig. 2 and S5.1 The optimized sputtering parameters
was determined to be 5 mA for 30 s as indicated in Fig. 2b.

The typical Raman spectra of MIL-100(Fe)/AgNFs were
shown in Fig. 1c. The peak appeared at 610 cm ' was corre-
sponding to the out-of-plane deformation modes of the C-H
bond. The peaks at 1582 cm™ " are from the in-plane vibrations
of the benzene rings, while the peaks at 1287, 1372, 1476 and
1539 cm ™! are more likely to the vibrations of C=0 or C-O
group.?”?” Taking the intensity of the peak at 610 cm ™" (Isy0) as
the reference, the relationship of the intensity change Alg;( of
MIL-100(Fe)/AgNFs versus various pH conditions was tested. It
clearly showed that the stable pH window for MIL-100(Fe)/
AgNFs was in the range of 5.0-7.0 (Fig. 3a-c). When being
exposed to L-AA with certain concentration (107° M), the
intensity of MIL-100(Fe) decreased expectedly as presented in
Fig. 3d and e. The tendency of Al with pH variations was
shown in Fig. 3f. It was clearly seen that ;o decreased rapidly at
the pH range of 4.0-8.0 due to the efficient redox reaction of
ascorbic acid with Fe*".

Based on the determined stable reaction window as well as
the reduction efficiency of L-AA to Fe** indicated in Fig. 3c and f,
PH 5.0 seemed to be a reasonable choice. Considering the final
PH of the solution for MIL-100(Fe) synthesis on AgNFs is 5.2, it
is fair to tune the pH of the detection system to 5.2 to ensure
both the stability and sensing efficiency of MIL-100 (Fe)/AgNFs
to L-AA.

A clear time dependency was observed for I5;, when exposure
MIL-100(Fe)/AgNFs to L-AA with concentrations of 10 > M and
10~® M, respectively, as shown in Fig. 4. For both cases, the
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Fig. 3 SERS spectra of MIL-100(Fe)/AgNFs in the absence (a) and in the presence (d) of L-AA at different pH aqueous solution. (b) and (e) Details
of the spectra at 300 cm ™' to 1000 cm™. (c) The stable window of MIL-100(Fe)/AgNFs at various pH environments. (f) The reaction efficiency of

MIL-100(Fe)/AgNFs with 1078 M L-AA at various pH environments.
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Fig.4 (a) SERS spectra of MIL-100(Fe)/AgNFs upon 108 M of L-AA for
different reaction time at 610 cm™. (b) Intensity decrease of MIL-
100(Fe)/AgNFs at 610 cm™ upon L-AA of different concentrations
with reaction time.

Raman intensity of MIL-100(Fe) showed a rapid decrease within
10 min, suggesting a fast Fe** chelating and reducing process. It
is expectable to observe a faster intensity decrease for higher L-
AA concentration. The reaction equilibrium of this reaction
system reached at around 30 min as indicated in Fig. 4c.
Considering the time-efficient requirement for a sensor, 30 min
was selected and considered enough for this sensing system.
To assess the sensing performance of MIL-100(Fe)/AgNFs to
L-AA, SERS spectra were collected after exposure MIL-100(Fe)/
AgNFs to L-AA with various concentrations (10°"* M to 10>
M). With increasing concentration of L-AA, pronounced
decrease of Is;, was observed including the intensity of the
bands at 1287 ecm~ ' (»C=0 and »C-0), 1476 cm™ " (vC=0),
1538 ecm ' (vC=0) and 1582 cm~ ' (»C=C). Importantly, the
intensity decrease (Als;0/ly) was found to be quantitatively
correlated to the concentration of L-AA as shown in Fig. 5b (R* =
0.995, from 10™'" M to 10™® M), with a detection limit of
10~"" M. The results showed that the SERS spectra of MIL-
100(Fe)/AgNFs can be used to quantitatively detect L-AA in
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with various concentrations. (b) Algio/lo as a function of L-AA
concentrations. o means the initial intensity of MIL-100(Fe)/AgNFs
before reacting with L-AA. Error bars indicate three parallel samples,
each with 5 measurements. (c) The recovery of L-AA in effervescent
tablets to the extracted values from the working plot in (b). (d) Intensity
changes of MIL-100(Fe)/AgNFs when exposure to 10> M solutions of

