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Abstract: Aminoglycoside (AMG) antibiotics are being applied to treat infections caused by Gram-
negative bacteria, mainly in livestock, and are prescribed only in severe cases because of their adverse
impacts on human health and the environment. Monitoring antibiotic residues in dairy products
relies on the accessibility of portable and efficient analytical techniques. Presently, high-throughput
screening techniques have been proposed to detect several antimicrobial drugs having identical
structural and functional features. The L-histidine functionalized gold nanoparticles (His@ AuNPs) do
not form a complex with other tested antibiotic classes but show high selectivity for AMG antibiotics.
We used ligand-induced aggregation of His@ AuNPs as a rapid and sensitive localized surface
plasmon resonance (LSPR) assay for AMG antibiotics, producing longitudinal extinction shifts at
660 nm. Herein, we explore the practical application of His@ AuNPs to detect streptomycin spiked in
water, milk, and whey fraction of milk with nanomolar level sensitivity. The ability of the analytical
method to recognize target analytes sensitively and rapidly is of great significance to perform
monitoring, thus would certainly reassure widespread use of AMG antibiotics. The biosynthesis
of hybrid organic—inorganic metal nanoparticles like His@ AuNPs with desired size distribution,
stability, and specific host-guest recognition proficiency, would further facilitate applications in
various other fields.

Keywords: histidine; gold nanoparticles; aminoglycoside; antibiotics; colorimetric changes; spectral
shift; real samples; milk samples; whey fraction

1. Introduction

Antibacterial drugs have been commonly applied as human and veterinary medicine
to treat a wide range of infectious diseases [1-3]. Aminoglycosides (AMG) are broad-
spectrum antibiotics, are commonly prescribed for humans and a range of livestock, mainly
for infections caused by Gram-negative bacteria. Thus, there is an ever-growing concern
of direct exposure of residual drugs [4] and adulteration of the food chains [4-6]. Besides
this, AMG antibiotics induce adverse effects on human health include allergic reactions [7],
cytotoxicity [8,9], nephrotoxicity [10], as well as negative impacts on the environment
and risk of antibiotic resistance [11-13]. In this account, we target the development of an
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analytical method for ultrasensitive detection of AMG antibiotics commonly found in dairy
products and dairy wastewater.

Accompanied by human and livestock health hazards, the residual content of an-
tibacterial drugs in milk is known for their negative impacts on fermentation and cheese
production processes [14]. As a result, dairy production industries and quality control
departments must screen receiving milk samples and generated wastewater for the resid-
ual presence of antibacterial drugs. It is required to protect milk quality, avoid entering
antibiotics into the food chain, and prevent direct discharge of contaminated wastewater.
Health risks analysis posed from residual content of antibiotics in the foods is practically
challenging to estimate; maximal residue limits (MRLs) have been enforced and censored
by several national and international regulatory organizations [15]. Because milk is among
the most-traded and heavily regulated products for quality assurance standards and food
safety thus, it would be desirable if the single analytical method is applicable to detect
AMG antibiotics with nanomolar level sensitivity [16,17].

So far, several detection systems have been reported to detect antibiotics, which
suggests the urgent need and significance in practical applications [18]. The developed
methods are based on different approaches, including inhibition of microbial growth [19,20],
toggled RNA aptamers [21], electrochemical RNA aptamer [22], multivalence aptamer
probes [23], LSPR-based sensors [17,24], chlorophyll-based fluorescent sensing [25], paper-
based fluorescence detector [26], microbial receptor-based assays [27], microfluidic system
with fluorometric detection [28], liquid chromatographic assays [29,30] and immunoas-
says [31]. Some of these methods or assays seem to be laborious and time-consuming and
not applicable for processing many samples to be screened for several antibiotics from the
same class or different.

