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ABSTRACT: The detection of analytes using spectroscopy [ENF porphyrin
methods, such as surface-enhanced Raman spectroscopy (SERS),
is crucial in the fields of medical diagnostics, forensics, security, and
environmental monitoring. In recent years, a lot of focus has been
directed toward organic polymer material-based SERS platforms
due to their lower cost, controllable synthesis and fabrication,
structural versatility, as well as biocompatibility and biodegrad-
ability. Here, we report that cellulose nanofiber-based substrates can
be used as a metal-free SERS platform for the detection of
porphyrin-type molecules. We report SERS signal enhancement for
five different porphyrin molecules with exceptional 2 orders of
magnitude peak intensity enhancement observed resulting in a
detection limit of 107> M. We show that the cellulose-based
platform is more suitable for porphyrin molecule detection than traditionally used semiconductor materials like graphene oxide. The
observed enhancement is attributed to the disturbed growth of self-assembled structures on the cellulose nanofibers and the
generation of disordered 3D clusters of porphyrin molecules.
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B INTRODUCTION

Surface-enhanced Raman spectroscopy (SERS) is a sensitive
analytical technique used for the detection of chemical and
biological molecules by irradiating them with laser light, which
allows for the identification of specific vibrational modes of the
chemical components.' The Raman signal intensity of
molecules deposited on SERS-active substrates is significantly

The use of organic materials with a focus on polymers as a
SERS platform has been explored in recent years due to their
lower cost, controllable synthesis and fabrication, and
structural versatility."' Cellulose is an abundant, biodegradable,
and sustainable organic polymer that is present in plants,
bacteria, fungi, and algae that consists of many D-glucose units
linked by glycosidic bonds.'> Cellulose nanofibers (CNF) are a
type of nanostructured cellulose arranged into one-dimensional

enhanced, enabling precise molecular identification, making
the technique widely applicable in the fields of medical
diagnostics, forensics, security, and environmental monitor-
ing.z_6 The primary contribution to the SERS performance of
a given substrate is the electromagnetic enhancement arising
from the excitation of a localized surface plasmon resonance
(LSPR) in a metal particle with a size comparable to the
wavelength of the incident Iight.7’8 Chemical enhancement is a
secondary weaker process resulting in enhancement of the
signal by up to 2 orders of magnitude and is usually assigned to
the process of charge being transferred between the substrate
and the analyte molecule.” Although metal-based SERS
substrates are more efficient (enhancement factor ~10°),
recently researchers focused on alternative substrate designs
based on semiconductor materials to circumvent limitations of
metal-based SERS platforms, such as lack of biocompatibility
and inertness, as well as the high cost of materials and
manufacturing.10

© 2021 The Authors. Published by
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structures with length in the micrometer range and diameter
up to several hundred nanometers."* The nanofibers consist of
connected crystalline and amorphous regions of cellulose and
have been investigated for potential applications in material
science, in particular for device manufacturing14 and as
biodegradable plastic alternatives.'*'

Cellulose-based materials have been previously explored as
platforms for surface-enhanced Raman spectroscopy due to
their biocompatibility, roughness, large surface area,’’
flexibility, and ability to be functionalized'® or loaded with
nanoparticles."” Cellulose-based materials combined with
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Figure 1. (a) Chemical structure of a cellulose molecule and (b) the porphyrin molecules used in the experiment. (c¢) SEM image of cellulose
nanofibers on a silicon substrate. Normalized UV—vis absorption spectra of (d) TMPyP and (e) TPP porphyrin at 10~ M concentration deposited
on CNF compared to the background spectrum of CNF and the spectrum of the porphyrin in solution. (f) FTIR spectra of CNF compared to the
spectrum of a sample porphyrin molecule (10™* M TMPyP) on CNF and in powder form.
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either gol or silver as well as photonic and
lasmonic crystals based on cellulose-derivative-based materi-
als'®***? have been shown to be efficient at Raman signal
enhancement. CNF/metal composites are effective at detecting
a wide variety of analyte molecules including pesticides and
other important biological species down to the sub-attomolar
level.”® The studies on cellulose have however focused on
combining the polymer with noble metals, limiting the
applicability of the platform for the detection of biological
molecules.

In this study, we show that metal-free cellulose nanofiber
(CNF) platforms can be employed as SERS substrates for the
detection of porphyrin-type molecules. Porphyrins are a group
of organic tetrapyrrole compounds of great biological
importance.”* Porphyrins and their naturally occurring
derivatives (metal complexes), as well as other related species,
play an important role in the transport and storage of
oxygen,zs’26 driving oxidation reactions in organic com-
pounds,”**” and in the process of photosynthesis.”* "

We report SERS signal enhancement for five different
porphyrin molecules with exceptional 2 orders of magnitude
peak intensity enhancement observed for meso-tetra(IN-
methyl-4-pyridyl)porphine tetrachloride (TMPyP). We show
that TMPyP can be detected on CNF at concentrations as low
as 107> M, making the platform a more suitable metal-free
SERS substrate for porphyrin molecules than traditionally used
organic semiconductor materials like graphene oxide.

