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ABSTRACT

Surface-enhanced Raman scattering (SERS) is the enormous amplification of the
Raman signals from analytes, by several orders of magnitude, when the molecule is
adsorbed on the metal colloidal nanoparticles or the roughened metal surface. The
detection of the analyte molecules even at a single-molecule level can be done by using
the SERS technique which has therefore found a huge practical application. SERS has
found its applications in various aspects, including the trace chemical detection such as
dyes, explosive detection, food additives, pesticides, as well as in the bioanalysis,
biomolecules detection, cancer diagnosis, medical diagnosis and the in-vivo molecular
probing in the live cells. SERS substrates are the nanostructured platform that supports
the plasmon resonance and hence amplifies Raman signals. These may be of random
morphology or ordered SERS substrates. Most of the research has been carried out
using the random morphology SERS substrates (such as metallic nanoparticles,
roughened electrodes etc.) due to its ease of preparation. However, these substrates due
to their lack of uniformity posses’ severe issues with the uniformity of the results
therefore, these substrates cannot be completely employed as one of the routine
analytical techniques. Glancing angle deposition (GLAD) is one of the physical vapor
deposition techniques in which the gaseous flow of the depositing atoms gets impinged
on the substrate in a vacuum environment at a given oblique angle resulting in a
columnar morphology of the deposited film as a result of the shadowing effect. The
GLAD technique is considered as better than other growth methods especially the ones
resulting in random morphology in the terms of ease of fabrication of the nanostructures
due to controlled shape, size and the column spacing in a single step. Moreover, the
nanostructures grown by this technique possess high porosity, high surface to the
volume ratio, uniformity and crystallinity making it one of the most suitable techniques
for the sensing applications. Therefore, GLAD has emerged as one of the versatile
techniques to fabricate nanostructures with a wide range of material of varying sizes
and morphologies. Highly reproducible and uniform SERS substrates with different
morphologies with a batch-to-batch and sample to sample reproducibility that have a
SERS signal variation of less than 10% can be fabricated using this GLAD technique.

Recently, silver nanostructures of different morphologies grown using GLAD have



attracted a significant attention due to their promising applications in the surface
plasmon based studies and for fabrication of the highly sensitive SERS substrates with

a very high enhancement.

The above background forms a basis of the objectives of the present thesis. The central
objective of the thesis work is to study the Ag nanostructured SERS substrates
fabricated using GLAD for their potential application in biosensing and biomedicine.
SERS being molecular fingerprint detection technique also comes with certain serious
limitations such as requirement of adequate SERS substrate, its ultra-high sensitivity,
reproducibility of the results, background interference, dilution of analyte with other
matrix and its limited ability for detection only (inability of separation). We have tried
to address and overcome all these limitations in this thesis along with a future
perspective of employing SERS for on-filed detection. Different types of new SERS
substrates have been fabricated by GLAD. We have developed a novel highly sensitive
Ag nanorods (AgNRs) SERS platform for HIV-1 viral load quantification and
determination of disease prognosis without using any external reagent. Once the HIV-
1 signature peaks library was established, we used the developed platform for HIV-1
clinical sample detection. Further, Magnetic- SERS sensing of hemozoin was
performed which is a biomarker of malaria for rapid and early malaria diagnosis. This
was extended by magnetic field augmented ultrathin layer chromatography- SERS
detection and separation of hemozoin from bacterial mixture. Finally, we have
employed GLAD for Ultrasensitive chiral SERS substrates for label free
enantioselective discrimination. 2 types of novel chiral SERS substrates were fabricated

using GLAD for ultrasensitive chiral SERS discrimination.

In resource limited settings, a cost-effective point-of-care diagnostic testing possessing
the characteristics of detecting the minimum viral load of a malady like HIV acquired
immune deficiency syndrome AIDS is a pressing priority. A highly optimized AgNRs
array, fabricated using GLAD technique was used as SERS substrate. Distinct signature
peaks for varying concentrations (10%to 10° copies/ml) were identified in five different
HIV-1 subtypes (A, B, C, D, and CRF02_AG). Binding of viruses directly with Ag
nanorods without using antibodies or intermediate reagents is shown. The purified

viruses were spiked in water and healthy plasma to capture pure HIV-1 peaks. Distinct
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peaks were also captured for the X4 and RS tropic strains suggesting tropism-based
detection. The above data was further confirmed and analyzed statistically using a
multivariate tool. Thus, the present study indicates the ability of the SERS platform to
detect and differentiate the HIV-1 virus implying its further validation using clinical
specimens and isolates We have further developed a novel, rapid and field-deployable
method using SERS for detection and prognosis of HIV positive clinical samples, in
seven different viral load ranges varying between 200 to 1 million copies/ml. A
relationship between the increasing and decreasing intensity peaks of HIV-1 was also
established for quantitation efficacy of the handheld tool. Three different types of SERS
substrates: single arm Ag nanorods, double arm Ag nanorods and Au sputtered single
arm Ag nanorods were used and the obtained data was compared for the three
substrates. It was demonstrated that maximum enhancement was obtained for Au
sputtered Ag nanorods. Rigorous coupled wave analysis (RCWA) simulations were
performed to study the ‘hotspots’ in three different SERS substrates. Further, to explore
the utility of our platform and to differentiate between the clade specific X4 and RS
tropism, their corresponding-SERS spectra were studied using HIV-1 strains belonging
to four different HIV-1 subtypes (A, B, C and D) which showed a clear distinction,
implying the usefulness of the platform in understanding the disease prognosis.
Statistical analysis of the obtained SERS spectra using principal component analysis
(PCA) showed good agreement with the experimental results, confirming the ability of
SERS platform to quantify HIV-1 viral load and distinguish HIV-1 strains on the basis
of their SERS spectra.

We have further reported detection of hemozoin, a metabolic byproduct of malaria
parasite exhibiting paramagnetic properties using magnetic SERS (M-SERS). The
SERS active silver nanorods were deposited over neodymium magnetic substrates
(0.3T) kept at 120K temperature using GLAD technique. Magnetic field augmented
SERS measurements were performed for hemozoin on these M-SERS substrates and
AgNRs deposited over glass (conventional SERS) substrates in presence of an external
magnetic field (0.3 T). The SERS signal intensity was found to be enhanced by ten-fold
compared to the measurements performed on the conventional SERS substrates in the

absence of any magnetic field. The presence of high spin trivalent iron in hemozoin
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structure led the magnetic field induced agglomeration of these molecules in vicinity of
the electromagnetic ‘hotspots’ available on the SERS substrates which was confirmed
by running RCWA based simulations. These interactions lead to higher enhancement of
vibrational modes of the porphine group directly linked to iron. The limit of detection
of hemozoin for M-SERS was obtained as low as 107!! M (< 10 parasites/ul) which can
be employed for early-stage malaria detection. Since, malaria is considered as one the
most widespread disease with highest possibility of co-infection at all levels of the
disease prognosis, rapid detection and discrimination of malaria from other co-
infections remains a challenge. We have therefore extended the detection of hemozoin
with the development of a label free, rapid and highly sensitive magnetic field
augmented ultra-thin layer chromatography (UTLC) combined with SERS method for
detection and separation of hemozoin, a malaria biomarker from bacterial mixture.
Highly optimized silver nanorods based chip fabricated using GLAD is explored for
the UTLC-SERS separation. Magnetic nature of hemozoin possessing iron at its centre
increasing its ability to flow towards the magnet has been exploited for its separation
from a mixture of P. aeruginosa (Gram-negative) and S. aureus (Gram-positive) by
allocating a 0.6 T magnet over the UTLC flow setup. The SERS data was taken along
the solvent front from the mixture loaded point up to a distance of 13 mm at a regular
distance of 1 mm after the UTLC flow. Due to magnetic environment, the migrated
solvent front with distance > 8 mm showed majorly presence of hemozoin. However
the flow of the 2 bacteria remained constricted to a distance of 4 mm - 6 mm strongly
separating the mixture with slight indications of separation of P. aeruginosa and S.
aureus. Further, staining of hemozoin, P. aeruginosa and S. aureus was done using
methylene blue, acridine orange and rhodamine 6G respectively and the separation was
confirmed. We therefore established a novel technique capable of separating small
amounts of analytes aiding in the removal of co-infections from the disease at a very

early stage with high a specificity and sensitivity.