interfering substances in aqueous solutions at pH 5.2.
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aqueous solution. In order to prove the sensing performance of
this platform for real samples, vitamin C lozenges and fruits
were selected and the results were shown in Fig. 5b. Since the L-
AA content in effervescent tablet has been indicated (marked on
the bottle), so it is easy to prepare the effervescent tablet
samples with determined concentration of L-AA. From Fig. 5¢, it
was clearly seen that the results for L-AA sensing in effervescent
tablet samples matched greatly to the working plot (the red
columns) at three decided concentrations, and the recovery of L-
AA (Cqetection/Cpreparation) Was determined to be 97.8%, 98.8%
and 104.8% from low to high concentrations respectively. Three
orange samples with approximate concentrations according to
the rough content level of L-AA in an orange (1.82 x 10”7 M)
were prepared and the detection results were presented in
Fig. 5b. The detected concentrations of the orange samples after
10x, 100x and 1000x dilution were 1.54 x 10™% M, 1.64 X
107° M and 2.77 x 10 '° M respectively, through the fitted
equation of the linear working plot (y = 0.093x + 1.173, Fig. 5b).
The detection results for the food samples proved the sensing
accuracy of MIL-100(Fe)/AgNFs platform for L-AA.

Considering the existence of L-AA in complex biological
environment, the specificity investigation of MIL-100 (Fe)/
AgNFs is thus of necessity especially in the applications in
cellular media. The specificity to L-AA was evaluated by
comparing the SERS spectra after exposure to 10> M aqueous
solution of the interfering substances including K(1), Na(i),
Ca(u), C17, BH, ", glycine (Gly), cysteine (Cys), glutamic acid
(Glu), glutathione (GSH) and glucose as shown in Fig. 5d.
Among those, BH, , Glu and GSH were selected as the reducing
substances similar to L-AA to verify if these substances had
effect on the reduction of Fe*". The results showed that all these
interfering substances had very subtle spectra change, con-
firming the selectivity of MIL-100(Fe)/AgNFs to L-AA detection.
It should be noted that with the framework decomposition of
MIL-100 to more and more L-AA, the chemical environment of
C-H (610 cm™ ') on the benzene ring changed and resulted in
the band shift as shown in Fig. 5a and d.*®* However, this shift
would not contribute to the change in signal intensity.
Compared with other interfering substances, the spectra
changes of the reducing ones are slightly larger, but far less
than the responses of L-AA.*>*® This might be due to the enol
structure of L-AA, which facilitated its binding to Fe** in MIL-
100(Fe) in acidic environment. A distinct change only
occurred in case of exposure to L-AA, indicating the interference
coming from other additives including the reducing substances
was negligible.

The assay's sensing capability of its potential applications in
the cellular medium might be more important. L-AA solutions
with different concentrations were spiked into the lytic 4T1 cells
(mouse breast cancer cells, ESIt for details). Fig. 6a showed the
peak intensity (Als;0/Io) gradually decreased with increasing L-
AA concentrations. A good linear relationship between Als;0/
and the log(L-AA) was obtained (R*> = 0.989, from 10" M to
10~° M). The LOD was determined to keep at 10~ " M, indi-
cating that the interference from the cell components was
minimal. To further demonstrate the potential applications of
this platform in cells, the detection of lysates of 4T1 and B16

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Spectral changes of MIL-100(Fe)/AgNFs at 610 cm™ upon
L-AA with various concentrations spiked in 4T1 cells. (b) Algio/lo as
a function of L-AA concentrations spiked in 4T1 cells. (c) The recovery
of spiked L-AA in 4T1 and B16 cells to the extracted values from the
working plot in (b).

(melanoma cell) spiked with L-AA solution with different
concentrations, respectively, were performed. Fig. 6b showed
the detection results of both L-AA spiked cells were well
matching to the working plot, which proves that the sensor
possesses great potential for clinical sample detection with high
sensitivity and quantitation.

Conclusions

A novel SERS sensing platform was developed for L-AA detection
by chelating and reducing Fe’" in MIL-100(Fe). A spectral
decrease of MIL-100(Fe)/AgNFs was utilized to quantify the
concentration of L-AA, which could attribute to the decomposi-
tion of MIL-100(Fe) during the redox process. This sensing
platform combined both the enrichment capacity of MIL-100(Fe)
and the outstanding Raman enhancement of AgNFs, which
drove it to 10 picomolar sensitivity and high specificity over other
interferences for L-AA detection. The assay presented its sensi-
tivity and selectivity in vitamin C lozenges and fruit samples.
Finally, the sensitive detection of L-AA in 4T1 and B16 was also
successfully demonstrated. To the best of our knowledge, this is
the first report on chemicals sensing by utilizing the structural
decomposition of MOF. This work provides a possibility for rapid
and sensitive detection of some neurochemicals in assisting the
clinical diagnosis by using SERS spectroscopy.
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