B RESULTS AND DISCUSSION

The chemical structures of a cellulose molecule and the
porphyrin-type molecules used as analytes are shown in Figure
la)b, respectively. In the study, we used a wide variety of
porphyrins, including neutral hydrophobic tetraphenyl por-
phyrin (TPP), as well as water-soluble molecules: two cationic
species (TMPyP neutralized by Cl~ ions and TMAP with p-
toluenesulfonic acid used as counterion) and two anionic
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species (TPPS neutralized by Na* and TCPP neutralized by
H*).>"** The cellulose nanofiber (CNF) platform was
prepared by drop-casting a nanofiber dispersion on a silicon
piece and drying out the solvent. Figure lc shows a scanning
electron microscopy (SEM) image of the substrate fabricated
using a highly concentrated (1 wt %) cellulose dispersion
showing a thick layer of randomly distributed nanofibers. The
length of the fibers was in the micrometer range while their
width was determined to be 88 + 37 nm, suggesting that the
fibers could consist of bundles of several smaller elementary
fibrils with a diameter of about 3 nm.*?

Figure 1d,e shows the normalized UV—vis spectra of the
porphyrin solution, the CNF substrate, and the porphyrin on
CNEF for TMPyP and TPP, respectively. Cellulose absorbs UV
light as shown in the UV—vis spectrum consisting of a broad
peak centered around 322 nm, in agreement with data
previously reported in the literature.”*>> Both TMPyP and
TPP are characterized by a broad, high-intensity Soret band
and four lower-intensity Q bands in the UV—vis spectrum.*®
Upon addition of the porphyrins to the CNF substrate, the
peak associated with cellulose becomes less prominent and the
Q and Soret become slightly red-shifted, suggesting possible J-
aggregation of the molecules on the cellulose substrate.””*®
Figure 1f shows the FTIR spectra of TMPyP in powder form
and on CNF compared to the CNF substrate only. The
spectrum of TMPyP is characterized by peaks at 713 cm™
(N—H bending), 793 cm™' (C—H bending), 1456 and 1402
cm™' (C—N stretching and bending), 1559 cm™ (C=C
stretching), as well as 1637 cm™" (C=N stretch vibration of
pyridyl rings).””*° Upon the addition of the porphyrin solution
on cellulose nanofibers, peaks associated with the porphyrin
could not be distinguished in the spectrum. The FTIR peaks
associated with cellulose are peaks in the 1030 and 1314—1372
cm™' range that can be assigned to C—H bending
vibrations.””** Additionally, the bands at 1059—1162 cm™
correspond to C—O and C—O—C stretching,®* while a small

https://doi.org/10.1021/acssuschemeng.1c06685
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Figure 2. SERS spectra of the porphyrin molecules on CNF compared to the spectra on graphene oxide and silicon for 107 M (a) TMPyP, (b)
TPP, (c) TCPP, (d) TPPS, and (e) TMAP. (f) Spectra for all of the porphyrin molecules used on CNF compared to the Raman background signal

of cellulose.

Table 1. Raman Enhancement Obtained for Porphyrin Molecules Used Deposited on CNF Compared to the Silicon Substrate

Analyte Ligand Counterion Raman Relative
molecule enhancement Raman
Iene/Is; enhancement
(Tenp-Iong-
background)/(lSi'
ISi-backgmund)
TPP - 3.4 7.0
R - *O
TMPyP 2D Cr 2.5 96.0
R— *O+_CH3
TMAP CI—Iz 0 5.4 16.2
S-O
anSsndwer
CHs H,C
TPPS Na' 3.6 6.4
R= *—<: :)—503‘
TCPP H 2.6 2.1
R= *—<: :>—COO‘

peak at 897 cm ™ is associated with f-glycosidic linkages in the
cellulose structure.”’ Peaks associated with Ier and 15 cellulose
allomorphs at 750 and 710 cm™" could not be distinguished,
suggesting that amorphous cellulose predominates over
crystalline cellulose in the sample.” Two broad bands
observed at 1635 and 3300 cm™" are associated with H—O—
H scissors and O—H stretching. The peaks are reduced in
intensity upon drying of the sample, which suggests they are
mostly associated with the presence of water molecules in the
sample.*

