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Spectroscopic characterization and high antibacterial
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Using a simple chemical solution synthesis method, silver nanoparticle-functionalized alpaca fibers were prepared. Special attention was
paid to three natural colors of alpaca fibers: white, brown, and black, for the study of absorbance, excitation, emission, Raman, and FTIR
spectra. The alpaca fibers at higher silver concentrations exhibited an efficient SERS effect on the melanin molecule, with two bands centerec
at 1568 and 1336 cnt. The first band originated from the in-plane stretching of the aromatic rings, and the latter from the linear stretching

of the C=C bonds within the rings. This molecule increases antibacterial capacity by enhancing the presence of Ag+ ions. The fibers treatec
with silver showed excellent antibacterial activity against Escherichia coli ATCC 25922.
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1. Introduction scattered molecular systems such as melanin in white fiber.
This limitation has been overcome with the advent of

Surface-Enhanced Raman Scattering (SERS) [10]. The
. . . ... SERS effectis an exceptional increase in Raman intensity ob-
The development of multifunctional coatings on textiles IS erved for adsorbed molecules on surfaces. Typically, nanos-

:_e C?gn'zﬁ d ?S an aI;ttracnvehfleldhdue tt? s p’sot.entltal fotr pcrjacfructured surfaces of gold, silver, and copper are substrates
ical applications. =esearchers have been trying 1o INrodUCg., o, efficient SERS response. The efficiency of the SERS
various characteristics to textiles, such as antimicrobial activ-

. L : . . signal strongly depends on the geometric characteristics of
ity, antistatic capacity, self-cleaning properties, UV protec-

tion. th lati d electrical ductivity [1-41. T the metallic nanostructure, so tiny variations in molecular po-
'OE.’ ertrrT]]_orethj)a |odn, and € ?C ncf[a .C(Im .ucllv(;_y [1-4]. To sitions or the arrangement of metallic particles cause signifi-
acnieve this, a broad range ol materais, Including nanopalz, i f,ctyations in SERS intensity [11-13]. As a high chelat-
ticles (NPs) and thin films, have been used, with each func-

. . . . i . ng agent, melanin is known to capture and release metal
tionality being achieved through different mechanisms anj g ag b

treat t protocols. A i ¢ studied functionali ons without morphological changes [14,15], which could
reatment protocols. Among the most studied unclonaliz€q,q o nce antibacterial activity by capturingg™ ions dur-
textiles are wool, cotton, linen, silk, and more [5-7]. How-

. . : ing the synthesis process. In this paper, the vibrational states
ever, much less attention has been paid to Vicugna PACOS keratin and melanin in white, brown, and black silver-

(alpaca) fibers; in fact, studies on this type of animal fiber a'%unctionalized and non-functionalized alpaca fibers are stud-

practically non-existent. Alpaca fiber is similar in structure ied using Raman spectroscopy, complemented by Fourier-

LO sh_eep \3’0.0 : frl]ber (81, :c:on}pos;(fj_bof the C(I)mple)frgrme'?transform infrared spectroscopy (FTIR). Raman studies show

eratin and, in t € case of colored NIbers, melanin. The so té significant SERS effect in melanin spectra due to the pres-
ness of alpaca fiber comes from its smoother scale surfacg . Ag NPs in functionalized alpaca fibers. The pres-
compared to sheep wool. On the other hand, the Rama :

: ; . . . Shce of nano-sized Ag particles is confirmed by absorbance
effect involves the melr?\st}c scatter!ng Pf light py molecule§and reflectance spectroscopy, as well as by the color change
[9]. _The scattered rgdlat|pn contains information about Visin white alpaca fibers. The presence of Ag+ ions is demon-
brational states that is unique to any molecular system, an rated by excitation and emission spectroscopy of function-

!ts |nten5|_ty is directly proportional to the quantity Of.Spe.C'e.Salized alpaca fibers, and their effect is tested through antibac-
involved in the process. However, Raman scattering is iNiarial properties

trinsically weak, which significantly restricts the analysis of



2 H. FELIX-QUINTERO et al.,

2. Materials and methods R is the percentage reduction, Ci are the counted colonies of
the bacteria without the fibers after six hours of incubation,

Silver nitrate with a purity of 99.8% and trisodium citrate and Cf are the counted colonies exposed to the functionalized

(TSC) were purchased from Merck. The reagents were usefibers [16-18].

