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ABSTRACT: Wearable sensors can provide important insight into a patient’s health
status by monitoring the concentration of specific biomarkers in body fluids. Compared to
biofluids such as blood or cerebrospinal fluid, which require an invasive acquisition
process, other body fluids such as sweat or exhaled air can be easily collected using patches
or masks, sufficient for the detection of metabolic and pathological changes. However, the
successful integration of an efficient biosensor into textiles or polymer substrates is a
challenge if flexibility and functionality are not to be compromised. Here, we demonstrate
the integration of nanoporous metal−organic framework (MOF) particles with
nitrocellulose (NC) fibrous layers using an electrospinning approach and validate the
efficiency of our MOF@NC structure as biosensors. The chemical response of this hybrid
nanomaterial upon exposure to different ionic sweat biomarkers such as NaCl and KCl as
well as pyocyanin, a biomarker for the nosocomial pathogen Pseudomonas aeruginosa, was
investigated using Raman spectroscopy. A change of the Raman intensity at distinct peaks
of our MOF-containing architecture occurs after treatment of the material with the analyte
solutions. Furthermore, we observed the sensitivities for pyocyanin at the normalized Raman intensity change to be up to −1120 au
μm−1, about 4 orders of magnitude larger than for NaCl and KCl. The independence of our architecture from the type of MOF and
the possibility of using different MOFs with individual chemistry make this approach a promising platform for versatile and
adaptable sensing of biomarkers with high sensitivity and selectivity.
KEYWORDS: metal−organic frameworks, electrospinning, particle integration, Raman spectroscopy, nanoscale, wearable sensor

■ INTRODUCTION
Wearable sensors embedded with stimuli responsive materials
are gaining importance in numerous fields from medicine1,2 to
fitness3,4 and to military applications5,6 owing to the possibility
of collecting and analyzing physicochemical data from
individuals with high precision and specificity. Many clinical
diagnostic methods necessitate invasive approach to analyze
body fluids such as blood,7−9 cerebrospinal fluid for the
detection of neurodegenerative diseases,10 and tissue samples
in diagnosis of cancer.11 The abundance of biomarkers such as
amyloid proteins in these body fluids makes it possible to
provide information on a wide range of diseases, but their
diversity also makes these body fluids very complex. Other
body fluids such as sweat,12−14 breath,15,16 saliva,17,18 or
wound exudate19,20 also contain various biomarkers that reflect
the health status of the patient and, unlike body fluids like
blood or CSF, can be collected noninvasively by wearables
such as patch devices,21 masks,22 or wound dressings.23,24

Equipped with an active biosensing platform, they can
accumulate target analytes and detect changes in the
concentrations of metabolites, thereby providing information
for early diagnosis of existing diseases or observing the course
of the condition.

For this purpose, sensors are needed that can meet
requirements such as sensitivity, selectivity, and versatility to
accurately detect various biomarkers in small quantities.25

These requirements can be addressed using metal−organic
frameworks (MOFs), a relatively new class of nanoporous
materials with crystalline coordination structure and extremely
large intrinsic surface areas.26−29 Their versatile structures30

and tunable functionality31,32 have made them increasingly
important in the field of chemical sensing and biosensing, for
example, as a suitable host for specific target analytes.33−37