Following characterization, the CNF substrates were

16810

employed as metal-free SERS platforms for the detection of
porphyrin molecules. Figure 2a—e shows the SERS spectra of
the five different porphyrin molecules on CNF, graphene oxide
(GO), and silicon, while Figure 2f shows all of the spectra
compared to the background signal of CNF. Silicon is a
semiconductor material often used as a control substrate for
SERS measurements due to its Raman spectrum consisting of
one peak at 520 cm™', limiting the background signal

associated with the substrate.** Graphene-based platforms

https://doi.org/10.1021/acssuschemeng.1c06685
ACS Sustainable Chem. Eng. 2021, 9, 16808—16819
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Figure 3. Normalized SERS spectra of 107> M (a) TMPyP and (b) TPP on CNF, AgNPs, and Si showing the shift in the position of the peaks.
Fluorescence confocal microscopy images of (c) TMPyP on CNF, (d) TMPyP, and (e) CNF only showing the difference in the porphyrin

structure.

such as graphene oxide are a class of SERS-active metal-free
materials that have been recently explored due to their unique
two-dimensional structure as well as physical and chemical
properties, such as stability and biocompatibility.””~*" The
graphene-enhanced Raman spectroscopy (GERS) effect is
considered to be absent from electromagnetic enhancement,
making it a pure system for the investigation of the chemical
enhancement process.”*** Here, randomly distributed gra-
phene oxide was used to assess the efficiency of the CNF
substrate and compare it to a different plasmon-free SERS-
active platform.

The peaks in the SERS spectrum of TMPyP deposited on
silicon can be assigned to C-pyrrole bending (1254 cm™"), C—
N stretching (1327 cm™"), C—C stretching (1484 and 1559
cm™'), and in-plane phenyl ring bending (1625 cm™), in
agreement with values previously reported in the litera-
ture.”’”>* TPP, the simplest of the porphyrins used in the
experiment, has a spectrum with characteristic peaks at 834,
1231, and 1538 cm™ assigned to phenyl ring bending, C-
phenyl stretching, and C—C stretching, respectively.”>>* TCPP
has characteristic peaks at 1000 (phenyl ring deformation),
1096 (pyrrole in-plane bending), 1345 and 1530 (phenyl in-
plane bending), as well as 1484 cm™ (C—C stretching).>
TPPS is characterized by a spectrum similar to that of TPP:
phenyl ring bending peak at 818 cm™', C-phenyl stretching at
1231 cm™', and several peaks associated with C—C stretching
(1442, 1484, 1530 cm™").>"** The spectrum of TMAP differs
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only slightly from that of TMPyP; strong intensity peaks are
observed at 1235 (C-pyrrole bending), 1442, and 1542 cm™
(c-C stretching).*ﬂ’52 A more detailed assignment of the
bands of the porphyrin-like molecules can be found in the
references provided.

Five different porphyrin molecules were investigated as
analyte molecules for SERS; four of them (TMPyP, TCPP,
TPPS, and TMAP) are water-soluble porphyrins, characterized
by solubility in aqueous solutions at pH >7 and concentrations
>1 mM at room temperature.’® TPP is not water-soluble and
was dissolved in dichloromethane. Following the deposition of
the porphyrins on the CNF substrate, we observed an
enhancement in the Raman spectrum for all of the analyte
molecules used. Both the overall and the relative background-
subtracted relative intensity of the peaks were determined, as
outlined in Figure SI in the Supporting Information. The
relative enhancement of the Raman peaks varied from 2.1-fold
for TCPP up to 96-fold for TMPyP compared to the analytes
deposited directly on silicon. The summary of the observed
enhancements is shown in Table 1. Although the Raman signal
also increased for GO substrates, the enhancement was lower
than 2-fold for the randomly distributed nanoplatelets.
Additionally, the Raman spectrum of graphene is characterized
by two broad Raman peaks at 1350 cm™" (D band) and 1580
cm™ (G band), which may obstruct the peaks associated with
the presence of analytes, reducing the applicability of
graphene-based metal-free platforms.”” Cellulose nanofibers