Therefore, biospecific interactions-based biosensors received considerable attention
since one can use them for rapid detection, high sensitivity, and real-time monitoring rela-
tively with high throughput approach of the assay [32-35]. Metal nanoparticles like AuNPs
are an excellent candidate for LSPR sensors because of their sensitive spectral response in
response to changes in the local environment of the surfaces [36] and ease of monitoring
the color change from their sensitive scattering or absorption [37—40]. The absorbance
wavelength at which LSPR occurs is owing to change in size [41-43], shape [44-47], ag-
gregation [48-51], and optical properties of the metal nanoparticles [52,53]. Consequently,
LSPR can be specifically used to identify changes in the refractive index of the surrounding
medium by monitoring peak wavelength shifts or absorbance intensity changes [54-56].
The detection systems based on the LSPR approach were developed and used to target
a specific antimicrobial drug, resulting in visual detection and spectrophotometric as-
says [24,57-59]. Detection systems based on metallic nanoparticles are of great interest
since they led to the rapid development of LSPR technologies [36,60,61]. The LSPR ap-
proach proposed in this study delivers the possibility of detecting a group of structurally
related targets from the AMG class, allowing the development of the alternative biosensor
and relatively robust compared to other methods [62-67].

Applying the LSPR-based biosensor approach, one can perform screening or quantita-
tive measurement of target analytes with high specificity and sensitivity. The specificity
results suggest that L-histidine ligands have an excellent binding affinity with AMG an-
tibiotics, and a green synthesis route can readily prepare His@ AuNPs. His@ AuNPs were
highly sensitive to AMG antibiotics enables detection in the nanomolar range. This method
was used further to demonstrate the possibility of quantitative streptomycin detection and
develop practical applications for complex samples like milk and whey fraction of milk.

2. Experimental Section
2.1. Chemicals

Chloroauric acid (HAuCly), amikacin, streptomycin, tetracycline, chlortetracycline,
ampicillin, and penicillin G were from Sigma—-Aldrich (St. Louis, MO, USA). Metacycline,
oxytetracycline, and penicillin V were from Cayman (Ann Arbor, MI, USA). Erythromycin,
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gentamicin, kanamycin, azithromycin, and clarithromycin were from the Tokyo Chemical
Industry, Tokyo, Japan. Neomycin, tobramycin, and doxycycline from the Alfa Aesar from
Middlesex County (Tewksbury, MA, USA). L-histidine amino acid, sodium hydroxide, and
sodium chloride were from the Dae Jung Chemicals (Shiheung, Korea).

2.2. Biosynthesis and Characterization of His@ AuNPs

The biosynthesis of L-histidine functionalized gold nanoparticles (His@AuNPs) was
prepared under safer conditions with minor modification of the previously reported
method [68], wherein histidine acts as a natural chloroauric acid-reducing and colloidal
stabilizing agent. In brief, 3 mL of L-histidine (25 mM), 2.5 mM of NaOH, and 1 mM of
HAuCly were mixed under stirring conditions at ambient temperature (25 °C). NaOH
additive was also used in the synthesis to facilitate the biosynthesis of His@AuNPs. The
total volume of the synthesis solution was adjusted to 20 mL using distilled water. The
red-colored colloidal solution obtained after 72 h incubation at ambient temperature was
used for purification by centrifugation (12,000 rpm for 15 min), characterization, and LSPR
biosensor development.

UV-vis spectrophotometer (Optizen 2120, Daejeon) equipped with the automatic ro-
tary system having eight cells holder was used to measure absorbance and spectral changes.
The cuvettes with 1 cm of path length were used to develop the analytical application of
His@AuNPs and UV-vis spectrums measured and analyzed. High-resolution transmission
electron microscopy (HR-TEM) was done using Technai G2 F20, Ames, IA, USA, to observe
the size, shape, and dispersion of His@ AuNPs. FT-IR spectra were measured using a Vertex
80 (Bruker, Germany) Fourier transform infrared spectrometer using a potassium bromide
pellet method. The absorption spectra were acquired in the range of 4000600 cm ™! for the
pure L-histidine powder and the colloidal His@ AuNPs solution. X-ray diffraction (XRD)
was used to test the crystalline phases of His@ AuNPs on a Rigaku Ultima IV, Japan, using
Cu-Ka radiation system at 45 kV and 40 mA over two theta ranges from 20° to 80°.

