| denti fi cati on of s
fal st fi ed vacci ne
spectroscopic tech

machine | earning a

Megan Wat son

A thesis submitted in partial fulfilm

John Moores Uni ver Matsy efroroft lPehidegro

Septenloed



Abstract

Co

ca

ef

de

fo

we

v-id i s a novefli rcsotriomoavéctkOu snul axtemg775 mi |l |
ses and 7.1 million deaths worl dwi de, vV a
f ectoil we i on -1f9orr eCamvied h.ar o weeweairc,t i oblme acc
vel opment and | imiiedvavai habi bpegwpedfaCgap
r t he e nsewrbgsetnacned aorfd anwa d @ilSt€ ¢ v-ledl VaSdoi ne s

re seized around the worl d, with i mpacts

Traditionalchan a@luytsi aale tceostly and regsire s

SO

Th

S P

t h

Th

SPp

phisticated | aboratory environments.

S tehveasliusa hed applicati on of vi brational

eci fi eFallllRy, ARTaRma n , and SERS&Sfffeaxrt iviee mapi
al ysawil®@fv&ccines and 6Hhveacicdiemetsi.f iTchaet isotnu doy
the use of -bactehl laamklorpaotradraypl e handhel d i n

eir potential forbdoed Vaboirme cayt hent if ¢ &t

e ATMR R met hod sewdasusoipntge ma@ Per ki n EI mer Sp¢
ectrometer with an ATR di amGadi@cecascssiomnegs
mpr i s i-bnags eDONA-bneRsNeAd, and | i ve attenuated for
s effective nigh valktarn aaet ebrriamdusa,l i y y e Iscpiercg r A
hieving excellent results in vaccine iden
cl ei-scpeacciifdi c bands, were identified, allow
ccine bisssndsmeadlon specifically KNN, achie
assifying vaccine bFandRRds ¢ome mduitrohmafireegd AT

ccine authentication.
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11 NTRODUCTI ON

1.1 Medicine Counterfeiting

Medi cine counterfeiting Iis a serious gl obal
sophisticated networks of manufacturing and
industri al organi sed cri me. Countriesfarounc

what constitutes a counterfeit medi cine and

the term truly represents. 6Counterfeitdé me
adjacent terms by regulatory institutions wc
flasi fi ed and fal sely |l abel |l ed medi ci nes. T
identification of &édcounterfeitd medicines, é
their presence in the gl obal mar ket . The Eur

coundgietr f medicine as fia medicine made by so
manufacturer, by copying or imitating an or
Counterfeit medicines infringe trademark | a\
The MHRA delsscirfiibeeds nieadi ci nal products as any

representation of:

T its i1 dentity, including its packaging an
(other than any wunintentional qguality del

including excipients and the strength of

T its source, including its manufacturer, [
of origin or its marketing authorisation
T its history, including the records and c

channels used (The Human Medicines Regul a
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The World Health Organisation (WHO) wuses the

medi cines and defines them as foll ows:

Subst anfalrddo call ed 6out of specificationé6, t
that fail to meet either their quality stand
Fal sifimedi cal products that deliberately/ fra

composition or sourceo.

The WHO also refers to unregistered/unlicen
Amedi cal products that have not undergone ev
or Regional Regulatory Authority for the mar

or disesubject to permitted conditions wunder

egislation. o (World Health Organization, 20

For continuity, thasy tmedi si nvall | prreedweat st ot |
aforementioned categories wunder the umbrel]l

according to the World Health Organisationods

1. IPrleval ence and profiles of counterfeit me:
The WHO estimated in 2017 that 10.5% of med:
falsi fFeduméeéheases to 13.6% in LMICs (Ozawa
Organi sation, 2017). The frauduEast #&al as ami
Africa alone is estimated to be worth $1.6
Drugs and Cri2mel Q)UNODTC)20dm2, a64 %Il ofmeantciat i on

wasusbt andard amBEcdmomiigt ed2012) .
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The cir c@8fmetdiicn nefs has a number of severe in
heal th but also on economic growth and enga
(R&D) . The gl obal intell ectual property mar |}

with the ecocomintevéaleuei ofg and piracy esti me

202 2. I npebtpectywal ntensive industries accou
empl oyment in the EU and supports over 45 mi
$60MG I 1li on annually due to counterfeit goods,
of Commerce (Eser, 2024, World Intellectual
Economic |l oss in intell ectuailncpernotpievritsye si nftie
i nvesnttmand engagement in R&D (Bl ackstone, F
Consumer conswsmbtsit am d aorfd amadi tahesfitdl ds
consequences on public health related to t|
effects. This can |l ead to |l oss of confidence

and healthcare systems (WorSkHheHeahbht hpOodanot s
contain no active ingredient, the incorrect
ingredient in the wrong concentration or vol
threat to wubhisomeaBbFhmedi cines found to coc

dangerous |l evels of Active Pharmaceuti cal I n

Bet ween November 2008 and February 2009, a
from acute kidney failure as a result of i n
di ethylene glycol (Akuse et al ., 2012). The

t he eNign authority and the contamination wa

del i berate fraud by a chemical supplier in L
the first instance where substandard product
occaeidral most 20 years earlier where 47 chil
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Hospital in Nigeria following the ingestion

syrup between June and September 1990 (Okwuon

Fal sified medicines are often difficult to d

the formulation of the genuine product, me
undetected and enter the pharmaceuti cal sSup|
out boéalklllieregirceacti ons in patients who had

bl ood thinner) during dialysis revelaplkat ¢dcda
chondroitin sulphate (OSCS) had been introddu
c hemisctaaluct ure of OSCS was so closely relat
undetected before making it to patients (Cer

(cbc), 2021, Ki shi moto et al., 2008; Uu. S Gov

Bet ween 2012 and 2013, the FDA anSWwcamced a
medi cation bevacizumab (AvastinkE, Genentech
United StSFmedi cThes allegedly arrived in the
suppliers through illegal channels approved
Th&Fmedicines in this |l atter incident cont a

di stributed to 48 states (Cuomo and Mackey,

Il n 2002, criminals in Florida created high d

drug) through rel abelidloisreg EploQy,en0 OSIRBaIp @ Ihe rso fc al:

had successfully <circulated through regi st
reaching a national whol es aleefrf.e cPtast i emd si mseuff
dosage-paofesleirfve ng medicine (Thompson, 2003; )
Numerous ©preventative measures and gl obal t
established in recent years in an attempt
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associ aSénmedvidcihnes wor |l dwi de. | NTERPOLOGs I | ||
Programme (1 GGH) involves a coll aborative ef
gl obal cooperation and support | egal enf or
crime. The pr ogirsammamet |laei ncsr itnoi nda | net wor ks an
heal th through:

AColl ecting data and disseminating intellig
assessments); o0

ACoordinating transnational | aw enforcement
ASupportaggnomuyltask forces to I mprove cooper.
regul atory bodies and the private sector; o
ARai sing public awareness of pharmaceuti cal
informed choices. o (I NTERPOL, 2022)
Operation Pangea has bee@Fpthaa kraicrequtti lceal tsr afofl
since 2008. It also focuses on raising awar e
with the unregulated purchase of phar maceut
facilitated the seizure of ancestiprmatrend c 8 O ¢
product s. 113,020 wunregulated pharmaceuti ca
(I NTERPOL, 2022) . Within the framework of (o
against trakmadgld taakfif orce wa s establ i sh
i nvestigations bet ween sour ce and destinat
trafficking across Africa (I NTERPOL, 2022) .
Operation Afya 4Hde®daselt NPERBOIh targets org
manufacture an®&Fuddditaiimas iiom Sdut h Africa. I
Heera aims to control -Atflre csaa nfel NaTcErRoPsCsL , We2s0t 2e2r
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The Qanoon initiative |l aunched i n 2015 ai ms
health in the Middle East and North Africa b

l ed to the seizure of 63,418 facehMasksl aned «

medcal products in Qatar in 2020 amidst the
Operation Vigilant I nterdiction (OVI) was
emer gi ng-19Coypiach-d@mi oi ti ng crimes. i Olpliraitt o
phar maceuti cal products in Africa were founct
2021 toSFamdgetlicit vaccines and medical pr o
2022) .

1. 1Su2bst andard andlO9f avlascicfiineeds Covi d

The GCb9ipgandemi c instigat edexapnl ceirtuipntg ocnr iomi me
including th&Fhpealdtulcadaroen prfoducts such as f a
spray and hand sanitiser. More concerningly,
increasing and | imited production of wvacci ni
and f al sil1lf9 evda cCoigniedsb ail n tBokmekdeitcsi.nes have al wa)
a threat to publ i ¢l Shemdrnde miacn db rtdhueg hGo va bdo u t
mar watcci neSFalrledH .vaccines of various manufac
seized, or administered to patients in count

and miidaloene countries (LMICs) t oesdteavbelliospheedd

governing bodiesyaadenegebk. This issue i s pa
where vaccine access is |imited and only 4%
by the end of 2021 (Amnesty International, 2
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A dozen people i n Mumbali and Kol kata were |
i naut hentic Avaccination driveso in May and
were administered falsified versions of Co\
ChAdOx1 -1MCa¥ci ne) ( Mat een, 2021) . Over 3000
domestically @dMPodwaced n€eviwkere seized across
Beijing, Shanghai and Shandong in 2021. Fal
vials had beemr fsiolllued owi i msg¢ &laidn ( Reuter s, 2 (
t heh AdOx1-1MCad/ci ne were reported in I ran whe.]
of the genuine product had been il licitly re
Heal th Organi 28&Rilgn FWHGO) fied Pfizer Bi oNTe
identified in Iran where product | abels and
artwork of the genuine product, and expiry d
genuine batcd oombbe | abet (World Health Org
Further falsified Pfizer BioNTech vaccines w
| abel s had been falsified and prowdwuichkIlhead
treat ment ( BBGFNeiwds9 wac2cliynnes were al so sei z

Uganda, and Myanmar throughout 2021 (Worl d H

l1.12denti fication by conventional techniqu
The first stepSiFmedihei ed eicd i@xmamifnati on of

pri mary and secondary packaging and patient
regul ated &Fnendoircki.neAss become more sophistica
must be used to establish the i dédrmteirtf yoronfedsu
using-pédrgbr mance | iquid chromatography (HPL

i ndustry O6gold standarddé analytical met hod i
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sophi st ifciagleddd édment hods such as <colorimetry
(TLC) have been applied. Advanced l abor at

spectrometry and nucl ear magnethiacv er easlosnoa nbcece

uti I(iHod &z gr abe, 2018). These conventional ana
determination of API, excipients and 4 mpur it
guality medical products, including substand
1. 2Prlinci ples of conventional anal ytical t ecl

HPLC works by separating compounds based C

stationary phase and a mobile phase. The st a
packed in a col umn, which interact with the
mobil e pheasad,l ytya | iquid solvent or a mixtur
compounds interact with the stationary phas
enabling effective separation. HPLC componen

injectoretecltwmn,and data acquisition system
given eluent is expressed by retention ti me

l ength and diameter.

Modern HPLC techniques became available in 1
the industry unti.|l years iRda)yer NO®iI dlhian g maiyaea
HPLC instruments are readily availabl e, t he
anal ysbe tahly appreciated. Significant deve
| ast decade in terms of chromatographic met

resolution and separation of complex mixture

mobile phasestempeorsa&tt yr condensed p-aasedl es
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t h

nolithic supports. Liquid chromatography

rensic and pharmaceuti cal applications du
tection | evels and separation of a wide ra
re tchharacterisation of metabolites, assay s
rification of synthetic/natur al product s
udi es. I n recent years, HPL & pleaed Isegmrddv
cH®L C,omautti on and hyphenated techniques.

spite being regarded as the O6gold standaro

s disadvantages. The equi pment and mainten
some | aboratories, especially 1in LMICs (
cihque is compl ex and requires specialist t
timisati o omasmumbe ghtu(afd aem  al . |, 2003) . The
|l ds potential environmédabaresmpltiabdtiofd2(
polt efnari acontamination i f systems are not
mazaki, 2020) . HPLC is generally unsuitabl
n restrict iIts application, and sensitivi
ow matempact the reproducibility of result
C is a chromatographic technigue used to s
chnique uses a thin | ayer of adsorbent mat
.g. glass/plastic/aluminium) as the statio
ed as the mobile phase, moving through t hi
l arity and solubility of the chemical COot
teraction with both phases as the mobil e
mpountdrs ami affinity for the mobile phase t
e stationary phase. The retention factor (
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travelled by the compound against the sol ven
compound and can be used for identi62) caTLGn
is valued for its sefmpdctcivegnespeeldowmaeree rc,0sT
in nature and does not provide quantitative
techniques. TLC has | imited resolution <cap:

effective than other chromatographic technic

prepties may not separate wel/l |l eading to ov
The technique involves manual spotting whict
human error, and the process is generally |e

teechques (Poole, 2003).

NMR spectroscopy is a powerful anal ytical t e
of chemical compounds and to determine thei
hydr elg#{d or -ta¥®Honpossess an intrinsic form
called 6spind which creates a magnetic momer
uni form magnetic field, when nuclei are plac
against the fientd,emergqyi sgatded feThe applic:
(RF)i ataidon to the sample initiates transitio
2012 ,17pp. Di fferent compounds have character
transitions occur. Variations known as O0chem
envieanmaround the nucleus which affects it
provide information on molecul ar structure
(ppm). The resulting NMR spectrum displays €k
which inidesni pfovmati on on the chemical str

(Macomber, 1998; Rule and Hitchens, 2006) .
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1. 2Au2t hentication by conventional anal ytical
Researchers fromaskd ALotmdminaitniom Therapy (A
the London School of Hygiene and Tropical M e
of HPLC in a rigorous analysis of antimal ar.
TanzakCT® Gonsortium Drug Quality Project Tear
2015; Yeung et al., 2015). The technique was

but researchers acknowledged the study was

Tropi cal Mddi)ci ne , 2
HPLC/ mass spectrometry were used in a collahb
anal yst s, chemist s, pal ynologists and heal't