Chirality is one of the most important characteristics of the chiral materials with a very
important role in biomedicine. Most of the biologically active compounds such as
amino acids, peptides, sugars, proteins, etc. as well as certain important modern drugs

possess chirality. Although the enantiomers of a given molecule have similar
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physicochemical properties, they exhibit totally different physiological effects in
reference of their biological activity, pharmacological actions and toxicity. Hence,
detection as well the discrimination of these chiral molecules plays a very crucial role
specially from application point of concern. We have fabricated plasmonic chiral Ag
nanostructures using glancing angle deposition (GLAD) technique with strong
chiroptic response. GLAD fabricated chiral Ag nanohelices have been explored for
label free enantioselective SERS discrimination. 3 different biologically significant
enantiomers (DOPA, cystine and tartaric acid) with entirely different chemical features
have been successfully differentiated. The homochiral analyte showed distinct and
enhanced affinity towards the substrate of homogeneous handedness. Relative
intensities of certain specific peaks changed depending on the variations in the
enantiomeric environment. The LOD was calculated as ~ 107> M for each of the
analyte. The distinction mechanism is explained by performing finite difference time
domain (FDTD) simulations by studying the local field ‘hotspot’ distribution in case of
each of the plasmonic chiral Ag substrate. Our unique chiral Ag nanostructures allows
an effective chiral plasmon excitations in the vicinity of their local fields. Additionally,
difference in behaviour of each of the analyte was observed towards a specific chiral
substrate which could be clearly explained by the manifestation of the charge transfer
(CT) mechanism. Theoretical density functional theory (DFT) calculations were
performed in order to get insights into the charge transfer process. The HOMO and
LUMO energy levels of each of each of the analyte has been calculated separately and
its gap from the Ag fermi level has been determined. We infer that the direction of the
CT from Ag to analytes are different in the varying enatiomeric conditions. Therefore,
the CT process in combination with the EM mechanism highly magnifies the difference
between SERS spectra of 2 enantiomers of a given molecule. Hence, we establish an
easy ligand free SERS enantioselective discrimination which may be of huge

significance in the fields of chiral separation.



AR

Yg-Haftid T U 1viH (SERS) faRasy ueril & T Yohdl o1 9gd 981 WatH 8, &3 sl & TiRuToT
G, 519 3{0] YT HIASSd "IN 7 WREY U1 1 g UR TN Bl 8 | Tohd- 3] WiR TR off
far=ersT Sruyai &1 a1 THIMT SERS Ah-iidh BT SUANT FHRb (a3 off Fehell &, foram gfere U fasma
GRS SIYANT TR g1 SERS A fafta ugqasfi # o= srua Ut &, s S, faxwies
UgdT, W TIolh, PTG ol o IS UgdH, 1Y g W1y STagHT o, SRmaeged
UgaH, H¥R FeF, fafee e SiR shfad SiRerell § s7-faar sufass Sia =i §1 SERS
IRICT A IRCIS WY § off WA Ufdedt &1 THeH HRd § 3R ST I Tl &l Sgrd
T A Uefs® MPBIR! U1 HHEG SERS TsHc 81 ghd & | i Ay arefdeh M1t SERS
LT (SR YT APV, GRaX TS 31T T SUTNT B [P T & M 3 TR AT ST
B gTdifp, 3 Yse ey N Uheudl &1 il & HRUI URUMHT & Tehveudt & I1y 1R 1e, €, 39fe
3 geH¢cd I Hafiid fazeivunets dob-ie! # 8 T & w0 # It drg I Faiford =181 foar s
Yopdl g | TR @ fSNIRMA (GLAD) Hifdds Iy STHTE deb-ieh! # ¥ U § Ford o1 e aral
RIS HT R YaTg U Fidd ke 101 R IRy araraRyl § gedee R THAd 6, o
URUMIRET BT YHTG & URUIFAGRY STHT fihed &t THIHR 3BT Sl 8| GLAD a1 bl
3 e fafdral ot gorT o S8R W1 ST €, WA d o U &1 TRl § FRifid SR, SR
3R T Rfda & FRU A RggR & fafor & st & drme # arefase sefa fage &1 ufikom
A 1 3P IEMd], 3T db-iid gRT fAHRId T AReaR ¥ 3= g, 3= Idg ¥ 3Ma- 3uTd,
THEYAT 3R forveeiadt gidt € S 58 Hded Syt & o qad Jugad dab-iidh! § ¥ T ST
81 3T, GLAD T SffeRY 3R ipfa fagm &1 wrwht &1t faxqa gaan & a1 SHRgaeR
M & o g db-a! &V Uh & FU A IR 8| 99-¢-99 3R Jud-¢-Jue Uoi-- & aret
T eIt aTet SAfie YAedIG-g SR IHF SERS Wavee™ o SERS Ra & 10% 3 &4
frere E1t 8, S GLAD debeilch ol SUTNT hidp 1Y o1 ebdl § | BT €1 H, GLAD &1 SUGNT b
3JTT 7T fAf TR & RieaR TAReaR 7 Udg WieHA neid sremgql § 3% RIS
VAT 3R 9gd S JfG & Y RIS YAG-IRNA SERS Y & AT & HRUT Hgaaqut
T BT o 5

Iudad Y8 I iR & ISl &7 MR a1t & | AR w1 1 iy I5xa IR 3R
TSR & 3% YHIfAd SUaNT & folT GLAD &1 IUaNT o [Aftfd Ag H-Rca=R aTel SERS
TR TH BT AL FRAT ¢ | SERS HMUIAe f R Ugar dob-e g9 & HRU $& THR g