2.3. Effect of Dilution and Ionic Strength on His@ AuNPs

To improve the sensitivity, we purified His@ AuNPs by centrifugation of His@ AuNPs
and tested the effect of serial dilution in distilled water [69]. The absorbance and UV-vis
spectrums of His@ AuNP-2 were measured to reveal the impact of successive dilution
on Bandwidth (AA) and wavelength (Amax) after every successive dilution of 0.25mL
of distilled water. Then tested the effect of NaCl concentrations as follows: 300 uL of
His@AuNPs suspension was mixed with distilled water at different concentrations of NaCl
(1,2, 3,4, 5, and 6 mM). These suspensions were used to measure absorbance at 660 nm.
His@AuNPs-NaCl solutions were further used to treat with streptomycin concentration
about 4 nM. These samples were again used to measure absorbance 660 nm.

2.4. Selectivity of His@AuNPs

We observed the colorimetric response against several antibiotics from four differ-
ent classes to examine the selectivity of His@ AuNPs. The tetracycline class (tetracycline,
doxycycline, and minocycline), macrolides class (azithromycin, erythromycin, and clar-
ithromycin), penicillin class (penicillin G, penicillin V, and ampicillin), AMG class (gen-
tamycin, tobramycin, neomycin, amikacin, kanamycin, and streptomycin) were made with
effective concentration about 100 nM with His@ AuNPs (0.2 mL) adjusted to 1 mL of the
reaction mixture using distilled water. The UV-vis spectrums and color changes were
recorded for the antibiotics mentioned above. Moreover, rapid changes in colorimetric
and spectrophotometric results observed for His@ AuNPs suggest that almost all AMG
antibiotics would be targeted.

2.5. Real-Time Response of His@AuNPs

The absorbance of His@ AuNPs against streptomycin as a model AMG antibiotic was
examined as below: 300 pL of His@ AuNPs samples were mixed to 0.68, 0.66, or 0.64 mL
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of distilled water, and absorbance data was measured at 660 nm. Real-time absorbance
responses were again tested at three different concentrations of streptomycin (3, 6, and
9 nM) at 660 nm for 25 min at intervals of 1 min. UV—vis spectrums of His@AuNPs treated
with streptomycin were monitored for long-term changes for 6 h at intervals of 1 h.

2.6. Sensitivity of His@AuNPs

We then examined the sensitivity of His@ AuNPs against streptomycin. His@ AuNPs
solution of about 300 uL was used to determine concentrations of streptomycin from 0
to 12 nM in water. The absorbance response (660 nm) increases with an increase in the
concentration of streptomycin was plotted. The limit of detection (LOD) (Aggo nm, n = 3) of
His@AuNPs solution against streptomycin was estimated using equation 30/k, where k
is defined as the slope of the calibration plot and o value from the standard deviation as
reported in the previous report [70].

2.7. Practical Application of His@ AuNPs

Excessive input of AMG antibiotics in animal husbandry causes adulteration of animal-
derived fresh products like milk and several processed dairy products, which acts as
metabolic disruptors, affects human health, and poses a risk of antibiotic resistance [71].
We apply the method based on the His@AuNPs to detect streptomycin in milk and whey
fraction of milk to explore the practical applications. Streptomycin spiked in milk and
whey fraction of milk was determined to validate the relevance of His@ AuNPs to monitor
real complex samples. Fresh milk samples were procured from the local market, spiked
with streptomycin, and processed according to the previous method [72]. In brief, 1% (v/v)
trichloroacetic acid was mixed with the milk samples (1 = 3), and the solution was further
sonicated for 20 min to eliminate the protein content from the processed samples. These
samples were used to centrifuge at 14,000 rpm for 15 min, and the supernatant fraction
was further processed to remove residual lipids using an ultrafiltration membrane (PVDEF,
0.22 pm). The filtrate was used for further storage at 4 °C, colorimetric and quantitative
detection as mentioned over the range from 1 to 11 nM of streptomycin. Same procedure
was performed for whey fraction of milk over the range from 1 to 11 nM of streptomycin.