Strain-based sensing with MOFs has already demonstrated
how the influence of mechanical strain on the MOF structure
can be used to detect chemical analytes.38 Recently, it has
already been shown that MOF-based biosensors exhibit
remarkable sensing efficiencies with low detection limits,
down to the femtomolar range39−41 for analytes such as heavy
metal ions,42 proteins,43,44 and cancer biomarkers.15,40
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The best method that allows a continuous monitoring
process of body fluids such as sweat without jeopardizing the
high porosity of MOFs is the integration into porous textiles
and polymer membranes for the realization of a wearable
sensing platform. However, the integration is a demanding
challenge when the functionality of the MOFs should not be
lost in the process, such as blocking of the nanopores when
coatings are applied over the MOFs. Therefore, for the
identification of the target analyte, open access to the MOF
should be ensured to enable the specific MOF−analyte
interaction as well as access with the analytical tool. Specimen
analysis and identification of the target analyte can be realized
quickly and label-free by optical Raman spectroscopy45 based
on changes in the individual scattering spectrum due to
physicochemical interactions at the molecular level, as it has
been shown for sweat sensing,46 blood analysis,47,48 cancer
detection,49 or the screening of neurodegenerative diseases
from cerebrospinal fluid.10,50 Raman spectroscopy is gaining
traction as a tool for diagnostics: Fast data acquisition based on
computational algorithms that reads only the required portion
of information increases reading speed and enables scanning of
larger areas suitable for biological samples.51 Furthermore,
portable Raman spectroscopy instruments are available that
increase mobility and allow on-site analysis, for example,
directly on the human body.52,53 The employment of MOFs in
combination with Raman spectroscopy provides advantages
such as amplification of the Raman signal or offering selectivity
toward specific analytes.15,34,54

Here we present the integration of biocompatible MOF-808
particles into nitrocellulose fibrous layers by using a sequential
electrospraying and electrospinning procedure. Our approach
has the advantage that the active MOF particles are effectively
entrapped and held in place by the loose fiber mesh while
maintaining the open architecture, thus preserving MOF
functionality. The highly porous matrix also provides trans-
lucence, which enables the access to optical analytic methods.
After demonstrating the fabrication process of the MOF-
nitrocellulose nanostructure, scanning electron microscopy

(SEM), atomic force microscopy (AFM), energy dispersive X-
ray spectroscopy (EDX), and Raman spectroscopy were used
to examine the different membranes. Next, we investigated the
optical Raman spectral response of our MOF architectures
upon exposure to different ionic sweat biomarkers such as
sodium chloride, which is an indicator of cystic fibrosis and
sweat rate, as well as potassium chloride, an identifier of muscle
activity.55 To also demonstrate the potential for infection
detection, the influence of pyocyanin on our architecture was
analyzed. Pyocyanin is released by the nosocomial pathogen
Pseudomonas aeruginosa as signaling molecule for chemical
communication, a phenomenon known as quorum sensing.56

We anticipate that our integration method could provide a
potential route to incorporate MOF particles into textiles, thus
having a very practical application for the realization of
functional materials and wearable sensing platforms.

■ RESULTS AND DISCUSSION
Fabrication of MOF@NC Structures. The basis for the

MOF@nitrocellulose (MOF@NC) architecture is a commer-
cially available nitrocellulose membrane with a pore size of
0.45 μm (manufacturer’s information; see Experimental
Methods). MOF-808 particles (see Experimental Methods)
were integrated by a sequential electrospraying and electro-
spinning process. First, MOF particles were sprayed and
distributed onto the purchased NC membrane. Afterward,
electrospinning of NC was executed for several minutes, which
led to the formation of a fibrous layer that covered and
physically entrapped the MOF particles (see Experimental
Methods). The electrospinning time defined the thickness of
the fibrous layer; here a time of 20 min was enough to achieve
a dense coverage. The fabrication procedure and the resulting
layered sandwich structure are shown in Figure 1 and
Supporting Information Figure S1. The presented approach
has the advantage that one can arbitrarily choose the type of
sprayed particles such as different MOFs, as well as the type of
electrospun polymer. The flexibility of this method also allows

Figure 1. Fabrication of MOF@NC layer. (a−c) Scanning electron microscopy (SEM) images of (a) pure NC membrane and (b) NC membrane
with electrosprayed MOF particles and (c) with additional electrospun NC fibrous layer on top. The insets show illustrations of the layer profile.
(d) Schematic of sequential electrospraying and electrospinning procedure (objects shown not to scale). By applying a high voltage between the
filled syringe and the metal plate electrode, charging effects lead to the release of droplets of MOF suspension or jets of NC polymer solution,
respectively, which are deposited on the membrane mounted to the electrode plate. (e) Color coded SEM image of the profile view of the final
sandwich structure. Visible delamination and detachment of the top fibrous layer are the result of the cutting process, which was exclusively applied
for imaging and profile analysis. MOF particles are colored in blue and NC in orange.
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the sequences to be adjusted and, if necessary, several layers to
be fabricated in series, for example, to create multilayers.
Characterization of the MOF@NC Architecture. X-ray

diffraction (XRD) measurements were performed to test the
purity of MOF-808. The XRD diffraction pattern showed a
clear agreement with known reflections from MOF-808.57,58