1t A 3Telt § 5 39 R B g7 et fiwrait ) TfAd B 3R R R T w fhan 8, Iy
Bl 3f1-tiee fECaRM & foTT SERS 1 ST & & Hidsy & uRued & 1| GLAD gRT faf¥e
U&HR & U SERS YT §1E U § | §H HIV-1 TR dlS Hifeithare 3R forht arest siftiets
BT IUANT fHT fom1 A1 & Fgm & FRufvor & o ues a1 srafiies ag=id Ag A RIGH (AgNRs)
SERS W 3 fyd forar 81 T IR HIv-1 R diey argast wiftd 8 o1 & &1, 859 HIV-
1| feafea Sua feearr & fore faeRid WewiH o1 SuanT o | 39 sramar, gHeis &1 Jifed-
SERS HRIT &1 7%, S e & dont ¥ SR Yl FgH & foe qafkar &1 s ¢ | 59 3ifes
WITE HITHCS 3fegIfUT AR HIHCHTHL- SERS fEearm 3R gHIeNg &I dadiiaa fAyor & srem
PP T[T 1| A U, g ddd Jod THicaidided HeHd o U sfegrififed ke SERS
gsuee & o GLAD & FRaiford faran 81 sreeriftifed e SERS NeHTd & i GLAD &7 IuahT
PP 2 YHR & ¢ R SERS Fe¥ce §-Y Y| A Fqiei arelt Rufadl #, waemsd! veras
A SRR Rig tgy SRt SRt & gAaH IRRE e &1 udl o= &1 fa=arsft arar ue
TANTA THTAT UiSe-SHTh-HaR SRS URI&0T U HE@yul WIUfHddl 81 GLAD A& 1 Sud
FRD THd Th OIS B AId AgNRs IRUIT HT SUANRT SERS FeHce & U H o T 7|
S-S Tl (102 ¥ 106 UfqaT/THT) & fRIT SrerT-3rert RieR Ui o1 ugaH uta SIerT-3erT
HIV-1 SUUBRI (A, B, C, D, 3R CRF02_AG) H &1 718 | GtaTal a1 SexHifSue 3ifiHa! o1 SuanT
T fam R Ag TIRIGT & Y IRRY HY ST fearan T g1 Y fHT T ARG B Y
TR 1 AT ) U & forg Uit 3R Taw wrsHT H fyerra 7 Ut | eifie- snenfyd udr @
1 YT 3 §UTRI4 3R 3R i JuNe) 3 ferg srer-sra aifedl o off usret ma ol SR
ST B 3 Y B 7S 3R T SgIEUl IUBRUT BT SUTNT b ikeAeb1g = & fywerwor fepar
7| 9 UHR, TIH ST TASATSdl-1 IRRY BT Ul T 3R I SR HRA & (T8 THS HRTH
WeHIH &t &EdT &I ST B 7, I ared AeTe Tl 3R TSIy &1 IUanT dXd 3HD
T & TATIA ¥ g1 5 200 ¥ 1 e wfadl/qaua & st SIeT- ST ITd SfelT-3(eRT arRd
s Afor A garersdt uifvifea Jerfe Tt &1 udl am @R e & R TagaRud &1 3ug
ISP T IUUN, I 3R &1t fafty e &1 81 88 ga &t amn AR gurasiar &
g Taemdt. 1 B a7 vefRia fhar T f Au Weks Ag FRIST F o s an 9fg e Y g
ot A S-S SERS e el T glewic' &1 3T H- & oIl HER JAd a¥v1 faza
(RCWA) R fPT 7T &1 39 3lTaT, 89R Wewh i & SUTIAIT BT Ial T 3R Jats fafry
X4 3R R5 TIUSH & dId 3R B & foT, I Gafd SERS Wl BT LT AR S{TH-3HTHT
HIV-1 SYUBRI (A, B, C 3R D) T i HIV-1 STHG! BT SUTNT B fovar 14T, s Wy iRk
fora, o T & e &) Trgm o WewH ot SUTIFIdT &1 Hard fHraT | i geeb fazawor (PcA)
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BT JUTNT HR&b U SERS Wl & TR fazayur ¥ yanmetes uRume & Tr SresT Sgidl
feaman, ORIy SERS WEWIH &1 HIV-1 IRRA TS &1 A0 3R 311 SERS WA & YR TR HIV-
| SUNG BT AT HA BT & Bt I §5| SERS Wfthd ek TARIGH B GLAD 1D BT
JUART HRP 120K ATTHH TR W T FATSHT e Isiee (0.3T) R 54T faa1 T[T 39 M-
SERS IHCT TR gHIGNE & o daah g & Tafdfd SERS AU fhT 7Y SiR 18 e 1g &85 (0.3 T)
P IURYTT T 7O (GRURS SERS) TS TR AgNRs ST fhU M| fHdt of dasta & &t
3Jufyfa # URUR® SERS ¥sdcd UR U 7T AUl &1 ol | SERS Ryyrad &1 diiaarl g9 1 §¢
TS| RANIET W # 3= A Bdieis dig & SufRfd 3 SERS I=ee R Iuasy faggd
DI GleTIc' & U S U[3fl & Yab1y &= URd g I w4 fea, forgept gff Rewa
3T R T &1 TS 3 fa:fpart He dig ¥ I Uifth 99 & »u- Al ¥ S= Ifa
B 3R T T g1 TH-TISRTY & forw gHoiis— &t ugan= &t AT 10-11 TH (<10 TRSAN/ul)
7t oo ur 7S, RrrepT STk HaARan B YR SraedT H Uga 3 g foban o Tebar 2 1 <,
AR Bl e Y ST T ST 8, s 71 e & et TRl R g-Hehau ot gy ifis
GUTST BIcht B, SARRTT TRaT o7 30 T8-Ihwuil § doft I TaT THTHT 3R ITDBT HEHTd BT Udb
I §1 88 | 3N A EHSNgH & UgdH & Ush qad Had, dol 3R s dadga=iid
YID1T &7 Yaftfa Sreer-fT AR HIRSUTHT (UTLC) & fam™ & Ty 3t ger 8, o dadifean
& feyoT & TaRan STAThR SIS BT Udl T IR 36T = & forg SERS faftr & Ay st
T 1 UTLC-SERS J2daiol & fU GLAD &1 JUIRT Ixep M orafiid srggfa RieR

FIRIGH 3eTid fou &1 G &1 718 81 gHeig & gadd Uhfa, forads &g § diel gidl 5, 99
B IR T8 B TUD! & DI TGIH &, YT UATE Y3 WR 0.6 ¢ Jab 3Mdfed b Ui,
TSN AM-A0fed) 3R U9, 3TRTY (mH-uisifed) & Yo J 53 S/ - & forg Suai fear
a1 ] | getuad yarg & a1g 1 el o) fafira g8t wR 13 ot 6t g8 I o drs frg e fag @
Hlede The & 1Y SERS ST ferdl 41 4T | a1y aTdTarvl o SRl 8 e § $1fdes g3l arel Arsiics
Tiede The | gHIeNS &1 T SUfRifd 38 721 gTaifds 2 Saeiian o1 varg 4 it - 6 fodt Y &
T I 6T ST 87 TP 1S Tebiich fABRI B & Sl [IZATDBT B BIE AT DY 37T xA H
e g, ot I ARy $ik TagA=iiaar & |1 INT J Yg-TehHUT & agd YRS TR0 H gem #
BEERIERGIE

