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Aegle marmelos leaf-based SERS platform for

detection and quantification of antibiotics in milk

Present chapter illustrates the utilization of naturally found aegle marmelos (AM) leaf

as a highly sensitive SERS platform. The proposed SERS substrate has been obtained

through surface adsorption of AuNPs on the roughened microstructured pattern of the

AM leaf. The morphological patterns and the dimension of the synthesised AuNPs

have been characterised by FESEM and TEM. The performance of the proposed SERS

substrate has been initially evaluated through detection of standard Raman active sam-

ples and upon noticing reliable performance, its applicability has been demonstrated

by detecting antibiotics in cow milk. An optimized ML-based classification model has

been proposed for rapid identification of analyte molecules in real milk samples.

3.1 Introduction

Naturally available micro or sub-microstructured surfaces offer an excellent plat-

form for creating electromagnetic hotspots upon surface adsorption of noble metallic

nanoparticles like gold or silver. Amongst these, leaf structures are particularly in-

triguing due to their widespread availability and micro-structured morphology. Var-

ious leaf-based nanostructures have already found applications across various do-

mains, with a recent focus on developing hydrophobic SERS substrates [1, 2]. These

substrates facilitate the aggregation of metal nanoparticles within a confined area,

leading to enhanced SERS signals from localized regions. However, a common chal-

lenge with such substrates is the uneven distribution of SERS signals. To address

this, the present work propose the use of hydrophilic SERS substrates to achieve

uniform signal distribution over large area. In the current study, a sensitive and cost-

effective SERS platform was fabricated by decorating AuNPs on AM leaf surfaces

for the detection and analysis of Raman-active samples. The usability of this sens-
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Figure 3.1: Schematic of the proposed sensing work

ing platform was demonstrated by detecting two antibiotics, CEFTR and CEF-Na,

in cow milk samples. With the proposed SERS substrate, the detection of targeted

analytes can be carried out at concentrations as low as 0.1 ppm with reasonably high

reproducibility. Figure 3.1 outlines the schematic of the proposed leaf-based sensing

approach.

In SERS, the surface morphology of the substrate plays a crucial role in signal

fluctuations and enhancement of the scattered Raman signals from the sample. The

uniform deposition of AuNPs over the surface facilitates relatively stable SERS signal

intensity recorded from the substrate. An ML-based classification model has been

implemented in the present study to classify the antibiotics used in milk samples.

Prior to performing the ML, PCA was calculated for the spectral data of the present

sensing platform. In the proposed spectroscopic analysis, an optimum classification

accuracy of 94% has been observed with the SVM algorithm when coupled with the

PCA.

3.2 Experimental

3.2.1 Chemicals

The Raman probes R6G and MG were procured from Alpha Aesar, India, while gold

chloride trihydrate (HAuCl4 · 3 H2O), AgNO3, C6H5Na3O7, and polyvinylpyrrolidone

(PVP) were procured from Merck in India. CEF-Na and CEFTR were acquired from

a nearby pharmacy. All chemicals were utilized without any additional processing.
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3.2.2 Synthesis of AuNPs

The conventional Turkevich method [3] was utilized to produce the AuNPs, involving

the reduction of auric chloride to generate the nanoparticles. In essence, 100 mL

of boiling 0.1 wt% HAuCl4 · 3 H2O was vigorously stirred with 300 µL of 1 wt%

C6H5Na3O7 · 2 H2O solution. Within 15 minutes, the solution gradually transformed

into a dark red hue, indicating successful AuNP formation. Subsequently, the solution

was allowed to cool to room temperature. The TEM image of the synthesized AuNPs

is depicted in figure 3.2(a). By analyzing figure 3.2(b), the average size of the AuNPs

was estimated to be (65±17.91) nm.

3.2.3 Synthesis of AgNPs

The polyol method [4], known for producing spherical AgNPs stabilized by PVP, was

employed to synthesize Ag-PVP nanoparticles. Initially, a solution comprising 1 g of

PVP K30 dissolved in 20 mL of DI was heated with constant stirring. Subsequently, 1

g of AgNO3 was introduced into the mixture at 80 °C, and the resulting nanoparticle

solution was heated for an hour. The size of the synthesized AgNPs was estimated

to be approximately (50±13) nm.

