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ABSTRACT

The relentless rise of infectious diseases, the global threat of antimicrobial
resistance (AMR), and the continuous emergence of viral variants have created
an urgent demand for rapid, ultrasensitive, and cost-effective diagnostic
technologies. Traditional diagnostic tools, while effective, often fall short in
sensitivity, speed, and adaptability, especially in resource-limited settings. In
this context, Surface-Enhanced Raman Scattering (SERS) has emerged as a
transformative analytical technique, capable of detecting molecular signatures
at ultralow concentrations with high specificity and rapid turnaround times. This
thesis presents a comprehensive development of next-generation SERS-based
platforms by combining advanced nanofabrication, innovative substrate
engineering, and cutting-edge machine learning algorithms. These platforms
target the detection and differentiation of bacterial, viral, and parasitic
pathogens, offering powerful solutions that bridge the critical gap between

laboratory research and real-world clinical applications.

Firstly, we present the fabrication of a novel paper-based SERS substrate by
integrating zigzag silver nanorods (AgNRs) onto simple office paper via the
glancing angle deposition (GLAD) method. The porous and fibrous architecture
of the paper provides an intrinsically high surface area and roughness, which,
combined with the unique two-armed zigzag morphology of AgNRs, generates
dense plasmonic hotspots, amplifying Raman signals significantly. This

cellulose-AgNR hybrid substrate offers critical advantages, including flexibility,
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biodegradability, and low manufacturing costs, addressing key limitations of
conventional rigid substrates. Application of the platform to the detection of
nosocomial infection-causing bacteria — Pseudomonas aeruginosa, Escherichia
coli, and Staphylococcus aureus — demonstrated an impressive limit of detection
(LOD) of 102 copies/mL. Notably, the SERS intensity recorded on the paper-
based substrate was approximately ten-fold higher than that observed on
conventional glass-based substrates. Furthermore, a clear spectral
differentiation between Gram-positive and Gram-negative bacteria was achieved,
highlighting the platform’s diagnostic potential for broad-spectrum bacterial

identification.

Building on this foundation, we expanded the utility of AgNR-based SERS
platforms toward viral detection, focusing specifically on the differentiation of
SARS-CoV-2 variants and co-variants. Pristine AgNR substrates fabricated via
GLAD were employed for the sensitive detection and strain-level differentiation
of clinically relevant variants, including Wild type, Kappa, Delta, and Omicron
strains, and Omicron sub-variants BA.1, BA.2, BA.5, and XBB. However, the
highly similar genetic and biochemical profiles of these variants posed significant
challenges for traditional SERS analysis. To overcome this, machine learning
(ML) algorithms were integrated with SERS data to extract subtle spectral
variations beyond human discernment. Support Vector Machine (SVM) and
Bidirectional Long Short-Term Memory (BiLSTM) models were trained on SERS
spectra obtained from 122 positive nasopharyngeal swab (NPS) samples,
previously confirmed by next-generation sequencing (NGS). The SVM classifier
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achieved a variant classification accuracy of 89% on the validation set,
outperforming the BiLSTM model, which achieved 86%. When tested on an
independent blind set, SVM and BiLSTM achieved accuracy of 75% and 70.09%,
respectively. Moreover, for subvariants classification among Omicron strain, the
SVM model achieved a remarkable 96% accuracy. These results demonstrate
that coupling SERS with ML substantially enhances the resolution and precision
of variant detection, offering a promising pathway for real-time epidemiological

surveillance.

In parallel, recognizing the importance of rapid antimicrobial susceptibility
testing (AST), we developed a novel bimetallic SERS substrate composed of gold
nanoislands decorated onto silver nanorods (AuNI@AgNR), again fabricated
using GLAD and thermal deposition. The addition of gold nanoislands not only
enhanced the stability of the substrate against oxidation but also significantly
improved plasmonic coupling, resulting in greater electromagnetic field
enhancement. The AuNI@AgNR substrate enabled the detection of bacterial
pathogens at ultra-low concentrations down to 1 CFU/mL, both in single and
mixed bacterial cultures. The platform effectively distinguished between Gram-
positive and Gram-negative bacteria and was used to determine the minimum
inhibitory concentrations (MICs) for various bacterial strains in a rapid manner.
Partial least squares discriminant analysis (PLS-DA) further allowed clear
classification between antibiotic-susceptible and resistant strains, underscoring
the substrate’s utility for rapid AMR profiling. Importantly, the ability to
differentiate and monitor bacterial populations in polymicrobial infections
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represents a major advancement toward real-world, point-of-care (POC)

applications.