FeRferet fora uendf &t o weayuf faRivarst & § U@ g, o Taafsia & sgd Agayu
YT 81 ST Sifde =u & Ifthg difier SR o srfi+ s, dvgsy, o, UidH, snfe &
Y-y $3 Aeaqul 3y garsii # +ft fRRferdt a1 81 gafty famsdt fow 7o sy & wAfesimR &
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T e O € 2, AT 3 e e R, shwe sl iR R % Tl # gl
TRE e RN THTa UERid B 81 39T, 37 R Srupeft &7 gar T 3R 3T HEHId
F1 fady FU 9 {1 & Sy fog & 9gd Teayul yfiiet Aurd g1 g9 Hoed RRIPS
gfafrar & WY TR T fSUSRM (GLAD) d@+1d &1 SUART dxd WRHIMS RA Ag
FIREFR o1 i forar 81 d9d gad TRfeaidided SERS HEHTd & fa GLAD fAfifd fora Ag
AT T U I T B | U TRE W ST I [ARwarsif aret 3 e Sien Sifdd U 9§
Tgayuf TAfRSITR (DOPA, RREM 3R el thrs) &l whadyde fanfed ferar man g | gifera
TATEEE 3 YT 1Y & geee & Ufd 3(ehT 3R o) g3 SHetadr foars | $2 fafy aifedt
g ol TACNARS ardraRol # fed & YR W 96d T3 | Jd® [d=ave & g LoD &1
TMOFAT~ 10-12 M & TIH BT T3 U | TS WIS RRA Ag TeHee & AA H R &3 glewre’
fqaRuT &1 3rema FHRar IR iR THT SIAH (FDTD) RIYARH #kes Ve oF P THmT 47 3|
BUR g foRA Ag T ARCIR I RIFT &3 & MUY & &7 & T JHId! fRa @A
ST B AR 3 § 1 59 Sifaikad, Ul fazeive & sgagR o Us fafy fora Isaee & ufa
SR T AT AT I =Tt iR (CT) dF 1 Hfiefad gRT WY U I THATT S Gl g | arst
TR Ufthar | Sfaey U & & fo Sifds g9a sraietsd Rigid (DFT) T0HT &t T8 2
TS fIZdYS & HOMO 3R LUMO S5l TRT P 3IeT-3IeT 0T Bl T8 § 3R Ag BHI TR I
@ SR Fuffa foar mar 81 89 3FAM @I € fob Ag ¥ UATeSed dd CT $1 f3=I SferT-arent
TAfesANe fRufal & Sra- e gt 7| SUMIY, EM oF & |1y TaieH | CT Wfshar fandt fau e
U] & 2 TATCSNTR & SERS WaeT & &9 3faR B A T¢I it § | JUMT, 89 T S ferife
Tad SERS TAfSAfGed WeHd R1fid xd § of f fiRa gyaeor & &4 o sgd Agaqu! &
THaT g |

xiii



CONTENT

CItIfICALE. ...ttt 1

ACKNOWIEAZEMENTS ...ttt iae e i

F N o1 1 2T TP UPOTRTOPRPPT v

TTRTRT .ottt X

TabLe OF CONMEENES .....viiiiiiiiie ittt eebeesnne s Xiv

LSt Of FIGUIES ..uviiiiiice e Xix

LSt OF TABIES ..o XXViil

SYMDOIS. ..t XXX

ADDIEVIATIONS .ttt sttt sttt bbb e et et e e et e e sae e e nbe e nneennee e XXX1

CHAPTER 1: INTRODUCTION........cooiiiiiiiiieiieiieesee s 1

0 O 15 (0 TG 10175 [ ) s W PR RRUPT 2

1.3. Surface enhanced Raman SpectrOSCOPY ......cvveiverrrieniriiiieiiesieesee e 9

1.4, SERS SUDSIIALES ...cocvviiiiieiiieiiieiiie et 17

1.5. Glancing angle deposition (GLAD).......ccccooiiiiiiiiiiienieee e 20

1.5.1. Fabrication GLAD technique-based nanostructures.............c.ccc.c...... 21

1.6. Silver columnar optical properties and its SERS performance.................. 26

1.7. Chirality and SERS based chiral detection ............cccooeviiiiiiniiiiniicinen, 28

1.8. Objectives of the present thesis........ccovvviiiiiiiiiici 31

1.9, TRESIS OVETVIEW ...ecuviiiiiiiiiiiiieiti ettt 32

CHAPTER 2: EXPERIMENTAL AND CHARACTERIZATION TECHNIQUES,
SIMULATION METHODOLOGY AND STATISTICAL

CLASSIFICATION ...t 34

2.1. Glancing angle depoSItION. ........ccveieeriiiiierei e 35

2.1.1. Homemade GLAD setup with fixed substrate holder ....................... 36

2.1.2. Advanced GLAD system with variable o and @ .........cccocovvvrerienees 37

2.1.3. Substrate packaging Unit .........ccceceveireireiineninesreeeree e 38

2.2, X -Ray diffraction ........ccoocvieiiiiiieic e 39

2.3. Field emission scanning electron microscopy (FESEM)..........ccccevienee. 40

2.4. Transmission electron microscope (TEM).......ccocviiiiiiiiiiciiiiiccee 41

2.5. Atomic force microscopy (AFM) .....ccviiiiiiiiiiiieee e 42

Xiv



2.6. Micro-Raman SPECtrOMELET .......cuvvevvviiiiiiiiiiesiiiessiiee e 43

2.7. Simulations methods and statistical toOLS ......ccvvvveiiiiiiiiiieerr e 45

2.7.1. Finite difference time domain (FDTD) models and simulation

MEthOAOIOZY ...vovvieeee s 45
2.7.2. Rigorous coupled wave analysis (RCWA) simulations and
MOAEIING ..t 46
2.7.3. Density function theory (DFT) based theoretical calculations......... 46
2.7.4. Principal component analysis (PCA) technique for statistical
ANALYSIS 1ovevieieieieieteie ettt ettt se e n et s 47
2.8, SUIMIMATY ....veiiriiieieiii et e e e e neeenne e 49

CHAPTER 3: AG NANOSTRUCTURE-BASED SERS DETECTION,
CLINICAL STUDY, QUANTIFICATION AND DISEASE PROGNOSIS

L. 0 5 1 50
PART A. Portable and sensitive Ag nanorods SERS platform for HIV detection
and tropism deterMINALION .............cccuuiiiiiiiiiiiie e nee e 51
LA L INErOAUCHION . ...ciiiieiieiie et 51
3.A.2. Materials and Methods.........cccceeiiiiiiiiiiii e 53
3.A.2.2. Cells and VITUSES .....veeiveiiiiieiiiiiieesiee st 53
3.A.2.3. SERS Measurements...........ccceeueuerireereeniniereennreseineneeseesesneseeneenens 54
3.A.2.4. Statistical classification and analysis .........c.cocevverveeerecccccnnn. 55
3.A.3.  Results and DISCUSSION .....cciueieiiiieiiiieiiie ettt 55
3.A.3.1. Fabrication and characterization of SERS substrates .................... 55
3.A.3.2. Determination of range of detection in SERS platform
for different HIV-1 subtypes spiked in .........cccoceiiiiiiiiiiiniiiicnn,
diethylpyrocarbonate (DEPC) treated water ............cccooeevrnennnn 57
3.A.3.3. SERS peak intensity-based statistical study and outcomes .......... 60
3.A.3.4. Assignment and comparison of peaks..........cccoeverevererinenirenneenn 61
3.A.3.5. Peak variation in Subtype D HIV-1 VIrus.......ccocoeveeeecccccnnnne. 63
3.A.3.6. Detection of HIV-1 subtypes spiked in healthy plasma using
SERS platforme......cceciveireiriseeeeeee s 63
3.A.3.7. Multivariate data analysis and classification ..........c.cccceceevrervrnenene. 66
3.AA. CONCIUSIONS ...ttt ettt e e s 67