3.2.4 Fabrication of SERS substrate

Prior to fabricating the proposed SERS substrates, the AM leaves were treated in

ethanol followed by a 5 minutes of ultrasonication in DI water and then allowed to

dry in vacuum desiccator for 60 minutes at 40 °C. The dried leaves were cut into

1 cm × 1 cm pieces. 10 µM of the synthesized AuNPs and AgNPs were separately

micropipetted onto the leaf surfaces. To prepare for SERS investigations, all fabri-

cated SERS substrates were dried in a vacuum desiccator for 30 minutes. Figure 3.3

illustrates the elemental mapping of the designed SERS platform.

3.2.5 Milk samples

The milk samples were extracted using a procedure slightly different from the pro-

cedure reported by Cheng et al. [5]. To precipitate the protein, 10 mL of cow milk

sample was mixed with 4 mL of acetonitrile with a pH of 4.0 and centrifuged for an

additional 10 minutes at 3000 rpm. Following centrifugation, the supernatant of the

solution was carefully removed and preserved for subsequent analysis.
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Figure 3.2: (a) TEM image of the synthesized AuNPs (Scale bar is 20 nm) (b) estimation of the
mean size of the synthesized AuNPs (c) FESEM image of the designed leaf SERS substrate (Scale
bar is 100 nM) (d) EDX spectra of the designed SERS substrate (e) simulation of LSPR field of
generated near the hotspot region of the AuNPs distributed over leaf substrate assuming incident
electric field amplitude as 6.3×104 Vm−1 (f) image of the designed SERS substrate (g) Photo image
of the water droplet dispensed on the AuNP decorated leaf SERS substrate
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Figure 3.3: Elemental mapping of the SERS substrate indicating presence of elements

3.2.6 Raman instrumentation and Data analysis

The specification of the Raman instrument has been illustrated in the section 2.2.4.

PCA and various ML algorithms were conducted using the R data analysis software

[6]. SVM, decision trees, Naive Bayes, and KNN - four commonly employed ML

algorithms were utilized to classify antibiotics in 200 milk samples.

3.2.7 Electromagnetic simulation

EM simulation was conducted, assuming the presence of two AuNPs on the leaf SERS

substrate. In EM simulations, the assumption of a dimer system (two closely spaced

particles) is often used as a simplified model to understand plasmonic behaviour,

near-field enhancement, and hotspot formation. This assumption is not exact repre-

sentative of the experimental nanostructures/hotspots because of geometrical com-

plexity and material inhomogeneity of the real nanostructures. However, to get a

preliminary idea of the coupled field magnitude and to reduce the total simulation

time the assumption of dimer was adopted. The resonant amplitude of the EM field

generated in the hotspot area of the fabricated SERS substrate was evaluated using

finite element method-based software - COMSOL Multiphysics (wave-optics module).

The simulation was carried out under the assumption of linearly polarized light with

a wavelength of 785 nm, incident normally on the designed SERS substrate. For

these simulation studies, AuNPs with dimensions of 65 nm was considered. Figure

3.2(e) illustrates the distribution of the EM field amplitude near the AuNPs, with

the maximum EM field amplitude estimated at 9.2×106 Vm−1. The incident electric
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field amplitude was assumed in the simulation as 6.3× 104 Vm−1. The estimated en-

hancement factor from the simulation closely matches the experimentally measured

value. Some variations are observed to occur due to the non ideal approximation

in the simulation such as perfect geometries, homogeneous material properties, and

ideal boundary conditions. The details of EF , estimated through both simulation

and experimental methods, are described in table 8.16.

3.2.8 Contact angle measurement

The contact angle measurement for the proposed SERS platform was conducted using

a contact angle meter (Kyowa Interface Science Co. Ltd, Japan). 4 mL water droplet

was dispensed onto the surface of the AM leaf. Figure 3.2(g) illustrates the image of

the water droplet dispensed over the leaf substrate for the contact angle measurement.

The contact angle was determined to be 80.4 ° with a standard deviation of 1.5%

over three consecutive measurements. The formation of this acute angle suggests that

the fabricated surface is hydrophilic in nature. The low contact angle facilitates a

uniform deposition of AuNPs across the leaf surface, as evidenced from the FESEM

image depicted in figure 3.2(c).