https://doi.org/10.1021/acssuschemeng.1c06685
ACS Sustainable Chem. Eng. 2021, 9, 16808—16819
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although characterized by low-intensity fluorescence back-
ground have not been shown to have Raman peaks in the
200—2000 cm™' range, as shown in Figure 2f, making them
more applicable to detect porphyrins. The intensity of the
Raman signal of the porphyrin molecules did not vary
significantly when a coverslip, a different inert supporting
substrate, was used underneath the cellulose nanofibers. For
TMPyP on CNF, a variation of 30% in the signal strength was
observed, which can be attributed to surface roughness and
small variations in the wettability of the coverslip and silicon,
resulting in a differing thickness of the deposited cellulose
layer. When TMPyP was deposited directly on silicon or
coverslip, a variation of 7% in signal intensity was observed
(Figure S2). The reproducibility of the Raman signal obtained
from the CNF substrates with TMPyP used as an analyte was
also studied, as outlined in Figure S3. Ideally, for a SERS
substrate, a low variation in the strength of generated signal
obtained from different spots on the sample is desirable.
Although the CNF substrate is characterized by relatively high
roughness, which may lower the reproducibility of the SERS
signal, a 14.6% relative standard deviation in the signal
intensity was observed, reaching the 15% threshold value
desired for quantitative Raman studies.** Nonporphyrin
molecules often used for assessing the performance of
Raman substrates were also used (Figure S4) with up to 2-
fold overall enhancement measured. Since the highest
enhancement reaching almost 2 orders of magnitude in
relative peak intensity has been observed for TMPyP, further
analysis has focused on the porphyrin molecules.

Figure 3a shows the normalized spectra of TMPyP on silicon
and cellulose nanofibers compared to traditionally used in
SERS metal-based substrate consisting of randomly distributed
silver nanoparticles (AgNPs) on silicon. The peak positions in
the Raman spectrum of TMPyP change significantly upon
adsorption on cellulose, for instance, the position of the
highest intensity peak at 1559 cm™' and C—C stretching
becomes shifted down to 1535 cm™, which is a value within
the range associated with C—C stretching for the other
porphyrins. The spectrum of TPP on the different substrates
does not change, as outlined in Figure 3b.

Porphyrins are known to self-assemble into nanostructures
such as nanorods, nanotubes, and nanosheets, depending on
the synthesis method.”® Depending on the environment,
porphyrins can crystallize into different forms; for instance,
both triclinic and tetragonal crystal systems have been
observed and analyzed for TPP, one of the simplest
porphyrin-type molecules.””" In our study, relatively large
numbers of porphyrin molecules were deposited on the
supporting Si, GO, and CNF substrates (above 100
monolayers as outlined in Table S1), which would allow for
an assembly of a porphyrin crystal.

The different vibrational properties of TMPyP on CNF and
Si could be explained by the generation of different crystalline
or crystalline and amorphous porphyrin adlayers. Figure 3c—e
shows fluorescence confocal microscopy images of TMPyP on
CNF and deposited directly on a coverslip compared to an
image of cellulose nanofibers with no dye on them. On
cellulose, the porphyrin seems to be distributed uniformly all
over the sample and no distinguishable porphyrin nanostruc-
tures can be observed. For the control sample, however, the
sample consists of nanorods with lengths in the range of 3—30
um and an average width of 1.6 + 0.9 um. The distribution of
the dye in the porphyrin on the CNF sample resembles that of

the low-intensity autofluorescence signal obtained from the
cellulose nanofibers, suggesting that the dye molecules adsorb
to the cellulose, despite the large adsorption energy of around
400 kJ/mol per molecule for TMPyP on different cellulose
surfaces at room temperature.61

We have previously published a detailed analysis of the
morphology of porphyrin-type adlayer on cellulose substrates
using molecular dynamics simulations based on atomistic
empirical force fields.’ The data have shown that both TPP
and TMPyP assemble in an ordered manner with the molecule
lying flat on the cellulose surface when the coverage is limited
to less than one monolayer. The growth however changes to
irregular 3D cluster formation at coverage exceeding 60% of
monolayer formation, due to low mobility of the TPP and
TMPyP molecules. Similar experimental studies were pre-
viously performed for porphyrin-like molecules on organic
substrates, showing a similar tendency toward epitaxial growth
of TPP and generation of 3D clusters.”” ®* The adlayer,
therefore, is most likely to be amorphous, with the possibility
of the growth of crystallites with a prevalent molecular
orientation.

We can infer that the presence of cellulose disrupts the
nanorod assembly process of TMPyP, resulting in a change of
the structure of the adlayer from ordered to disordered and a
shift in the peak position in the Raman spectrum. The
disordered growth of the TMPyP molecules on the CNF
substrate and the generation of 3D clusters could also explain
the increased Raman signal intensity. Aggregation of the
porphyrin in certain spots of the sample would artificially
increase the concentration of the molecules, making them
easier to detect via Raman spectroscopy. Figures S7 and S8
show additional SEM and confocal images of TPP and TMPyP
on the different substrates used in this study (CNF, AgNPs,
GO, Si). The images confirm that while the structure of
TMPyP varies on CNF when compared to the other samples,
TPP forms similar structures on CNF and when cellulose is
not present, resulting in a similar distribution of molecules for
both the control and the cellulose samples.