PART B. CLINICAL STUDY OF HIV-1 VIRAL LOAD QUANTIFICATION
AND DETERMINATION OF DISEASE PROGNOSIS USING THE
DEVELOPED SERS PLATFORM............ccocoooiiiiiiiiiiiiiiii s 68

XV



I 2 75 SN §915'q0 Yo L5 o1 5 (o ) s DT 68

3.B.2.  Materials and Methods..........ccoueiiiiiiiiiiiic e 71
3.B.2.1. Clinical samples used for determining the HIV-1 viral load......... 71
3.B.2.2. HIV-1 strains used for determining the tropism .........cc.cccevevrunee. 71
3.B.2.3. Fabrication of SERS substrates and SERS measurements............ 72
3.B.2.4. RCWA simulations and statistical analysis.........c.ccccocervrervrererrencnn. 74
3.B.3.  Results and DiSCUSSIONS ....c.uuieuiriiriiiiiiieiie st seee s 75
3.B.3.1. Characterization of SERS substrates............cocoeernnecnnnccnnnen 75
3.B.3.2. Efficacy of SERS platform in measuring HIV-1 viral load /
AELECHION ..ttt 76
3.B.3.3. Efficacy of SERS platform in determining HIV-1 tropism........... 78
3.B.3.4. RCWA simulations and PCA analysis........c.c.cocvvurvrreererereccccnnnn. 82
3. B4, CONCIUSION ....eiiuiiiiiii ettt ettt sae e 84

CHAPTER 4:HIGHLY SENSITIVE M-SERS SENSING OF HEMOZOIN
AND ITS SEPARATION FROM CO-INFECTIONS USING UTLC-SERS
PLATFORM ..ot 85

PART A. HIGHLY SENSITIVE GLAD BASED MAGNETIC SERS
SENSING OF HEMOZOIN BIOMARKER FOR RAPID MALARIA

DIAGNOSIS ettt nne e e e b e ne e 86
A AT, INEOAUCTION ...ttt nne e 86
4.A.2. Experimental detailS.........cccocveiiiiiiiiiiii e 88
4 A2 1. REAZENLS ...ttt st 88
4.A.2.2. Magnet SUDSIIALES ........ccovvirerereririeieiciercieiciccicc ettt 88
4.A.2.3. Fabrication of Ag Nnanorods .........ccceevereireninenneneeeneeneeeseesienens 88
4.A.2.4. Characterization of SERS substrates and hemozoin crystals........ 89
4.A.2.5. SERS MEASUICMENLS .....coveuiivirieiinieriieierieiineeestee et 90
4.A.3.  Results and diSCUSSION ......eeiiiiiiiiiiieiiiie et 90
4.A.3.1. Magnetic SERS substrate fabrication and characterization........... 90
4.A.3.2. Magnetic properties of hemozoin.........cccccevvvevreneeneienecenenenns 92
4.A.3.3. SERS measurements for Hz and Hg ........ccccccovvnnnnnnnnncccens 95
4. A4, CONCIUSIONS......vviiiiiiieiiii ettt ettt ettt e e b e e snbee e 102
PART B: MAGNETIC FIELD AUGMENTED UTLC- SERS DETECTION
AND SEPARATION OF HEMOZOIN FROM BACTERIAL MIXTURE........... 104
4.B. 1. INtrOAUCHION ...eiiiiiiiiiiiiiiie et 104

XVi



4.B.2. Materials and MeEthOdS . .......iiiii ittt e e s e e e 106

4.B.2.1. REAZENLS ...euviniinieiieiieiieieeiere ettt sttt neen 106
4.B.2.2. Fabrication of Ag nanorods based UTLC-SERS substrates........ 106
4.B.2.3. Culture of bacterial Strains............coceeeeererieerireneeennereeesee e 107
4.B.2.4. Staining of bacteria and hemozoin ..........cccecovecvvecirerineniseriseen, 107
4.B.2.5. UTLC PIOCESS ...orvrveveuirirrerciiriniereienesreseeresseseesesseseesesseseesssseseeseesens 108
4.B.2.6. SERS measurement, characterization and data analysis.............. 108
4.B.3.  Results and diSCUSSION ......cciuvieiiiriiiiiieiii e 109
4.B.3.1. SERS spectra of individual components...........ccccoeeuerirrccnenenen 109
4.B.3.2. UTLC development for the bacterial and hemozoin mixture .....112
4.B.3.3. UTLC development for the bacterial and hemozoin mixture
AT STAINING ... 117
A.B.4A.  CONCIUSION ..ottt nnee s 121

4.B.5. Benchmark in tabular form showing comparison of present
techniques for malaria detection with the prescribed SERS based
GLAD deteCtioN......eeeiiiieiieiieeiee sttt 122

CHAPTER 5: ULTRA-SENSITIVE PLASMONIC CHIRAL SERS
SUBSTRATE FOR LABEL-FREE ENATIO-SELECTIVE

DISCRIMINATION ...t 124
5.1 INErOAUCHION ....ceiiiiiiietie et 125
5.2. Experimental teChniques..........ccoiviiiiiiiiiiiiiiie 127

5.2.1. REAZENLS ... 127
5.2.2. Fabrication of chiral SERS substrates..........c.coccoeenreennneiennnenene 128
5.2.3. Characterization of chiral SERS substrates........c.c.ccccoeerreirnnenne. 129
5.2.4. SERS MEaSUTEMENLS.......c.coveuirieiriiiriiieierieiereeieseee e 129
5.2.5. Finite difference time domain (FDTD) simulations............ccccucn..... 130
5.3. Results and diSCUSSION ......ccoivvieiiiiieiiiie i 130
5.3.1. Fabrication and characterization of chiral SERS substrates............ 130
5.3.2. SERS measurements for the enantiomers...........c.coeeenevereeneninencne. 132

5.3.3. Proposed mechanisms for SERS discrimination using the chiral
SUDSETALES ...ttt 138

I T 00} 1 o) 1113 (o) 1 1 T U R T TR 143

XVii



CHAPTER 6: CONCLUSION AND SCOPE FOR FUTURE STUDY .............. 144

6.1. Summary of the present thesis ........ccccuvviiiiiiiiiie e, 145
6.2. Scope of fUture StUAIES ........ceevviiiiiiiii i 147
BIBLIOGRAPHY ...ttt 148
PUBLICATIONS ...ttt ettt sttt 184
BIODATA ...ttt ettt sbe et esbe e te e nnneenes 184

XViii



Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

LIST OF FIGURES

Jablonski diagram for the Rayleigh and the Raman scattering
6

quantum energy transitions>®...........coceeveveeeeeeeeeee e

Schematic diagram explaining the concept of electromagnetic

(EM) SERS enhancement...........ccoueereeiiienennieenee e

Schematic  diagram showing the process of the
electromagnetic enhancement as (a) Collective oscillations of
conductive metallic electrons resulting into highly localized
EM fields when irradiated with light®®, (b) The
electromagnetic ‘hotspot’ in gap between the 2 Ag

nanoparticles enhancing the local EM field experienced by

the analyLe.......oiiviiiiiii e

Schematic showing (a) chemical enhancement due to the
electron transfer between molecule and the metallic
nanoparticles.”? (b) Four-step process of photon-imitated

charge transfer mechanism for a molecule adsorbed on a

MELAIIIC SUITACE ... et

(a) Schematic diagram of GLAD set-up where « is the angle
subtended by the incoming vapor flux with the substrate
normal and ¢ is azimuthal angle (b) Step by step mechanistic
view of GLAD based columnar growth (i) Incoming vapor
flux at an angle a resulting into the random nucleation at the
substrate (ii) Nuclei growth casting neighbouring shadow as
shown by the dotted lines (ii1) Columns growth suppressing
the neighbour’s growth by the shadowing effect (iv) Full

column growth at a specific angle () with respect to the

SUDSLIALE NOTINAL .eieeeeiie et e et e e e e e et e e e eeeeeeeeeeenees 22

Various fabricated GLAD-structured thin films. (a) Slanted
films; (b) chevron (zig-zag) films with 4 arms; (c)

