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Raman imaging studies on the adsorption of
methylene blue species onto silver modified
linen fibers

Sara Fateixa,®* © Manon Wilhelm,? Alipio M. Jorge,” Helena I. S. Nogueira®
and Tito Trindade®

We demonstrate in this research that surface-enhanced resonance Raman scattering combined with Raman imaging can be
effectively used for analysis of distinct forms of organic dyes in antimicrobial Ag-loaded textile fibers. The potential of this
approach, as a non-destructive characterization method of fabrics, was evaluated with Raman studies performed on the molecular
forms of methylene blue (MB), used here as the organic dye model. On the basis of the surface-enhanced Raman scattering spectra
of MB monomers and dimers, the Raman imaging of Ag-loaded linen fibers previously treated with MB solution was performed
and then used for identification of the adsorbate species in distinct regions of the substrates. A semi-quantitative analysis is then
performed by considering the area of the Raman bands ascribed to the MB molecular forms and image analysis applied to Raman

images. Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction

It is well known that molecular association affects the color and
photo-physical properties of dyes in solution.!""®! The formation of
molecular aggregates due to electrostatic attraction depends on
several factors such as dye concentration, ionic strength of the me-
dium, temperature, solvent, and pH.”?"'® In conditions of low dye
concentration, molecular association might lead to dimers or even
higher order aggregates.>'¥ For example, methylene blue (MB), a
widely used thiazine dye, when dissolved in water establishes equi-
librium between dimers and monomers, whose optical absorption
spectra are distinct’®*”'*! In MB aqueous solution, the monomer
shows maximum absorption at 662 nm (e =3.88 x 104Lmol ' cm™ ")
while the dimer has an absorption maximum at 610 nm
(€ = 9.06 X 104 Lmol™" cm™")1"®'" Bujdék et al!"® have reported
the presence of MB H-aggregates (face-to-face cations), absorbing
at 570 nm and high-order H-aggregates absorbing at 525 nm.['”!
The presence of protonated methylene blue (MBH>*) molecular cat-
ions and J-aggregates (head-to-tail cations) absorbing at 770 nm
was also described.””!

For the study of the MB forms in aqueous solution, several
methods have been employed, including fluorescence quenching
monitoring and optical absorption studies in conditions of high
concentration (deviation from the Beer's law).*”">) More recently,
surface-enhanced Raman scattering (SERS) was also explored by
using silver and gold electrodes as substrates for MB
adsorbates."®2" Hence, Corn et al. have investigated the adsorption
of MB monolayers onto the surface of gold and sulfur-modified gold
electrodes using laser-induced fluorescence spectroscopy and Fou-
rier transform SERS.2" Nicolai et al. have reported surface-enhanced
resonance Raman scattering studies on MB adsorbed onto an Ag
electrode, describing the formation of monomeric MB in equilib-
rium with higher order aggregates at the electrode surface."'®

The surface-enhanced resonance Raman scattering is achieved
when a Raman active molecule has a chromophore group with
electronic transitions in resonance with the frequency of the laser
source used in Raman, which will also excite the plasmon of the me-
tallic substrate and create the SERS effect.*?>4 Thus, it is a particu-
lar case of SERS but with the main advantage that fluorescence
emission interference that might obscure the Raman signal can
be in this case attenuated, creating enhancement factors in same
cases of the order 10''-10"2, which allow chemical analysis to very
low detection limits.*>***) In this research, both enhancement
from non-resonant SERS of the roughened Ag surface and the res-
onance Raman signal of the MB will be exploited.

