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ABSTRACT: Fluorescence is a rapid and noninvasive technique
for analyte detection. Green, sustainable, and safe materials that
enhance the analyte fluorescence signal possess the potential to
create new green photonic technologies for medical diagnostics.
Here, we report that metal-free cellulose-based substrates can be
used as platforms to enhance the fluorescence signal from a model
immunoassay as well as a wide variety of molecules by over an
order of magnitude. The cellulose-based sensing platforms are cost-
effective, biocompatible, robust, and result in a reproducible signal
variation as low as 16%. We show that molecules at concentrations
as low as 100 nM can be detected on cellulose-based substrates.
We attribute the observed enhancement to nanofiber-driven clustering of the analyte molecules, high surface roughness, as well as a
charge-transfer process.

KEYWORDS: cellulose nanofibers, polymers, enhancement in fluorescence, immunoassays

■ INTRODUCTION

The detection of chemical and biological molecules at low
concentrations is of critical importance in the fields of
medicine, environmental science, food quality analysis, and
security.1−5 Fluorescence spectroscopy is a cost-effective,
sensitive, and noninvasive method that is a widely used
analytical tool. For example, fluorescence-based detection is
used as a readout method for medical immunoassays that are
extensively used in diagnosing a wide range of diseases.6

A commonly used method to enhance the emission from
fluorophores is a technique known as surface-enhanced
fluorescence (SEF). It has been shown that plasmon
supporting materials such as gold and silver can be used to
boost the Raman and fluorescence signal by typically several
orders of magnitude when the analyte molecule is positioned
in close proximity to the metal (typically 10−90 nm from the
surface).7−10 The use of metal-based templates for the
improved detection of biomolecules has several disadvantages;
noble metals can be expensive, difficult to manufacture
(lithography methods must be used to ensure reproduci-
bility),11 lack biocompatibility (particularly in the case of
silver), and may induce photocatalytic side reactions in
analytes.12 For that reason, fabricating sensing platforms
based on dielectric materials that can enhance the fluorescence
signal strength from a fluorophore is of enormous interest.
Recent work in the field of surface-enhanced Raman
spectroscopy (SERS) has demonstrated that various materials
such as metal oxide semiconductors,13−16 as well as graphene
and related two-dimensional (2D) layered materials (hex-

agonal boron nitride (h-BN), MoS2),
17,18 have been

successfully exploited as SERS substrates. This work has
extended to the use of metal-free organic polymers19,20 and
peptide-based self-assembling materials.21 These metal-free
organic materials enhance the Raman signal through a
combination of effects including surface roughness, wettability
as well as charge-transfer-based processes.19−21 In this work,
we address the potential for biomaterial templates for
fluorescence signal enhancement.
Cellulose is an organic biopolymer with the formula

(C6H10O5)n, which consists of β-linked D-glucose units,
shown in Figure 1a.22 As it is the most abundant organic
polymer on Earth and can be easily chemically modified,
cellulose-based materials have found numerous applications in
the field of material science, in particular, in the fabrication of
composite materials alternatives to traditionally used plas-
tics.23,24 Cellulose nanofibers (CNFs) are one-dimensional
nanocellulose structures consisting of interlinked amorphous
and crystalline cellulose regions with lengths up to several
micrometers that can be extracted from wood-derived
fibers.24,25 Cellulose and cellulose-based derivatives26,27 have
been previously used as SERS templates for sensing due to
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their biocompatibility, roughness, large surface area,25

flexibility, ability to be functionalized,26 or loaded with
nanoparticles.24 Paper-based low-cost, fully recyclable sensing
platforms have also been developed for the SERS-based
detection electrochemical recognition of biomolecules.28−30

Metal-free cellulose substrate has been shown to be an effective
platform for the enhancement of the fluorescence signal of a
fluorescein derivative immobilized on its surface. Several
mechanisms have been proposed to explain the increased
quantum yield, including a reduction in the rotational freedom
of phenyl rings, H-bond formation, and the low polarity, which
can decrease the probability of photoinduced intramolecular
electron transfer.31 The fluorescence signal of spiropyran
appended onto cellulose has also been reported to be
enhanced by 1 order of magnitude. It has been suggested
that conformational constraints of cavities in the cellulose
structure can increase the quantum yield of merocyanine due
to the elimination of solvent influence.32

Although individual studies on the use of cellulose-based
templates for fluorescence signal enhancement of specific
molecules have been done, no approach showing that a wide
variety of probe molecules can be enhanced using a metal-free
biomaterial has been demonstrated. Additionally, we have
previously shown that metal-free cellulose nanofibers can be
used as substrates for the detection of porphyrin-type
molecules via SERS, making cellulose-based platforms
promising candidates for fluorescence enhancement.33 In this
study, we show that the fluorescence signal from an extensive
range of molecules including important biomolecules can be
enhanced. The enhancement factors of molecules deposited on
pristine CNF can reach values up to 120 and are comparable to
those usually reported for noble metals (1−2 orders of
magnitude for silver)34,35 and can be further boosted by the
application of UV light irradiation. We show that by carefully

choosing the type of a cellulose-based substrate, the
fluorescence signal from a range of analytes, including a
model immunoassay, can be enhanced. Cellulose-based sensing
platforms have several advantages when compared to tradi-
tionally used metal-based templates, such as biocompatibility,
recyclability, and inertness, as well as low cost and ease of
manufacturing while being comparable with previously studied
materials in terms of signal enhancement values and good
reproducibility. This approach shows the potential for linking
and detection of antibodies, enzymes, and other important
biomolecules and the design of substrates for fluorescence-
based detection schemes such as lateral flow or paper-based
assays.