without further treatment. White, brown, and black Alpaca

Huac_aya fibers were provided by the Un|v§r5|dad 'de !—|ua.n3. Results and discussion

cavelica. These fibers underwent ultrasonic cleaning in dis-

tilled water for 5 minutes and were then air-dried. The fibersigure 1 shows the reflectance spectra of the non-

were subsequently stored in a dry environment with silica gelfynctionalized alpaca fibers, as displayed in the inset. As can
The silver functionalization of fibers was conducted using ame clearly seen, the brown and black fibers exhibit a broad
in situ reduction method to deposit silver nanoparticles ontgypsorbance band that spans practically the entire visible spec-
the fiber surfaces, aiming to assess the impact of varying TSgym. This band is attributed to the absorbance of the com-
concentrations. For each fiber color, three independent expefiex molecule melanin, which is present in colored fibers and
iments were performed with 100 mg samples to ensure corgppears to be absent in the white fibers, as expected [19].
sistency. The process began by heating 150 ml of distilled Next, the Raman spectrum of the white fiber is shown
water t095° under vigorous stirring. Fibers were submergedj, Fig. 2a), which displays the widely reported Raman char-
for two minutes to promote uniform wetting, followed by the acteristics of natural fibers [20]. All peaks correspond to
addition of 6 mg of silver nitrate to introduce silver ions. TWo the Raman spectrum of pure keratin, with the exception of
minutes later, TSC was added at concentrations of 2 mg (Ajne 3289 ¢! band, which originates from OH molecules
6 mg (B), or 10 mg (C) to reduce the silver ions to metallic 21]. Figure 2b) shows the Raman spectra of the three non-
nanoparticles Agon the fibers. The mixture was stirred for fynctionalized fibers. The intensities have been adjusted to
25 minutes at 95C to facilitate nanoparticle formation and clearly display the differences between them. The main char-
attachment. Post-reaction, the fibers underwent a 3-minutgteristic of the colored samples is the broad fluorescence
ultrasonic cleaning in distilled water to remove loosely boundygnd that spans the entire Raman spectrum and two relatively
particles and excess reagents, ensuring only firmly adherggije Raman absorption bands at 1568 and 1336cimthe
nanoparticles remained. They were then air-dried and storegick fiber.
with silica gel to prevent moisture-induced degradation. These peaks are reported to be produced by the melanin
The increase in TSC concentration resulted in a graduaholecule [14,15,19], with the first peak originating from the
color change from yellow to dark yellow, indicating an in- in-plane stretching of the aromatic rings and the latter from
crease in Ag NPs on the fiber surface. Simultaneously, simthe linear stretching of the C=C bonds within the rings, with
ilar solutions were prepared without fibers for Ag NPs solu-some contributions from the C-H vibrations in the methyl
tion absorbance analysis. Reflectance spectra of functionaknd methylene groups. The Raman spectrum of keratin and
ized and non-functionalized fibers were obtained using a twomelanin in the brown fiber is not visible, likely due to the
beam Lambda 750-Perkin Elmer spectrophotometer with &igh absorbance around the 500 nm region, as seen in Fig. 1,
spectralon integration sphere. Ag NPs solution absorbanoghich absorbs considerable laser power. Itis unclear if the
was collected with a Specord 600-Analitikjena UV-Vis spec-
trophotometer. Raman spectra were obtained with an Alpha
300R Witec system, equipped with a 532 nm laser. FTIR
spectra were acquired using a Nicolet iS50-Thermo Scientific
spectrometer in Attenuated Total Reflectance (ATR) mode.
Excitation and emission spectra were obtained with a Perkin-
Elmer LS55 fluorescence spectrometer. The antibacterial tes <= 30
was performed using Escherichia coli ATCC 25922, follow-
ing the modified AATCC-100 standard test method to work
with individual fibers. A bacterial suspension at a concentra-
tion of 1.5 x 108 CFU/mL in physiological saline solution
was prepared. One milligram of white, brown, and black al-
paca fibers at different concentrations was weighed. A series
of test tubes were prepared with 1 mL of Muller Hinton broth
plus the bacterial inoculum and 1 mg of fiber of each concen- . : . : I
tration and color, and incubated for 6 hours at°87. The 300 400 500 600 700 800
experiment was performed in triplicate. After incubation, the Wavelength (nm)

plate counting technique was applied, which involved takingg g e 1. Reflectance spectra of white, brown, and black alpaca

an aliquot from each tube, making six dilutions, and seedingipers as shown in the inset. The spectra highlight the high absorp-
them to determine the percentage of reduction using the folion capacity of the melanin molecule in the brown and black fibers.

lowing equation:R(%) = ((Cf — C4)/Cf) x 100, where
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FIGURE 2. a) Raman spectrum of the white fiber, with all observed peaks labeled by their Raman shift values. b) Comparison of the Raman
spectra of white, brown, and black alpaca fibers, clearly highlighting the melanin Raman spectrum in the black fiber.