Crystallographic data were obtained from Cambridge
Crystallographic Data Center (CCDC), and the simulation
of the MOF-808 XRD pattern using CCDC Mercury software
resulted in excellent agreement with the measured data (Figure
S2a, Supporting Information). Crystallite size of the MOF-808
particles was determined to be 40 ± 5 nm by line profile
analysis using the “Williamson-Hall” approach (Figure S2b,
Supporting Information).59

Energy dispersive X-ray spectroscopy (EDX) measurements
were also performed. The mapping of zirconium clearly
identified the MOF-808 particles due to the presence of the
metal in the cluster (Figure S3, Supporting Information). To
test whether the MOF particles are not leached from the
fibrous NC layer, the sizes of the MOF particles and the NC
mesh spacing were analyzed. To ensure physical entrapment of
the particles, the mesh spacing should not be larger than the

particles. For the measurement of the size distribution of the
MOF, the particles were sprayed onto a pure aluminum foil.
Images were acquired using scanning electron microscopy
(SEM) and analyzed using the free computer software Fiji
(developed by ImageJ). By applying a brightness threshold, a
black and white image was created and the Feret diameters
(i.e., the largest dimension) of the particles were calculated
(Figure S4, Supporting Information). The possible influence of
a treatment with ultrasound for different durations before
electrospraying on the particle size distribution was analyzed.
Sonication from a minimum of 5 min to a maximum of 60 min
was found to have no significant effect on particle size (Figure
S5, Supporting Information). No ultrasonication resulted in a
less stable suspension with rapid particle precipitation, giving a
lower amount of particles in the electrospraying process.

The mesh spacing of the NC fibrous layer was determined in
the same way. NC fibers were electrospun on a blank substrate
for 20 min and then analyzed by SEM. In the computer
software Fiji, the images were converted to black and white,
and the outlines of the pores were traced. The calculated Feret
diameters of a total of 3263 spacings were evaluated and
presented together with the particle sizes (Figure S4,

Figure 2. Raman measurements on individual samples after treatment with NaCl (aq). (a) Top: Representation of the molecular structure of
benzenetricarboxylate organic linker (BTC) and zirconium metallic cluster, which form MOF-808 after coordination (pores illustrated as blue and
yellow spheres). Middle: The fabricated MOF@NC samples are fixed in a sample holder and systematically treated with analytic solutions. Insets
show photographs of a tweezer holding MOF@NC sample and a filled sample holder. Bottom: Schematic of the sensing workflow. MOF@NC
samples are treated with analyte solution and serve as trap for the added analytes. Raman spectroscopy is performed for chemical analysis and
detection of optical signal changes. (b) Full range spectra of individual active MOF@NC samples after treatment with aqueous NaCl solutions of
different concentrations (concentrations from 0.005 to 0.5 M, droplet volume of 20 μL, λexc = 532 nm). Boxes display regions of interest I, II, and
III, showing pronounced reduction in signal intensity after addition of NaCl (aq). (c−e) Zoomed-in spectra in region I at 120−340 cm−1 (c) and
265−305 cm−1 (d), indicated by the cyan and violet box. The solid lines show the average spectra of 11−12 measurements performed on two
different samples for each concentration. Colored areas display the standard deviation. (e) Peak intensity values at 286 cm−1 for the different
treated samples plotted against NaCl concentration. Inset shows the data on a logarithmic scale, and green area highlights the regime of interest,
with the linear dependence being further investigated.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.2c05252
ACS Appl. Nano Mater. 2023, 6, 2854−2863