Western Pacific World Health Organisation Re

f al sairftiessdunate (an antimal arial) in South Ea:

The Tanzanian Food and Desgsd  Aubbaouobsf(yaohas hp
readeese TLC kit from the German Phar ma Heal
antimicrobial s, antimalarials and antiretr o\
and ebésectiveness but was only able to dete
samples. They concluded that the technique s

ot her robuskigsddbtoea@ahmiryues (Risha et al ., 2

I n 2015, NMR spectr®dcamyd @fhokhp)t omtgaenss (i n ar
| ei shmani al medi cation miltefosine in Bangl

version as falsified, and not constituted of
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1. Brinciples of spectroscopic techniques

1. 3rlinciples of atteRoatedrtbdobtahsfefmechéanact
Attenuated TotFolurRefr]l dctaaasd @F TM R)n f g pa etdr d SACTG
a power f ul anal ytical technique used t o i
measur ement of their I nfFITd MRe s plelcR) oabopyptuit

mi-dnfragedni4d®@®Y)cmwhich encompasses the fund

modes of most organic molecules. This range
groups, chemical bonds anrFRT InR Ineecausluarre ss ttrhuec tvu
frequemncib®esnnde in a sample upon interaction
infrared radiation. Di fferent mol ecul es abs
radiati on, Il nitiating the vibration of i ts

(Stuart, . mm304, Epph type of chemical bond a
characteristic frequency, producing a o6fing
2004 ,7118Bp..1 W FMTIRTR t he sample i s plkécadntdlevxee ct
crystal (ei.de aindi smbedcd). | R radiation pene
angle and undergoes total i nternal refl ecti

sample (Coates, 2000) .

Al ongside reflection within the crystal, I R
extends beyond the crystalds surface into tI
chemical composition of the sample (Smith, 2
adantages in terms of determination of API
FTIR i s afetsemunbnve, making it useful for
science where sample integrity is important

techiri,g able to be wused for characterisati ol

bi ol ogi cal ti ssues, i norganic materials anc
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pp.i1786) .-FARMTR can be especially wuseful i n th

absorbent samples that may be difficult to a

(Liu and Kazarian, 2022). Mi ni mal sampl e pr e
pled directly on the crystal, allowing strali
|l iquids (Chophi, Sharma and Singh, 2019; Orp
Shar ma, Bhar dwaj and Kumar, 2019, Wil liamsor
radomtrieacts with both the surface and inter
well suited to the analysis of thin films an
2014) :-FTATRR spectroscopy also has <capabolitie
et al., 2014; Pizzo et al., 2015; Wojciechow
i's sensitive to OH bonding, making it prone
l i quid samples. The technique has a I|imited
thin | ayer of the sample so is | ess effecti
crystal can also be sensitive to damage from
Qi n, 2011) . Since the technique is reliant
the crystaplackahgionrugghscreening i s not possible

1.3.d2entificiahfeatoV-Eda8hBRyYyspERtroscopy

ATHFTIR has been employed as an analSy¥ti cal

medi cines in recent year s, mo sfta | pifludesdr d fyi i
tablets (Coelho Neto and Lisboa, 2017; Cust
Tanna, 2014, Ortiz et al ., 2013) .

Mittal, Sharma and RaRThloR es ppercdimassatdowayr kAT R w

the identdFAntabionhiecs in 2021. The nkeTtilhR d co
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in thienfrmiadred region with chemometrics for
structure of 27 antibiotics with classifica

consi st eidn foefc taintee t ablets and capsules (Mitt

FTIR spectroscopy has also been used i n man
applied virus medium volume during sample f|
freeze dried, |ive attenuated vaccine for mul

Over the |l ast decade, several devel epflmeRnt s h
spectroscopy for rapi 8 Fnsecdriece nniensg iedft hshudst phegcstae
(Far ouk, Moussa and Azzazy, 2011) and gener
Tanna, 2018) with the FDA developing a hanc

tablets and capsules (Platek, Ranieri and Ba

ATHTIR has been wused in the analysis of t h
vaccination -Wdthatbe-NMNE€ogMdaaet al -Zap2ioe2M ;etVa
al ., 2022) as well as i n -@omeaset raelc.o,gn2Q2d;r

Baraenaal ., 2021).

1. 3Pr3inci ples of Raman spectroscopy
Raman spectroscopy i s a vi brational spect

information about mol ecul arf rwiqlureantciyo nno d ersat

based on the inelastic scattering of l i ght
vi brationa <hiufst ngn energy. When a monochrc
interacts with a sampl e, most photons are sc
but some scatters inelastically (Raman scatt
shift I's oatspedbiut ed mol ecul ar vi brati onal
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identification of chemical structure and mol

uni gue Raman spectrum which acts as a mol ecu

Raman mi croscopy oper ates on t he s ame f ou

spectroscopy to identify chemical compounds
is directed at the target analyte, i 11 umi na-
|l aset I sgbcattered from the sample's surface
scattering. Raman microscopy specifically fo
analysis, which involves inelastic scatterir
the scadtl i ght differ from those of the inci
gain or | ose energy through interactions wit

characterised by Stok&sokese(gwnwelrgygspaani An

al., 2023). Stokes I|lines, originating from t
room temperature, have higher i ntensity an
Sspectroscopy (McCreery, 2000) . The scattere
spectrwm umi ¢ he chemical composition of the
fingerprinto for the identification, charac

compounds (Bruker, 2024).

Raman spectroscopy and i magingnpasevivdemat god
visualizing and characterising pharmaceutic
spectra from small sample vol umes. Key featu
opticals:adgmpmectf ocusing of the | aser on the
scattered | ight (Turrell and Corset, 1996, |
gathered in a 180A backscattering configura
radi ati omnfdo sypseichng,um col |l ecti on.
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Il n conventional Raman spectroscopy, the exci

the sample usi-3n0 cam,l ecncsncoefntlrCat i ng t he | aser

enhance Raman scattering intensity. Raman m

whi elattures include:

1 Spatial ddHitewved gt hrough optical conjuga
pinhole apertures used for illumination a

T Reduction of strayf rboeackiggmwsnrdadeaghtof t he

through spati al filtering, ensuring that
from a specific | ayer of the sampl e.
By el iminating unf ocused l i ght, the spatia
particularly in Raman i maging where detaile
guality of the Raman spectra generated throu
reduci ngobracd kf§yl uorescence, negating the nee

t hrough wavenumbelrhi septiismi sahi emede asheedoughpat

resolutdmmcenbtyr ati ng tthhrewulb bhs ear slimad Httdinheapert

excitation volume is | imited to a smal./l ar ea
the sample jswhitbminmted the overall fluore
a broadd@heasemal | aperture acts as a spati al
t he foctad rpecacnit t he detector, this removes f

outside the focal pl ane whrioaum dc(aBairds g/c 0 n2t0r2i 2b

Confocalscapyral so facilitates selective fo
examination of | i ght corresponding to diffe
t hrdiemensi onal anal ysi s. However, there are
i ntense monodtftanomat iccanr gpdot enti ally cause th
sample (Assi, 2024).
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Raman spectroscopy presents many advantages:

T 1t is gedesarugtmor, all owing for the ana
applications in a forensic setting where
T Samples typically require I|ittle to no

effective, and reduces the introduction o

T Raman spectroscopy can be wused on a wid:¢

solids, liquids and gases, including aque
water.
1T Techniques such as Spatially offset Raman

optical probing of-obeabytag 6 htribnavgabssi Ivieg h
chemical sahaoacterhiis all ows materials toc
while inside sealed coloured and opaque ¢c
T Handheld systems alsdiotwe tanea lpyosritsa bdfe ,s amp |

identification of medicines in the field.