It is important to note that studies of dye molecular forms pres-
ent at solid surfaces are of great and practical relevance, for exam-
ple, in textile fibers dyeing. Indeed, the adsorption of cationic dyes
onto solid surfaces often results in color changes as compared with
the dissolved species in water. This metachromatic effect can result
from the nature and relative amount of the molecular forms
adsorbed at the surfaces, which can be monomeric species, dimers,
and also higher order aggregates.!'®?®! Although electronic spectra
of dyed fabrics provide useful information for such type of studies,
there are limitations concerning the nanoscale characterization of
the molecular aggregates adsorbed at the surfaces. In a recent
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study published in this journal, we have demonstrated that the
combined use of SERS and Raman imaging is a powerful tool to an-
alyze organic dyes adsorbed onto antimicrobial fabrics by using MB
and Ag-loaded linen fibers as the materials of study.””? Although
our report provided a method to acquire a better understanding
of the distribution of Ag nanoparticles (NPs) in antimicrobial fabrics,
the study of molecular association of MB used as dye onto the fab-
rics remained an open issue. This aspect is particularly relevant by
considering that in certain cases the color conferred by the dye de-
pends on the aggregation state of their molecules, but this effect
has been scarcely addressed in the literature. In particular for MB,
to the best of our knowledge, there are no studies reporting the
molecular forms retained in textile fibers during the dyeing process.
In order to fill this gap, we have carried out a Raman imaging study
on those systems in order to assess the distinct molecular forms of
MB present at the Ag-loaded linen fibers. We anticipate that the ap-
proach described here can be applied to other hybrid SERS sub-
strates available, such as nanocomposites based on polymers of
natural and synthetic origin.1?52

Materials and methods
Materials

The following chemicals were used as purchased: silver nitrate
(AgNOs3, 99.9%, J. M. Vaz Pereira), sodium citrate tribasic dihydrate
(Na3CgHs0,-2H,0, 99%, Sigma-Aldrich), and MB (C;gH;gN3SCl,
Riedel-De Haén). The linen fibers were kindly supplied by CENTI, Vila
Nova de Famalicdo, Portugal.

Preparation of Ag/linen nanocomposites

The Ag/linen nanocomposites were prepared as follows. The linen
fibers (250 mg) were placed into 50 mL of an aqueous solution of
AgNO; (1 mM). The mixture was heated under reflux over 10 min,
and then 1 mL of sodium citrate solution (1% w/v) was added
dropwise under vigorous stirring. The mixture was then refluxed
for 45 min and slowly cooled to room temperature. The ensuing
nanocomposite fibers were then removed by filtration, thoroughly
washed with deionized water and dried overnight in an oven at
70°C.

Raman imaging and image analysis

The adsorption of MB onto Ag NPs surface was investigated using
the Ag/linen composites as SERS substrates. Aqueous solutions of
MB with varying concentrations (from 100 to 1 uM) and ethanol so-
lution (100 uM) have been prepared by dissolving the respective
amount of MB powder in the solvent, at room temperature. All sam-
ples for Raman imaging were prepared by addition of 10 uL of the
MB solution to the surface of the Ag/linen nanocomposites and
dried at room temperature.

The WITec software, WiTec Project 2.0 (WITec, Ulm, Germany),
was used to create the Raman images. The Raman spectra of the
monomer and of the dimer and monomer mixture were used as
the basis set in the analysis using the software tool of WITec Project,
providing the color-coded combined Raman images. The Raman
images showing a color scale have been created using band inte-
grals, in which the value of the absolute area underneath a band
(e.g. at 445 cm™ ") corresponds to a color intensity in the scale,
shown in the image at the respective pixels.

The deconvoluted Raman spectra were obtained by applying the
command fitting multi-peaks using the Gaussian function in origin
8.The image analysis was performed using the tiff files. For each im-
age, three color channels (RGB) were separated and counted the
number of pixels corresponding to the visible colors ‘blue’ and
‘red’. Each channel can be seen as a vector of values in the interval
[0,1]. The criteria for considering a pixel ‘blue’ are to satisfy ‘R < 0.3
AND B> 0.7 AND G <0.3". A 'red’ pixel satisfies 'R>0.7 AND B<0.3
AND G <0.3". The proportion of ‘blue’ is the ratio between the num-
ber of blue points and the total number of pixels, similarly for the
proportion of ‘red’. Image processing was performed using our
own R% using the packages ‘pixmap™®'! and ‘rtiff.>*