■ RESULTS AND DISCUSSION

We studied a range of cellulose-based substrates as platforms
for metal-free fluorescence enhancement, with the main focus
on pristine cellulose nanofibers (P-CNF). Additionally,
cellulose derivatives including 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO radical)-oxidized cellulose nanofibers
(TEMPO-CNF), cellulose acetate (CA), and hydroxypropyl
cellulose (HPC) were investigated. These materials have the
same cellulose backbone as pristine cellulose (shown in Figure
1a), with some of the hydroxyl (−OH) groups being partially
replaced with carboxyl, acetyl, and OCH2CH(OH)CH3 groups
for TEMPO-CNF, CA, and HPC, respectively. The chemical
structure of the cellulose derivative molecules used is shown in
Figure S1. The topography of the substrates fabricated using
the different materials also varies with pristine and TEMPO-
oxidized cellulose forming nanofibers, while CA and HPC are
polymers that produce a thin film upon deposition.
The cellulose-based substrates were fabricated by depositing

the material previously dispersed in water on silicon. We first
imaged the cellulose nanofiber substrate using scanning

Figure 1. (a) Chemical structure of a cellulose molecule, (b) scanning electron microscopy (SEM) image of highly concentrated pristine cellulose
nanofibers (P-CNF) deposited on a silicon substrate, and (c) atomic force microscopy (AFM) image of diluted P-CNF showing individual fibers.
Normalized UV−vis absorption spectra of (d) a sample porphyrin molecule (10−3 M porphine tetrasodium salt dodecahydrate (TPPS)) deposited
on P-CNF compared to (d) the background spectrum of P-CNF, as well as (e) the spectrum of TPPS in solution. Panel (f) shows the Fourier
transform infrared (FTIR) spectra of P-CNF compared to the spectrum of a sample porphyrin molecule (10−4 M meso-tetra(N-methyl-4-pyridyl)
porphine tetrachloride (TMPyP)) on P-CNF and in solution.
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electron microscopy (SEM) and atomic force microscopy
(AFM). SEM image (Figure 1b) shows that when highly
concentrated P-CNF (1 wt %) is drop-cast on the substrate, a
thick layer of randomly oriented fibers occurs with lengths in
the range of several micrometers is formed. The diameter of
the fibers was determined to be 88 ± 37 nm using a highly
diluted dispersion of nanowires deposited on silicon (AFM
image shown in Figure 1c; line profiles shown in Figure S3).
The fibers seen in the images could be bundles of several
smaller elementary cellulose fibrils, which are known to be
about 3 nm wide.36 Figure S2a shows an image of the sample,
showing that a white-colored film is produced after drying.
The normalized UV−vis spectrum of P-CNF in Figure 1d

shows a broad peak centered around 322 nm, which is
consistent with data previously reported in the literature,
showing that cellulose absorbs UV light and strongly scatters
visible light.37,38 Upon the addition of a model analyte
molecule (porphine tetrasodium salt dodecahydrate; TPPS)
to the sample, the peak associated with cellulose becomes less
prominent. TPPS is a porphyrin molecule characterized by a
high-intensity Soret band and four lower-intensity Q-bands in
its UV−vis spectrum.39 Porphyrins can form J- or H-type
aggregates, which can be identified by the observation of red or
blue shifts in the UV−vis spectrum, respectively.40,41 As shown
in Figures 1e and S6, most of the porphyrins using the Q-

bands become slightly red-shifted following deposition on
cellulose, suggesting possible aggregation of the molecules on
the cellulose substrate. Since the absorption data provides
information about the entire porphyrin adlayer, we may infer
that the supporting platform has a large effect on the spatial
arrangement of all of the molecules present. For high molecule
concentrations investigated in this study, the porphyrin adlayer
consists of over 100 individual monolayers (Table S1),
suggesting that cellulose in the sample strongly affects the
molecule packing, resulting in clustering and aggregation.
Fourier transform infrared (FTIR) spectroscopy spectra of

P-CNF compared to the spectrum of a sample porphyrin
molecule on P-CNF are shown in Figure 1f. Characteristic
peaks of cellulose are observed in the 500−1500 cm−1 range, in
particular, prominent peaks in the 1030 and 1314−1372 cm−1

range can be assigned to C−H bending vibrations,37,38 while
the bands at 1059−1162 cm−1 correspond to C−O and C−
O−C stretching.37 A small peak at 897 cm−1 is associated with
β-glycosidic linkages in the cellulose structure.42 A broad peak
at 1462 cm−1 suggests that amorphous cellulose predominates
over crystalline cellulose in the sample, which is further
confirmed by the low intensity of 750 and 710 cm−1 peaks
characteristic for Iα and Iβ cellulose allomorphs, respectively.43

High-intensity broad peaks at 1635 and 3300 cm−1 are
associated with H−O−H scissors and O−H stretching. The

Figure 2. Fluorescence spectra of chosen analyte molecules deposited on P-CNF and drop-cast directly on the Si substrate (a−c), as well as
deposited on different types of cellulose derivatives including TEMPO-CNF, HPC, and CA (g−i). Panels (d−f) show the normalized fluorescence
spectra of probe molecules in solution compared to analytes deposited on P-CNF and Si, showing the shifts in the position of the peaks. Analyte
molecules used were (a, d, g) TPPS, (b, e, h) TMAP, and (c, f, i) MB at concentration 10−4 M.
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intensity of the peaks is greatly reduced upon drying of the
sample (Figure S7), which suggests that they are mostly
associated with the presence of water molecules in the
sample.44 No additional peaks were observed in the FTIR
spectrum after porphyrin was added to the sample.
Cellulose Nanofiber-Enhanced Fluorescence Studies.

