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Abstract: Green chemical routes for the synthesis of colloidal metal nanocrystals have been of great
interest, namely in the context of nanosciences associated with biological applications. Among these
methods, the synthesis of metal colloids using medicinal plant extracts originates nanocrystals having
surfaces modified with chemical compounds of biological origin, which can be further explored
in association with conventional pharmaceutics. In this context, the development of spectroscopic
methods that seeks for understanding the potential benefits of using formulations that contain
natural compounds and metal nanoparticles with therapeutic properties is of relevance. This research
describes the chemical synthesis of silver colloids via the reduction of Ag(I) in the presence of distinct
aqueous plant extracts. The selected extracts were obtained from Moroccan plants that have been used
in traditional therapeutic practices over the centuries. The method led to stable colloids comprising
polydispersed Ag nanocrystals that show surface-enhanced Raman scattering (SERS) activity. As an
illustrative scenario, these colloids have been applied to the SERS detection of the natural β-lactam
antibiotic benzylpenicillin, also known as penicillin G (PG). Our results indicate that all the Ag
colloids tested with the different plant extracts are SERS-active for PG without showing detrimental
interference from chemical adsorbates originated from the extracts. Therefore, this spectroscopic
method can be further explored for monitoring nanoformulations of pharmaceuticals and metal
colloids obtained using biological synthesis.

Keywords: silver colloids; nanocrystals; biosynthesis; Raman spectroscopy; plant extracts

1. Introduction

Over the last two decades, there has been significant advancements in the study of
colloidal inorganic nanocrystals using green chemistry techniques [1–3]. Among these
systems, Ag colloids have been intensively investigated owing to their unique properties
that render them attractive for a wide range of applications, such as in medical applica-
tions [1–6]. In fact, the therapeutic use of silver and its compounds (e.g., AgNO3) has been
recognized for a long time, namely as an antimicrobial agent and cauterizing agent [4–6].
Additionally, Ag nanoparticles have been synthesized using various plant extracts that
contain phytochemicals of recognized medical value in their chemical composition, such as
antioxidant and anti-inflammatory substances [7]. Examples of green syntheses of Ag col-
loids using plant extracts include the reduction of Ag(I) using extracts of Ocimum sanctum,
Azadirachta indica, and Aloe vera [8]. In another study, Ag nanoparticles were synthesized
using the aqueous extract of Acacia cyanophyte, which contains reducing agents and also
capping agents [9]. Similarly, the aqueous leaf extract of Cucumis sativus was used to
synthesize Ag nanoparticles in a facile, eco-friendly, reliable, and cost-effective manner [10].
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The aqueous stem extract of E. spiralis was also used to synthesize Ag colloids, and the
physicochemical parameters were varied to control their morphology, stability, particle size
distribution, and surface charge [11].

The use of plant extracts in those synthesis techniques offers a sustainable and cost-
effective alternative for the synthesis of Ag colloids, but there are also several drawbacks
associated with their reproducible application, namely, the diversity and complexity of the
chemical compositions of the extracts, which are further influenced by geographical factors
and crop seasons. Although there has been progress on the morphological control of the
particles obtained by such processes, the colloids generally obtained in such syntheses lack
the level of size monodispersity and shape control that can be found with conventional
chemical synthesis [12,13]. On the other hand, the use of phytochemicals of recognized
medical value as coatings of metal colloids (e.g., Ag, Au), which can be found in several
emergent nanomedicines and analytical methods [14–17], offers an undeniable field for the
development of new agents for medicine [7]. Moreover, conventional pharmaceutics can be
associated with such nanoformulations, which enriches this field of research. In this regard,
the development of methods for monitoring the surface chemistry of biosynthesized metal
colloids is important to gain scientific understanding of the potential therapeutic benefits.

In the above context, Raman spectroscopic studies can be particularly helpful by
taking advantage on the surface-enhanced Raman scattering effect observed when certain
molecules are close to metal surfaces, such as colloidal Ag nanocrystals [16,18]. The SERS
effect occurs when a molecule is adsorbed onto a metal surface, resulting in an enhancement
of its Raman scattering signal due to local electromagnetic field amplification and, with
a less contribution, also due to charge transfer occurring in the formed surface metal–
adsorbate complex. The observed Raman enhancement depends on several factors, such
as the metal substrates’ characteristics, instrumentation, chemical nature of the samples
under analysis, among others. In colloidal Ag nanoparticles, the SERS signal of molecular
adsorbates can increase many orders of magnitude allowing for trace detection due to
increased sensitivity and selectivity. As such, the SERS effect has been explored as a
powerful tool in studies of analytes of biomedical interest, such as nanoformulations
containing pharmaceutical compounds.