Instrumentation

A Jasco V 560 UV/visible (UV/vis) spectrophotometer was used for
recording the UV/vis spectra of the samples. Scanning electron
microscope (SEM) images were obtained using a Hitachi SU-70
SEM (Hitachi High-Technologies, Tokyo, Japan); Raman imaging
has been performed using a combined Raman-AFM-SNOM confo-
cal microscope WITec alpha300 RAS+ (WITec, Ulm, Germany).
Raman images were produced by raster scanning the laser beam
over the samples and by accumulating a full Raman spectrum at
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Figure 1. (a) Visible spectrum (Kubelka-Munk converted reflectance spectra) of
Ag/linen composite; (b) SEM backscattered electron mode image of Ag/linen
composite. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 2. Optical photograph (a) and combined Raman image (b) using two different Raman spectra of methylene blue (100 uM) adsorbed on Ag/linen
composite (633 nm excitation laser source, 300 x 340 points per grid in a 30 x 35 um area); (c) Raman spectra used for the combined Raman image.

[Colour figure can be viewed at wileyonlinelibrary.com]

each pixel. An He : Ne laser operating at 633 nm and an Nd : YAG
laser operating at 532 nm were used as excitation sources, both
with the power set at 2 mW.

Results and discussion

The increasing use of antimicrobial fabrics containing Ag in their
composition prompted great interest in studying these materials
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Figure 3. Visible spectra of (a) methylene blue aqueous solution (100 uM)
and (b) Ag/linen composite with a drop of methylene blue (100 uM)
(Kubelka-Munk converted reflectance spectra).

by non-conventional characterization techniques. For instance,
the presence of Ag nanoparticles (NPs) in their composition allows
the analysis of these materials by innovative Raman methods, thus
taking advantage of the presence of SERS active metal NPs. Figure 1
shows the UV/vis spectrum and SEM images for the Ag-loaded linen
fibers used in this research. The UV/vis spectrum of the Ag/linen
fibers shows the localized surface plasmon resonance band of Ag
NPs, peaked at 445 nm. The SEM image shows well-distributed Ag
NPs over the linen surfaces.

As expected, the Ag/linen composite fibers acquired a blue color
after treatment with the MB aqueous solution, and then the ensu-
ing materials were analyzed by Raman spectroscopy. Overall, the
Raman spectrum (Fig. S1) of this sample is dominated by the char-
acteristic bands of MB, and the respective vibrational modes assign-
ments have been reported.””?33¢ For the purposes of this
research, a more detailed analysis was focused on the bands at
445 cm ™" (CN skeletal deformation) and on the thiazine group in-
plane bending mode at 475 cm ™. Indeed, such vibrational bands
in the Raman spectrum can be used as indicative for the presence
of the monomer and dimer forms of MB. Hence, the band at
475 cm ™', assigned to the thiazine group in-plane bending mode,
is associated with the monomer, while the band at 445 cm™' is
due to the formation of MB dimers."®*”=%! Several studies have
demonstrated that by monitoring the relative intensities of the vi-
brational bands at 445 cm™' (CN skeletal deformation) and
475 cm™' (thiazine group in-plane bending), the amount of MB
monomers in relation to MB dimers, both in solution and onto solid
surfaces, can be followed."'%*”? Figure 2 shows a 2D Raman imag-
ing that combines the two distinct SERS spectra of MB identified in
the Ag/linen nanocomposites. The spectrum corresponding to the
monomer (blue tracing) shows a strong band at 475 cm™' while
the spectrum corresponding to a mixture of monomer/dimer (red
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tracing) shows bands at 445 and 475 cm ™. In the latter, the inten-
sity of the band at 475 cm ™' is comparable with the intensity of the
band at 445 cm ™. The observation of both MB forms is an impor-
tant finding for the current study because it excludes the hypoth-
esis that regardless the type of Ag NPs distribution within the
fibers, just one of the MB forms would be detected by SERS. This
means that both MB forms can be detected in these SERS sub-
strates by using the experimental setup employed here. These re-
sults are in agreement with previous reports that described both
the monomer and dimer MB adsorbates onto silver electrodes,!"®
gold films,** and membrane mimetic systems.*’*® Moreover,
the UV/Vis spectrum of the Ag/linen nanocomposite (Fig. 3)
shows two overlapping bands in the 600 to 700 nm region, corre-
sponding to the monomer and dimer, which was also observed in
the starting aqueous solution containing the dye. Also note the
broad band peaked at 445 nm, which is due to the presence of
Ag NPs in the linen fibers, as mentioned previously.