In the study, we used a wide variety of analyte molecules
including porphyrin molecules, dyes, and quantum dots (QDs)
drop-cast directly on a layer of highly concentrated pristine
cellulose nanofibers, ensuring that the molecule interacts
directly with the cellulose surface and not the supporting
substrate. Figure 2a−c shows the fluorescence spectra of three
chosen molecu le s TPPS , 5 ,10 ,15 ,20 - t e t r ak i s (4 -
trimethylammoniophenyl)porphyrin tetra(p-toluenesulfonate)
(TMAP), and methylene blue (MB) deposited on cellulose
compared to the signal of the analytes deposited directly on
silicon, showing 122-, 132-, and 56-fold enhancement in the
fluorescence intensity, respectively. To account for spatial
variability, each spectrum is an average signal from 10 different
spots on the sample, with the standard deviation indicated by
the error bars. The fluorescence spectra of the two porphyrin
molecules show two broad bands characteristic for this type of
pigment that can be assigned to Q(0,0) and Q(0,1) bands;40,41

the bands are centered around 647 and 687 nm for TPPS and
633 and 675 nm for TMAP for porphyrin molecules in
solution. The fluorescence spectrum of methylene blue in
solution is characterized by one broad peak centered around
667 nm, which is consistent with values previously reported in
the literature.45

Following deposition of the analyte molecules on cellulose,
the position of the fluorescence peak shifts, as shown in Figure
2d−f. A shift in the range of 50−400 meV is usually observed
between the fluorescence peak of a molecule in the gas phase
and the same molecule adsorbed on a substrate. Additionally,
depending on the substrate used, red and blue spectral shifts in
the fluorescence peak position often accompany fluorescence
enhancement or quenching and can be assigned to the
formation of H- and J-aggregates due to the coupling of
transition dipole moments of neighboring molecules.46 There
is a significant shift in the range of >10 nm in the peak position
for molecules deposited on CNF and control samples
(summarized in Table S3), which suggests a strong interaction
of the cellulose substrate with the analyte molecules.
Figure 2g−i shows the fluorescence spectra of three chosen

dyes (TPPS, TMAP, and MB) on different types of cellulose
derivative-based substrates including TEMPO-CNF, CA, and
HPC. Although different types of cellulose-based materials
proved to be the most efficient ones for specific molecules, all
of the cellulose derivatives were effective in enhancing the
fluorescence signal when compared to the silicon substrate. P-
CNF templates were shown to be the most effective cellulose
substrate with respect to the enhancement of fluorescence
signals for all of the analyte molecules used (Figure S8). The
reproducibility of the fluorescence signal obtained for the
molecules characterized by the highest enhancement was
studied, as shown in Figure S9. Although the cellulose
nanofiber-based substrates are relatively rough due to the
fibers being distributed randomly, the samples were charac-
terized by a low variation in the strength of the signal
generated from different spots of the sample. A relative
standard deviation of 17, 16, and 25% was observed for TPPS,
TMAP, and MB, respectively.

The wettability of the platforms used was assessed, as it can
affect the spreading of the analyte on the surface. Depending
on the mechanism, responsible for signal enhancement,
hydrophobic substrates may be beneficial, as they would
reduce the spreading of the molecule solution prior to drying,
resulting in an artificial change of the probe molecule
concentration for fluorescence measurements and therefore
higher fluorescence intensity.47 On the other hand, if a direct
contact interaction between the substrate and the molecule is
responsible for the enhancement, high hydrophilicity of the
substrate may also be beneficial, as it would increase the total
number of molecules adsorbed. In this study, we are led to
believe that lower spreading of the molecule would be
advantageous, as a relatively high number of molecules are
deposited on cellulose (as outlined in Table S1), resulting in
the generation of a thick adlayer with most of the molecules
clustering and not being in direct contact with cellulose. As
shown in Figure S10, the P-CNF surface characterized by the
highest fluorescence enhancement is the most hydrophilic one,
with the lowest contact angle of 19.9°, compared to 35.9° for
TEMPO-CNF, 82.5° for CA, and 64.1° for HPC. The surface
of silicon has a contact angle of approximately 51°. No
straight-forward dependence was observed between the
measured contact angle and the fluorescence enhancement,
as both hydrophobic (P-CNF) and partially wetting (HPC)
platforms were characterized by good performance. For that
reason, we may assume that the mechanism responsible for the
observed enhancement is stronger than any possible effect
associated with wettability.
One contributing factor to the observed fluorescence

enhancement could be the surface roughness of the different
cellulose-based substrates. AFM images of the four different
cellulose-based materials along with the calculated root-mean-
squared surface roughness are shown in Figure S10. The P-
CNF substrate is the roughest surface, followed by CA,
TEMPO-CNF, and HPC. The random distribution of cellulose
nanofibers in the sample would result in a large number of
crevices and grooves that can act like optical cavities amplifying
the incident laser light intensity. Dielectric materials shaped
into structures with regular nanosized features are known as
photonic crystals, and they have previously been shown to be
effective at fluorescence enhancement. If a structure is
characterized by an optical resonance that matches either the
wavelength of the light used for excitation or the light emitted
from the fluorophore, then the substrate acts as an optical
resonator, resulting in sensitivity enhancements of up to 2
orders of magnitude.48 Although traditionally highly ordered
photonic structures are used, disordered architectures with
submicrometer features scatter light to very high proportions,
in a process known as coherent multiple light scattering in a
random medium. It has been previously shown that randomly
distributed cellulose structures such as crystals and nanofibers
may trap photons in the air cavities, which has been proposed
as a method for the fabrication of random lasers.49