TABLE |. Peak assignment of Keratin and Melanin Raman and FTIR spectra in white Alpaca fibers.

Raman Shift FTIR Band assigments Raman Shift FTIR Band assigments
(em™h) absorbance (cmt) absorbance
397 (NCC)Ala [20] 1388 Pyrrole ring stretching [23]
198 Disulfide Cys(S-S) strech[20] 1440 1448 CH2 bending mode [20]
654 Tyr [20] 1518-1568  C=C aromatic ring vibration/
Pyrrole ring stretching [23]
732 Trp [20] 1628 C=0 stretching vibration [22,23]
843 Ring breathing mode of Tyr [20] 1651 C=0 amide | [20]
927 928 Strerch C-C skeletal a-helix [20] 2733 CH stretching [20]
993 Symetric ring breathing of Phe [20] 2865 2845 CH stretching [20]
1032 1042 CH in-plane bending of Phe[20] 2922 2925 CH stretching [20]
1077 v(C-0) [23] 2961 CH stretching [20]
1089 CC skeletal, trans 3050 3065 CH stretching [20]
conformation, C-N stretch [20]
1239 1232 Amide Il (unordered) [23] 3289 3270 OH [20]
1323 CH2 bend, Trp [22] 3490 Amide A-NH stretching [20]

protrusions around 1500 cm in the brown fiber are due to agrees with the increase in absorbance intensity as melanin
melanin or keratin because of the presence of the broad flu@oncentration increases from white to black fiber.

rescence band. An important point to note is that a significant Table | can be constructed by following the work of var-
amount of melanin molecules is required to obtain its Ramaious authors [20,22,23]. This table summarizes all Raman
spectrum at acceptable intensity when using a 532 nm lasesind FTIR peaks in the spectra by comparing them with the
However, we cannot conclude that all peaks observed in thpure keratin and melanin Raman and FTIR spectra. It shows
Raman spectra of white alpaca fiber arise solely from keratinthat melanin vibrations seem to be primarily IR active, while
nor can we assert that these fibers are completely devoid dfie keratin peaks are Raman active. The presence of melanin
melanin, as will be shown later in the FTIR spectra. Figure 3n the white fiber, as suggested by the FTIR spectra, can be
shows the FTIR spectra for the three colors of the studied aleonfirmed by the SERS effect, as will be shown next.

paca fibers. A high similarity with the Raman spectra of the  The inset in Fig. 4a) shows a picture of non-
white fiber can be observed. The differences between the Réunctionalized and 2 mg TSC Ag-functionalized white al-
man and FTIR spectra arise from the allowance of their vibrapaca fibers, where the color change from white to yellow
tions, as can be quickly seen with the 1518 ¢meak, which  is remarkable. This change is due to the surface plasmon
is only FTIR active. This spectrum is very similar to that of resonance band (SPR) generated by the presence of silver
pure melanin, with contributions from keratin [22], which nanoparticles. The figure shows their reflectance spectra,
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FTIR spectra of
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FIGURE 3. FTIR spectra of the three colors of non-functionalized
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with an absorption band appearing around 400 nm in the Ag-
functionalized fibers. The same figure shows, in blue dashed
lines, the inverted subtraction of both non-functionalized and
functionalized fibers reflectance, representing the SPR band.
Similar SPR band characteristics can be confirmed in Ag NPs
in colloidal form, as shown in Fig. 4b). The inset shows a
picture of the solution with and without silver NPs. The po-
sition of the SPR band in the spectra confirms the presence
of spherical Ag NPs with a mean diameter in the range of
10-20 nm [24].

Similar results cannot be observed in colored fibers due
to their high intrinsic melanin absorbance around 400 nm.
No noticeable color change is observed in Ag-functionalized
brown and black fibers, as expected. The increase in TSC
concentration during synthesis gradually shifts the coloration
from yellow to dark yellow, indicating an increase in the
quantity of Ag NPs on the fiber surface, which results in
slight variations in the intensity of the reflectance spectra. As
previously mentioned, Raman scattering is inherently weak,
which significantly limits the analysis of dispersed molecu-
lar systems. Therefore, if melanin were present in the white
fiber, it would be highly dispersed and at very low concentra-
tion. The melanin SERS effect can be detected, resulting in
the SERS spectrum shown in Fig. 5a) for white fibers treated
with 2, 6, and 10 mg of TSC. This clearly shows a melanin
spectrum similar to that of black fiber, made possible only
through the SERS effect. The intensity of melanin vibrations
increases with higher TSC concentrations, indicating an in-
crease in silver NPs on the fiber surfaces and thus an increase
in the probability of SERS hot spots.