A distinct question concerns the SERS sensitivity of the MB spe-
cies adsorbed onto the substrates, either monomers or dimers. Tak-
ing into account the wavelength region delimited by the maximum
absorption of each MB form, 610 nm for the dimer and 670 nm for
the monomer, the use of an excitation line whose wavelength
(633 nm) is within such spectral absorption region leads to Raman
signal enhancement for both forms because of resonance effects
(surface-enhanced resonance Raman scattering).'® Conversely,
Raman imaging using laser line out of resonance (532 nm) shows
the bands at 445 and 505 cm ™' assigned to the dimer species of
MB, but the band assigned to the monomer form (475 cm™") is
not clearly distinguished from the background noise (Fig. 4). This re-
sult indicates that in conditions of non-resonance (532-nm excita-
tion), only Raman bands of the dimer form have been enhanced,
which is in agreement with reported literature.'® Therefore, our
subsequent Raman studies in these systems were carried out using
the excitation line at 633 nm, because in this case, both MB forms
could be detected by SERS.

The Raman images presented previously show that by treating
the Ag/linen fibers with an MB solution 100 puM, both monomer
and dimer MB species adsorbed onto the Ag NPs surfaces dispersed
in the linen fibers. As shown in Fig. 5, similar experiments but using
aqueous solutions of lower concentration in MB (10 and 1 pM) indi-
cate the presence of monomers (band at 475 cm ') and dimers
(band at 445 cm™"). However, the latter was always observed as
more intense in the several Raman spectra recorded over different
regions of the loaded fibers, which suggests that MB dimers pre-
dominate as adsorbates when using starting solutions of low con-
centration of the dye.”'¥

The aforementioned results indicate that MB monomers and
dimers adsorb onto the Ag NPs spread over the fibers surfaces.
An interesting point at this stage is to find out if this methodology
provides information concerning the presence of MB species in the
interior of the fibers. First, it should be noted that this type of SERS
analysis is possible because Ag NPs are also present in the interior
of the fibers.>”? Therefore, deep Raman imaging of MB through
the Ag/linen fibers was performed along the Z-axis and by monitor-
ing the respective Raman bands assigned to the monomers and
dimers. Figure 6 shows the optical image and the combined 2D
deep Raman image of the Ag/linen fibers.

Two main observations result from the analysis of Fig. 6. First, the
confirmation that the SERS signal is observed for MB adsorbed at
the surface and also in the interior of the Ag-loaded linen fibers.
The latter allows us to confirm that the interior of the fibers contain
Ag NPs, which probably have been generated during the reduction
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Figure 4. Optical photograph (a) and Raman image (b) obtained using the
integrated intensity of the Raman band at 445 cm ' in the SERS spectra of
methylene blue (100 uM) adsorbed on Ag/linen (excitation at 532 nm,
2 mW laser power, 150 x 150 points per grid in a 22 X 22 um area, 0.01 s).
The vertical bar shows the color profile in the Raman image; (c) average
Raman spectrum obtained from the Raman image data. [Colour figure can
be viewed at wileyonlinelibrary.com]

of cationic silver previously loaded in the linen. Experiments using
linen fibers without Ag NPs did not show Raman bands for MB
but fluorescence.
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Figure 5. Optical image and Raman mapping obtained using the integrated intensity of the Raman band at 445 cm™ ' in the SERS spectra of methylene blue
adsorbed on Ag/linen after treating the fibers with methylene blue solutions a) 10 uM (125 x 200 points per grid in a 25 x 40 pm area) and (b) 1T M (150 x 150
points per grid in a 20 x 20 pm area). The vertical bar shows the color profile in the Raman images; (c) average Raman spectrum obtained from the Raman

image data. [Colour figure can be viewed at wileyonlinelibrary.com]