2856

https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05252/suppl_file/an2c05252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05252/suppl_file/an2c05252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05252/suppl_file/an2c05252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05252/suppl_file/an2c05252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05252/suppl_file/an2c05252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05252/suppl_file/an2c05252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05252/suppl_file/an2c05252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05252/suppl_file/an2c05252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05252/suppl_file/an2c05252_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05252?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05252?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05252?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05252?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c05252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Supporting Information). In both cases, an exponential
reduction with increasing particle size and mesh spacing is
shown, in which the particles tend to be larger than the
spacings. Quantification was done by presenting the data as
boxplots and determining the median, which is 1.25 μm for the
particles and 0.81 μm for the spacing. These benchmark values
from the surface analysis are indicators that the tendency of the
fibrous layer to have smaller mesh spacing than the MOF
particles successfully entraps the particles while presumably
providing open access to the MOF pores. The effectiveness of
particle entrapment was confirmed by practical leaching tests
in which attempts were made to wash out the MOF particles
by vigorously stirring the sample in water. Optical inspection of
sample and liquid after stirring procedure in SEM microscope
showed no visible leaching of particles through the fibrous
layer but efficient entrapping by the loose mesh, retaining the
MOF functionality and access to optical analysis methods
(Figure S7, Supporting Information).

Next, we used Raman spectroscopy to investigate the
MOF@NC architectures. The layers were analyzed after each
fabrication step, i.e., pure NC membrane, NC membrane with
MOF particles, and NC membrane with MOF particles and
electrospun fibrous NC layer on top (Figure S8a, Supporting
Information). The latter sandwich structure will be referred to
as “active” hereafter, as it is the final architecture used for
Raman sensing. “Control” samples consisting of a NC fibrous
layer on the NC porous membrane without any MOF particles
were also prepared and analyzed (see Experimental Methods).

The Raman spectra of MOF and NC are consistent with
literature.58,60 The most prominent peaks are then assigned to
the corresponding vibrational modes (Figure S8b, Supporting

Information). In the case of nitrocellulose, the NO and the
NO2 modes are the origin for the signal at wavenumbers 850
cm−1 (NO stretching), 1287 cm−1 (symmetric NO2 stretch-
ing), and 1660 cm−1 (antisymmetric NO2 stretching).60 The
peak at 1370 cm−1 is assumed to be from the cellulose ring.60

The signal from the MOF mainly stems from the organic
benzenetricarboxylate (BTC) ligand. The peaks at 1005 cm−1,
1364 cm−1, and 1592 cm−1 can be assigned to the C�C
vibrations of the aromatic BTC ring. The signal at 810 cm−1 is
coming from the C−H out-of-plane deformation mode and at
1470 cm−1 from the CO2

− groups.58 From the spectral analysis
of the individual layers, NC and MOF can be clearly
distinguished. When viewing the MOF@NC Raman signal,
the focal point is adjusted to maximize the MOF signal at 1005
cm−1. At specific wavenumbers we observe higher intensities in
the MOF@NC architecture than the pure MOF signal (e.g.,
675 cm−1, 9× higher; 715 cm−1, 6× higher; 1287 cm−1, 3.5×
higher). It can be attributed to the influence of the
superimposed NC top layer that extends into the focal volume
of the laser beam and whose spectrum matches that of the
peaks. To ensure consistent measurement conditions with
fluctuating moisture levels, the following measurements were
performed in a closed chamber under a nitrogen atmosphere in
which the sample was heated to remove water that had been
found to have a masking effect on the MOF Raman signal at
low wavenumbers below 300 nm (Figure S8d, Supporting
Information).
Sensing Approach. Raman spectroscopy was used as

sensing tool, and different analyte solutions were added to
active MOF@NC samples to detect changes in the vibrational
modes of MOF-808. For this purpose, a sample holder (made