3.3 Results and discussion

3.3.1 Optimization of the SERS substrate

At the outset of the experimental investigations, two sets of nanoparticles - AuNPs

and AgNPs were considered and treated separately on the surface of AM leaf to

compare the SERS spectra scattered from the SERS substrate. Figure 3.4(a) depicts

the background Raman spectra of the fabricated SERS substrate. The figure clearly

demonstrates that the proposed SERS method exhibits negligible background Raman

signatures and does not interfere with fluorescence spectra. The fluorescence emitted

from the leaf is primarily attributed to the presence of chlorophyll molecules [7], with

excitation wavelengths falling within the range of 400 to 500 nm [8]. As the present

sensing scheme employs a 785 nm diode laser as the excitation source, the likelihood

of fluorescence emission from the AM leaf is eliminated in this study. Figure 3.4(a)

shows the distinct SERS signal of MG scattered from AgNP and AuNP-treated AM

leaf surfaces. It is evident that the SERS signal for the AuNP-treated leaf substrate

exhibits greater sensitivity compared to the AgNP-treated counterpart. The high

sensitivity of the AuNP treated AM leaf SERS substrate compared to AgNP treated

counterpart is attributed to the magnitude of the coupled electro-magnetic field in

the hotspots regions of the proposed SERS platform. Owing to the higher LSPR field

associated with the AuNPs than AgNPs in the present experimental condition, we



67

0.00

0.25

0.50

0.75

1.00

Normalized SERS Intensity Linear Fit

N
o

rm
a

li
ze

d
 S

E
R

S
 I

n
te

n
si

ty
 (

a
.u

.)
2

R =0.9948  

  Concentration(nM)

1 2 3 4 5 6 7 8 9 10

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

(d)

(a) (b)

(c)

(e) (f)

Raman Shift (cm-1)

S
E

R
S

 I
n

te
n

si
ty

 (
a

.u
.)

600 800 1000 1200 1400 1600

Leaf AuNP MG Leaf AgNP MG Background

1000 counts

0.00

-10%

-5%

0%

5%

10%

0.25 0.50 0.75 1.00

Raman Shift (cm-1)

Raman Shift (cm-1)

8
0
2

9
1

6

1
1

7
2

1
3

6
6

1
3

9
8

1
6

1
6

8
0
2

9
1

6 1
1

7
2

1
3

6
6

1
3

9
8

1
6

1
6

6
1

0

7
7

0

1
1

8
2

1
3

6
2

1
3

1
4

1
5

1
0

S
E

R
S

 I
n

te
n

si
ty

 (
a

.u
.)

1 µM 100 nM 1 nM 0.1 nM

1000 counts

600 800 1000 1200 1400 1600

S
E

R
S

 I
n

te
n

si
ty

 (
a

.u
.)

600 800 1000 1200 1400 1600

1000  counts

1 µM 100 nM 1 nM 0.1 nM

N
o

rm
a

li
ze

d
 S

E
R

S
 I

n
te

n
si

ty
 (

a
.u

.)

  Concentration(nM)

2
R =0.9914  

Normalized SERS Intensity Linear Fit

1 2 3 4 5 6 7 8 9 10

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Figure 3.4: (a) SERS signature of MG for AuNP and AgNP treated leaf SERS substrate; SERS
spectra of AuNP treated SERS substrate, at various concentrations (b)MG, (c) R6G, (d) linear
regression analysis for the quantitative estimation of MG for the Raman band near 1398 cm−1 (e)
linear regression analysis for the quantitative estimation of R6G for the Raman band near of 1362
cm−1 (f) Raman mappings of the analyte MG performed by choosing the Raman band near 1398
cm−1 over a matrix 10 × 10 for a sensing area of 1 mm2; (Error bars are plotted using the standard
deviation, calculated from five repetitions for each sample)
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Figure 3.5: Distribution of EM field magnitude in the vicinity of AuNPs when the size of the NPs
are assumed as 65 nm and separated by 5 nm with an excitation wavelength (a) 488 nm (b) 532 nm
(c) 785 nm; Distribution of EM field magnitude in the vicinity of AgNPs when the size of the NPs
are assumed as 65 nm and separated by 5 nm with an excitation wavelength (d) 488 nm (e) 532 nm
(f) 785 nm; the incident electric field amplitude was assumed as 6.3× 104 Vm−1

noticed a relatively better SERS performance for the AuNP treated AM leaf substrate

than AgNP treated AM leaf SERS substrate. EM simulation studies have been

conducted to evaluate the intensity of the coupled EM field for AuNPs and AgNPs,

each having an average size of 65 nm and maintaining a 5 nm separation, under various

incident laser wavelengths including 488 nm, 532 nm, and 785 nm. The outcomes of

these simulations studies are illustrated in tabular form in table 3.1 and are depicted

in figure 3.5. Furthermore, an additional EM simulation investigation was performed

to examine the influence of gap between the AuNPs on the generation of the coupled

electric field. The spacing between the AuNPs plays a crucial role in determining

the strength of the coupled EM field enhancement, which subsequently increases the

overall SERS enhancement factor. Smaller gaps between the AuNPs result in more

prominent field enhancements and, consequently, higher SERS enhancement factors.