Raman microscopy presents several additional

T A straightforward 6point and shootd met ho
T The capabi bei teyx ttroe neenlayl y3smal |l sampl es (Br ul
T The ability to examine molecules and cell

weak Raman scattering of water (Matth?2us

Raman microscopy has found numerous clinical
to quality control, failure analysis, tiss
analysis, metabodelcl pamdliysing, a&andagplkrotodyna

ad Schultz, 2013; Carey, 2006; Cavonius et &

2015; Fung and Shi, 2020; Huang et al ., 20
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Matthaus et al., 2008: Pavilevil et al., 20:

2021) .

Sur f-Aeclkanced Raman Spectroscopy (SERS) is an
t hat significantly enhances the Raman scatt
rough metal surfaces or nanostructures. SERS
Ramanatstcering of photons wupon exposure to a

spectral fingerprint for each chemical spec

i s electromagnetic enhancement. When the | as
met al (de/ .sg .| veeal) , it induces collective o0sci

called surface plasmons. This causes a signi
the metal surface, which in turn enhances th
cl otsre the surface. The enhancement observed i
16to 201 n addition to electromagnetic enha
bet ween t he met al and adsor bed saroil leictuy eand

enhancing tdrealRaman si

The efficacy of SERS is dependent on the ro

and the presence of nanoparticles. These s
el ectromagnetic field is concentrated, enha
these regi SGrEERS Ko occur, the analyte must a
this can affect the enhancement factor. Di f f
with surface plasmons, causing variation in
opti mi sat ioovne ctahne ISNEpR'S si gnal . SERS hol ds pot

and selectivity method of detection for spec
or targeted nanoparticles can selectively e
proving pyausetul arh trace analysis.
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1. 3.ddentificiahfeatoVveanby Raman spectroscopy
Raman spectroscopy -aadedcdpeotrreael attiidom amgt hooc
utilised for t he d d tad ctinfiond ccft i we nplred A&t s

anti mal ari al , antibiotic and antiviral tabl e

Lawson and Rodriguez gradderdt O6tRmemanSE3 aafgoa e $
detection by comparison of API SHkifraurgesncewnvid ph

100% accuracy in ide8Fi fmedag(tlLiaomessonf asidmuRoadtre

2016) .
A study in 2017 explored the use of portabl
unappr oviendf eacnttiives i ncluding Acyclovir, Amoxi

aqueous solutions which demonstrated pr omi s

analysibimutations with respect to the quant

Raman spectroscopy and imaging has Dbl®n use
vaccines on human |l ung carcinoma cells (Abr a
the identification of toxoid vaccine product
Silge et al., speculated that Achemometrics
i mportant t ool to close the analytical gap

compl ex bi ol aRiNcAa lvatcleickae otl ogy act ual dHsed to

CoV2 pnmaincdee ( Silge et al ., 2022).

4 4



1.

Co

t e

@aps i n research

nsidering the aforementioned studies, t he
chniques for the authentication ®Fanmddi cir
fectives is not a new concept. However, S |
cused on single APhf éotrmuéatabhet oefamadtrca)
ti malari al s) . While this knowledgetos und
enti ficati-omf edt inwevefloramuliati ons (aqueous
en undertaken using these techniques, spec
toriously unstable and subject to degrada
ssing of time. While Raman and infrared sp
oh the stud¥y wdccGowe deffects on cells and
search has been conducted on the wuse of 1t
e vaccinesb®6 formul ati on. Ra man spectrosc
ccessfudntiinf itchaet itodn of vaccine constituent
tential tool for analysis of complex biolo
ed in some br¥randascoifneCovWidth this in mind,
bstandar dd aGodv9fdavlacicfiines in circulation, tF
me of the | imitations in existing |literatu
curacy of portable spectroscopic based met

d i demt SoFhiocvaetli vaccine formul ations.

.Bati onal e

eseB8Fmedi cines pose a severe threat to pu
cluding public confidence in healthcare p

nsequences. The <circulation -b9 wvwabsitmers ah:
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severe implications including but not | imite

i mpact on public opi-nmmorobni,dintoires da stsiocecsi aatnedd cwoi
dosage of API s, reduced population I mmunity
With over 776 million reported casest"worl dv

September 2024) (World Health Organisation (

highly virulent and deadly virus is a criti
effects. The IiSMovelddu cvtaicocni noefs i nt o mar ket weal
gl obal vaccination programmes and increases
especially those who are vulnerable or |1 mmur

for the identificatsomphiodt iSFatvaeadcameéscast| y,

resources that are nodewéwayesd avauht@abil €s i wh é

exposu$Eemetda c al products is significantly hi
of teelmor abtaosreyd, requiring controlled condition
not al ways be accessible in LMICs. Thus, the
coetff fective analytical tools which can be u
conditions/ outside of a | abo#fl®t wraxxcctimerseli inal

to reduce the risk to public health. T-his th
effective techniques fofdA9thkhacdienest naod ef alS

potenti al application in the field, especial

At the time of the research,-FTliRispepectiioecap
the analysis of complex biologic formulati ol
vaccines was available. I n this sensesethe r
of port&l@lld&Kk APpRctroscopy for the ided®9i ficalt
vaccines is novel and hasgnnaoti baess man sE@rl toa keld

instrom@n®TIRpectr ament eéboeved and operated ou

4 6



| aboratory ,ebuitr domennot off er t bheelsda nRea nvaenr s
i nstruSmeencti.fi cally the PerkinEIl mer dfpfeecrts um
robust portabil iitde alptfimrmnsus enaikn nlgotit | abor a
environneentks nEI mEhi,| e2 OR&bBman spectroscopy has
vaccine analysis previously, at the time of
the use of SERS as a highly sensitive tool f
acid basdd C@awicdimeggs au handhel d system. Whi |

published a ni2®23aron echnique: the use of SOI

Covid vaccines (Mosca et al., 2023), this st
met al nanoparticles I n Raman enhancement 0
publication, da&rheh SW¥®RS alerseeady ongoi ng, wi t |

presented in January 2023 and published the

1.im and Objectives

The present thesis developed and validated

techniques for audtBemtbccanesn of Covid
The objectives of the thesis were:

Us e port afbTleR AsTlRectroscopy for -la%uttheotinoati

surpassing challenges related to water inter
Compare handheld conventional versus surfac
met hods for i dentification DNA and mRNA in

fluorescence and method sensitivity.
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Explore the ability of confocal Ramdam mi cr

vaccines of di fferent manufacturers in | ow d

Determine the performance of machine | earnin

and Raman spectroscopic dat a.