This spectrum confirms the presence of melanin in white
alpaca fibers, as suggested by FTIR results, albeit at very low
concentrations. When compared with the melanin spectrum
of black fiber [Fig. 2b)], it is evident that the SERS effect
yields a cleaner spectrum with less fluorescence. Similar re-
sults are observed in brown and black samples treated with
10 mg of TSC, as shown in Fig. 5b). The melanin spec-
trum is now more prominent compared to non-functionalized
samples, with the SERS spot being easier to identify. No
significant effect is observed in the FTIR spectra of silver-
functionalized alpaca fibers. These results demonstrate that
an important SERS effect can be achieved for detecting
melanin in alpaca fibers, even in white fibers at very low con-
centrations, by using silver nanoparticles as a functionalizer.

The antibacterial efficacy of the silver-functionalized
fibers was evaluated against E. coli. Figure 6 depicts the ex-
perimental setup. Figure 6a) displays the test tubes arranged
from left to right: Muller Hinton broth, Muller Hinton broth
with bacterial inoculum, and three replicates of Muller Hin-
ton broth with bacterial inoculum and 1 mg of black fibers
functionalized with 10 mg TSC. Figure 6b) illustrates the ap-
plication of the plate counting technique, demonstrating the

FIGURE 4. a) Reflectance spectra and their inverted subtrac-€Xcellent antibacterial capability of the silver-functionalized
tion to reveal the SPR band. The inset shows pictures of nonfibers. Reduction in colony-forming units (CFU) was calcu-
functionalized and Ag-functionalized white alpaca fibers. b) Ab- lated, and the results are presented below. Table Il summa-
sorbance spectrum of Ag NPs in colloidal form.

rizes the percentage reduction in the growth of Escherichia
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FIGURE 5. Raman spectra with SERS effect showing the melanin spectra on: (a) white and (b) brown and black Alpaca fibers.

b)

FIGURE 6. a) Test tubes arranged from left to right: Muller Hinton broth, Muller Hinton broth plus bacterial inoculum, and three replicates
of Muller Hinton broth plus bacterial inoculum with 1 mg of black fibers functionalized with 10 mg TSC. b) Image demonstrating the plate
counting technique.

Overall, the antimicrobial efficacy was comparable across all
TABLE Il. Percentage reduction (%R) Escherichia coliarcc  fiber colors, with only minor variations. Notably, the white
25922 colony-forming units (CFU) after exposure to alpaca fibersfiber functionalized with the lowest concentration (6 mg of
functionalized with 6 mg of silver nitrate and varying concentra- Silver nitrate and 2 mg of TSC) exhibited a remarkably high
tions of trisodium citrate (TSC): 0, 2, 6, and 10 mg. Fiber color, bacterial reduction of 93.58% and no bacterial reduction was
TSC concentration (mg), and CFU reduction (%) are shown. observed in the non-functionalized fibers. The antimicrobial
mechanism of silver, particularly in its nanoparticle form, has

Fiber Color TSC concentration Reduction of been widely studied and documented in scientific literature
(mg) CFRU(%) [25-27]. Silver nanoparticles are known for their potent in-
2 93.58 trinsic bactericidal properties, which arise from their abil-
White 6 99.92 ity to release silver ions, disrupt bacterial cell membranes,
10 99.80 generate reactive oxygen species (ROS), and interfere with
2 99.60 essential microbial metabolic processes. Due to these well-
Brown 6 99.99 established mechanisms, conducting additional antimicrobial
10 9999 tests on AgNPs alone is often considered redundant, as their
> 99.99 eﬁectivenes; against a broad spectrum of ba_cteria, fungi, and
Black 6 9999 even some viruses has been repeatedly confirmed.
10 99.99 However, the primary focus of this study lies not in reaf-

firming the inherent antibacterial activity of AgNPs but rather
coli ATCC 25922 resulting from the bactericidal action of in their successful and stable immobilization onto Alpaca
white, brown, and black alpaca fibers functionalized withfibers, a key advancement that imparts significant antimicro-
silver at varying concentrations of trisodium citrate (TSC).bial functionality to the textile and the impact of melanin on