Additionally, we have determined that the electrostatic
interactions between the porphyrin adlayer and the cellulose
surface could affect the vibrational properties of the samples.®!
The CI” counterion of TMPyP is attracted to the positively
charged end (proton) of the —OH groups in the cellulose
structure, resulting in the generation of a nonvanishing dipole
moment in the porphyrin adlayer. The average dipole moment
per unit surface area was shown to increase with the growth of
the number of adsorbed porphyrin molecules, reaching values
of 1-1.7 Debye/nm” for three monolayers of TMPyP on
different cellulose surfaces. Due to the interaction with
cellulose, the two surfaces of the porphyrin adlayer (that is
the interface between the cellulose and the porphyrin as well as
the free porphyrin surface in contact with air) become charged,
resulting in the generation of an electric field in the porphyrin
layer, which could both enhance the intensity and shift the
position of Raman peaks in the spectrum. The suggested
mechanism could explain the observed differences in the
enhancements for the different porphyrin molecules, as the
neutral and anionic porphyrins could not interact with the
—OH groups of the cellulose in a similar fashion. TMAP, the
second cationic porphyrin we used in the study was also
characterized by high Raman signal enhancement on cellulose
surfaces, although about 5 times smaller than that of TMPyP.
This suggests that not only the charge but also the size of the
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prior to being drop-cast and (b) the dependence of the 1540 cm™" peak intensity (black) and the SERS enhancement compared to Si-only
substrate (purple) on the CNF dispersion concentration. (c) Raman spectra of TMPyP on highly diluted CNF, showing the shift in the spectrum.
(d—f) AFM images of diluted CNF on silicon for 0.01, 0.003, and 0.001 wt % CNF, respectively.

(@ °1 (b) [—on TMPyP 104M (€)™ T—ow TPP 103 M
14 06004 —— TEMPO-CNF & —— TEMPO-CNF
R 7 \—chs | 2200 HPC R=*
CNF TMPyP HPC - /
2 Y —CA —CA
o 80001 AgNPs 20004 —— AgNPs
34 LUM = = &
R 3.57eV — symo K z Si
S ] 22757 T 6400+ <. 1800
2 g Z
o s green 2 g
-5 2.3eV < 4800 2 i
Y_Homo = £ 160
6 5.55eV Az )
3200 YN 1400
“7 T == =
r—
84 16001 — T T T . 1200 T T T T T
HOMO 320 640 960 1280 1600 320 640 960 1280 1600
-9 807ev Raman shift (cm™) Raman shift (cm™)
6200 >
(d)| TMPyP on CNF (e) |TMPyPonGO () |TMPyP 10° M on CNF
_ 6000 -
B 3
8 R
z 105M Z 10°M| 5 58004 \
e 10°M 8 “ & 1
£ , £ 10°M| 2 | 1
3 107 M 3 2 5600 | !
® © £ ! 1
E £ ! \
S S 10°M 5400 G .
GO only 3 1269'Cm,‘ 1448 cmt 1621 cm"‘
CNF only S(C-pyr) v(C-C)  8(phenyl ring)
T T T u T T T T T T T T 5200 T T T T T
900 1050 1200 1350 1500 1650 900 1050 1200 1350 1500 1650 1120 1280 1440 1600 1760
Raman shift (cm™) Raman shift (cm™) Raman shift (cm™)

Figure 5. (a) Proposed band diagram showing a possible charge transfer between the CNF substrate and a TMPyP molecule. SERS spectra of
porphyrins on different types of cellulose-based substrates compared to silver nanoparticles and silicon for (b) 10™* M TMPyP and (c) 107> M
TPP. Normalized SERS spectra of TMPyP on (d) CNF and (e) GO used for the determination of the detection limit. (f) Spectrum of 107> M
TMPyP on CNF, highlighting the low detection limit on the metal-free substrate.

ion affect the mechanism, as the p-toluenesulfonic acid signal of TMPyP on CNF was 1.7 times higher for the
(PTSA) used for neutralization of TMAP is much larger molecule with a CI” ion. Additionally, the Raman signal of
than the CI7, hampering the preferential adsorption on TMPyP with a CI” ion was lower in intensity when compared
cellulose surfaces. To further investigate the effect the to PTSA, showing that the addition of cellulose has a more
counterion in the porphyrin structure has on the SERS significant effect on the TMPyP/Cl™ molecule. The SERS
enhancement observed, we collected additional spectra of signal was 19.3 times higher when the CI™ counterion was used
TMPyP with p-toluenesulfonic acid used for neutralization on and only 5.9 times higher for PTSA, further proving that the