3. Results and Discussion
3.1. Biosynthesis and Characterization of His@ AuNPs

The green synthesis of His@ AuNPs was performed; the process seems greatly de-
pendent on the alkaline pH conditions, wherein involves deprotonation of L-histidine
functional groups [73,74]. Under the alkaline reaction condition, L-histidine amino acids
act as reducing agents and result in stable colloidal suspensions of His@ AuNPs, demon-
strating simultaneous function as the stabilizing agent. Among other amino acids, histidine
is the only amino acid with pKa value near neutrality [75], suitable to stabilize AuNPs at
near-neutral and alkaline conditions [76]. The observed results indicate that the functional
groups of histidine amino acid, such as x-amino moieties and carboxyl groups, act together
to reduce Au ions and form stable electrostatic interactions among AuNPs surfaces [77].

His@AuNPs were further used for the characterization using different techniques,
including UV-vis spectrophotometer, FT-IR, XRD, and HR-TEM. Figure 1a shows a sharp
and narrow surface plasmon resonance (SPR) band located at 530 nm. The four different
XRD diffraction peaks allocated to (111), (200), (220), and (311) planes suggest face-centered
cubic structures of His@AuNPs Figure 1b. The XRD profile also shows the peak* is for
glass used to prepare the thin film of His@ AuNPs using drop casting method. The mean
crystallite size of His@ AuNPs was estimated using Scherrer equation (D = KA/(f cos 9))
was found about 14 nm £ 5. HR-TEM imaging was used to observe the size distribution,
shape, structure, and dispersion of His@ AuNPs. His@ AuNPs had narrow size distribution
and spherical shape with an average particle size of about 12nm =+ 6, as shown in the
graphical abstract. One can see that His@ AulNPs are well dispersed and stable, suggesting
a potential candidate for developing analytical applications.
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Figure 1. (a) UV-vis spectrum of His@ AuNPs, (b) XRD spectrum of His@ AuNPs, (c) FT-IR of pure
L-histidine, (d) FI-IR of His@ AuNPs. The inset shows narrow FI-IR spectra from 700 to 900 em L.

The FT-IR spectrum of the pure L-histidine and capped AuNPs shows characteristic
vibrational bands, as can be seen in Figure 1c,d. The spectrum for L-histidine shows the
peak position at 675-750 cm !, 1125 cm !, 1405 cm !, 1490 cm !, 1640 cm !, 2080 cm !,
and 3200-3500 cm ™! (Figure 1c) corresponds to bending vibration (§) of sp?> CH group,
stretching vibration (v) of CN in imidazole group, symmetric stretching (vs) mode of COO™
group, symmetric NH bending, v(C=C), v(N-H), and v(O-H) of H,O, respectively [77-79].
The binding complex between L-histidine and AuNPs was also studied using FI-IR spec-
troscopy. The COO~ group allocated at 1405 cm ™! for L-histidine found to be shifted to
1385 cm ! for His@ AuNPs Figure 1d, specifies interaction of carboxylic group with amine
group present in neighbor L-histidine. This result specifies that the binding as well as the
complex formation of L-histidine with AuNPs. Figure 1c,d inset shows narrow range IR
spectra from 700 to 900 cm™! for free L-histidine and His@ AuNPs samples. There is an
evident difference at 828 cm™ with a shift of 8 cm™, for His@ AuNPs as compared with
the free L-histidine, attributed to C1—C; stretches along the backbone of L-histidine [76].
The vibrations peak observed at the position 1640 cm~! found shifted to 1600 cm~! and
peak followed for pure L-histidine at 1490 cm~! was found absent in His@ AuNPs spectra,
showing the capping of L-histidine with AuNPs surface via the carboxyl and x-amino
moieties binding [77].