Also note that although Ag NPs still show an absorption tail
(Fig. 1(a)) that extends to 633 nm (wavelength of the excitation
line), which could block light penetration at the fibers surfaces,
there are surface regions of the fibers not silver coated, and there-
fore, the sample is semi-transparent at this wavelength (see SEM
image on Fig. 1(b)). Second observation, and most intriguing,
monomer-adsorbated species (blue region) were detected inside
of the fibers but not the dimer species (red region, band at
445 cm ™). In this regards, the linen fibers seem to act as size selec-
tive membranes to molecular diffusion, allowing MB monomers to
pass through the fibers into the interior, but limiting the diffusion of

MB dimers. However, this is a partial explanation because the for-
mation of MB aggregates, at least in aqueous solution, tends to in-
crease with decreasing amount of dye in solution, thus leading to
dimer formation or even higher order aggregates.>'¥ Although
the behavior in solid matrices is expected to be different, a plausible
interpretation should also take into account that the linen fibers act
as an active host matrix, probably interacting electrostatically with
MB molecules through the hydroxyl groups of cellulose™®*” and
therefore limiting the formation of dimers and higher aggregates
that arise mainly via hydrophobic interactions, and van der Waals
forces, thus favoring the adsorption of MB monomers.>84142 A
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Figure 6. (a) Optical image; (b) Raman spectra of methylene blue forms used for the combined Raman image (633-nm excitation laser source, 270 x 200
points per grid in a 27 x 20 pm area); (c) combined deep Raman image of methylene blue (100 uM) adsorbed on Ag/linen. [Colour figure can be viewed

at wileyonlinelibrary.com]

possible effect due to the dry process was also considered in the in-
terpretation of these observations. However, in such case, we
would expect the dimers to be less abundant at the surface in rela-
tion to the fibers' interior, which dries slower, thus yielding a relative
lower concentration in the dye that favors the formation of dimers
in relation to monomers.”'* Nevertheless, it should be highlighted
that unlike conventional UV/vis absorption measurements (Fig. S2),
Raman imaging gives more detailed information concerning the
population of the MB forms within the textile fibers. Moreover, the
SERS spectrum of the monomer suggests adsorption of the MB
molecules in a perpendicular orientation relative to the Ag surface
(Fig. 2(c), blue spectrum). Indeed, the band assigned to the thiazine
rings bending in the plane (475 cm ™) is strongly enhanced, and the
band at 1387 cm ™' is more intense than the band at 1618 cm™’,
which is probably due to interaction of the N atoms with the Ag sur-
face. On the other hand, the dimers (Fig. S3, SI) seem to interact with
the metal via the fused phenyl and thiazine rings, involving the N
and S donor atoms leading to the high intensity of the bands
assigned at 1618, 1387, and 800 cm ™' (Fig. 2(c), red spectrum).>>43]

In order to investigate the selective adsorption of the MB species
onto Ag/linen composites, we have decided to investigate the
dyeing process by using ethanolic solutions instead of aqueous
solutions. This is because MB dissolved in ethanol occurs predomi-
nantly as monomers.”® Figure 7 shows the 2D Raman image and

deep Raman image of MB (100 pM) in ethanol using Ag/linen
composites as SERS substrates. The 2D Raman image (Fig. 7(a))
shows that in this case the adsorption of the MB monomers
(band at 445 cm™') predominates in comparison with that of
the MB dimers (band at 475 cm™"). However, unlike the case of
the fibers that have been dyed using an aqueous solution of MB,
the dimer species were also detected in the interior of fibers treated
with an MB ethanolic solution (Fig. 7(b), both spectra, band at
445cm™ ). Although a weak Raman band was detected in this case,
when using ethanol as the solvent, probably the diffusion of MB
species within the fibers become facilitated, thus allowing dimer
formation onto the Ag NPs but not in bulk solution.