both CNF and Si, as outlined in Figure S9. The relative SERS structure of the porphyrin affects the SERS spectrum obtained.
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We analyzed the effect of reducing the concentration of
CNEF dispersion in water prior to its deposition on the silicon
substrate. Figure 4a shows the SERS spectra of 10~ M TMPyP
deposited on 30 uL of dried CNF on Si at concentrations
varying from 2 to 0.001 wt % compared to the spectrum of
TMPyP on Si. The intensity of the Raman signal decreases
steadily with the decrease in CNF concentration, resulting in
the reduction of the coverage of the silicon substrate with
cellulose nanofibers (Figure 4b). The previously described shift
in the peak position in the spectrum can be observed when the
CNF concentration is reduced from 0.003 to 0.001 wt %, as
shown in Figure 4c. Figure 4d—f shows AFM images of the
highly diluted cellulose, showing that at the point of transition
only individual nanofibers are present in the sample. The data
show that it is possible to distinguish between the spectrum of
TMPyP on CNF and Si, and that TMPyP has an affinity to
bind to the cellulose surface, even when not many fibers are
present in the sample.

A charge transfer process driven by the green laser light
could be a mechanism contributing to the observed SERS
enhancement on CNF substrates. Figure Sa depicts a proposed
band diagram showing a possible charge transfer between the
CNF substrate and a TMPyP molecule, characterized by the
highest observed enhancement. TMPyP has its highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) levels positioned $.55 and 3.3 eV
below the vacuum level, respectively.sS 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.' ¥ The
green laser light used for Raman measurements provides
energy equal to 2.3 eV, which is not enough energy to drive the
charge transfer process from the substrate to the analyte
molecules. The charge however can be excited from the
HOMO Ilevel of the molecule directly to the LUMO level of
the cellulose. The charge could then be transferred back to the
ground state of the porphyrin while leaving it at some
vibrational state, resulting in an emission of a Raman photon.
The energy required for such a process to take place is lower
than the energy provided by the green laser and lower than the
energy required to excite charge in TMPyP directly, meaning
that the presence of cellulose in the sample may facilitate
charge generation and therefore increase the intensity of the
scattered light. The charge transfer mechanism described here
would be similar for all of the porphyrin molecules studied due
to the fact that they are characterized by similar HOMO and
LUMO values, likely associated with the tetrapyrrole ring
(Figure S10). This suggests that although a charge transfer can
take place and contribute to the observed enhancement, other
effects correlated with the porphyrin structure need to take
place to explain the large variation in the enhancement factor
values observed for the different molecules.

Cellulose is a versatile material that can be easily modified
by partially replacing the hydroxyl (—OH) groups in the
structure. In this study, we utilized different types of cellulose
derivatives as SERS substrates for the detection of TMPyP and
TPP, as shown in Figure S5b,c, to better understand the
enhancement mechanism observed. TEMPO-oxidized cellu-
lose nanofibers (TEMPO-CNE), cellulose acetate (CA), and
hydroxypropyl cellulose (HPC) are characterized by the
presence of carboxyl, acetyl, and OCH,CH(OH)CHj groups
in their structure, respectively. The detailed chemical
structures of the different types of cellulose materials are
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outlined in Figure S11. The spectra of TPP on the different
types of cellulose as well as Si and AgNPs are very similar with
the best signal being observed on HPC and CNF. TMPyP, on
the other hand, is easily identifiable on the different types of
cellulose-based substrates, even when the concentration is
reduced to 107" M, with the spectrum on CNF being
comparable in intensity to that of TMPyP on AgNPs. The
different cellulose substrates studied are characterized by
different roughnesses and therefore varying surface areas,
which may affect the molecule adsorption; we have however
determined that the changes in the surface area for the
different materials were insignificant when compared to the
SERS signal enhancement observed with Si substrate used as a
control (Figures S12, S13 and Table S2). Additionally, we
studied the wettability of the different cellulose-based
substrates (shown in Figure S14), as it may be a contributing
factor to the observed SERS enhancement, especially for
deposition of materials from aqueous solution. Higher
hydrophilicity of the substrate results in the spreading of the
molecule solution, which would increase the surface area for
adsorption of the molecules to the cellulose surface. On the
other hand, more hydrophobic surfaces have been shown to be
beneficial for SERS, as they concentrate molecules in one spot
of the sample, resulting in an artificial increase of the
concentration, and therefore, the SERS signal intensity.
Nonetheless, based on contact angle measurements of CNF,
TEMPO-CNF, CA, and HPC, we have not observed a clear
relationship between the wettability of the substrate and the
SERS enhancement and thus we excluded wettability and
roughness-related effects from further discussion of the
enhancement mechanism. The similar performance of the
different types of cellulose suggests that the interaction
between the cellulose backbone and the tetrapyrrole ring of
the porphyrin could affect the arrangement of molecules on the
substrate and therefore contribute to the high Raman signal
enhancement observed. Additionally, the data shows that
replacing the —OH groups in the cellulose substrate results in a
reduction of the Raman signal intensity, further confirming
that the interaction between the TMPyP counterion and the
substrate is a contributing factor. HPC and TEMPO-CNF are
characterized by similar enhancement, while CA performed the
worst out of all of the cellulose-based substrates, which could
be related to the structure of functional groups in the materials.
While both —COOH and OCH,CH(OH)CHj; contain —OH
groups in their structure, cellulose acetate is modified with
CH;CO, which would result in a different charge distribution,
and therefore affect the interaction of the substrate with
porphyrins. Additionally, CA is characterized by a quite strong
fluorescent background signal (as shown in Figure S13), which
may mask some of the Raman peaks in the spectrum, reducing
the efficiency of the material as a SERS substrate.
Subsequently, we determined the detection limit of TMPyP
on the metal-free CNF and GO substrates. The ~1550 cm™
C—C stretching peak associated with the presence of TMPyP
can be identified for concentrations as low as 107 M on CNF
and 107 M on GO (Figure 5d,e). The dependence of the
coverage of the porphyrin adlayer on the concentration of the
solution used is outlined in Table S1, showing that the limit of
detection for CNF is reached when more than 10 monolayers
of TMPyP are present on the cellulose surface. As we have
previously shown in a computational study, TMPyP grows in a
disordered way, beyond a single molecule growth, resulting in a
generation of 3D clusters.’’ The data suggests that only when
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Figure 6. (a) Normalized SERS spectra of 10" M TMPyP on pristine and heat-treated CNF substrate. (b, c) SEM images of CNF untreated and
annealed at 200 °C along with the contact angle measurements for the two surfaces.