3.2. Purification and Stability of His@ AuNPs

Excessive Na* from NaOH additive and the presence of residual OH™ would cause
complications when used for analytical applications. We used centrifugation as a facile
purification method, which also allows the removal of unreacted Au ions and uncapped
L-histidine molecules [75]. Pellet fraction of His@ AuNPs was used to disperse in distilled
water and test the impact of successive dilution and ionic strength. The optical properties of
His@AuNPs against successive dilution were examined using the measurement of UV-vis
spectrophotometer (Figure 2). The plasmon resonance bandwidth (AA) and wavelength
(Amax) were observed after each dilution by 0.25 mL, used to confirm the excellent stability
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of His@ AuNPs. UV-vis spectrum is presented in Figure 2a, and their absorbance response
observed at 530 nm is plotted against a number of successive dilution cycles Figure 2b.
The results were used to select the appropriate volume of His@ AuNPs resulting optical
density (OD) about 0.2 to 0.3 and used in the LSPR detection system. The x-amino
moieties and oxygen of the carboxylic acid functional groups are mainly responsible for
the healthy capping and stabilization of AuNPs [76]. The surfaces of His@AuNPs remain
negatively charged owing to carboxylate (COO—) of L-histidine, and the electrostatic
repulsion interactions among His@ AuNPs enforce long-term stability in neutral to basic
conditions [80].

1 i 0.8
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1 ( ) Dilution Cycles 2 (b)'
—_—3 0.7
—4 -
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o | E o061 v
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—38 | Y 0.5 v
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Figure 2. (a) UV-vis spectrum of His@ AuNPs recorded after successive dilution with distilled water, (b) Absorbance of
His@AuNPs recorded at 530 nm after successive dilution with distilled water.

3.3. Selectivity of His@AuNPs

To assess the selectivity of His@ AulNPs, we first observed the colorimetric and spec-
trophotometric response towards different antibiotics from four different classes, including
AMG, tetracycline, macrolide, and penicillin, at a concentration of 100 nM. The specificity
of His@ AuNPs was examined for other tested antibiotics with identical concentrations and
reaction conditions as for AMG antibiotics (Figure 3). Almost all antibiotics selected from
the AMG class showed evident colorimetric response from red to blue within a fraction
of min; absorbance and spectral change results were then recorded for 25 min (Figure 3a).
Our results suggest the coordination of His@ AuNPs with AMG class of antibiotics results
in apparent amplification of absorbance value observed for 660 nm (Figure 3a). These
observations confirm that the plasmon coupling interactions among His@ AuNPs occur
intensely after the coordination of AMGs [81], resulting in an identical bathochromic shift
at 660 nm (Figure 3a). However, antibiotics from other classes cannot cause color change or
red-shift or peak broadening, or aggregation of His@ AuNPs (Figure 3b-d), thus the possi-
bility of developing a highly selective LSPR biosensor for AMG antibiotics. On this basis,
we propose an LSPR biosensor for screening or quantitative detection of AMG antibiotics
using His@ AuNPs. This novel LSPR biosensor is highly selective towards AMG antibiotics
owing to identical structural and functional features.
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Figure 3. Screening of different antibiotics from four classes: (a) UV-vis spectrum recorded after treat-
ment with AMG class of antibiotics, (b) UV-vis spectrum recorded after treatment with tetracycline
class of antibiotics, (¢) UV-vis spectrum recorded after treatment with macrolide class of antibiotics,
(d) UV-vis spectrum recorded after treatment with penicillin class of antibiotics.

3.4. Sensitivity of His@ AuNPs

Then sensitivity of His@ AuNPs has been examined towards streptomycin, a model
AMG antibiotic in water. Consistent with the increasing concentration of streptomycin,
absorbance response at 660 nm and UV-vis spectral shift with broadening towards larger
wavelength (660 nm); such peaks emerge quickly and stabilize within 25 min (Figure 4a).
The absorbance response was reliant on streptomycin concentration, which was observed
identical to the sigmoidal curve (Figure 4b). Concentration-dependent color change from
red to blue was also observed with increasing streptomycin of concentration; it can be
seen in the inset of Figure 4b. The lowest visual detection concentration by the naked
eye is about 4 nM. These results show that His@AuNPs results in a degree of aggregation
with the increasing concentration of streptomycin. The absorbance response recorded
at 660 nm was found reliant on the concentration of streptomycin; it is used to prepare
a calibration plot over a nanomolar range of streptomycin from 0 to 12. His@AuNPs
based sensors exhibited a coefficient of determination (R?) value of about 0.949 and good
sensitivity for streptomycin with a LOD of 1.5 nM; the value is competitive compared to
other reported methods [21,82,83]. These results suggest that His@ AuNPs can develop
practical applications for screening residual content or quantifying specific AMG antibiotics
in water samples.
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Figure 4. (a) UV-vis spectral response of His@ AuNPs in the response of increasing concentration of
streptomycin in water, (b) A sigmoidal curve of absorbance intensity at 660 nm vs. streptomycin
concentration in nanomolar range.