Figure 3. Raman spectra of MOF@NC after successive treatment with H2O and aqueous NaCl solutions (concentrations of 0.01 M, droplet
volume of 20 μL) in the wavenumber regions 120−340 cm−1 (a), 1350−1660 cm−1 (b), and 2810−3120 cm−1 (c). Prominent peaks (marked with
symbol and wavenumber) are fitted with a Lorentzian curve, and the normalized intensity change Inorm = ΔI/IH2O (with ΔI = I − IH2O) of the peaks
is evaluated and plotted against concentration, shown as inset. The error bars indicate the standard deviation, and the dashed lines show the linear
fits. (d) Relative intensity change Irel = ΔI/I for the peaks with the largest and smallest intensity reduction for each wavenumber region of interest.
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of PEEK) was specially fabricated, in which the samples can be
clamped and treated in a structured multiwell-like approach
with different analytes and concentrations (Figure 2a). The
porous and hydrophilic nature of the fibrous layers allows a
good sample wetting with the aqueous solution, and at the
same time, the NC layer provides a filtering effect as larger
particles are physically retained. Small analytes with nanometer
size can pass through the NC and may be trapped by
interactions with the MOF, as indicated by changes in the
Raman spectrum (Figure 2a).

First, six individual active samples were treated with
solutions containing the ionic sweat biomarker sodium
chloride (NaCl) of different concentrations, two of each with
the same concentration (0.005 M, 0.05 M, and 0.5 M). Raman
measurements were performed on MOF particles before and
after addition of the solutions at different positions to confirm

statistical significance, in total 11−12 positions. The MOF
particles can be spotted through the top NC fibrous layer,
enabling a localization of the particle positions (Figure S9,
Supporting Information). The full Raman spectra are shown in
Figure 2b, which reveal a signal reduction for peaks (mainly in
the marked regions of interest I, II, and III) at higher NaCl
concentration. Zooming into region of interest I (low
wavenumbers 120−340 cm−1) in Figure 2c elucidates that
the intensity shift does not occur equally for all peaks. The
most pronounced intensity variation in this wavenumber
window occurs at 286 cm (Figure 2d). The Raman intensities
of the selected peak after different NaCl treatment conditions
were fitted with a Lorentzian curve, and the intensity values
were plotted against NaCl concentration, showing an
exponential trend (Figure 2e). In the range of lower

Figure 4. (a−d) Raman spectra of MOF@NC after successive treatment with H2O and aqueous KCl (a, b) and pyocyanin solutions (c, d) (KCl,
concentrations of 0.01 M, droplet volume of 20 μL; pyocyanin, concentrations of 0.01 mM, droplet volume of 15 μL). The low wavenumber region
of 165−330 cm−1 and the large wavenumber region of 1350−1660 cm−1 are selected for comparison. Prominent peaks (marked with symbol and
wavenumber) are fitted with a Lorentzian curve, and the normalized intensity change Inorm = ΔI/IH2O (with ΔI = I − IH2O) of the peaks is evaluated
and plotted against concentration, shown as inset. The error bars indicate the standard deviation, and the dashed lines show the linear fits. (e)
Table comparing the normalized intensity changes Inorm = ΔI/I after treatment with the different aqueous analyte solutions NaCl, KCl, and
pyocyanin. Slopes and R2 values of the linear fits are given for all peaks.
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concentrations (up to about 0.05 M), an approximately linear
dependence was observed.