Based on the SEM images of the cellulose substrate,
previously shown in Figure 1b, we can calculate the size of
random cavities in the structure to be in the range of 100−600
nm, which can couple with the laser light used for excitation.
Since cellulose does not absorb visible light, the laser light
would be reflected toward the adsorbed molecules, resulting in
enhanced light absorption and radiative emission. Figure S10e,f
shows the specular reflection and absorption spectra of the
cellulose derivatives, respectively. The data confirms that the
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532 nm green laser light is not absorbed by the substrate and
the samples are more reflective than glass, although they reflect
less light than pure silicon. The light lost could be due to
diffuse reflection due to the high roughness of the substrate,
resulting in the green light being directed more efficiently
toward the molecules adsorbed to the surface.
The fluorescence signal coming from the P-CNF substrate

itself is shown in Figure S11a; one low-intensity peak at ∼569
nm can be seen on the spectrum, in agreement with previously
reported values in the 500−600 nm range.50 The different
wavelength ranges of the light emitted from the P-CNF and
the analyte molecule, as well as the difference in fluorescence
signal intensity shown in Figure S11b−d, suggest that the P-
CNF background signal does not contribute to the enhance-
ment observed.

Figure 3a−h shows the confocal fluorescence images
obtained for chosen fluorophores with and without the
presence of cellulose nanofibers. The images outline that
there is a significant change in the distribution of molecules on
the cellulose surface as the molecules seem to become
adsorbed and follow the random arrangement of the fibers.
The effect is particularly apparent for meso-tetra(N-methyl-4-
pyridyl) porphine tetrachloride (TMPyP), which is a
porphyrin known to self-assemble into nanostructures like
nanorods and nanosheets.51 The images suggest that the self-
assembly process is disturbed by the substrate, resulting in the
generation of a more disordered adlayer. We have previously
investigated the growth and morphology of porphyrin-based
adlayers on cellulose surfaces using molecular dynamics
simulations based on atomistic empirical force fields in a
study published elsewhere.52 We have shown that molecules

Figure 3. Fluorescence microscopy images of 10−3 M (a, e) TMPyP, (b, f) TMAP, and (c, g) TPPS, and (d, h) MB deposited on P-CNF (d, e) and
directly on a coverslip (a−c). Fluorescence decay curves along with the lifetimes calculated for (i) TMPyP on P-CNF and (j) TMPyP.
Fluorescence lifetime images (FLIM) and the lifetime histograms obtained for (k) TMPyP on P-CNF and (j) TMPyP, respectively. A 532 nm
excitation wavelength was used for all of the measurements.
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such as meso-tetraphenylporphyrin (TPP) and TMPyP form
three-dimensional (3D) clusters on the first few relatively
ordered layers following the Stranski−Krastanov growth mode,
which is consistent with other studies performed on the
epitaxial growth of porphyrin-like molecules on organic
substrates.53,54 We can infer that the presence of pristine
cellulose nanofibers disrupts the nanostructure assembly
process for the porphyrins used in the study, resulting in a
generation of a disordered adlayer. The possible clustering of
molecules on the substrate could result in an artificial increase
of the molecular concentration and therefore the observed
fluorescence enhancement.
To better understand the mechanism responsible for the

fluorescence increase, fluorescence lifetime microscopy images
were collected for chosen analyte molecules deposited on the
P-CNF surface. In a typical SEF enhancement process, a
decrease in the fluorescence lifetime of a dye is observed when
positioned in close proximity to plasmonic nanostructures.55 A
shorter fluorescence lifetime allows the fluorophore to undergo
more excitation−de-excitation cycles before photobleaching
and is associated with higher fluorescence intensity.10

We used fluorescence lifetime imaging (FLIM) by multi-
dimensional time-correlated single-photon counting (TCSPC)
technique to determine the lifetime of TMPyP with and
without the presence of cellulose nanofibers, as shown in
Figure 3i−l. The fluorescence lifetimes of TMPyP in aqueous
solution were previously determined to be equal to τ1 = 5.3 ns
and τ2 = 1.7 ns,56 which is close to the values of τ1 = 3.96 ns
and τ2 = 1.56 ns obtained for a dry TMPyP layer deposited on
a coverslip. The lifetime of the porphyrin increases significantly
on P-CNF, reaching a value of τ1 = 11.16 ns. Values of a
radiative lifetime and molar absorption coefficient are inversely
proportional to each other according to the Strickler−Berg
law.57 This indicates that the fluorescence enhancement
observed may be associated with effects other than radiative
lifetime such as the distribution of the fluorophores on the
substrate should be used to explain the observed phenomenon.
Figure 4 shows the spectrum of TPPS deposited on a P-

CNF substrate following dilution of the P-CNF dispersion to
various concentrations prior to being drop-cast on silicon. An
exponential decrease in the fluorescence peak intensity is
observed when the cellulose concentration is reduced. Even
though a thick layer of cellulose nanofibers was shown to be
the most effective substrate, single nanowires on silicon diluted

down to concentrations as low as 0.1 wt % result in an over 2-
fold increase in the fluorescence intensity.
The detection limit of the analytes deposited on P-CNF was

determined, as shown in Figure S13, illustrating the normalized
spectra of TPPS, TMAP, and MB at different concentrations.
When the probe molecular concentration is reduced beyond a
certain point, the peak associated with the cellulose back-
ground becomes prominent, limiting the applicability of this
approach. The data shows, however, that the detection limit is
improved by 1 order of magnitude for TMAP and 2 orders of
magnitude for MB when compared to fluorescence detection
on a silicon substrate. The detection limit on metal-free P-
CNF substrate can reach values as low as 10−7 M.