Lastly, to address the burden of parasitic infections, a portable SERS platform
was developed for malaria detection in blood samples, exploiting the
paramagnetic properties of hemozoin — a crystalline byproduct unique to the
malaria parasite. Using AgNR substrates fabricated via GLAD, an external
magnetic field of 0.3 T was applied during Raman measurements, resulting in a
remarkable tenfold enhancement of the SERS signal intensity compared to non-
magnetized measurements. This magnetic assistance allowed an unprecedented
LOD of 101 M (approximately 6 parasites/uL), vastly surpassing conventional
detection limits. Through systematic dilution studies, it was demonstrated that
hemozoin signals dominated the SERS spectra as hemoglobin-associated peaks
diminished, validating the preferential localization of hemozoin at
electromagnetic hotspots under magnetic influence. Principal component
analysis (PCA) of SERS spectra from healthy and malaria-positive whole blood
and plasma samples revealed distinct clustering, demonstrating the reliability
and robustness of this method. Notably, magnetized and non-magnetized
malaria-positive samples occupied separate regions in PCA space, highlighting

the significant impact of magnetic field enhancement on detection fidelity.

Overall, this thesis demonstrates the immense potential of integrating advanced
nanomaterials, SERS techniques, and machine learning algorithms to establish

powerful, flexible, and sensitive platforms for the detection of bacterial, viral, and



parasitic pathogens. The developed strategies not only push the boundaries of
sensitivity and specificity but also pave the way toward real-world applications
in clinical diagnostics, epidemic surveillance, and antimicrobial stewardship.
Future directions of this work involve the translation of these platforms into fully
integrated portable devices, further improving accessibility, affordability, and

applicability in resource-limited settings.




NI

ThTH I B FRAR gl gy, THRHIfaad IvReT (AMR) &1 df¥d Ta1, 3R
TIAR IHRd T GRRY dRUeH A did, sfd-Hdeq=ia qur fewrd Smied dob-idl
& THTA ATIHAT ITT IR ol ¢ TRURS SHIReHd IUSUT, TN THId 8, IRg
Yoo, 1fd 3R srepaRiiddl & A H SRR HAR Rig 21d 8, fOdy & 4
TareA-Tifd oifufodt & 59 uRtien o, WNBY-T6w W WelT (SERS) TH
IRGIHRT fIRANUTES do-iids & w0 § It 8, S orcdd A wigan w oft srorfaes
Gabal o1 I fafRryar SR g ufkome Tg & 91 udt @ § 9ed g1 Udd QY TeY #,
TSI R §U STl gl & SERS-SMTYUTRT WIEWhIH o Hqd faHh & Udd foar man
g1 3 Wewid daciRad, IR R WReid! TeHd! 1 UgdH SR faue o aféd s=d
8, IUT TANTRITE S8 3R IRAfd® Al SN & aid Bt Agdqul WTs &I ure

2d &Y THIYT UeH &Rd ¢ |

YT @R H, T TH 3fHAd TR-314TRd SERS Istice &1 fHiur vgd foean 8, s
R T fSUIfRM (GLAD) U<fd GRT WeR0 SHifthy TR R ST ek A9 Rigy
(AgNRs) &1 TdhIdpd fhal M1 TR St faqul iR dqged WRa1 3= Tde! &9 3R
FRERUT UM Rl 8, Sl AgNRs ®i fgRmdg foimelT oepfd & Iy ffaer 9o
@ISHIA® giedied I ST 7, orad 99 Tdbdl &1 dig HaeH giar g1 I8 Jegalial-
AgNR BEfoe sdce aiiamH, srifsdsiafec sk &0 i ara Sit #gayut
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IR UM HRT B, S URUNSD HoR Tegecd B! it Bl ¥ BT 81 39 WehiH
D IATA-Gaief YHHU IUT FRA d1@ SRR — Pseudomonas aeruginosa,
Escherichia coli, 3R Staphylococcus aureus — ! UgdM &g YA H AT 74T, 5@l
TUTARITET 102 copies/mL Pt e 3t f$CaRM (LOD) WK g8 | Iie-1d ¥4 ¥, ThR-
TYTRT Tce W gol SERS dIgdl URURS TAN-HTURT Tsdce ! gaml H T &
T i It s sifafkad, am-uifvifed &R um-Aiifed difar & & Wy Waed
faveT T g3, oY Wewid &) U ST &Hdl I9PR 8! 8

D ATYR R, T AgNR-TUTNT SERS WeHIH P IUAIRTAT Bl AR Uga &1 G-
# fawaiia foan, faRIY &9 ¥ SARS-Cov-2 IRTCH 3R Tg-aRTcH & fareT R FHfd
81| GLAD gRI FHd Y& AgNR Iscc™ &I SUAN Wild type, Kappa, Delta,
Omicron ¥4 AUT Omicron BA. 1, BA.2, BA.5, 3R XBB UEaRUcy & Ydg-d UgdH
IR A-TR faved o e fosar man) g1aifes, 39 akicy &1 srafid Tae SrdRis
3R TG HEHT NHIEA 2 URURS SERS fazawr & fore MR gifaar uvgd 11 38 IR
HA /g, IR AT (ML) TERGH $I SERS Sl & 1Y Uhiphd a1 71 difes AFa
fqaaT ¥ W Y& Waea fgdrsit & FAeen o1 9d | quic daex 7=iF (SVM) 3R
fSeTRaRHa <1 Tid-ad AN (BILSTM) HiSAl &1 122 UMied AeihRi~Ed Qe
(NPS) Al § Ul SERS e R Wi foran mar, fome! gd g Aee -SRI IebiaT
(NGS) GRT &1 T3 | afciee™ We IR SVM TTRIBRR o 89% @1 ai Ul gl T &1,
S BiLSTM HIsd (86%) ¥ 31 ff| Wdd =es V¢ W T4 & R, SVM 3R