To quantify the intensity shift after NaCl addition, an active
sample was treated successively with NaCl solution of equal
concentration (0.01 M). Figure 3 shows the Raman spectra in
the regions of interest I, II, and III, after sequential addition of
deionized water and NaCl solution. The lines reflect the
averaged spectra of three to six individual measurements
(depending on the particle position) at different locations
(individual spectra shown in Figure S10, full range spectra
shown in Figure S11, Supporting Information). The most
prominent peaks were fitted by a Lorentzian curve for each
individual spectra (Figure S11, Supporting Information) and
the normalized intensity change Inorm = ΔI/IH2O (with ΔI = I −
IH2O) was calculated and plotted against NaCl concentration,
shown as insets in Figure 3. The sensitivity values, i.e., the
slopes of the linear fits, were evaluated for each peak and
presented together with coefficients of determination (R2) in
Figure 4e. The largest slope values of −0.48 and −0.47 au
μmol−1 was observed to occur at the low wavenumber peaks at
244 and 286 cm−1, respectively. Some peaks, e.g., at 1595 and
1370 cm−1, showed a very weak change in normalized intensity
of −0.05 and −0.06 au μmol−1. There is also a weak change
observed at 1620 cm−1 but with the difference that it has a
positive sign (0.06 au μmol−1) attributed to a peak shoulder
whose intensity grows with increasing NaCl concentration. In
Figure 3d, the relative intensity changes Irel = ΔI/I for the
peaks with the largest and smallest intensity reduction are
shown for each wavenumber region of interest. It further
illustrates the different sensitivities of the various peaks and
highlights the stronger relative intensity change at the peaks
286 cm−1 (region I) and 2930 cm−1 (region III) compared to
the peaks between 1350 and 1660 cm−1 (region II). Another
observation is that the Raman spectrum did not alter after the
addition of water following treatment with NaCl, so it can be
assumed that no significant washing-out has occurred. The
reproducibility of the results was tested and verified by treating
another active sample with NaCl, increasing the salt
concentration levels stepwise up to 0.5 M. The measured
Raman spectra after each addition show a comparable intensity
shift behavior for the similar low concentration range (Figure
S12, Supporting Information). For high concentrations up to
0.5 M, a saturation effect is observed.

In addition to sodium chloride, potassium chloride (KCl)
was also tested as a second ionic sweat biomarker on our
sensing architecture. As previously, an active MOF@NC
sample was successively treated with KCl solutions of equal
concentration (0.01 M) and measured by Raman spectroscopy.
The result shows similar behavior of intensity reduction as for
treatment with NaCl, which becomes evident after evaluating
the normalized and relative intensity changes and comparing
the sensitivity values of the different peaks between NaCl and
KCl (Figure 4 and Figure S13, Supporting Information). At
this stage, a distinction between NaCl and KCl is not available
from our data. It is possible that the negatively charged
chloride ions present in both salts are responsible for the
interaction with the MOF and thus the reason for the similar
shift behavior of the two salts. Previous work shows the
adsorption of iodine, also present as negatively charged I2− and
I3−, into the pores of MOF-808 and their strong affinity toward
the Zr cluster (strong adsorption by terminal −OH groups;
only little affinity to BTC ligands).61 It is not entirely clear
whether the positively charged and chemically similar ions of

sodium and potassium have any effect on the vibrational
modes of the MOF. What is currently clear is that the effect
caused by the treatment of MOC@NC with the ionic solutions
is visible by Raman spectroscopy. A deeper understanding of
capture mechanism and interactions between analyte and
MOF would require theoretical simulations, which is currently
being worked on but which is beyond the scope of this paper.
To further demonstrate the potential of our MOF sensor
architecture for detecting not only ionic solutions but also
small chemical molecules with biological relevance, pyocyanin,
a biomarker for the pathogen Pseudomonas aeruginosa was
selected to test the MOF sensor. Pyocyanin is water-soluble,
and aqueous solutions were used for successive treatment of
the active MOF@NC samples at equal concentrations (0.01
mM), which is in the concentration range found in biological
fluids such as wound specimens, urine, or human ear
secretions.62 To reduce the fluorescence background and
laser damage,63 the laser excitation was changed to a longer
wavelength of 785 nm (Figure S14, Supporting Information).
The prominent MOF spectrum is readily measured with the
longer wavelength and allows the analysis of signal reduction
after addition of pyocyanin as shown in Figure 4b and Figure
S15, Supporting Information. In comparison to the treatment
with ionic solutions, the treatment with pyocyanin results not
only in an intensity reduction of known peaks in the previous
marked regions of interest but also in an intensity reduction of
the peaks at wavenumbers 808 and 1004 cm−1. It can be
observed that the intensity decreases significantly more with
increasing pyocyanin concentration for all peaks than for the
ionic solutions. Figure 4 compares the zoomed-in Raman
spectra for low wavenumbers (165−330 cm−1) and for large
wavenumbers (1350−1660 cm−1) after treatment with KCl
and pyocyanin. Here, the significantly stronger variation of the
Raman spectrum after pyocyanin treatment, using a concen-
tration lower by a factor of 1000 than for KCl, is clearly
evident. The evaluation of the normalized intensity change and
linear fitting expressed in numbers revealed the sensitivities for
pyocyanin about 4 orders of magnitude larger than for the
ionic NaCl and KCl solutions (Figure 4e). The largest slope
value of −1120 au μmol−1 occurs at the strong intensity peak
at 1004 cm−1, followed closely by −1084 au μmol−1 at the peak
at 1470 cm−1, whose intensity hardly changes after KCl
addition.