In this study, Moroccan plant extracts of rosemary, marrube, and ephedra were used
to prepare Ag colloids. The effect of various experimental parameters on the optical and
morphological properties of the Ag nanocrystals was systematically studied. The Ag
colloids were then investigated as SERS substrates for the detection of penicillin G (PG),
which was deliberately added to the colloidal nanoformulation. This type of research is of
relevance for SERS applications of biologically synthesized metal nanoparticles because
such an effect depends strongly on the nanoparticles employed as the substrates, namely,
on their surface chemistry. Our main goal was to demonstrate that SERS is a valuable
spectroscopic method for detecting pharmaceutics, even when the Ag colloids employed
as substrates were generated in the presence of a complex mixture of phytochemical
compounds.

2. Materials and Methods
2.1. Materials

Silver acetate (AgC2H3O2, 99.9%) was purchased from Sigma-Aldrich, Sofia, Bulgaria,
and penicillin G sodium salt (PG: C16H17N2NaO4S) was obtained from Alfa Aesar. The
harvesting of the three medicinal plant samples was conducted in the Fez-Meknes region
during the period of March 2022, which is in the central north of Morocco. Rosemary was
collected from the El Hajeb city area, marrube from the Sefrou city area, and ephedra from
the Taounate city area. Subsequently, the samples were dried in the shade until a constant
humidity level was achieved, followed by grinding to obtain a fine powder. Ultra-pure
water (18.2 MΩ·cm, 25 ◦C, MilliQ Millipore, Burlington, MA, USA) was employed for the
preparation of aqueous plant extracts, silver colloids, and aqueous solutions of analytes.
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2.2. Preparation of Plant Extracts

The harvested plants were washed thoroughly with distilled water, dried in the shade
at room temperature for two weeks, and then crushed into a fine powder using an electric
mixer. The extraction was carried out using ultra-pure water. For this purpose, 10 g of
the powder obtained from each plant was mixed with 100 mL of ultra-pure water, and the
mixture was sonicated at room temperature for 30 min. The obtained aqueous extracts
underwent centrifugation at 9000 rpm for 10 min, followed by filtration. They were then
refrigerated in a sealed, light- and oxygen-protected container until ready for use.

2.3. Green Synthesis of Ag Colloids

The colloidal Ag nanocrystals were obtained by treating 1 mM aqueous solution of
AgC2H3O2 with a volume of the aqueous plant extract to reduce cationic silver to the
elemental form [18]. Typically, a 42 mL aqueous solution of Ag(I) (1 mM) was brought to
reflux and vigorously stirred for 10 min. Then, 7 mL of the aqueous plant extract was added
dropwise to the boiling solution. All Ag colloids were prepared using this procedure, but
for each plant extract, the respective amount in the starting solution varied as follows: 2, 3,
4, and 5 mg/mL. After a few minutes of reaction, a color change was observed, indicating
the formation of the silver colloid. The mixture was refluxed for 60 min at 80 ◦C and then
slowly cooled to room temperature. The obtained colloid was centrifuged at 9000 rpm
for 10 min, and the collected solid was re-dispersed in ultra-pure water for subsequent
experiments.

2.4. Raman Spectroscopic Measurements

The Ag colloids were investigated as SERS substrates for the detection of PG dissolved
in aqueous samples. Also, control experiments were performed for the Ag colloids and for
PG, both in solid and solution. To prepare the SERS samples, a volume of 0.3 mL of the Ag
colloid was mixed with 30 µL of PG solution (0.01 mol.dm−3). The resulting mixtures were
then incubated for 10 min at room temperature using a mini-rotor. After the incubation
period, an aliquot of the solution was transferred into a glass tube for Raman measurements.
Raman spectra were measured using a Bruker MultiRAM FT-Raman spectrometer (Nd:YAG
1064 nm laser at 350 mW) with the resolution set at 4 cm−1 using 1000 scans per spectrum.