3.5. Effect of Ionic Strength and Real-Time Response

Investigating the effect of ionic strength is an essential parameter to improve sen-
sitivity against target analyte [84]. The absorbance response of His@ AuNPs at different
concentrations of NaCl from 1 to 6 mM is presented in Figure 5a. The absorbance in-
tensity recorded at 660 nm seems dependent on ionic strength, tested in the presence of
streptomycin 4 nM. The addition of streptomycin to His@ AuNPs solution treated with
the increasing NaCl concentration indicates the possibility of enhancing the sensitivity of
His@AuNPs. As a cationic antibiotic, streptomycin strongly interacts with His@ AuNPs.
It forms unstable histidine complexes with streptomycin ligands with potential binding
sites: carboxyls, amino group, or the imidazole side chain. His@ AuNPs surface charge is a
negative result from carboxyl functional groups. Therefore, the presence of NaCl even at
low concentrations in the His@ AuNPs suspensions and then interaction with streptomycin
promotes the formation of large aggregates.

0.25 =
(@) 030 + 3 )
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Figure 5. (a) The absorbance response of His@ AuNPs against increasing concentration of NaCl
recorded at 660 nm in the presence and absence of the streptomycin, (b) The real-time course of
the absorbance intensity of His@AuNPs recorded at 660 nm in the presence of the streptomycin
concentration (0, 3, 6, 9 nM) with 1 min interval for 25 min.

The real-time absorbance response of His@ AuNPs for 660 nm at 1 min interval for
25 min is presented in Figure 5b. The absorbance intensity increases as a function of time
and streptomycin concentration. Exponential fitting of real-time absorbance response as a
function of time for the His@ AuNPs sensor is also presented. Furthermore, time-dependent
absorbance growth curves of the His@ AuNPs at 660 nm after adding streptomycin (3, 6,
and 9 nM) can be well fitted using exponential fitting (Figure 5b). These results indicate
the long response time of the His@ AuNPs for streptomycin with a likely rapid detection
platform. The absorbance intensity (660 nm) increases exponentially up to 10 to 15 min
and stabilizes within 20 to 25 min, indicating fractal growth of His@ AuNP aggregates, and
results found in agreement with a previous report [85].
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This detection system responds within a fraction of min; however, it establishes
a stable response within 25 min. We chose 25 min as the incubation time for further
LSPR measurements performed for streptomycin. His@ AuNPs based detection system
combined with UV-vis plate reader would be a potential candidate to develop a rapid,
point-of-care, portable, and user-friendly analytical platform to target detection of multiple
AMG antibiotics.

Most of the colorimetric methods report the color and spectral changes in response to
the target analyte. Herein, the temporal evolution of UV-vis spectrums was also investi-
gated to reveal the fate of His@ AuNP aggregates. It was readily observed by measuring
UV-vis spectrums of His@ AuNPs against four different streptomycin concentrations (3, 6,
9, and 12 nM) within the time frame of 1 to 6 h (Figure 6a—d). The longitudinal band owing
to red-shift initiates apparently but stabilizes within 6 h for streptomycin (3 nM), indicating
fractal growth pattern for His@AuNP aggregates (Figure 6a). Similarly, significant growth
of His@ AuNP aggregates found within 1 h, stabilizes within 6 h for streptomycin (6 nM)
(Figure 6b). His@ AuNPs aggregates were found to increase significantly within 1 h for
streptomycin (9 nM); then, they remain stable, as seen in Figure 6c. However, His@AuNPs
absorbance was found to increase to maximum within 1 h for streptomycin (12 nM), and
consistently cause a decrease in absorbance at 660 nm indicates sedimentation of aggregates
(Figure 6d). Thus, the growth of His@AuNDPs aggregates attributes to the streptomycin
concentration, such changes can be readily monitored using Uv-vis spectrophotometer [70].
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Figure 6. The temporal evolution of UV-vis spectrums of His@ AuNPs (a) in the presence of the
streptomycin (3 nM); (b) in the presence of the streptomycin (6 nM), (c) in the presence of the
streptomycin (9 nM); (d) in the presence of the streptomycin (12 nM).