BiLSTM A HHR: 75% 3R 70.09% &I Y&l eI Pl A ¥T ¥, Omicron
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JeaRued & Fffextr § SVM Alsd 3 Ia-1d 96% Gl U &1 T URUMH =0id §
% SERS & ML & I1¥ siigd ¥ IRUe Uga™ &t Tbed &HdT 3R Ididdl H Iea@-1d
3fs 81l B, St adfds THg HeMRI o AR & foT U Si=isHd A URdd HRdl
gl

IR ¥ ¥, CHgshifegd aiRpfaferd! ¢RET (AST) & Tgd & & § 79d gy, g4
& Y9 azhefid SERS Ustce famiyd foar, o e AHismedey & Riear
FIRIET (AUNI@AgNR) TR ISl 7| I8 GLAD 3R yHd fEuifoem a&-ie gr1 fAfta
foar Tl MeE AeEdey B IR 7 7 Had Tetce B HTRiHR0r UfeRie fRRar
¢T3, Sfch WIHIM® Ul &1 Y Aedqul U ¥ I9d a1, R faggadesa &
Uae S B3I AuNI@AgNR Iscee o daIRgd o] &I fdd g digar (1
CFU/mL d%) R, THd 3R ¥ sodiad ey qHl #, I%d gd1 TI-1 SHa S 1|
39 WehH F TH-UMNICT 3R AH-A7fed 9oIRgT & s WY SieR fobar qur fafte
JHRINTT T & AdH RIS Figal (MICs) &1 e el fean mifidaa e R
fSfepftmc TR (PLS-DA) 7 TEeMIft®-Hde=id 3R YoRde ¥ & ad WP
iffex0T BT SR o W& ST, R AMR UIWIE AT 8 WewhiH &1 YA R gl
g1 foRiy =u ¥, ulcliAgpifaad dpaul H Saciiad SHETAT Bl 3T B3 3R TR
B B & ARdIdh TR # Ui§e-3ip-bTR (POC) SIVANT &1 fazm # T
TE@qul W B

3{dd:, TROId! UHHUT o SIgl ! ASIId B3 8, THA AR &I UgdH & g T uiead
SERS WewiH fawRid far, St gHengd & RIAAfess T[0T &1 SUTNT oRdl § — I8 Th

Xl



3t fortediia IUIMIE § S Bad AARAl UReidl gRT A Bidl &1 GLAD gRT Ffifa
AgNR IsI¢cH F1 IUANT & gU, I AIUF & SR 0.3 T HT a6 9D 1d & T
a1, Y SERS Ru@ &t dadt § I &9 T gfs U g%, S IR-gEa
gRfRufaal o gan o oY | 9 9a g Tgradl 3 31YAYd 1074 M (TRTHT 6 TRSiIdT/uL) B
LOD ¥Hd &5, S URUR® TH1eT ¥ Fal e g1 Hiid SHURE eqg-l § uarid
foar a1 for eralier-Hefid Rl & ged & 1Y s Ibd SERS gl T @
gl Y, fY eIy UM & dgd BHHNIgT BT fdqgddesid gledicy W uyiHe
RIHAHROT FATUT Tl WY 3R AaRAT-Uifvifed Aquf Iad 3R @I AT & SERS
el R iR duHe TR (PcA) 7 WY deReT ¥, oy 39 faftr &t
fIea-gdr 3R Heiee g g5 1 faRly =u §, deo iy iR TR-Yao 17 Aafar-uttvifed FgA1
= PCA T | S@T-3{ehT &7 R oy, S uga™ &t [ay-iadt IR 9a& g &9 uad & Te=

TUTT BT ISR Bl ¢

Tqufa:, T8 MY ey IAT AHCRTE, SERS ddh-id! iR A AT Tenie™ &
UShIchRUT b1 SUR FHTSHISA T Yefid el 8, Sl SaciRae, araRel 3R UReid! ITTei-ien]
&1 Uga gq Wfad=el, deia 3R Hae-=id wehH RITUd 6 Tahd ¢ | fawmRid orifaar
9 Had Yagaadr R fafyar ot dmsit @ M ser §, sfcw aRafds Aeie
3IYANT, HETHRY AR 3R Gtz shiferaet Ui bt faxm & H A1 ueRd &l &1 Hiaw
T, 37 WehIR &1 g0 U I Thipd Uiedd SUHUN H TR, Ugd, fewhridioT 3R
areH-Hifta oot § Iuaifar & $iR geg S|
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