1. 7Thesi s Structure
The thesis is composed of five chapters. Cl
introduction to the study and the background

f al si fainaattihoen associ ated harm on the economy

analytical techniques currently employed in
medi cines and their Il i mitations are discuss
met hods epdr eesheenrotughout the following chapters

Chapter 2 discusd$d3 Rt spewdse osfc opTyRefsotrr wcatpii vde
characterisal9omaodi nCeosviand their constitue
stages of the study from sample acquisitio
eval uati aaocuracy and identification potenti a
( MLAS) . The resul ts and di scussi o-RTlIeRval ua

spectroscopy as a robust anal ytl9 avactcione sf.or

Chapter 3 compares the use of -damame¢d Ramarr
spectroscopy at 785 ammi eor anlélyds hvwsaocucihn@ e v i
stages of the study are explained includin
spectrment rermd data processing and assessmen:
potenti al using MLAs. The signal enhancement

di scussed and quantified. The results and di

4 8



as a por tdeebslter,uctanve techxiitgaued dtogc triatpd dgf o

vaccines fodiietdid issi@athi as hmomspitals, border f

Chapter 4 evaluat esbaded uRemarf dnpEdatroadcoamyp va il

532 nm for t he <chaf¥léc tvearcicsianteiso.n Doaft aCocvoild e ct

processing are discussed, as well as assess
ML As .halhmcement of vaccine signal when measur e
results and discussion outline the advantage
spectroscopy and acknowledge the instrument
met hod.

Chapter 5 presents the studyés conclusion an
overarching scope of the research is discuss
of the thesis and contribution to knowledge,

di scussed.
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2AUTHENTI CATI ON -OB UDAUCDNES US|

PORTABLE ATTENUATED TOTAL- RE|

FOURI ER TRANSFORM I NFRARED SPECT

2.1 I ntroducti on

Cov-id is a novel coronavirus that emerged I
guickly spreading wogrllodwaildep atnod eeand tca b ITihseh va r
SARES0¥2, 2M0A®V due to its high kool SGWRS( ~8 0 %
which spread worl|l dwide between 2002 and 200:
syndr ome ( ARDS) and hCagd, mdo1LahColy9)( SRS
surpassed the morbidity rates of its predece
gl obe. A pandemic of this nature had not bee
syndrome (SARS) &uWtOBr,e aakc ciumu2 @@2 ngesa dammd al
774 deaths across 28 countr i &€ Chhaesr rcyg | 12e000t4
over 775 million cases and over 7 million ¢
(Worl d Health Organisationand®OoORengn €héecactepc
COVIID®I ncluded multiple organ damage rel atec
gastrointestinal, nervous and respiratory s\
and Mo h a$nanman i |, 2020) . Mor e t htaenr nb Oe f d eetcrt ism
COVIID® on multd phaveyseem redpomt ed @lopez2021
time since the height of the pandemic, per s
patients -pastnfCevidon and recovery. The exte
such as fatigue, cpalgmit dtrieansl &sd nmysasl,gi a h

term @Al ong Covido or ARPost Covi d Syndr ome
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Sashidharan, 2021) . The negative i mpléct on
infection is not l i mi-t edmtef ftdhet sd;etbbutmeneat
popul ation suffeermgewiebtshefl onfection anc

miilon i ndi vi dd0avVvisd wvo hl dd windge ( Davi s et al ., y

As a resulfpaotdthet dlalsit shment of the panden

worl d battl ed to contain and controd19the S

out break through the i ntense i mpl ementati ol
i solatiadmsteaacialg and contact tracing. Thes:
of the eradication of the wvirus in the fores
| ongerm solutions. Vaccination has been pres

agai nsti rtulhencel 9ofan@o vtihdk reduced transmissio
(Del any, Rappuoli and De Gregorio, 201-4). Go

19 vaccines?o devel opment to achieve popul

transmission. &kTeVvacatrad Cowel opment pushed
clinical devel opment with 18 approved for er
include whole virus (Il i ve abtatseendu atveidr aor viencat

nucleic acid vacbseéds.vaNoecheisc campdi sed of
showed promise with regards to production sp
responses (Roghayyeh Baghban, Abdol majid Gha
Cov-id vaccines are the firatcidnytaamceaewharse
approved for use in public health programmes

Cov-id vaccine formulations mimic the mechani

gl ycoprotein binds to its cell vl arelreracsegt am
begins to replicate i n-bahsee d ywtaocpdiamsers., |Ini miuc
del i ver the spike glycoprotein to the host
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respo

bi oav

nse (de Queiroz etbaded rRROROpPpar tTihel as ei

ailability of the vaccines (FDA, 2020).

The worl dwide requisite for enhanced vaccin

mar k e

t for t he ri se of substandard and f

Heal ®hgani sation (WHO) defines SF medicines

that fail rta hmeaeaet qaliatthdgy standards or speci
medi ci nes as Amedi cal product s t hat del i be
identity, composition or sourceo this inclu
2018) . Fal sli9viaed i oy i dver e reported i n ma ny
Col ombi a, Chi na, I ndi a, Me xi c o, Pol and and
equal to 2,400 dbBewawmdi Mfeakef rCommial war ehouse
over 3,000 from ChiLna 21012021 n( IMNTMBRRQ over
given f abgolvifieédd vaccines across nine vaccinat
commi ttee was scammed by falsified vaccines
for running a fake varcal nati esnt sirwvwere winade. s
peopl e were admi ni slt9e rvead cfi anlessi fsiuesdp e€Ca weidd t o
vaccines, empty vials, saline water or amika
The potential i mpl isctaatnidoanrsd oofr rfeaclesiiviiinegd svuabc c
to treatment i1ineffecti vetneersns nbourtb icdaint iaelss oo ri nl
Treat ment inefficacy |l eads t o reduced p or
transmission, thereforthe ncmnieaisald ic@&eisd iodn,
symptoms. The widespread i mplications of pr«
vaccines extend to public health, soc-i ol ogi
Amo a h, 2022) .
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The prevalence of SF vaccines, particularly
contr ol tllle pQGowdiedni c hi ghlights a need f o
i mpl ementation of authentication and quality
publi & Ipeadlgtpams i cularly in | ower and middl e
where it was estimated 1 in 10 medicinal pro
Heal th Organisation, 2017). The devel opment

procedurne tthoe adiedt act i1®n vafccSmeGovindol ves t he

of both t he vaccines?®o chemical constituent

trad

afor

t

tional analytical met hods (such as | ic¢c
menti osgacme®c ofuesr characterisation of [
rties and ar e expensi ve, ti me consumi
venient t o mo v e and operate. Therefor
ported to the anan ytoirc alesitn atgr, u deedtayom

results and subsequent action, or treat

tional spectroscopy addresses the | imit
ovi dedersatpriudc,t invoen char acterisation of ph
I nal product s. Portabl e spdcet raomasactioypsiics
ting, accelerating the process of SF m
tional spectroscopy measures the oscil
ure to a |light source. The observation
the molecular vibration energy | evels
rrmati on, structur e, intermol ecul ar I nt
h, 2014) . I nfrared spectroscopy ut il
efigrhsharacterisation i 0tOhOEc MiAFRIER pr i n