AgNR/S102 SCL/Si02/PCL/Ag multilayer nanostructured

XiX



Figure 2.1

Figure 2.2

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 3.1

substrates; (d) helical or spring film; (e) vertical post
structure; () 45° tilted top view of fabricated Au mushrooms ......
Schematic diagram showing the initial formation of the
nucleation centres and the shadowing effect............c.ccooviiiniennnn,
(a) Schematic showing working of GLAD technique (b)
Digital photograph of homemade customized GLAD setup
with fixed substrate angle (0) ........ococvviieriiiiieie e
(a) Digital photograph of advanced GLAD setup equipped
with multi-axis positioning system unit for the variation of a
and ¢ angles of substrate. (b) The UHV compatible multi axis
positioning system unit (c¢) zoomed view of the
thermal/GLAD configuration............c.ceevvieiiininiieniee e
(a) Digital photograph of the substrate packaging unit
procured in class 1000 cleanroom (b) Packed SERS substrates
in a slide mailer using inert N2 gas ......cccccvvvverieiiniieiiciscneeee
(a) Schematic showing X-Ray diffraction process'*® (b)
Digital image  of  Panalytical  Xpert  powder
diffractometerNARI ........cooiiiiii e
(a) Schematic of Field emission electron microscopy'’ (b)

Photograph of JEOL JSM 7800 Prime FESEM under CRF IIT

(a) Schematic of Transmission electron microscopy (TEM)!%
(b) Photograph of JEOL JAM 1400 miCroSCOPe.......ccccvrerrureerunenns
(a) Schematic showing AFM working*® (b) Bruker
Dimension Icon AFM picture used in present work.............ccevnee.
(a) Schematic instrumentation of Raman spectrometer'* (b)
Photograph of Renishaw inVia Raman spectrometer used in
the present WOrk ..o
Photograph of TSI USA handheld portable Raman
SPECIIOMELET ...t
Schematic diagram demonstrating rapid handheld SERS
platform for HIV detection...........ccocvviiiiiiiiiiccee e

XX



Figure 3.2
Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

The characterization of SERS substrates AgNRs array...............

(a) Comparison of SERS signal of BPE and bare AgNRs
array respectively for determining SERS enhancement factor
(Each plot is average of two different spectra obtained from
different substrates which are the further average of six
spectra obtained from different spots of the same substrate)

(b) Plot of SERS peak intensity (1635 cm-1) against BPE

COTICEIIETALIONIS . . eeevvveeeeeeeeeeeeeeee e e e e e e e e eeeee e e e e eeeeeeeen e eeeeeeeeennnnnnnns

Subtype C (HIV-1 VBS51) spiked in PBS concentrated on

different gradients ( sucrose, CsCl, histopaque) at conc.

2X10°CP /M. s

Signature peaks obtained on the SERS platform for HIV-1
spiked in DEPC treated water. (a) The signature peaks of 5
different viral subtypes in DEPC treated water at conc. 2x105
copies/mL (b) VB51 spectra for all the concentrations of virus

prepared in DEPC treated water showing good

1EPrOAUCIDIIILY. ..veiiiiiiiiee e

Graphical analysis to determine the relationship between the

concentration of virus (copies/mL) and intensity of peaks. ........

(a) Spectra of varying concentration of HIV-1UGO070 spiked
in DEPC treated water (b) Similar spectra obtained for the X4

tropic viruses UG070 and pNL 4.3 viral strains.............cccceruee.

Signature peaks obtained on SERS platform for HIV-1 spiked
in plasms (a) Signature peaks of five different virus subtypes
spiked in healthy plasma (conc. 2x105 cp/ml) (b) Signature
peaks of subtype D virus spiked in plasma (undiluted plasma)
and signature peaks of subtype D virus spiked in DEPC
treated water (conc. 105 cp/ml) (¢c) Comparison between the

spectra of healthy plasma (control) and subtype D virus

spiked In plasma ..o

(a) Signature peaks for HIV-1uco7o spiked in healthy plasma
(1:20 diluted in PBS) (b) Signature peaks for HIV-1UG070

XXi

.59

...60



spiked in healthy plasma (1:50 diluted in PBS) (c)
Comparison between spectra of control plasma and virus
spiked in healthy plasma (1:20 dilution in PBS) (d)
Comparison between spectra of control plasma and virus
spiked in healthy plasma (1:50 dilution in PBS).........ccccoeviiiinnnns 65
Figure 3.10 : (a) Signature peaks Virus (UG070) infected serum (1:20
diluted) (b) Comparison between spectra of serum (control)
and virus-infected SErumM ..........cocceeiiiiiiriii e 66
Figure 3.11 : PCA for HIV-1 spectra (a) PC scatter plot for plasma samples
(b) PC1 loading of 7(a) vs. Raman shift (c¢) PC scatter plot for
different HIV-1 strains in plasma (d) PC scatter for different
HIV-1 strains in DEPC treated Water ...........cccovveviieiiniiienieceee 67
Figure 3.12 : (a) Schematic showing SERS measurements for HIV-1
clinical samples taken over three different GLAD fabricated
substrates using handheld Raman spectrometer. (b) Co-
receptor tropism (X-4 tropic, R-5 tropic and dual tropic) of
HIV-1 showing their affinity towards specific co-receptors .......... 70
Figure 3.13 : Comparison of SERS spectra of BPE taken over 3 different
substrates reSPeCtiVElY. .......oocvvrieiiiiiiiiere e 73
Figure 3.14 : FESEM images of (a) 1 arm AgNRs array. The inset show
cross sectional image of the same. (b) 2 arm AgNRs array (c)
Au sputtered AgNRs array with inset showing crosssectional
view of the same. EDX spectra of (d) AgNRs array (e) Au
sputtered AZNRS aITay .......cccovvviviiiiiiieee e 75
Figure 3.16 : SERS spectra of X-4 tropic and R-5 tropic strains for (a)
subtype A (b) Subtype B (c) Subtype C (d) Subtype D
respectively. Each of these spectra are an average of 10
different spectra and are baseline corrected. Comparison of
SERS spectra of Subtype C RS tropic strain for (e) Au
sputtered AgNRs, 2 arm AgNRs, 1 arm AgNRs respectively
for 10° cp/ml (f) Au sputtered AgNRS and 1 arm AgNRs for
10° cp/ml and 100 cp/ml respectively. Subtype C X4 tropic

XXii



Figure 3.17

Figure 3.18

Figure 3.19

Figure 4.1

Figure 4.2

Figure 4.4

Figure 4.5

strain for (g) Au sputtered AgNRs, 2 arm AgNRs, 1 arm
AgNRs respectively for 10° cp/ml (h) Au sputtered AgNRS

and 1 arm AgNRs for 10° ¢cp/ml and 100 cp/ml, respectively. ....