2.5. Instrumentation

The UV/VIS absorption spectra of the colloids were measured using a Jasco V-560
spectrophotometer in the range of 300–800 nm. Fourier-transform infrared (FTIR) spectra
of the colloids were acquired over the range of 4000–200 cm−1 using a Bruker Optics Tensor
27 spectrometer coupled with a horizontal attenuated total reflectance (ATR) cell. Scanning
transmission electron microscopy (STEM) images were obtained with a SU-70 Hitachi
instrument fitted with energy-dispersive spectroscopy (EDS) accessory, operated at 15 kV
or 4 kV. To prepare the STEM samples, a drop of silver colloids was placed on carbon-coated
copper grids and dried at room temperature. Zeta potential measurements were performed
using a Zeta Sizer Nano Series (Malvern) equipped with a standard 633 nm laser.

3. Results

A series of colloidal Ag nanocrystals were prepared by the reduction of silver (I) acetate
in the presence of aqueous extracts of three selected Moroccan plants: rosemary, marrube,
and ephedra. It is well known that the experimental parameters in the biosynthesis of
metal nanocrystals have strong influence not only on their morphology and average size
but also on the colloids’ stability [19,20]. Hence, the increase in the reaction temperature
was reported to favor small-sized Ag nanocrystals and the amount of extract had an overall
influence on the biosynthesis of Ag nanocrystals [21,22]. In order to establish a systematic
use of the Ag colloids for the SERS studies, all the green syntheses were performed at 80 ◦C
over 1 h for different amounts of each plant aqueous extract. The ensuing Ag hydrosols
showed long-term colloidal stability. The metal nanocrystals were characterized for their
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optical and morphological properties, as detailed below according to the plant extract used
in the biosynthesis.

3.1. Characterization of Colloidal Ag Nanocrystals
3.1.1. Rosemary Extract

Figure 1 shows the characterization data for samples of Ag nanocrystals obtained in
the presence of the rosemary extract. The UV/VIS spectra of the colloidal samples show
the characteristic localized surface plasmon resonance (LSPR) band of Ag hydrosols, which,
depending on the extract amount used in the synthesis, shows the absorption maximum
localized within the 427–449 nm wavelength range. As the amount of extract increased, the
wavelength of maximum absorption for the LSPR red-shifted and a slight band broadening
was observed. This observation agrees with the formation of larger Ag nanocrystals, as
confirmed by the TEM images shown, which revealed polydispersed particles (ranging
30–40 nm average size) for the different amounts of rosemary extract used for the samples
analyzed. The zeta potential of the Ag colloids prepared with less amounts of extract
was −26.5 mV and just varied slightly with the increase in extract and kept the pH at 4.5.
The high negative zeta potential of the colloids accounts for the stability of the colloids
due to inter-particle electrostatic repulsions. This is a first indication for the presence of
anionic species at the colloidal Ag nanocrystals’ surfaces, originated from ionizable organic
compounds of the plant extract. The nanocrystalline powders collected from the Ag colloids
were characterized by ATR-FTIR spectroscopy that showed common vibrational bands
with the FTIR spectra of the rosemary extract, also shown for comparative purposes and as
indicated in the spectra.
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extract, as indicated together with the wavelength for the LSPR band maximum; (B) TEM image for 

a sample prepared using an amount of 2 mg/mL in extract; (C) zeta potential measurements at pH 

Figure 1. Characterization data for colloidal Ag nanocrystals obtained in the presence of aqueous
extracts of the rosemary plant. (A) UV/VIS spectra of colloids prepared with different amounts of
extract, as indicated together with the wavelength for the LSPR band maximum; (B) TEM image for a
sample prepared using an amount of 2 mg/mL in extract; (C) zeta potential measurements at pH 4.5
for a different amount of extract in the colloids; and (D) ATR-FTIR spectra of the Ag nanocrystals
and rosemary extract; (E) Digital photographs: plant that originated the extract used in the synthesis
of the indicated Ag colloid.