several layers of porphyrins are present in the sample and
clustering takes place, the molecule can be detected.

Although the spectra of TMPyP on CNF and AgNPs were
comparable in terms of intensity, the detection limit on silver is
much lower, with 1077 M TMPyP still being detectable (Figure
S$15), showing the main limitation of this approach. Metal-free
substrates are however known to be characterized by lower
detection limits, rarely reaching values as low as 107 and 1077
M, associated with less than one monolayer coverage of the
molecules on the substrate.”” The spectrum of 107> M TMPyP
on CNF is however clear and several clear peaks associated
with the presence of the analyte can be distinguished in the
spectrum, as highlighted in Figure 5f, making the cellulose-
based substrates a promising platform for metal-free low-
concentration molecule detection.

Finally, we investigated the effect of employing heat
treatment of the CNF substrate on its performance as a
SERS platform for the detection of porphyrins. Substrate
annealing in air has been shown to be a simple and effective
way of improving the SERS performance due to effects
associated with oxygen defect introduction and the change of
wettability on the substrate.”” Figure 6a demonstrates that
following heat annealing of the CNF substrate for 40 min at
200 °C, the intensity of both the overall TMPyP signal and the
relative peak strength can be further enhanced 2-fold. The
effect can be attributed to the increase in the hydrophobicity of
the substrate after treatment, resulting in the reduction of
spreading of the solution drop after deposition, and therefore
an artificial increase in the analyte molecule concentration.''
The contact angle for a water droplet on the untreated
substrate was measured to be 24.6 + 0.8°, which then increases
to 27.5 + 0.4° following treatment. Figure 6b,c shows SEM
images of the CNF substrate prior to and following treatment,
demonstrating that the sample is stable at high temperatures
and that no significant changes in the sample topography can
be observed. The stability of the samples was also investigated
using EDX, as outlined in Figure S18 and Table S3. The
composition of the samples remains mostly unchanged, with
the amount of oxygen increasing slightly following the
annealing in an oxygen-rich atmosphere, suggesting oxidation
of the sample, which has previously been shown for inorganic
semiconductors.”® Although any drying effects associated with
the heat treatments are temporary, as water may be adsorbed
on the cellulose surface from the atmosphere, the changes in
the contact angle values and the associated SERS signal
enhancement on treated samples are preserved for several days
following treatment.