Further elaboration on this study is provided in figure 3.6.

Table 3.1: Comparison of the coupled electric field amplitude with the variation of excitation wave-
length

Excitation wavelength (nm) Material used Gap between the NPs Electric field (Vm−1)

488
AuNPs

5 nm

6.3× 106

AgNP 2.6× 107

532
AuNPs 2.8× 106

AgNPs 2.5× 106

785
AuNPs 9.2× 106

AgNPs 8.2× 106
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(f)

(a) (b)

(d)(c)

Figure 3.6: EM simulation for two AuNPs with average size 65 nm illuminated with an excitation
wavelength of 785 nm when separated by (a) 5 nm (b)10 nm (c) 15 nm (d) 20 nm; the incident
electric field amplitude was assumed as 6.3× 104 Vm−1

3.3.2 Characterization of the SERS substrate

To evaluate the effectiveness of the proposed SERS platform, two commonly em-

ployed SERS probe molecules, MG and R6G, were utilized for the sensing study.

Initially, 1 µM of MG and R6G samples were prepared in the laboratory by dissolv-

ing appropriate amount in DI water. Three additional samples of concentrations 100

nM, 1 nM, and 0.1 nM have been derived from the stock solution by dilution with

the DI water. After the sample preparation step, Raman spectra were acquired from

the designed leaf substrates. Figure 3.4(b) displays the recorded spectra of MG at

varying concentrations, while figure 3.4(c) illustrates the collected spectra of R6G at

different concentrations, respectively. The peak assignments for MG and R6G have

been provided in appendix tables 8.1 and 8.2 respectively. Regression analyses pre-

sented in figures 3.4(d) and (e) indicate a strong linear correlation between the SERS

signal intensity and the concentration of the analytes. The linear correlation coeffi-

cients for MG and R6G are estimated to be R2=0.9948 and R2=0.9914, respectively.

These high regression coefficient values suggest a good degree of linearity between

the scattered Raman signal intensities and the concentrations of the analytes.
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3.3.3 Evaluation of LoD

In order to calculate the LoD, the concentration range of 1 nM to 10 nM was consid-

ered. From figure 3.4(d), the LoD was calculated using the equation 2.1. The LoD

of the proposed sensing platform is estimated to be 0.88 nM.

3.3.4 Uniformity characteristics

The uniformity characteristics was studied by mapping Raman peak of MG at 1398

cm−1 for a matrix of 10 × 10 over a sensing region of 1 mm2. Figure 3.4(f) depicts the

variation in the intensity of SERS spectra of MG near the Raman band 1398 cm−1.

For the considered sensing region, a maximum fluctuation of 10% was observed in

the SERS signal intensity indicating a high degree of uniformity.

3.3.5 Time evaluation and reproducibility study

In the following step, the temporal performance of the proposed SERS platform was

evaluated. Figure 3.7(a) depicts the changes in the scattered Raman signal strength

for the Raman bands near 1172 cm−1, 1398 cm−1, and 1618 cm−1 of MG recorded by

the spectrometer for a period of 10 days. A relatively stable SERS signals have been

observed for the first seven days and after that signal intensity gradually started to

degrade. The reproducibility characteristic of the proposed AM SERS substrate was

also evaluated. 10 µL of 1 µM MG and R6G were drop-casted separately over ten

different prepared lead substrates. The average scattered Raman signal intensity was

collected from the seven random locations from each SERS substrate. Figures 3.7(b)

and 3.7(c) depict the reproducibility characteristics of the proposed SERS substrate.

For MG, the maximum values of RSD near the Raman bands 1172 cm−1, 1398 cm−1

and 1618 cm−1 are observed to be 4.32%, 5.13% and 4.57%, respectively while for

R6G these values at 770 cm−1, 1362 cm−1, 1510 cm−1 are found to be 4.39%, 4.21%

and 4.65% respectively. The low RSD values infer that the fabricated substrate yields

a high reproducibility characteristics.