Finally, we have used the data collected from the Raman spectra
and Raman maps in order to obtain a semi-quantitative assessment
of the relative amount of the MB forms in the linen fibers. The data
are summarized in Table 1, in which the areas of deconvoluted
Raman bands (Fig. 54, SI) have been compared with the colored
regions in the Raman maps. Hence, the comparison of the areas
of the bands at 445 and 475 cm ™ corresponding to the monomer
and dimer species, respectively, suggest that the monomer species
is in higher amount in the fibers, as compared with the dimer, for all
the situations under analysis. Note that this conclusion cannot be
withdrawn solely based on the analysis of the Raman images be-
cause both forms appear in the regions assigned as red (monomers
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Figure 7. Optical photograph and combined Raman image (175 x 225 points per grid in a 25 X 35 um area) (a) and optical image and combined deep Raman
image (200 x 200 points per grid in a 20 x 20 um area) (b) using two different Raman spectra of methylene blue (100 uM) in ethanol solution adsorbed on Ag/
linen composite; (c) Raman spectra used for the combined Raman image (633 nm excitation laser source). [Colour figure can be viewed at wileyonlinelibrary.com]

Table 1. Comparative data for MB adsorbates using the areas of Raman bands (deconvoluted) and the Raman imaging areas: M-monomer (445 cm_1)
and D-dimmer (475 cm”)
Figure Region under analysis Raman band area Raman imaging area (% pixels)
2 Blue 8643.9 (M) + 0 (D) 0.61
SURFACE
Red 4690.8 (M) + 6388.2 (D) 0.92
6 Blue 300.0 (M) + 0 (D) 0.98
INTERIOR
Red © 56.8 (M) + 125.9 (D) 0.12
7a Blue 6478.3 (M) + 0 (D) 4.04
SURFACE
Red 6359.7 (M) + 2728.0 (D) 0.97
7b Blue 193.0 (M) + 50.0 (D) 0.96
INTERIOR
Red 298.9 (M) + 98.7 (D) 1.10
and dimers). Interestingly, both the band areas data and Ramanim-  Conclusions

age analysis indicate that the amount of monomer in the interior of
the fibers tend to be weighted in relation to the dimers, as
discussed before. This analysis also demonstrates that the number
of blue pixels and area of the band at 445 cm™" (blue tracing), cor-
responding to the monomer species, is higher than for the corre-
sponding dimer species, when linen-treated fibers using MB in
ethanol have been analyzed and compared with the fibers ana-
logues treated in aqueous solution. Furthermore, image analysis
of the depth Raman data (Fig. 7(b)) shows that for fibers treated
with MB in ethanol the dimer species are present in both spectra
(blue and red tracings), but the area corresponding to such species
is smaller than the corresponding area for monomer. The pixel anal-
ysis demonstrates that the number of red pixels is higher than the
blue ones when considering a surface analysis; however, area esti-
mations suggest that the monomer species is preferentially
adsorbed onto Ag NPs located in the interior of the fibers.

The increasing use of antimicrobial textile products containing Ag
has driven the interest and also the need for new monitoring tech-
niques for these products. Following our recent interest in using a
combination of SERS techniques and Raman imaging to character-
ize such fibers, this study explores these methods for the identifica-
tion of different molecular forms of organic dyes (e.g. MB) used as
textile colorants. In particular, this research has shown the possibil-
ity to distinguish the distribution of the monomer and dimer forms
of MB over the linen fibers enriched in Ag NPs. The type of MB ad-
sorbates onto the Ag NPs seems to depend on their location within
the fibers and also on the dye solution composition. Thus, at the
surface of the fibers, a mixture of MB species was detected; how-
ever, the monomer form is in higher amount in the fibers as com-
pared with the dimer, using this substrate and experimental
setup. While both forms are in equilibrium in bulk solution and
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therefore tend to adsorb at Ag NPs located at the surface of the
treated fibers, it seems that dimer adsorption in the fibers interior
is limited. A tentative explanation takes into account the conjuga-
tion of two factors, a size selective diffusion process mediated by
the fibers and the type of chemical interactions occurring between
the fibers and MB that in the internal regions favors the formation
of the monomer instead of dimers.
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