B CONCLUSIONS

We have demonstrated that randomly distributed cellulose
nanofibers are an efficient metal-free SERS platform that can
be used for the detection of porphyrin-like molecules. We
show that the SERS enhancement observed varies between
molecules with different ligands with the highest 96-fold
relative peak enhancement being observed for cationic and
water-soluble TMPyP. We propose that the observed enhance-
ment is a combination of multiple processes occurring with a
charge transfer mechanism increasing the rate of inelastically
scattered light taking place for all of the porphyrin molecules
studied. The notably high enhancement of TMPyP could be
explained by additional processes associated with the counter-
ions in the porphyrin species interacting with the —OH groups
of cellulose, resulting in the generation of a dipole moment and
an electric field in the porphyrin adlayer, which is further
confirmed by the reduction of the Raman signal when cellulose
derivative materials are used as a substrate. We demonstrated
that the Raman peak positions shift for the TMPyP adsorbed
on cellulose, which suggests a possible change in the crystal
structure of the porphyrin adlayer and the disruption in the
nanorod self-assembly process of the molecules. TMPyP was
shown to self-assemble into ordered nanorod-like structures on
silicon substrates, while forming disordered 3D clusters on
cellulose, as supported by confocal fluorescence images and
previously published computational data. Due to the fact that
similar SERS enhancements can be obtained for different types
of cellulose derivative-based substrates, we propose that the
interaction between the cellulose backbone and the tetrapyr-
role ring of the porphyrin could be responsible for the change
in the porphyrin adsorption properties. The detection limit for
TMPyP on CNF is 10~° M, and the substrate efficiency can be
further enhanced 2-fold by employing a heat treatment
process. The CNF platform is comparable to other plasmon-
free SERS substrates such as graphene, making the approach
viable for substrate design in the fields of medicine, security,
and environmental science.

B EXPERIMENTAL SECTION

Sample Preparation. Sigma Aldrich provided all of the chemicals
unless stated otherwise. All chemicals were used directly without any
further purification.

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

Cellulose acetate powder (CA; average M, ~30000 by gel
permeation chromatography (GPC); CAS Number: 9004-35-7) was
dissolved in acetone at 1 wt % and stirred overnight. Hydroxypropyl
cellulose powder (HPC; average M,, ~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 silicon substrate and left to dry. For the heat treatment
experiment, the CNF samples were annealed at different temperatures
in an oven (Genlab Limited) for 40 min.

Graphene oxide (GO; product code 76370S; 2 mg/mL dispersion
in H,0) was diluted in distilled water down to 0.2 mg/mL and then
deposited on a silicon substrate. Silver nanoparticles (AgNPs; product
code 730807; 40 nm particle size, 0.02 mg/mL in aqueous buffer,
contains sodium citrate as a stabilizer) were also used without any
subsequent dilution.

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), meso-tetra(N-methyl-4-pyridyl)porphine tetratosylate salt
(TMPyP; CAS Number 36951-72-1), §,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: 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).

Water-soluble porphyrin solutions (TMPyP, TPPS, TMAP, and
TCPP) as well as MG, VBB, and MV2B were prepared by dissolving
the powders in distilled water at an initial concentration of 107> or
107 M. TPP solution was prepared in dichloromethane (CH,CL,
CAS Number: 75-09-2). All of the probe molecule solutions used
were diluted down to a concentration of 107* 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 the
concentration of 10~* M. The solubility of the molecules was assessed
visually at room temperature. All of the molecules dissolved in
distilled water/CH,Cl, at a concentration of 10~ M resulted in an
optically clear solution with no visible aggregates.

Raman Spectroscopy. The measurement was performed using a
bespoke Raman 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 CCD camera
(iDus 401, Andor).®”~"* A 50x objective was used to focus the laser
(532 nm wavelength, S mW incident power regulated by an
attenuator) and collect the Raman 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.

UV-Vis Absorption Spectroscopy. Optical absorbance meas-
urements 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.

Fourier Transform Infrared Spectroscopy. Fourier transform
infrared (FTIR) spectra were collected using an a Platinum Bruker
system. To record FTIR spectra, the substrates on a coverslip or in
solution were placed onto the ATR interface. Spectra were collected
using transmission mode scanning in the range of 400—4000 cm ™.

Scanning Electron Microscopy. High-resolution scanning
electron microscopy (SEM) images were obtained using a
Regulus8230 Scanning Electron Microscopy employed with an
energy-dispersive X-ray spectroscopy (EDX) system following the
coating of the substrates with a S nm thick layer of iridium.
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Atomic Force Microscopy. AFM images were obtained using an
MEFP-3D Asylum Research instrument operating in 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, 125 pym (115—135 um) length. The surface area was
calculated using Gwyddion software based on a 20 ym height image
of the sample.

Fluorescence Confocal Microscopy. Fluorescence confocal
microscopy images were obtained using the Leica TCS SP8 confocal
system using a white light laser set to 532 nm, and internal HyD
GaAsP SMD detector. A 63X 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 DSA2SE) was used to measure
contact angles of droplets of deionized water (Milli-Q) on treated and
untreated substrates.
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