Immunoassay Studies Using Cellulose Nanofiber-
Enhanced Fluorescence. Fluorescence-based immunoassays
are often used to detect nonfluorescent molecules by
employing an interaction between them with antigens and
antibodies they bind to. Fluorescence immunoassays can be
based on the immobilization and detection of a fluorescently
labeled molecule on a substrate or on a sandwich format, in
which secondary antibodies binding to the nonfluorescent
molecules have been labeled.58 To further expand on our
approach of cellulose-based fluorescence detection, we show
that the P-CNF substrate can be used as a supporting template
for immobilization of Alexa Fluor-conjugated streptavidin,
which then enhances the generated signal from the molecule,
facilitating its detection. The P-CNF platform can be used as
both a metal-free substrate for P-CNF-enhanced fluorescence
and a supporting substrate for metal-enhanced fluorescence-
based measurements.
We used the P-CNF platform as a substrate for immuno-

assays utilizing a streptavidin−biotin interaction. The quickly
forming bond between streptavidin and biotin is one of the
strongest noncovalent interactions known in nature (dissoci-
ation constant of about 10−14 mol/L) characterized by being
unaffected by pH, temperature, or the use of solvents.
Streptavidin−biotin systems have been widely used in
immunoassays and as systems for linking and detection of
antibodies, enzymes, and other proteins.59 In the aforemen-
tioned approach, biotinamidocaproyl-labeled bovine serum
albumin (biotinylated-BSA; b-BSA) is deposited directly on
the surface of metal nanoparticles.60,61 BSA binds strongly to
metal complexes (silver and gold) as well as glass and forms a
complete monolayer35 and ensures that streptavidin- or avidin-
conjugated markers can be immobilized. Fluorophores like the

Figure 4. (a) Fluorescence spectrum of 10−4 M TPPS deposited on a P-CNF substrate following dilution of the P-CNF dispersion to various
concentrations prior to being drop-cast and (b) dependence of the 633 nm peak intensity (black) and the fluorescence enhancement compared to
Si-only substrate (purple) on the P-CNF dispersion concentration.
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streptavidin-conjugated Alexa Fluor dyes have been attached to
metal-based immunoassays resulting in a fluorescence
enhancement of ∼2 orders of magnitude for highly ordered
silver structures prepared by lithography methods.35

Figure 5a shows the fluorescence spectrum of an Alexa Fluor
568 streptavidin (AF-SA)-conjugated dye deposited on an
immunoassay consisting of silver nanoparticles (AgNPs)
decorated with b-BSA with and without a supporting cellulose
nanofiber-based layer. The fluorescence signal is enhanced ∼2-
fold when TEMPO-CNF is used and ∼13-fold when P-CNF is
used, compared to AgNP-only substrates. AgNPs by
themselves have been shown to not influence the fluorescence
signal of molecules deposited on cellulose, as outlined in
Figure S14, excluding the possibility that the enhancement
increases due to localized surface plasmon resonance (LSPR)
excitation.
Additionally, the streptavidin-conjugated dye can be directly

deposited on cellulose resulting in a similar fluorescence signal
intensity observed, as shown in Figure 5b. The AF-SA
molecules remain attached to the cellulose nanofibers after
the sample is washed with phosphate-buffered saline (PBS).
Avidin has been previously shown to easily bind to cellulose
modified by carboxyl groups such as TEMPO-oxidated
cellulose.59 Here, however, the highest enhancement was
observed for unmodified cellulose, perhaps due to the high
surface roughness, inhibiting the removal of AF-SA molecules.
The reproducibility of the fluorescence signal of the
streptavidin-conjugated dye was studied, as outlined in Figure
S16. The full assay consisting of P-CNF, AgNPs, b-BSA, and
AF-SA was characterized by a relative standard deviation of
28% when spectra from 30 different, randomly selected spots
from the sample were collected. The variation in the signal was
53% for AF-SA directly deposited on cellulose nanofibers.
Additionally, we investigated the reproducibility of the signal
obtained from different samples, as shown in Figure S17. Six
different assays were prepared, and for each, the signal from six
different spots of the sample was collected, resulting in a
relative standard deviation of 44 and 39% for the full assay with
and without P-CNF, respectively. AF-SA deposited directly on
P-CNF was the least reproducible signal with 51% relative
standard deviation, compared to 11% in signal variability when
cellulose was not present. The assays were characterized by a
much higher variation in the signal, compared to the previously
studied molecules, which may be due to molecule removal
following washing of the samples, resulting in less uniform
distribution of the dye molecule on the sample. Although the

variation in the signal for the assays is significant, it increases
only by 5% points when cellulose is added to the full assay,
suggesting that most of the signal deviation can be attributed
to differences in the adsorption and coverage of b-BSA and AF-
SA to the sample and not to the roughness of the supporting P-
CNF substrate. Overall, the fluorescence signal of the
streptavidin-conjugated dye increased 4.5-fold for the full
assay and 53-fold for direct deposition when P-CNF was used
as a supporting substrate. The studied assays are robust and
allow for molecular detection for a long time following the
sample preparation. Figure S18 shows the fluorescence spectra
from the full assay obtained from a fresh sample and 6 months
following fabrication, showing a high-intensity fluorescence
peak, with only a 30% decrease in the signal intensity being
observed due to aging.
By developing this model immunoassay, we show that the P-

CNF substrate is efficient at immobilization and fluorescence
boosting of functionalized streptavidin molecules. Additionally,
the assay can be further developed and used for the detection
of biotinylated molecules, which can be scavenged from
solution by immobilized streptavidin. Immunoassays have been
previously employed to detect biotinylated macromolecules,
such as thrombin.62,63 Additionally, similar assays exploring
different molecule−antibody interactions can be developed.
For instance, influenza-associated HA-antibodies can be
detected by labeling them with secondary antibodies
conjugated with Alexa Fluor,64 which opens up opportunities
for practical assay development that can be used for medical
and clinical diagnostic applications.