Since pyocyanin is not an ion but a small molecule that can
interact with the MOF in a different way than ions, it can be
expected that the influence on the MOF Raman spectrum
differs from that of the treatment with salt solutions. The
different effect is particularly noticeable for the wavenumbers
808 and 1004 cm−1. The size of the pyocyanin molecule is
small enough to enter the 18 Å wide pores of MOF-80864 and
interact with the Zr cluster or the organic linker. An exact
mechanism of the interactions would again require theoretical
simulations, but already pyocyanin can be distinguished from
the ionic biomarkers. The fact that some arbitrary MOFs
without specific functionality are already able to discriminate
different types of biomarkers (small molecule vs ions) shows
the great potential of Raman spectroscopy as a detection tool
using our MOF@NC architecture as active element and could
enable versatile chemical identification of specific analytes in
the future by adjusting the MOF chemistry.
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■ CONCLUSION
In summary, we have presented a method to effectively
integrate MOF particles into a nitocellulose nanofibrous layer
by electrospraying and electrospinning and realize a biocom-
patible MOF@NC membrane for the sensing of biomarkers in
solution. Our approach has the advantage of keeping an open
access to the MOF nanopores through the loose fiber mesh
while ensuring a good physical particle entrapment as
demonstrated by leaching tests. The samples were charac-
terized using different methods such as SEM, AFM, EDX, and
Raman spectroscopy before testing the sensing capability of the
reported MOF architecture toward NaCl, KCl, and pyocyanin.
In particular, we detected 4 orders of magnitude greater
sensitivities for pyocyanin molecules than for the ionic
biomarkers, suggesting that such a MOF-based architecture
is not limited to only these components and can also be
extended in the detection of more complex molecules such as
α-synuclein,65 tau,66 and amyloid β40/4267 proteins present in
solubilized buffer salt solutions and implicated in neuro-
degenerative disease pathologies. For future devices, the effects
of strain warrant consideration when integrating MOFs with
sensors for biochemical sensing.68 Furthermore, the reported
integration method is not only limited to MOF-808 but can be
applied to MOFs in general with different functionality and
tailored affinity for selected biomarkers, underlying the
potential and flexibility of MOF@NC sensors.

■ EXPERIMENTAL METHODS
Materials. Nitrocellulose membrane was purchased from Merck

(Sigma-Aldrich): Amersham Protran Western-blotting nitrocellulose
membrane, article number GE106000112. MOF-808 was ordered and
specially synthesized by novoMOF AG company (Untere Brühlstrasse
4, 4800 Zofingen, Switzerland). Pyocyanin (CAS no. 85-66-5, article
number P0046-5MG) was purchased by Merck (Sigma-Aldrich).
Electrospraying of MOF-808 Particles. 0.2127 g of MOF-808

powder was suspended in 2 mL of isopropyl alcohol (IPA) in order to
realize a 12 wt % particle suspension (wt % = mMOF/(mMOF + mIPA)).
The suspension was treated by ultrasonication for at least 30 min,
resulting in a milky liquid with well-dispersed MOF particles. The
suspension was directly filled into a 2 mL syringe with a 18G blunt
needle, which was then fixed in a syringe pump. A metal plate with
attached substrate of choice (alumina foil or nitrocellulose
membrane) was used as collector and placed with 15 cm distance
to the needle opening. A high voltage of 20 kV was applied between
the needle and the metal plate and the syringe pump flow rate was set
to 120 μL/min, resulting in spraying of MOF particles on the
substrate (environment temperature between 21 and 22 °C, relative
humidity between 40% and 42%).
Electrospinning of Nitrocellulose. 0.365 g of nitrocellulose