roscopy Iis now the mosaitf rmredal(dMitR)utsipleic
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The ATR sampling method allows fast and robu:

including viscous samples and pastes (Ramer

of ATIR R spectroscopy 1 n recent years incl ui
bi opla@aemti cal (biologics) analysis includin
guantification and i maging of tissues and ce
As a result, this chapter foc#deR cGpetchh e oBIcic

as a robust ,sirtag@i @utamantoincati on met hod to a

preval ence and harm ad®owviaxtcedewi.th SF Covid

2.2 Experiment al

2.2.1 Materials

A total ofl94¢t8cC€omedsamples from four | eadin
for met hod optimisation a(MBdoeuxapredr i vhatnhiaé u,p
Vaccine samples included four 60Brandsd of (

based), Brabds2d] mRRAaed!| 3i pdet o vated) and E

based) (Table 2.1). Brand 1 and 2 Yaoatir@aés \
Liverpool Primary Care Network and consi stec
vials (in saline) after six doses had been d
vol ume was insufficient for medical fusen (a<0
coll ection site seven minutes away from the
transported in sealed contai ner8s Cmaiumrti anign etdrf
journey using ice packs. Brand 3 and 4 vacci

or ®ddfe vaccine remainders and were obtain

l raqg and transported by air under the same ¢
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TabPk® Det ail st9ofvacCavVvine brands obt ained from th

Pri mary Care Network and Lebanese/lraqi hospital
Br at Type | N Batch number Form
1 DNAasegl7 Redacted Transpa
' T qui ¢
Recombi
2 mMRNAas|1l8 Redacted White |

Suspens

0. 9% Ng
3 Vercoel |54 Redacted Transpar
i nacti
4 'mRNAas| 7 Redacted Whi t e |
1
IN = number of sampl es
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Tab22 Detail s of

t hper ocedur e

common vaccin

e excipients

Excipient CAS numbe Form
RNA Standar 730491 white poy
DNA Standar 6 89882 transpare
mPEG_DMG_ 2K 160743 _62 | frozen po
mMPEG_DTA_2K 1849616 _42 frozen po
DSPC 816 94 4 frozen po
Linoleic A( 6 63 33 transpare
DHA 2036272 _ 53 transpare
Hemogl obin 9 0 60820 dar k red
powder
L _ I sol eucin 7325 chill ed wh
L_Al anine 5é 17 clear cryst
Gl ycogen from 9 0 07592 chill ed wh
bl actogl obulin 9 0 64659 Clear <cry
powder
Polysorbate 9 0 06556 Yell ow vi s
RNA Sodium Sal 730491 pal e pow
Chol estero 578 8 white poy
Sucrose 57 61 white poy
Citric Aci 779 29 crystallinrn
Cal cium Phos 7 7 58874 fine whit ¢
Sodium Citrate 1898365 crystallinrn
PEG 4000 253-B 23 White so
DNA from salm 4 38508 white poy
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2.2.2 Instrumentation
Measurementakeweren the PerkinEIlI mer Spectrum
equi pped with ATHRFIdgi@axmo)n.d Thhoel dienrs t(r ument was

computer with PerkinEl merés SpectrumlR softw

Figat.e PerkinEIl mer SpectrumTwo FTIR spectrometer

2.2.3 Met hods

For vaccine measurement, l' iquid samples wer
product (> 0.1 mL) was carefully dropped ont
syringe. It is noteworthy to mention that €
mi nut ®shour to dry prior to measurement, ot
vaccines6 spectra. Careful reduction of samp
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T45 minutes in some samples. A minimum of t
vaccine sample, after the point of evaporat:.

from each sample that wer e refl ecwiitvheoua f

inter fferemcwater. Liquid excipients were sy
powdered excipients were carefully placed o
spatula. Each spectrum was the sum of -16 sce:

4000'wimth a epetutalbhr oPferk il mer 6s Spectru

all owetdi meeavi sualisation of shieg®rreér) duspaeagtn
were then exported as .csv files to external
| earning algorithm application.

2.2.4 Spectral Treatment and qualitative

Spectra were exported to Matéabmemw2 3metslod d sv

applied. For evalwuation of identification p
empl oyed. Thi s i ncluded the application of
wavelengtaé 6§ BWS) and principal component

classification model s were trained using t
classification | earner i#Nebhuéeéshg NEngbadimbue ¢

Area Under the Curee adfi ntgh €hRe arRe@G)e ricsdrpvee (wAal

applied to evaluate the separation capacity
Spectral quality was asseparametoanrss demumlgernt h
( N) , maxi mum band intensity/position, range

2.1.) (Adams, 2007; Assi and Fortunato, 2017

establish samples as of strong, medi um or we
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aQme - -
YOY ——————. £ ‘QON Quod W QAMNADn Q
[ 0 WeE AWQVANNO fg?a £ d P

EquatRilsingnal to noise ratio based on ambhgsombance

peak (Adams, 2007

CWS was employed to assess spectral similar
reference spectrum (B). Similarity was demon
(-wal ue) greater than or equal to 0.95 obta

referpacer am.

Bo o6f6 6
B6 ol BO6 6

EquatkGorrel ation coefficient based on momen:H

Wheriei,s the correlation coefficient value corres

0Ois the test spectrum of A,

06is the reference spectrum B and is the average

Theoretiocvadllwel mfbt ai ned between two spectra
di ssimilaritw,alwkerodas+lan nrdi cates two ident
sample concentrations and therefore signal
achingvemlrue of +1 between two vaccine sampl €
unl i kel vy, and so the threshold of 0. 95 was
bet ween two vaccines of the same composition

absockamwal ues obtained between samples of t
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characteristics such as bandwvpbesetobnO. 3Beoe

indicates two spectra are from the same bran

Principal component analysis (PCA) was appl:i
an unsupervised machine | earning techniqgue.
data with mini mal |l oss of information to s

comprneshhebl e i nformati on-WhBdeat,t i2d02alnd Esmonde

PCA reduces the matrixodos diimemwmsiesnalnidt y otad i t
was therefore able to classify the spectral
di fferent vaccine brands in the dataset in a
for the i1identification of clusters and patt

di stinguish between clusters representative

AThe PC (loadings) are by definition hidde
shapes t hat l'inearly combi ne t o gener ate t
Es monWhei t e, 2021) . The |l oadings highlight S
correspondi ct of usnpceadiofn al groups within the \
organises the scores in terms of magnitude a
the | argest volume of information, usual ly
physical pr cpearttriags omr) .colfrhe first and second

provide explanation for the highest variance
third highest variance and so on. I f PC1 and
the variancefobtewvaead, PChewere disregarded a
variance of the overall dataset was negligi
ascertain the chemical and physical propert.i

by the earliandPEsnAWhBdteet,t i2e0 2 1) .
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®w Y& 1

EquatBdMat hemati cal eqguation of-WRCAe(Beatbtj)e :

Wher e, X is the original data matrix (m x P),

T is representative of the scores (m x n),

P represents the loading (n x p) and is represen
Type | and |1 errors wer eevdalemati g i tetdeoamealr fcamn
PCA. Type | errors (false negatives) occurre
were not clustered together, whereas Type ||

scores of one vaccine brand were clustered \

example, a brand 1 vaccine clustered with th

Classification tools were used to assess th
capacity of the method. Classification algor
| earning techniques where samples were distH
vaous features. The algorithms were Osuperyv
provided with t he i dentity of t he data it

classification model s were trained on the v

classifFeamheontool box. This involved feeding
classification | earner tool box and aflollodwi ng
validation. The classification | earner was p
i deywtaft each spectrum, and absorbanc£00@l ue .

c mt. The classification model s t hen used t hi

from each spectrum based on their spectral
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randomly assigned 20% of the dataset was set

capability testing and to check for data ove
were preliminarily chosen based on t-hel autor
validation training data provided by Matl ab.