3.1.2. Marrube Extract

Figure 2 shows the characterization data for samples of Ag nanocrystals obtained in
the presence of the marrube extract. Similarly to the Ag colloids prepared in the presence
of the rosemary extract, the UV/VIS spectra also show the LSPR band at a wavelength that
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varies depending on the amount of extract used, nonetheless, slightly shifted to a lower
wavelength range (416–425 nm). The TEM analysis also shows polydispersed particles
which ranged 25–75 nm average size, depending on the amount of extract employed in the
synthesis. Regardless of the amount of extract used, the zeta potential of the Ag colloids
was observed as negative, varying between −35.1 mV and −21.4 mV, at a pH of 4.5. This is
in line with the observation of stable colloids, as already mentioned above. The ATR-FTIR
spectra of the Ag nanocrystals show strong vibrational bands in the 500–2000 cm−1 region,
which are also observed in the corresponding spectrum of the marrube extract.
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Figure 2. Characterization data for colloidal Ag nanocrystals obtained in the presence of aqueous
extracts of the marrube plant. (A) UV/VIS spectra of colloids prepared with different amounts of
extract, as indicated together with the wavelength for the LSPR band maximum; (B) TEM image for a
sample prepared using an amount of 2 mg/mL in extract; (C) zeta potential measurements at pH 4.5
for a different amount of extract in the colloids; and (D) ATR-FTIR spectra of the Ag nanocrystals and
the rosemary extract; (E) Digital photographs: plant that originated the extract used in the synthesis
of the indicated Ag colloid.

3.1.3. Ephedra Extract

Figure 3 shows the characterization data for samples of Ag nanocrystals obtained in
the presence of the ephedra extract. As noted above for the Ag samples obtained in the
presence of the other plant extracts, the UV/VIS spectra of the colloidal samples also show
the LSPR band maximum at a wavelength that depends on the amount of extract employed
in the synthesis. In this case, the wavelength range (408–414 nm) is observed at a lower
wavelength region as compared both to the rosemary and marrube syntheses. Furthermore,
there is not a marked shift on the LSPR band by varying the amount of extract. Conversely,
band broadening is more pronounced in this case for all the samples analyzed, which
might indicate that the Ag nanocrystals tend to form agglomerates, as observed in the TEM
image. In fact, for each extract plant used in the Ag colloids synthesis, the TEM analysis
performed on the Ag nanocrystals obtained for a higher amount of extract (5 mg/mL)
showed polydispersed nanoparticles forming agglomerates, among which the largest were
observed when using the ephedra extract (Figure 4). As observed for the rosemary and
marrube extracts, stable Ag colloids were prepared in the presence of the ephedra extract,
showing a high negative zeta potential and vibrational bands in the ATR-FTIR spectra,
which are consistent with the presence of organic anionic adsorbates at the surfaces.
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Figure 3. Characterization data for colloidal Ag nanocrystals obtained in the presence of aqueous
extracts of the ephedra plant. (A) UV/VIS spectra of colloids prepared with different amounts of
extract, as indicated together with the wavelength for the LSPR band maximum; (B) TEM image for a
sample prepared using an amount of 2 mg/mL in extract; (C) zeta potential measurements at pH 5.8
for a different amount of extract in the colloids; and (D) ATR-FTIR spectra of the Ag nanocrystals and
the ephedra extract; (E) Digital photographs: plant that originated the extract used in the synthesis of
the indicated Ag colloid.
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3.2. SERS Detection of Penicillin G Using Ag Colloids Prepared in Plant Extracts

The Ag colloids characterized above were then used as SERS substrates for sensing PG
dissolved in aqueous solutions. The recorded ATR-FTIR spectra were consistent with the
presence of organic adsorbates at the metal surfaces. Figure 5 shows the Raman spectrum
of PG in an aqueous solution (0.01 M, pH = 5) when contacted with the distinct Ag colloids.
For comparative purposes, Figure 5 also shows the Raman spectra of solid PG and of the
Ag colloids modified with the plant extracts.
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Figure 5. Raman spectra: (A) PG (0.01 mol.dm−3) dissolved in Ag colloids prepared using distinct
plant extracts and the Raman spectrum of an aqueous solution of PG 0.01 mol.dm−3; (B) solid PG;
and (C) Ag colloids in different plant extracts.

The more intense vibrational band observed at 1000 cm−1 in the Raman spectrum of
solid PG was used as a spectroscopic signature for this compound [23–25]. The Raman
spectra of the Ag colloids do not show any enhanced Raman signals of the extract com-
pounds, which suggests that, in principle, the extracts themselves do not interfere with
the PG detection. Indeed, the Raman spectra of PG in the Ag colloids clearly show this
band, which are not observed for a PG solution of equal concentration but in the absence of
Ag colloids.
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4. Discussion

In this research, a series of aqueous colloids containing dispersed Ag nanocrystals
were prepared by reducing silver (I) acetate in the presence of the plant extracts rosemary,
marrube, and ephedra. All the aqueous extracts resulted in long-term stable metal colloids
after the reduction of Ag(I) due to phytochemicals that act as reducing agents. Plant
extracts comprise a complex mixture of phytochemicals even by considering only those
mainly soluble in the aqueous phase during extraction. Among these phytochemicals,
aqueous plant extracts typically contain polyphenols (flavonoids and phenolic acids),
organic acids, glycosides, and some alkaloids [12,26]. Although the discussion of the
chemical composition of the aqueous extracts used here is out of the scope of this research,
it is important to note that polyphenols are well known for their antioxidant properties
and citric acid, a reducing agent widely employed in metal nanoparticles syntheses, can
be also found in certain plant extracts among other organic acids, such as malic acid and
tartaric acid.