The SERS spectra of different HIV-1 subtypes for (a) RS

tropic strains (b) X4 tropic strains. Each data plot is an

average of 6 different spectra over 2 substrates. ..........ccceevveenne

(a) SERS spectra of the dual tropic strains (b) Comparison of
the SERS spectra of dual tropic strain with RS tropic and X4

tLOPIC TESPECHIVELY...eiiiiiiiiiiieiie e

RCWA simulations showing electric field distribution for (a)
single arm AgNRs (b) 2 arm AgNRs (¢) Au sputtered AgNRs
(d) Material index profile of Au scattered AgNRs. PCA scatter
plot for (c) HIV-1 plasma samples of 7 different ranges of
viral load (d) HIV-1 samples for different subtypes classified

on the basis of their tropiSM ...........ccvvveriiiiiieieee e

SEM images of GLAD deposited AgNRs over glass
substrates at (a) room temperature (300 K) and (b) at 120 K
substrate temperature. (c) XRD pattern for these AgNRs
SERS substrates. (d) Comparison of Raman and SERS spectra
of BPE analyte over c-SERS, M-SERS substrates and on 200

nM thin Ag film. ..o

M-H measurement curve for (a) Hz after 0.3T magnetic field

treatment, (b) unmagnetized Hz, (c) Hb after 0.3T

magnetization, and (d) unmagnetized Hb...........ccccocveriinnnnnnns

FESEM images of Hz crystals (a) randomly oriented on tilted
Ag nanorods surface and (b) agglomerated over Ag tilted

nanorods after application of 0.3 T applied magnetic field.........

Comparison of SERS spectra for (a) hemozoinon Ag
nanorods arrays fabricated on glass (Hzg), neodymium
magnet (Hzm), Hz, substrate kept under 0.3T external
magnetic field for 1 hour (Hzex), and (b) hemoglobin on Ag

nanorods arrays fabricated on glass (Hbg), neodymium

XXiii

.79

.81

.92



Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.10

Figure 4.11

magnet (Hbn), Hbg substrate kept under 0.3 T external

magnetic field for 1 hour (Hbex) ....ooovvvviiiiiiiiiiiiiiiiiic i

(a) Comparative SERS spectra ofHzm, Hz,, Hbm and Hg,
respectively for all the substrates grown at low temperature
(120K)) conditions. (b) Variation of SERS signal intensity for
1620 cm™ peak with the applied magnetic field for Hzm and

Schematic diagram showing (a) pyridine- AgNRs interaction
for unmagnetized Hz over AgNRs SERS substrate (c-SERS)
(b) effective pyridine — AgNRs interaction for Hz in the
vicinity of magnetic field (M-SERS). (c) pyridine- AgNRs
interaction for unmagnetized Hg over AgNRs SERS substrate
(c-SERS) (d) effective pyridine — AgNRs interaction for Hg
in the vicinity of magnetic field (M-SERS). (¢) RCWA

modelling to show localized hotspots in the nanorods gap for

effective hotspot-analyte interaction ...........cccoveeevvveervenieeeinnnnne.

Conc. vs Intensity graph for (a) Hzg and Hzm, (b) Hgg and Hgg
respectively for 1620 cm™ peak (c) RSD values obtained Hzm
and Hzg corresponding to 1620 cm™ peak. (d) RSD values

obtained for Hgm and Hg, corresponding to 1620 cm™ peak.....

SERS spectral intensity comparison at different dilutions for

(a)HzZex (M-SERS) (b) Hze(c-SERS) (c) Hbex(M-SERS) (d)

HBo(C-SERS). v eeseeeeeseeeeeeeeesseeeeseseeese e eeseeeee

Comparison of SERS spectra for (a) hemozoin in FBS on Ag
nanorods arrays fabricated on glass (Hz in FBS); neodymium
magnet (Hz in FBS)m, (Hz in FBS), substrate kept under 0.3T
external magnetic field for 1 hour (Hz in FBS) «, and (b)
hemoglobin in FBS on Ag nanorods arrays fabricated on glass
(Hb in FBS)g, neodymium magnet (Hb in FBS) m, Hbg
substrate kept under 0.3 T external magnetic field for 1 hour

(Hb in FBS) ex. (¢) PCA analysis for Hg in FBS and Hz in FBS

XXiv

.. 101



Figure 4.12

Figure 4.13

Figure 4.14

Schematic diagram showing steps involved in (a) Fabrication
of AgNRs using GLAD technique (b) Magnetic field based

UTLC-SERS separation of hemozoin from bacterial mixtures

(a) SERS spectra of hemozoin (Hz), P. aeruginosa (PA), S.
aureus (SA) (b) SERS spectra of mixture of PA, SA and Hz;
SA and Hz; PA and Hz (c) SERS spectra of 3 stained SA, PA
and Hz (d) SERS spectra of stained Hz + stained PA + stained
SA; stained Hz + stained SA; stained Hz + stained PA,

TESPECHIVELY. 1.

SERS spectra after UTLC flow taken for (a) PA4. (Gram -

negative bacteria) and hemozoin mixture (b) S.4. (Gram -

positive) and hemozoin mixture (¢) PA, SA and Hz mixture......

Figure 4.15: (a) SERS spectra after UTLC development for SA, PA and Hz

Figure 4.16

Figure 4.17

Figure 4.18

mixture without application of external magnetic field. (b)

SERS spectra after UTLC development for SA and PA

mixture without application of external magnetic field .............

Normalized intensity vs distance curve for the signature peaks
for (a) PA and Hz mixture (b) SA and Hz mixture (c) PA, SA
and Hz mixture (d) Histograms showing comparison of

retention factor values for the 3 mixtures after UTLC

dEeVEIOPIMENL ...t

FESEM images of mixture of PA-Hz (a) before flow at the
mixture loaded area (b) after flow around 4mm area (c) after
flow around 9 mm area; mixture of SA-Hz (d) before flow at
the loaded area (e) after flow around 4 mm area (f) after flow
around 9 mm area; mixture of PA, SA and Hz (g) before flow

at the mixture loaded area (h) after flow around 4mm area (i)

after flow around 9 MIM Ar€a ........ooeevveeeeiee e eeeeeaens

Fluorescence images of stained (a) PA using acridine orange

(b) SA using thodamine 6G............cccevvveeiiiiiiiiieiiee e

XXV

110



Figure 4.19

Figure 4.20

Figure 4.21

Figure 5.1

Figure 5.4

Figure 5.8

Figure 5.9

SERS spectra after UTLC flow taken for (a) Acridine orange-
stained PA and methylene blue stained Hz mixture (b)
Rhodamine 6G stained SA and methylene blue stained Hz (¢)

mixture of acridine orange-stained PA, rhodamine 6G stained

SA and methylene blue stained Hz respectively ..........c.cceeuee..

Normalized intensity vs distance curve for the signature peaks
for (a) acridine orange-stained PA and methylene blue stained
Hz mixture (B) rhodamine 6G stained SA and methylene blue
stained Hz mixture (c) stained PA, stained SA and stained Hz
mixture (d) Histograms showing comparison of retention
factor values for the 3 mixtures after UTLC development. AO,

RG and MB are the acronyms used for acridine orange,

rhodamine 6G and methylene blue respectively ...........ccoveunee.