An OEnsembl enseabseptcaeKghbour (KNN)O& classif
hi ghest percentage -faclicd rvaaxlyi caatriosrs rntlres 6 Mul
model s also demonstrated high accuracy for |

dat a.

KNN i s a supervised | ear nipag amdtarsisd f a@ed, m
classifications or predictions about the grc
proximity by a distance metric. By consider.
dataseKNN predicts the | abel or -pvaalaumeetoafi ca nr

underlying assumptions are made based on th

Euclidean distance is the most popular dista

metryi cMabt | ab cl assification | earner for KNN |

the true distance between two points in Eucl
Qnm n n

Equat2iddmor mul a f or Eucli dean distance -betwee

di mensional space (Short and Fukunaga, 1981)

Wher@anmange ‘tthoeoridi nates of p and q, respectively
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KNN based ensemble methods minimise the eff:
datapoints in the given feature space that

order to predict its response by wusing major

Matl abés classification | earner tool was use

training and test dat aset s. This presents t

cl ass, and vy true <cl ass, all owi ng stehe vi
positives and negatives) and calculation of
and incorrect class predictions. For eval uc

classification model, the following metrics

Rec &lpleci ficity and F1 Score (Agarwal et al

o T T N v T ’ "Y(’) "YG
0 WWO I Hr———r——
0 "00 YO OO

Equat®bboar mula for Accuracy calculation from conf

Where TP is the number of true positive cl assifi

TN is the number of true negative classification

FP is the number of false positive classificatio

FN is the number of false negative classificatioao
. YD

01 QoQi —%E—C\— ' %
v Ovu
Equabdédmomr mul a for Precision calculation from cor

2006)

Where TP is the number of true positive classifi
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TN i

FP i

FN

Equativreoar mul a f or

Wher

TN i

FP i

FN

Equa

2006

Wher

TN i

FP i

FN i

S

S

t

t

t

he

he

he

number

number

number

e TP is
s the n
s the n
s the n
28Bor mu
)

e TP is
s the n
s the n
s the n

of

of

of

true
fal se
fal se

Y0

negati ve

positive

negative

calcul atii

true

negati ve

positive

negative

Speci ficity calc

true

negative

positive

Recal l
the number of
umber of true
umber of false
umber of false
WhQ&DD”Jﬁ%'
¢U %U
l a for
the number of
umber of true
umber of fal se
umber of fal se

negative

classificati on
classificatio
classificatioc
on from confus

positive classifi

classificati on
classificatio
classificatioc
ul ation from c¢

positive cl assifi

classificati on
classificatio
classificatioc
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01 QOQI "VOdMA &
01 QOQi VOO &

Equaw®beor mula for F1 Score calculation from conf

Area under the receiver RPOeCr) atcourr veh awaasct @ s «
evaluate the performance and separation capse
AUC represents the measure of separability a

1997) .atsAR@C curve for evaclluaastsi omo doefl tihnev oriuuv

a Aone vs all o methodology where an ROC was
against the remaining classes. An AUC value
separati oyn «ofaptatbe Imadel , while an AUC of app
the model possesses no discrimination capaci

negative cl ass.

B B »p

0 Y6 —
a €

Equatii 6al cul ati on of AUC (Rakotomamonjy, 2004)

Wherd®i s denoted as the scoring function,

wanodrespectively denote the positive and negat:.

¢ and are respectively the number of positive and

1"is defined to b“holl dsf arhd O rcetdh ecravwies e
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2.3 Results and Discussi on

2.3.1 IR activity of vaccines and their cons
The interpretation of IR spectra encompasses
beyond the chemical structure. I R spectra ar
of a sample and its moisture content. I R s
bondi nsampl es -wwaittenr ac omitgemht may present i ncr

their spectra from QHhbeonn dest ianlT.h, & €20s0dmpl @er s
taken into consideration when interpreting

correspomrdipm@gne s .

|l R spectra of isolated DNA and RNA sodium sa
t he nuclbaisedawiackcci nes. Samples demonstrated
0.1903 and 0.3983 absorbance unit-40@e@toms a

for the DNA and RNA standards respectively (

Tabl2.8. Spectral quality par ameters of t he vacec

Per ki nEl mer SpectrumTwo FTI R opeaotornadmeitodrdeaqui pp

Max Peak Max Absor

Sampl e N SNR*
( ¢ (absorban

Excipie 2 456 0.52 249 .

Excipiel 59 1055 0.15 87.5

Excipie
18 1733 0.23 2003.
(nanopar
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Excipie
50 2917 .10 105.

(nanopar

Excipie
2 2 29214 .23 3971

(nanopar

Excipie
25 1103 . 68 88. 5

(nanopar

Excipie
26 1102 .47 155.

(nanopar

Excipie
2 4 1097 . 56 60. 9

(nanopar
Excipiel| 26 1095 . 34 212.
RNA 33 464 .40 302.
Excipien 38 1092 .22 240.
Excipiern 48 988 . 28 82. 9
DNA 30 1644 .19 82.3

at maxi mum peak

= number of

bands

position
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(absol
e
&

Absarbance (absorbance units)

o e o o o

ok 4 0.04F

14 €) 1 d)

Absorbance (absorbance unitsp

2 I

Absorbance (absorbance unitsp
o o o o ©
B s - 2

Fi geakMean spectra of a) brand 1 vaccine LJMUCV
vaccbhMuCVvV1i421l and c¢c) brand 4 vaccine LJMUCV1A4.

Two FTIR spectrometer equipped with ATR di amon

The AR R spectra of DNA showed characteri
phosphate groups QmMmmkE@ 83 c( POM4ohgng) , 1235
asymmetrstcr @0dhing), 962t medtly SQ4*tacrhi ng), as
OP-O stretching at(wWsdk amsly @28t cimc) , respect.
bands at 1635 (OH bending in -@lrainreg)-0-0840 (Wwe
rocking), 1299 ( GHvdg#4B8 aemd bending in plan
Nitrogenous groups were ob'§&Hwdad net blemidd nagnd
wel |l as azdbolih&ll a(sNHnmetric semé€CeNiafj)pandneée

pyrimidine bases) (Zhizhina and Oleinik, 197

6 8



Brand 1 vaccines shared significant bands coc
of the isolated DNA spectra. Th@Bestimetit alhieng
1456 2{@PHane bending)}( macidum 28t rceBt crhiinngg) . o fT hG
nitrogenous groups observed in the DNA spect

spectra aibo3u2n8d2 asN\yHnmetric stre€CcsNiofg)pamidné ¢

pyrimidine bases). Band€29®b3demuked bet wesponr
various mechknssmset owlfi nQ. Further character
identified exclusively in the Brand 1 "vaccin

(@ of deoxyribose ring), am@ml20Bhil2Bi7rnand

Ol einik, 1972).