Super Band-Gap Irradiation Studies. Lastly, we
investigated the effect of irradiating the samples characterized
by the highest fluorescence enhancement factor with UV light.
Raman signal enhancement has been previously reported for
molecules deposited on organic65 and inorganic66,67 semi-
conductor materials following irradiation of the sample with
UV light with above-band-gap energy for the given substrate.
The enhancement has been assigned to UV-induced photo-
electron generation in the substrate and enhanced charge
transfer to the analyte molecule. The described mechanism
known as photoinduced surface-enhanced Raman spectroscopy
(PIERS) was shown to improve limits of detections for SERS.
Direct irradiation of fluorophores with UV light has been also
previously shown to enhance the fluorescent signal, although
the enhancement has been attributed to UV light-driven
photochemical reactions of the dyes and not the charge
generation in the sample.68,69 UV irradiation of porphyrins, in

Figure 5. Fluorescence spectra of Alexa Fluor 568 streptavidin (AF-SA)-conjugated dye deposited on (a) b-BSA/AgNPs/CNF and (b) CNF only
substrates.
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particular, has been previously shown to quench the
fluorescent signal due to photodecomposition and formation
of porphyrin derivatives.70

Figure 6a shows the fluorescence spectrum of TPPS on P-
CNF during the UV irradiation and following a relaxation of
the signal. The intensity of the fluorescence signal increases
when the lamp is on, with the maximum (1.4-fold increase)
being observed after 15 min of irradiation. A red shift in the
peak position is also observed when the sample is exposed to
UV light. The fluorescence signal remains steady when the
light source is removed for at least 1 h (Figure 6b). Figure 6d
shows that the signal of the P-CNF-based substrate without an
analyte molecule also increases around 2-fold, while the signal
of TPPS on silicon substrate decreases due to possible
photobleaching effects.71 No changes were observed in the
UV−vis spectrum of porphyrin deposited on cellulose
nanofibers prior to and following UV light irradiation (Figure
6e), suggesting that the light exposure does not affect the
structure of the layer adsorbed on the cellulose surface.
It can be concluded that the UV light excites charge in the

cellulose substrate, resulting in both the enhancement of
cellulose autofluorescence and the fluorescence of the analyte
molecule deposited on the substrate due to a charge-transfer
process taking place. The proposed band diagram explaining
the process for TPPS on P-CNF is shown in Figure 6f. The
optical band gap of nanofibrillated cellulose has been
previously reported to be 4.5 eV, with its highest occupied
molecular orbital (HOMO) level being positioned 8.07 eV
below the vacuum level.72,73 The 253.7 nm UV lamp provides

an energy of 4.89 eV and therefore can excite electrons to the
lowest unoccupied molecular orbital (LUMO) level of
cellulose. Subsequently, the green laser light can drive the
charge to the LUMO level of TPPS (2.7 eV below the vacuum
level), therefore enhancing the radiative emission rates of both
TPPS and CNF.74

A charge-transfer process similar to that described above but
without the use of UV light could be a contribution to the
observed fluorescence enhancement of molecules deposited on
P-CNF. Figure S20 shows the summary of the observed
enhancements and the shifts in the peak position for all of the
molecules used, along with a band diagram explaining a
possible route for a charge-transfer process. The green laser
light (532 nm, 2.3 eV) used in the measurements does not
provide enough energy to drive the charge from the substrate
to the analyte molecules; it can, however, excite charge from
the HOMO level of the molecule directly to the LUMO level
of the cellulose. Charge excitation can then be followed by the
electrons being driven to the LUMO level of the molecule,
followed by radiative emission. In such a process, the green
light could result in charge generation in molecules with a
larger HOMO−LUMO gap, such as TPPS, that cannot be
excited directly. On the other hand, no clear relationship
between the energy levels and the observed enhancement
could be distinguished for the different porphyrins and dyes,
suggesting other processes contributing to the observed
phenomenon.

Figure 6. Fluorescence spectrum of 10−4 M TPPS on (a-ii) P-CNF substrate for UV light irradiation for up to 30 min and (b-ii) relaxation of the
TPPS on P-CNF signal following switching off of the UV lamp. Panels (a-i) and (b-i) show the dependence of the Q(0,0) peak intensity
wavelength on the time of UV exposure and relaxation, respectively. The arrows show the change following the UV light exposure and are added to
guide the eye. Fluorescence spectrum following UV light irradiation time for (d) P-CNF only and (e) TPPS only. Panel (c) shows the UV−vis
spectra of 10−4 M TPPS on P-CNF substrate deposited on a coverslip prior to and after UV light exposure. (f) Suggested band diagram explaining
the observed fluorescence enhancement.
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■ CONCLUSIONS

We have demonstrated that cellulose-based substrates, in
particular, randomly oriented cellulose nanofibers are efficient
metal-free platforms for surface-enhanced fluorescence, which
can be used as alternatives to expensive and difficult-to-
manufacture plasmonic substrates. We show that the
fluorescence signal of a wide variety of molecules including
porphyrins, dyes, and quantum dots can be enhanced by up to
2 orders of magnitude following deposition on cellulose. Table
1 shows the summary of the fluorescence enhancement factors
obtained for different molecules on the P-CNF substrate,
compared to previously reported enhancements reported in
the literature. The performance of cellulose-based platforms
cannot be easily compared to previously used metal-based
templates for surface-enhanced fluorescence due to a large
range of substrates, materials, and molecules used as analytes
studied. We can, however, conclude that the cellulose-based
platforms are comparable in performance to traditionally used
SEF templates. The studied P-CNFs are characterized by
fluorescence enhancement between 2-fold and 130-fold for
different analytes with limits of detection reaching values as
low as 10−7 M, with additional advantages being the
biocompatibility, recyclability, cost-efficiency, and ease of
fabrication of the P-CNF substrates.
The approach of using cellulose-based platforms for