The aqueous plant extracts employed in the colloidal synthesis contain phytochemicals
that have the ability to reduce dissolved cationic silver to form elemental Ag. As shown
above (Figures 1–3), the three extracts investigated led to the formation of metal colloids
characterized by strong absorption in the visible due to the LSPR band observed in the
respective UV/VIS spectrum. The LSPR band is observed at a wavelength and with a profile
that depend on the sample under analysis, such as particle size, shape, and dispersing
medium [27,28]. This well-known optical behavior has been widely reported for colloids
containing Ag nanocrystals dispersed in a dielectric medium, such as water. The TEM
images confirm the presence of polydispersed Ag nanocrystals in aliquots of the colloidal
samples, whose average dimensions (21–25 nm) vary slightly depending on the extract
used. However, both the type of extract and its amount in the synthesis reaction had a
marked effect on the polydispersity of the Ag colloids, thus altering the LSPR band profile
observed in the UV/VIS spectra (Figures 1–3). The band broadening was observed mostly
for the Ag colloids obtained in the presence of the rosemary and ephedra extracts and as
the amount of extract in the reaction medium increased. The colloidal synthesis in the
presence of the marrube extract led to more uniform Ag nanocrystals, though far from
monodispersed as those normally obtained by conventional chemical synthesis. Regardless
of the type of extract used, an increase in the amount of plant extract in the reaction medium
caused an increase in the polydispersity and particles’ average size. An increase in the
amount of reducing agent in relation to the concentration of metal precursor is usually
associated to a decrease in the average size of the resulting metal nanocrystals, which was
not observed in these experiments. A possible explanation for this counter-intuitive result
relies on the effect of the extract in the agglomeration state of the particles, which increased
as the amount of extract increased. This is in line with the TEM images depicted in Figure 4,
which show bigger Ag nanocrystals when these were obtained using a high amount of
plant extract. Note the presence of numerous agglomerates of the primary particles for the
sample obtained in the presence of the ephedra extract (5 mg/mL).

The aqueous plant extracts contain phytochemicals that not only act as reducing agents
but also as colloidal stabilizers. As pointed above, a common organic acid found in certain
plant extracts is citric acid, which was employed as the reducing and capping agent in
the synthesis of metal hydrosols. Besides organic acids, other phytochemicals can play a
similar dual role, thus reducing the metal salt and originating anionic species that protect
the metal nanocrystals against agglomeration. The presence of such species at the particles’
surfaces accounts for the observed colloidal stability of all the Ag colloids prepared with
the different extracts. The zeta potential measurements (Figures 1–3) were performed to
monitor the surface charge of the Ag colloids, which, despite some slight variations, showed
a negative surface charge below −22 mV for all the samples. This agrees with the presence
of anionic species as capping agents over the colloidal Ag nanocrystals, which originate
from phytochemicals used in the reduction chemical reaction. Furthermore, the ATR-FTIR
spectra of Ag nanocrystals treated with the plant extracts show strong vibrational bands
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characteristic of organic capping agents, such as polyphenols, organic acids, and alkaloids.
Although this is an open issue due to the complexity of the chemical composition of the
different extracts, tentative assignments can be made to the vibrational bands depicted in
Figures 1–3, as illustrative of the presence of the organic capping agents at the particles’
surfaces. Hence, the bands observed in the 1579–1608 cm−1 range can be associated
with C-H and C=C-C (aromatic) stretching modes. The broad bands observed between
1382 and 1408 cm−1 are possibly due to the CO—H in-plane bending mode coupled with
ring-stretching and C-H bending vibrations. Lastly, the strong bands observed in the
1047–1263 cm−1 region are characteristic of stretching vibrations (C-O; C-C) and in-plane
bending modes (C-H). All the ATR-FTIR spectra showed strong and broad vibrational
bands in the 2800–3600 cm−1 region, characteristic of stretching modes of the O-H and
-CHn groups [26,29,30].