3.6. Applicability of the Detection System

Contaminated dairy products with AMG antibiotics are of health concern [86-89],
which attracted public attention from different parts of the world [90,91]. We apply our
method to detect streptomycin spiked milk samples to assess the practical applicability of
His@AuNPs. Streptomycin spiked milk samples were prepared by separating proteins and
fat content and used for detection visually and quantitatively (Figure 7). The absorbance
response increases with an increase in the concentration of streptomycin, along with the
emergence of visible red-shift at 660 nm (Figure 7a). The absorbance response seems
dependent on the streptomycin concentration (Figure 7b). The absorbance data was used
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to prepare a calibration plot for spiked streptomycin over a range of 1 to 11 nM. The visual
detection limit for streptomycin spiked milk samples is approximately 3 nM, which can
see in the inset of Figure 7b. R? value found at about 0.974 with a detection limit of about
1.17 nM, considerably lower than the other methods [21,82].
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Figure 7. (a) UV-vis spectral response of His@ AuNPs in the response of increasing concentration
of streptomycin in milk, (b) a calibration curve of absorbance intensity at 660 nm vs. streptomycin
concentration in nanomolar.

We further applied our method to detect spiked whey fractions of milk. The ab-
sorbance response, spectral changes, and broadening of the peak indicated the formation
of visible red-shift towards a larger wavelength (660 nm) (Figure 8a). The absorbance
response for the whey fraction of milk was recorded at 660 nm as a function of strepto-
mycin concentration from 1 to 11 nM and plotted in Figure 8b, therefore suggesting that
the dependence of the behavior of the probe upon the antibiotic concentration is the same
also in whey fraction of milk. The His@ AuNPs solution turns red to blue as a response to
the increased streptomycin concentration; naked eyes can visually detect up to nanomolar
level. The visual detection limit for streptomycin in the whey fraction of milk is about
3 nM, as can be seen in the inset of Figure 8b. The estimated R? value was about 0.952 with
a detection limit as low as 2.25 nM, which seems much lower than the other conventional
analytical methods [82] and MRL values of AMG antibiotics [21]. These results validate
further applications of His@ AuNPs in monitoring whey wastewater. However, additional
efforts are needed to improve the overall efficiency of the detection system, including
the design of similar ligands on metal nanoparticles selective for AMG antibiotics, which
may contribute to the development of point-of-care services and onsite applications in
rural settings.
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Figure 8. (a) UV-vis spectral response of His@ AuNPs in the response of increasing concentration of
streptomycin in the whey fraction of milk, (b) a sigmoidal curve of absorbance intensity at 660 nm vs.
streptomycin concentration range in nanomolar.

4. Conclusions

In summary, this account presents biosynthesis and characterization of L-histidine
functionalized AuNPs and applies for visual and quantitative detection of AMG antibiotics.
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Recognition mechanisms like host—-guest functionality of L-histidine ligands, the degree
of His@ AuNPs aggregation controlled by increasing concentration of cationic guest like
AMG antibiotics with a high positive charge, convey consistent changes in visible color
and LSPR signal. We showed the possibility of implementing an LSPR-based biosensor for
quantitative measurements of streptomycin as a model AMG antibiotic residues present in
the complex samples like milk and whey fraction of milk. A nanomolar level detection limit
for validating our method has practical relevance as it is appropriate to perform quality
control and ensure maximal residue limits. Ease of synthesis and capping L-histidine
ligands with the AuNPs suggests the possibility of developing other analytical applications
using such material and approach.
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