molecular detection via fluorescence spectroscopy is applicable
for different types of cellulose derivative-based substrates,
including TEMPO-CNF, cellulose acetate, and hydroxypropyl
cellulose. Although the mechanism responsible for the
enhancement remains unclear, we can speculate that it results
from the combination of processes, specifically the clustering of
the molecules generating a higher concentration of fluoro-
phores in certain spots of the sample, the high roughness of the
surface consisting of crevices and grooves, which can amplify
the laser light and reflect it toward the adsorbed molecules, as
well as a charge-transfer process resulting in increased radiative
emission rates. Additionally, we exclude the possibility of
attributing the enhancement to wettability-related effect, as
well as changes of the fluorescence lifetime of the analytes. The

fluorescence signal on CNF can be further enhanced by
irradiating the samples with UV light. Our studies show that
cellulose nanofibers can be used as supporting substrates for
metal-based immunoassays utilizing the streptavidin−biotin
interaction, showing the potential application for linking and
detection of antibodies, enzymes, and other important
biomolecules. These results implicate that the approach may
be employed in the design of assay-based diagnostic tools, such
as cellulose-based lateral flow assays, a technique widely used
in medicine.

■ EXPERIMENTAL SECTION
Sample Preparation. Sigma-Aldrich provided all of the chemicals

unless stated otherwise. All chemicals were used directly without any
further purification.

Pristine cellulose nanofibers (P-CNF; prepared by a supermass
colloider; 30−80 nm width, >100 μm length, 3 wt % in water) and
TEMPO-oxidized cellulose nanofibers (TEMPO-CNF; 50 nm width,
0.5−80 μm, 1 wt % in water) were provided by Cellulose Lab. For
concentration studies, P-CNF and TEMPO-CNF were diluted in
distilled water down to the desired concentration and then sonicated
for 20 min using a Fisherbrand FB15046 Ultrasonic Cleaning Bath to
ensure a uniform distribution of the fibers.

Cellulose acetate powder (CA; average Mn ∼ 30 000 by gel
permeation chromatography (GPC); CAS number: 9004-35-7) was
dissolved in acetone at 1 wt % and stirred overnight. Hydroxypropyl
cellulose (HPC) powder (average Mw ∼ 100 000; CAS: 9004-64-2)
was dissolved in deionized water at 1 wt %. The substrates were then
prepared by drop-casting the cellulose (CNF, TEMPO-CNF, CA, or
HPC) on a silicon substrate and left to dry.

Preparation of Probe Molecule Solutions. Powders of meso-
tetraphenylporphyrin (TPP; CAS number 917-23-7), meso-tetra(N-
methyl-4-pyridyl) porphine tetrachloride (TMPyP; T40125, Frontier
Scientific), 5,10,15,20-tetrakis(4-trimethylammoniophenyl)porphyrin
tetra(p-toluenesulfonate) (TMAP, CAS: 69458-20-4), meso-tetra(4-
sulfonatophenyl) porphine tetrasodium salt dodecahydrate (TPPS;
T40699, Frontier Scientific), and meso-tetra(4-carboxyphenyl)-
porphine (TCPP; T790, Frontier Scientific) were used. Additionally,
the following nonporphyrin molecules were used as analytes:
methylene blue (MB; CAS 122965-43-9) and rhodamine B (RhB;
CAS 81-88-9), methyl green (zinc chloride salt, ∼85%; CAS:7114-03-
6), victoria blue B (VBB; CAS: 2580-56-5), and methyl violet 2B
(MV2B; CAS: 8004-87-3).

Table 1. Summary of the Fluorescence Enhancement Factors Obtained for Different Molecules on the P-CNF Substrate
Compared to That of Previously Reported Enhancements Reported in the Literature

molecule platforms used previously
fluorescence enhancement

reported previously fluorescence enhancement on cellulose

neutral porphyrin
(TPP)

peptoid-hybridized silica-coated gold
nanoparticle75

3.27 2.2

Ag-polymer core−shell NPs76 2.3
cationic porphyrin
(TMAP, TMPyP)

ZnO nanoparticles77 6 (TMPyP) 63 (TMPyP)
∼1 (TMAP) 132 (TMAP)

anionic porphyrin
(TPPS, TCPP)

silver nanocavity78 ∼50 (TCPP) 4.7 (TCPP)
122 (TPPS)

plasmonic copper array79 89.2 (TCPP)
methylene blue gold nanorods80 Single-molecule detection 56 (10−7 M detection limit)
crystal violet (PMMA)-coated Au@Ag nanorod

arrays81
27 55

rhodamine B Shell-isolated Au nanoparticles82 ∼4 25
InP/ZnS QDs PLMA polymer composite films with

Au@Ag@SiO2 nanoparticles
83

12.9 2.5

Alexa Fluor nanoparticle-spiked Au pillar arrays64 270 (Alexa Fluor 647) 53 (Alexa Fluor 568)
immunoassay particulate gold films84 6 (Alexa Fluor 555 antirabbit

immunoglobin G)
4.5 (compared to no CNF) 38 (compared to Si) (b-BSA/
streptavidin-conjugated Alexa Fluor 568)

silver island film58 40 (Alexa Fluor 647
antirabbit IgG)
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Water-soluble porphyrin solutions (TMPyP, TPPS, TMAP, and
TCPP) as well as MG, VBB, MV2B, MB, and RhB were prepared by
dissolving the powders in distilled water at an initial concentration of
10−2 or 10−3 M. TPP solution was prepared in dichloromethane
(CH2Cl2, CAS number: 75-09-2).
All of the probe molecule solutions used were diluted down to a

concentration of 10−4 M using the solvent they were initially dissolved
in. Crystal violet 1% aqueous solution (CAS number: 548-62-9) was
diluted in distilled water down to a concentration of 10−4 M. InP/ZnS
quantum dots (QDs; stabilized with oleylamine ligands, λem = 650
nm, 5 mg/mL in toluene, 776785) were used without further dilution.
Preparation of Assays. Biotinylated bovine serum albumin (b-