Rev. Mex. Fis71061602



FIGURE 7. Antibacterial activity assay o&scherichia colicul-
ture medium. The left sample corresponds to an unfunctionalize
alpaca fiber, showing no inhibition of bacterial growth. The right
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on enhancing antibacterial properties. The reason for the in-
creased reduction in these bacteria can be inferred by study-
ing the emission and excitation spectra, which are presented
next. Notably, untreated Alpaca fibers alone exhibit no in-
herent antimicrobial activity as seen in Fig. 7, as natural an-
imal fibers typically lack inhibitory effects against microor-
ganisms. This absence of antibacterial properties in the raw
material underscores the critical role of AGQNP immobiliza-
tion in transforming the Alpaca fibers into an antimicrobial
textile.

Figure 8a) shows the excitation spectra of the white,
brown, and black non-functionalized Alpaca fibers with
emission at 350 nm, while Fig. 8b) displays the correspond-
ing emission spectra with excitation at 232 nm. The emission
spectrum reveals a distinct ultraviolet band centered around

OI350 nm, which exhibits a blue shift as melanin concentra-

tion increases.The excitation spectra appear to consist of a

sample shows a silver-functionalized alpaca fiber, evidenced by thé32 "M band and a relatively broad structured band centered
clear inhibition zone surrounding the fiber. The background streaksat 280 nm.
indicate uniform bacterial growth across the medium.
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The increased intensity of the 232 nm band as the fiber
color transitions from white to black suggests its origin from
melanin molecules, which are present in white fiber as pre-
viously demonstrated. It also appears that the 280 nm band
is contributed to by both melanin and keratin molecules. The
emission spectra observed upon excitation at 280 nm are very
similar to those shown in Fig. 8b), with no additional emis-
sion peaks observed. The excitation spectrum for all silver-
functionalized samples with emission at 350 nm is similar to
that shown in Fig. 8a); however, the emission spectrum ex-
hibits significant differences.

Figure 9a) displays the emission spectra with excita-
tion at 232 nm for samples with higher TSC concentra-
tions, where an additional blue band arises centered around
420 nm. The corresponding excitation spectrum for this band
is shown in Fig. 9b). This blue emission and the energy
levels observed in the excitation scheme correspond to the
4d*°(S) — 4d5s'(D) transition of Ag" ions [28]. The
Russell-Saunders 1D and 3D states from 4Ae5s! elec-
tronic configuration are split by spin-orbit coupling and lig-
and field effects. At the site of the Agion, three transi-
tions are allowed from the ground state to the excited lev-
els, with peaks observed at 238 nm, 250 nm, and 268 nm,
corresponding to the three allowed levels from the five ex-
cited statesIT M > from the 3D Russell-Saunders term of
the C, symmetry, possible in the melanin complex structure
[29]. The 420 nm emission observed inthe 2 TSC and 6 TSC
samples is similar to that shown in Fig. 7b) but with a slight
increase in intensity in the 420 nm emission zone, so they
were intentionally removed. The increase in blue emission
with higher melanin concentration confirms its chelating ef-
fect, which enhances the presence offAigns. The release
of these ions, along with the slow release from Ag NPs, could

FIGURE 8. a) Excitation spectra of non-functionalized Alpaca Contribute to the enhanced antibacterial effect; however, fur-
fibers with emission at 350 nm. b)Emission spectra for the samether detailed study is needed in future work to confirm this
samples with excitation at 232 nm.

hypothesis. The apparent reduction of blue emission in black

Rev. Mex. Fis71061602
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FIGURE 9. a) Emission spectra of 10 mg TSC silver-functionalized Alpaca fibers with excitation at 232 nm. b) Excitation spectra corre-
sponding to an emission at 420 nm.

fibers may be attributed to melanin re-absorption of the emisblack Alpaca fibers functionalized with silver nanoparticles
sion, likely due to its higher concentration. at varying concentrations of TSC exhibited excellent bacteri-
cidal activity against Escherichia coli ATCC 25922. Notably,
black Alpaca fibers functionalized with silver nanoparticles
and higher concentrations of TSC demonstrated superior bac-

As demonstrated, the synthesis process used to produégricidal activity against Escherichia coli ATCC 25922.
silver-functionalized Alpaca fibers has proven highly effec-

tive in generating a strong SERS effect for detecting melanin,
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