(a) Digital picture of AgNRs based UTLC-SERS plate after
the flow for mixture of 3 stained components with
descriptions marked (b) RGB performed using the colour
coding of the digital picture of the UTLC-SERS plate

separating the 3 dyes individually..........cccccoviiiiiiiiiiiiee,

The chemical structure and CD spectra of (a) DOPA (b)
cystine (c) tartaric acid respectively. Here, the in-plane and

out of plane spatial arrangements are shown by usual symbols.

SERS data taken over AgNRs for (a) L/D-DOPA (b) L/D-

cystine () L/D- tartaric acid .........ococeevvveiiiiiiiiie e

Side view (Y-Z) and top view (x-Y) of FDTD simulation
results showing the chiral field pattern for (a) (-)-AgNHs (b)

(F)-AGNHS ..o

Energy level diagram of the (a) Ag-L-DOPA complex
assembly (b) Ag-D-DOPA complex assembly 3-D
visualization of theoretically modelled (c) HOMO-LUMO
energies of L-DOPA (d) HOMO-LUMO energies of D-DOPA

XXVi



Figure 5.10 : Energy level diagram of the (a) Ag-L-cystine complex
assembly (b) Ag-D-cystine complex assembly (c) HOMO-
LUMO energies of L-cystine (d) HOMO-LUMO energies of
D= CYSTEINE. ...t 141
Figure 5.11 : Energy level diagram of the (a) Ag-L-tartaric acid complex
assembly (b) Ag-D- tartaric acid complex assembly (c)
HOMO-LUMO energies of L-tartaric acid (d) HOMO-
LUMO energies of D- tartaric acid .........ccccoevvveiieiiiiiniciiiienns 141
Figure 5.12 : Comparative flow chart showing the gap of Ag fermi level
from the the HOMO-LUMO energy levels of the different

CIIANTIOIITIETS. - . .eeeeeeeeeeneeeeeeeeee e e e eeeeeereeeeneaaeeseeeeeeenstnaaseeeereennnnns 142

XXVii



LIST OF TABLES

Table 1.1

Table 3.1

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 5.1

: Various periodic nanostructures formed using different

combinations of o and ¢ in GLAD SEtUP .....c.covvvviiiiiiiiiieiiiie i 24

: Peak assignment and comparison for virus spiked in plasma and

DEPC treated water, respectively. * represents the most
prominent peaks for HIV-1with notable variations, ** represents

the peaks unique to subtype D (X4 tropic)....ccccovvverrrivieiiieeiiiieesiiiee s 62

: Plasma samples in different viral load ranges selected for HIV-1

detection using SERS platform .........ccccoooiiiiiiiiiiiie, 71

: HIV-1 strains selected for determining the tropism using SERS

PlatfOrM .. ————————— 72

: The calculated constant ratio of the peaks with increasing

intensity and decreasing intensity providing a quantitative

correlation between the Peaks. .........cocviiiieiiiieniee e 77

: Peak assignment and comparison for HIV-1 clinical samples and

HIV-1 samples for different subtypes classified on the basis of
their tropism.* represents the peak which are unique to subtype
D (X4 tTOPIC) vt 80

: Raman peak assignment for hemozoin and hemoglobin....................... 97

: Peak assignment for P. aruginosa, S, aureus and hemozoin

TESPECLIVELY ...t 110

: Peak assignment for acridine orange, rhodamine 6G and

methylene blue respectively ... 111

: Retention factor of signature peaks for each component of 3

different mixtures after UTLC development.............cccooevviiiiiiinnnnnn, 115

: Comparison of SERS platform for malaria detection with other

eXItiNg tEChNIQUES .....c.viiiiiiiiiiiic e 122

¢ SERS enhancement factor for various GLAD fabricated SERS

SUDSTIALES ..t eeeeeeeete e et e e e ettt e e e e e e e eeeeea e eesee et eeeee s eeeeeseeesntnnreeeeeees 132

XXViii



Table 5.2

Table 5.4

: Peak assignment for DOPA, cystine and tartaric acid ............cccvevivnenns

: HOMO-LUMO energy level values and gap of LUMO from Ag

fermi level obtained for DOPA, cystine and tartaric acid

IS A0 018 (010 1<) & JRUUTTRTTT TP TR

XXiX



SYMBOLS

Vvib

Erad
Ie

kb
Ps(vs)
N
I(vr)
L(v)
€0
Gem (Vs)
€(v)
¢

Y
Tm

Ts

Vibrational frequency of a molecule
Magnitude of induced dipole moment
Polarizability of a molecule
Inclination of nano-columns
Raman scattering cross section
Angstrom
Electric field
Energy barrier of the diffusion process
Radiated electric field
Excitation light intensity
Boltzmann’s constant
Power of the scattered beam
Number of Raman active scatterers
Intensity of the excitation light beam
Enhancement factor for the scattered field
Dielectric constant
Stokes signal power

Dielectric constant of metal sphere
Azimuthal substrate rotation

Sweep angle
Melting temperature
Substrate temperature
Molecule diffusion coefficient
Volume/bulk plasma frequency

Surface plamon frequency

Solid angle

ElectronVolt

XXX



AFM
AgNHs
AgNRs
AIDS
AO
BPE
CD

CE
c-SERS
CT
DEPC
DFT
DOPA
EBL
ELISA
EME
FDTD
FE-SEM
FRET
GC-SERS
Gpl20
GLAD
Hb

HIV

ABBREVIATIONS

Atomic force microscope

Silver nanohelices

Silver nanorods

Acquired immunodeficiency syndrome
Acrydine orange

1, 2 bis (4-pyridyl)-ethylene

Circular dichroism

Chemical enhancement

Conventional-SERS

Charge transfer

Diethylene pyrocarbonate

Density function theory
1-3-(3,4-dihydroxyphenyl) alanine

Electron beam lithography

Enzyme linked immunosorbent assay
Electromagnetic enhancement
Finite-difference time — domain

Field emission scanning electron microscopy
Fluorescence resonance-based energy transfer
Gas chromatography-surface-enhanced Raman scattering
Glycoprotein 120

Glancing angle deposition

Hemoglobin

Human immunodeficiency virus

XXXi



Hz Hemozoin
HR-TEM  High resolution transmission electron microscopy

HOMO Highest occupied molecular orbital

LOD Limit of detection

LSPR Localized surface plasmon resonance
LUMO Lowest unoccupied molecular orbital
MB Methylene blue

M-SERS  Magnetic SERS

NIH National Institutes of Health

OAD Oblique angle deposition

PA Pseudomonas aeruginosa

PBMCs Peripheral blood mononuclear cells
PBS Phosphate-buffered saline

PCA Principal component analysis

PCR Polymerase chain reaction

PSPs Propagating surface plasmons
PVD Physical vapor deposition

RBCs Red blood cells

RCWA Rigorous coupled wave analysis

RDTs Rapid diagnostic tools

R6G Rhodamine 6G

RRS Resonant Raman scattering

RSD Relative standard deviation

SA Staphylococcus aureus

SERS Surface enhanced Raman spectroscopy

XXXii



SEHRS Surface-enhanced hyper-Raman spectroscopy

SEROA Surface enhanced Raman optical activity

SPR Surface plasmon resonance

TEM Transmission electron microscope
TERS Tip enhanced Raman spectroscopy
UHV Ultra-high vacuum

UTLC Ultra-thin layer chromatography
XRD X-ray diffraction

XXXiii