BSA; Thermo Scientific Pierce 29130) and streptavidin-conjugated
dye, Alexa Fluor 568 conjugate (AF-SA; Molecular Probes S11226),
were provided by Fisher Scientific.
To immobilize the dye on the cellulose surface, silver nanoparticles

(AgNPs; product code 730807; 40 nm particle size, 0.02 mg/mL in
aqueous buffer contains sodium citrate as a stabilizer) were drop-cast
on the cellulose in a 1:1 ratio and dried. Subsequently, 20 μL of 2 mg/
mL b-BSA solution in distilled water was added to the surface and
incubated for 1 h and subsequently rinsed with deionized water to
remove unbound proteins. Twenty microliters of 0.1 mg/mL AF-SA
solution in phosphate-buffered saline (PBS; Alfa Aesar J62692, 10×,
pH 7.6) was then added to the surface, incubated for 2 hours, and
then rinsed with PBS to remove any unbound molecules.
Fluorescence Spectroscopy. The measurement was performed

using a bespoke fluorescence system consisting of a monochromatic
laser (HeNe, ThorLabs) with a beam splitter and a long-pass filter
(RazorEdge, Semrock), an inverted optical microscope (IX71,
Olympus), a spectrograph (SP-2300i, Princeton Instruments), and a
charge-coupled device (CCD) camera (iDus 401, Andor).9,85−87 A
50× objective was used to focus the laser (532 nm wavelength, 5 mW
incident power regulated by an attenuator) and collect the
fluorescence signal with an exposure time of 2 s in an accumulation
mode (10 accumulations). The CCD camera was calibrated over the
spectral window using the Raman spectrum of toluene. To take spatial
variability into consideration, an average signal from 10 different spots
on the sample was reported. Edmund Optics provided a Short Wave
UV Quartz Pencil Lamp (#40-759, 253.7 nm, 4.89 eV, a nominal
output power of 4.5 mW/cm2). The samples were irradiated with UV
light in situ in 5 min long increments for up to a total time of 30 min
at a 2 cm distance from the lamp. The Raman spectra were collected
every 5 min when the lamp was off. Following the irradiation, the
relaxation of the signal was measured in 5 min steps up to a total time
of 60 min.
UV−Vis Absorption and Reflection Spectroscopy. Optical

absorbance measurements were performed using an absorbance
spectrometer (V-650, JASCO, Inc.) under the following settings: 1
nm step size, 1 nm bandwidth, and 400 nm/min scan speed across a
190−900 nm range. The measurements were performed for samples
deposited on a coverslip or as a solution in a quartz cuvette.
LAMBDA 750 UV/vis/near-infrared (NIR) spectrophotometer
(PerkinElmer) was used to determine the specular reflectance.
Reflectance spectra from the substrates were measured as a function
of ΔR/R = (Rsample − Rbackground)/Rbackground using an aluminum mirror
as a reference. The spectra were obtained in the 180−1000 nm range
for a 1 nm step size.
Fourier Transform Infrared Spectroscopy. Fourier transform

infrared (FTIR) spectroscopy spectra were collected using an α
Platinum Bruker system. To record FTIR spectra, the substrates on a
coverslip or in solution were placed onto the attenuated total
reflection (ATR) interface. Spectra were collected using transmission
mode scanning in the range of 400−4000 cm−1.
Scanning Electron Microscopy. Scanning electron microscopy

(SEM) images were obtained using a Regulus8230 scanning electron
microscopy system following the coating of the substrates with a 5 nm
thick layer of iridium. Additional high-resolution SEM images were
collected using a Zeiss ULTRA plus high-resolution and analytical
field emission microscope equipped with a GEMINI FESEM column
capable of a 1 nm resolution at 15 kV. Samples were imaged and

uncoated using SE-2 (secondary electron mode) with an accelerating
voltage of 1 kV.

Atomic Force Microscopy. AFM images were obtained using an
MFP-3D Asylum Research instrument operating in a tapping mode.
Monolithic silicon Tap300Al-G probes with aluminum reflective
coating (BudgetSensors) were used to obtain the images. The tips
used were characterized by the following specifications: 40 N/m (20−
75 N/m) force constant, 300 kHz (200−400 kHz) resonance
frequency, and 125 μm (115−135 μm) length. The root-mean-
squared surface roughness was calculated using Gwyddion software
based on a 20 μm height image of the sample.

Fluorescence Imaging. Fluorescence confocal and fluorescence
lifetime microscopy images were obtained using the Leica TCS SP8
confocal system using a white light laser set to 532 nm and an internal
HyD GaAsP SMD detector. A 100× oil objective was used, and the
samples were imaged through a coverslip in air without the
introduction of a mounting medium.

Contact Angle. A contact angle measuring system (Kruss
Advance Drop Shape Analyser DSA25E) was used to measure
contact angles of droplets of deionized water (Milli-Q) on different
substrates.
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Águas, H.; Martins, R.; Fortunato, E. Paper-Based SERS Platform for
One-Step Screening of Tetracycline in Milk. Sci. Rep. 2019, 9,
No. 17922.
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