3.3.6 Estimation of EF

The EF of the developed SERS substrate was evaluated using equation 2.2 and fol-

lowing the procedure already described in section 2.3.4. For MG and R6G the EF

values have been estimated separately and presented in tabular form in table 3.2.

A comparison of the present sensing scheme with some previously reported lit-

erature and the current leaf SERS substrate for the sensing of various chemicals is

summarized in table 3.3.
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Figure 3.7: (a) Study of the SERS performance with time for the leaf SERS substrate (b) Repro-
ducibility characteristics of MG for ten different substrates with five repetitions for each sample
(c) Reproducibility characteristics of R6G for ten different substrates with five repetitions for each
sample; (Error bars are plotted using the standard deviation, calculated from five repetitions for
each sample)

3.3.7 SERS analysis of the antibiotics

The efficacy of the proposed AM SERS substrate has been demonstrated through

detecting two antibiotics, CEF-Na and CEFTR, in trace amounts. Stock solutions

of 10 ppm were prepared for both CEF-Na and CEFTR by dissolving the required

quantity of the analyte in DI water. The stock solutions were then diluted to produce

three additional concentrations of CEF-Na and CEFTR (1 ppm, 0.5 ppm, and 0.1

ppm). Figure 3.8(a) shows the SERS signature of CEF-Na as scattered from the

proposed leaf SERS substrate. The Raman band assignments for CEF-Na are pro-

vided in tabular format in table 8.6 [13]. Regression plots for ten different CEF-Na

concentration samples are depicted in figure 3.8(c), with a calculated R2 of 0.9594.

Using the linear regression equation (equation 3.1), it is viable to predict the value

of an unknown concentration of the sample.
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Table 3.2: Estimation of EF

Analyte Signature
Peak

ISERS IREF NSERS NREF EF

MG 1398 cm−1 4321 a.u 224 a.u. 2.8137× 102
3.4021× 107

2.34× 106

R6G 1362 cm−1 852 a.u. 220 a.u 1.932× 102 3.08× 106

Table 3.3: Comparison of the proposed SERS platform with the already reported SERS substrates

Substrate Analyte EF RSD (%) LoD (M) References
Gold deposited
plant leaves

Methylene
blue

∼ 105 10 10−10

[10]

Pyridine ∼105 Not specfied Not specfied
Ag coated natural
taro-leaf

R6G 106 ∼9.7 10−8

[11]
furazolidone Not specfied Not specfied Not specfied

AgNP on dried rose
petals

R6G Not specfied Not specfied 10−9 [12]

AuNP decorated
leaf

MG, R6G,
CEF-Na and
CEFTR

106 10 0.88 × 10−9 Present work

Y = (−0.1587± 0.0239) + (1.0471± 0.0715)X (3.1)

Ten different concentrations of CEFTR within the range of 0.1 to 1.0 ppm were

prepared in the laboratory. Figure 3.8(b) displays the recorded Raman spectra of four

different CEFTR samples scattered from the SERS substrate. The band assignments

for CEFTR are provided in table 8.7 in the appendix section [14]. Additionally,

Figure 3.8(d) illustrates the characteristic plot of the scattered Raman peak intensity

of CEFTR at 1371 cm−1 for all ten samples, with R2 estimated to be 0.9799. Equation

3.2 can be used to predict the concentrations of CEFTR in an unknown sample.

Y = (−0.0903± 0.0382) + (1.1104± 0.0528)X (3.2)

3.3.8 SERS analysis of the real samples

In the subsequent phase of the current investigation, the detection of CEF-Na and

CEFTR in field-collected milk samples was assessed. Following the extraction pro-

tocol outlined in Section 3.2.5, milk samples were prepared in the laboratory. The

extracted milk samples were then dispensed onto the sensing area of the leaf sub-

strates and dried in a vacuum desiccator for 2 hours. Prior to performing the SERS

analysis, the Raman spectra of the background analytes used during the sample ex-

traction process have been recorded and the acquired spectra are depicted in figure

3.8(e). The band assignments for the background chemicals are included in table 8.8

[14]. Figure 3.8(f) illustrates the SERS spectra of the field-collected milk samples.