The presence of phytochemical adsorbates at the Ag nanocrystals’ surfaces raises
the question about the SERS activity of these metal colloids, which is a central aspect in
this research. The Ag colloids prepared in the presence of different plant extracts were
tested for the SERS detection of PG dissolved in aqueous samples, originating characteristic
Raman bands of this antibiotic (Figure 5). In the 975–1025 cm−1 spectral region, none
of the Ag colloids showed Raman bands that could interfere with PG detection in this
spectral window with the exception of the ephedra extract, which showed a medium band
at 875 cm−1 and weak bands in the 1025–1100 cm−1 region. No other significant bands
were observed in the Raman spectra of the colloids. The Raman spectra of aliquots of
PG solution dissolved in the Ag colloids were dominated by a strong and sharp band
at 1000 cm−1, which was strongly enhanced compared to the Raman spectrum of PG in
an aqueous solution of equal concentration. This is an important observation because
it indicates that, in principle, Ag colloids stabilized by phytochemical adsorbates can be
employed as SERS substrates for monitoring other chemical species, such as pharmaceutics,
as exemplified here for the case of PG.

The chemical form of PG present in an aqueous solution depends on the solution pH,
among other factors that can also contribute to the degradation of this compound, namely,
into the allergen compound penicilloic acid [31,32]. The latter can be formed by alkaline
hydrolysis of PG, due to carboxylation and opening of the β-lactam ring. Here, the SERS
detection of PG was performed using aqueous samples at a pH of 5. In these conditions,
the carboxylic group of PG is deprotonated, and the resulting ionized form predominates.
The Raman band observed (Figure 5A) at about 1000 cm−1 was used as a diagnosis band
for PG [25,32–34]. Although the literature reports different assignments for this band, in
fact, it is not observed in the Raman spectrum of penicilloic acid, unlike its observation
in the Raman spectrum of PG, which is in line with the β-lactam ring vibration. This
indicates that PG still predominates as a molecular adsorbate in the Ag colloids reported
here. Additionally, penicilloic acid shows a strong band at 882 cm−1 due to a carboxylic
group, which was not detected in the SERS spectra of PG in the Ag colloids containing the
plant extracts.

The above discussion suggests that the use of Ag nanoparticle substrates modified
with plant extracts for SERS detection, namely for identifying PG dissolved in water, is a
method with potential but still requires further investigation. One of the advantages of
using this type of colloid is the possibility of up-scaling substrates production by greener
and cheaper methods as compared to conventional synthesis. Another advantage worth
mentioning is the use of a detection method using SERS substrates that are themselves
modified on the surface with compounds of biological interest. While this could also be a
limitation in its use because their presence on the surface of the particles could limit the
SERS activity of the Ag nanoparticles, the results presented above show that the detection
of PG was still observed at least in the indicated experimental conditions. On the other
hand, there are limitations to consider, such as the variability in the characteristics of plant
extracts which, via the biological synthesis of the colloids, results in SERS substrates with
different properties and therefore with enhancement factors that can vary considerably.
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The last point reinforces the importance of conducting more detailed studies on the nature
of the surface of metal nanocrystals obtained by green synthesis methods, for which the
SERS effect is also a valuable tool.

5. Conclusions

In summary, this research demonstrated the use of aqueous extracts of rosemary,
marrube, and ephedra plants in the green chemical synthesis of colloidal Ag nanocrystals.
The Ag colloids show colloidal stability due to surface capping by organic molecules present
in the plant extracts. This type of organic coating does not preclude the use of the Ag
colloids as active SERS substrates for the detection of certain molecules, such as penicillin
G. Although our studies focus on the detection of PG dissolved in aqueous solutions,
in principle, the Ag nanocrystals modified with plant extracts can be used for the SERS
identification of other chemical compounds in other types of matrices. However, several
challenges should be considered, such as interference due to the complexity of the medium
and enhancement factor improvement. Still, these findings are particularly relevant because
they demonstrate the potential of Raman methods applied to medical approaches that
explore phytochemicals with therapeutic value together with well-known antimicrobial
agents, such as silver and β-lactam antibiotics. The intersection of scientific knowledge
in conventional pharmaceutical products and chemical compounds of natural origin has
lately been explored for the potential of new discoveries. In this sense, this research is not
only of interest in the specific domain of Raman spectroscopy applied to nanocrystals but
might also contribute to other scientific fields by following a translational approach.
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