(NC) membrane was dissolved in a mixture of 2 mL of acetone and 1
mL of DMSO in order to realize a 12 wt % NC solution (wt % =
mNC/(mNC + msolvent)). The solution was stirred for about 1 h,
resulting in a clear and slightly yellowish NC solution. The solution
was filled into a 2 mL syringe with a 18G blunt needle, which was
then fixed in a syringe pump. A metal plate with attached substrate of
choice (nitrocellulose membrane, potentially with dispersed MOF
particles) was used as collector and placed with 15 cm distance to the
needle opening. A high voltage of 21 kV was applied between the
needle and the metal plate and the syringe pump flow rate was set to
10 μL/min, resulting in the release of a thin jet attracted to the
electrode. During the time-of-flight, the solvent evaporated and thin
NC fibers remained, which was deposited on the substrate
(environment temperature between 21 and 22 °C, relative humidity
between 40% and 42%).
X-ray Diffraction. MOF-808 powder was measured on a

PANALYTICAL MPD instrument using a Bragg−Brentano setup

using a Cu Kα radiation with λ = 1.5406 Å in the range of 2−80°.
Data collection was performed at room temperature, and crystallite
size could be derived using the Williamson−Hall approach. MOF-808
crystallographic data were obtained from Cambridge Crystallographic
Data Center (CCDC): CSD entry is BOHWUS and deposition
number is 1002672. Simulated XRD pattern and structure visual-
ization were realized by CCDC Mercury software.
AFM Characterization. The AFM measurements were performed

on active samples with integrated MOFs and on control samples with
nitrocellulose fibers only, using a nanosurf NaniteAFM equipped with
a tip scanner. The AFM probe was a Dyn190Al-10 cantilever
(Nanosurf) with a tip apex radius of <10 nm, and the AFM scan was
performed in tapping mode under standard laboratory conditions
without temperature or environmental control (resonant frequency,
190 kHz; force constant, 48 N m−1). The recorded AFM scan data
(evaluated and leveled by Gwyddion software, version 2.58) showed
the surface roughening of the active sample by the MOFs. In contrast,
the control samples have a relatively uniform fibrous layer and line
profile scans revealed an approximate thickness of up to 3 μm (Figure
S6, Supporting Information).
Raman Spectroscopy. Raman spectra and corresponding optical

images were acquired using a WITec Alpha 300R confocal Raman
microscope with a 50× objective (Zeiss EC Epiplan-Neofluar Dic, NA
= 0.55) and a 300 mm lens-based spectrometer (grating, 600 g mm−1)
equipped with a TE-cooled charge-coupled device (Andor Newton).
Samples were measured in a closed chamber under a nitrogen
atmosphere, where the samples were heated to 70 °C for 30 min at
nitrogen flow prior to measurements to remove water and ensure
consistent measurement conditions. The linearly polarized laser
excitation had the wavelength λexc = 532 nm and a power of P = 20
mW read before the objective. Additional measurements with an
excitation wavelength of λexc = 488 nm and grating with 1800 g mm−1

were performed to show the Raman signal at low wavenumbers of
<1200 cm−1. Pyocyanin measurements were performed with
excitation wavelength of λexc = 785 nm and grating with 300 g
mm−1. 2D Raman maps of size 3 μm × 3 μm were acquired in
backscattering geometry with an integration time of 5 s and a
resolution of 2 pixels per μm. Single spectra were extracted by
averaging the area scans and are displayed after cosmic ray removal
and polynomial background subtraction. Normalization takes place at
the 1004 cm−1 peak (for pyocyanin experiments at 1285 cm−1) which
shows no change after treatment, using the formula (y − ymin)/(ypeak
− ymin), with the intensity value y, the minimum intensity ymin, and the
intensity value at the normalization peak ypeak.
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