The characteristic Raman bands near 1396 cm−1, 1463 cm−1, and 1584 cm−1 confirm
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Figure 3.8: Backscattered Raman signal intensity of (a) CEF-Na and (b) CEFTR; linear regression
plots of (c) CEF-Na at 1465 cm−1 and CEFTR at 1371 cm−1 (e) background spectra of the chemicals
used for extraction and the Raman spectra of blank milk samples (f) SERS signature of 10 field-
collected milk samples (with 7 samples with positive signatures of antibiotics); (Error bars are
plotted using the standard deviation, calculated from five repetitions for each sample)

the presence of CEF-Na in the extracted sample. The other peaks of CEF-Na appear

to be perturbed in the field-collected milk samples. Similarly, the Raman bands near

496 cm−1, 691 cm−1, 1368 cm−1, 1508 cm−1, and 1642 cm−1 confirm the presence of

CEFTR in the field-collected milk samples.

3.3.9 Implementation of ML

In the final phase of the present study, a ML model has been developed to classify

the two antibiotics present in milk samples. Prior to feeding the data into ML algo-

rithms, PCA was conducted on a dataset comprising 200 milk samples to identify the

PCs, that represent the directions of maximum variances. The obtained PCs were
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Figure 3.9: Classification of the CEF-Na and CEFTR in the milk samples using SVM classifier for (a)
training set (b) test set; (c) Comparison of accuracy percentage for four widely used ML algorithms
(d) ROC characteristics of the SVM ML model with AUC 94% (e) the confusion matrix obtained
in the present sensing work; (Error bars are plotted using the standard deviation, calculated from
five repetitions for each sample)

selected as input for four widely-used ML classification algorithms: SVM, Decision

Trees, Naïve Bayes, and KNN. For the ML analysis, the dataset comprised a total

of 200 milk samples. This dataset was then split into two subsets: a training set

and a test set, in a ratio of 75% (150 samples) to 25% (50 samples). To determine

the most suitable algorithm for the current sensing scheme, model parameters such

as percentage accuracy and the Area Under the Curve (AUC) in the Receiver Oper-

ating Characteristic (ROC) curve were evaluated. Figures 3.9(a) and 3.9(b) display

the SVM-based classification plots for the training and test datasets, respectively.

These plots demonstrate that the two antibiotic samples can be effectively distin-

guished using the ML algorithm in combination with PCA, indicating a minimal rate

of false positives. Figure 3.9(c) illustrates the comparison of accuracy rates for dif-

ferent ML algorithms employed in the current study. It is evident that SVM coupled

with PCA serves as an effective classification model for the present sensing investi-
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gations. Figure 3.9(d) depicts the ROC characteristics of the SVM classifier, with

an AUC estimated at 94%, indicating a robust classification model for the proposed

sensing work. Furthermore, figure 3.9(e) presents the confusion matrix obtained from

the SVM classification model. The numbers in the green inset represent correct pre-

dictions, while those in the red inset denote incorrect predictions. The confusion

matrix revealed 47 correct predictions and 3 incorrect predictions for a training set

comprising 50 samples. The ML-based analysis infers that different samples can be

segregated with a high accuracy from a mixed sample. Such ML-based SERS signal

analysis have been reported in the recent years [15, 16] We envision that the proposed

scheme could be extended further for trace detection and quantification of other an-

alyte from complex matrices. With the incorporation of an ML-based regression

model, accurate estimation of the concentration can also be performed. Besides the

aforementioned approach, feature extraction technique such as linear discriminant

analysis (LDA) [15] can be implemented to segment different parameters in a matrix.

A proper feature extraction method coupled with an optimized ML model would be

explored for other complex matrices and hence serve as a future scope of the present

thesis work.

3.4 Summary

The functionality of an AM leaf decorated with AuNPs as an alternative SERS plat-

form, exhibiting a notable sensitivity and reproducibility characteristics is demon-

strated. With the designed proposed SERS substrate signal enhancement of 106 has

been achieved. Upon noticing its performance with standard samples, the applica-

bility of the developed platform was showed to detect and quantify residues of two

commonly used antibiotics, CEFTR and CEF-Na, in cow milk samples. With the

fabricated SERS platform, both targeted antibiotic analytes were detectable at levels

compliant with the standards set by FAO. Furthermore, the incorporation of PCA

and ML-based classification enhances the overall performance in terms of identifying

and categorizing specific analytes within complex mediums. A high degree of per-

centage accuracy was observed for the targeted samples within the proposed sensing

framework.
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