The ATRR spectra of RNA sodium shared si mil
i sol ated DNA including phosphate gtroefpshiangl
1221 (strong assytmnmeettchicngpP@4 931, 1XE2R and
stretching). Further simil ar -pdharea cbteenrdiisntgi)c,
(weak streCchiimg)of a@ d-® 2rdocckmi ng) wer e obse
nitrogenous bands present in DNA were also p
ouddpl ane bendiwmgk, NH8 49 ret c ho wdgp |, a nle3 6183e n(dNH1 g
and 1562Nid ml ane bending). Various CH vibrat
(=-B oafpl ane bendi ngi)ml alnde6 3be(nGH ng)* ( &ndi n1437
pl ane bending). Bands at 831, ClGg06upedabh@di3ba
at 953 ando®84spmnded t o we a&kC sbtornedt.c hAinn ca dadfi t

OH stretching band wa¢Zhdeht hbhi addaOl 8Bl ke¢n

The ATTR R spectra of the Brand 2 vaccines shc
sodium spectra, including bandsOBts®Oeét ahdni
1735 (-®WHane bendi nyi)p !l alnde5 6be(ndH ng ) ( @ndi n1423
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pl ane bending). The vaccine spectra showed s
cm. Characteristic nitrogenous bands were ag
ofpl ane), 2853 (NH sheedichgngQt df37®I N&d) , 16
and pyrimidine bases), 1209-Ndihd EH283etcweal
COC ring was staesn vadl |199a4s cvari ous @Hplvdarbe at i
bending), 2925 (CHB stretching) atla8Mdm® Cadndi tlil@r
OH sttcrhei ng band was oblfghvedi an 28387 Otmi ni k.
band is key to distinguishibmagehletvaeen ntelse T\
stretching band exclusivelyimprtesenRNAts Bi5Ur
Brand 2 vaccine spectra is attributed to th

ribose mol ecul e of RNA and absent in the deo

Brand 3 vaccine spectra showed some similar
including bahdd®CatoéRBngM €©OPOG& reemching), 1:
1(eNH), 16%9C=NnstretchingpOHasdr2a3ediaom). Br ar
showed distinct similarities to the brand

corresponding to bands observed in the brand

2.3.2 Spectral Quality

Spectral quality showed strong IR activity f

sampl es, demonstrated by the numerous absor
and high SNR values. Brand 1 obtained an a
comparison9tand®219 for brands 2, 3 and 4 r es

excipients analysed showed bet ween 18 and
excipients had a maxi ma absofha®&BRe radrsgirman

uni t s. Nameospead t ext iepr et srhomled weaker I R a
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maxi mum absorbance of 0. 0975 absorbance uni't

the only indicator of spectral qguality, hi gt
vaccine sampl es, ranging from 8.74 to 3919.
vaccidreemmonstrated weaker |l R activity with at
absorbance units, however, these samples obt
Tab24e Values for spectral qguality parameters of

measur ed usi ng t he Per ki nEIlIl mer SpectrumTwo FTI

di amond hol der

Vaccin¢Bran N Max P Ma x SNR I R
Positf Absor bd act.i

( cHh (absorb

uni ts
LIJMUCVI R 1 25 982 0.78 671 stra
LIJMUCVI R 1 26 984 0.79 210|strag
LIJMUCVI R 1 25 984 0.78 433 stra
LIJMUCVI R 1 25 984 0.79 381 stra
LIJMUCVI R 1 26 985 0. 74 46 |stra
LIJMUCVI R 1 24 984 0.80 258 stra
LIJMUCVI R 1 26 984 0.80 352 stra
LIJMUCVI R 1 25 985 0.73 234 strao
LIJMUCVI R 1 25 9814 0. 77 325 strao
LIJMUCVI R 1 25 985 0. 77 954 strao
LIJMUCVI R 1 27 986 0. 67 145 stra
LIJMUCVI R 1 25 9814 0.78 847 strao
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LJMUCVI 24 985 .72 188 (o
LJMUCVI 26 984 . 68 366 (o
LJMUCVI 25 986 . 64 6 4 (o
LIJMUCVI 24 986 . 70 183 (o
LIJMUCVI 24 986 . 81 336 (o
LIJMUCVI 25 986 .73 80 (o
LIJMUCVI 24 986 . 66 8 4 (o
LIJMUCVI 25 985 76 658 q
LIJMUCVI 25 985 79 109 q
LIJMUCVI 24 985 75 6 2 q
LJMUCVI 25 985 79 118 (o
LJMUCVI 24 984 78 154 (o
LJMUCVI 24 985 8 3 101 (o
LJMUCVI 24 988 . 57 46 (o
LJMUCVI 24 984 77 600 (o
LJMUCVI 23 985 .71 115 (o
LIJMUCVI 24 985 76 792 (o
LIJMUCVI 23 984 78 667 (o
LIJMUCVI 26 984 80 174 (o
LIJMUCVI 24 988 . 52 13 (o
LIJMUCVI 25 984 . 81 184 (o
LIJMUCVI 23 985 76 142 (o
LIJMUCVI 23 985 77 344 (o
LJMUCVI 24 985 77 766 (o
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LJMUCVI R 23 985 .74 83 |strao
LIMUCVI R 2 4 986 . 66 214 str g
LIMUCVI R 25 986 .72 68 |stra
LJMUCVI R 24 985 .79 134, strada
LJMUCVI R 23 986 .71 17 | strag
LJMUCVI RH 25 984 250 |stro
LJMUCVI RH 25 984 1447stro
LJMUCVI RH 25 984 105 |stro
LJMUCVI RH 25 984 315 |stro
LJMUCVI RH 25 985 897 |stro
LIJMUCVI RH 24 986 160 |stro
LIJMUCVI RH 26 985 773 |stro
LIJMUCVI RH 2 4 984 931 |stro
LIJMUCVI RH 24 985 149 |stro
LIJMUCVI RH 24 985 35 stro
LIJMUCVI RE€ 2 4 985 241 |stro
LJMUCVI RE¢ 23 984 241 |stro
LJMUCVI RH¢ 24 984 715 |stro
LJMUCVI RH¢ 23 985 6 6 stro
LJMUCVI RE¢ 23 985 165 |stro
LJMUCVI RE¢ 23 986 114 |[stro
LJMUCVI R¢ 23 985 217 |stro
LJMUCVI R¢ 24 984 1108stro
LIJMUCVI RE€ 2 4 984 457 |stro
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LJMUCVI RE 24 985 78 465 o]
LJMUCVI RE 24 985 77 315 o]
LJMUCVI RE 25 984 79 448 o]
LIJMUCVI RE 23 986 72 87 o]
LIJMUCVI RE 24 984 . 81 725 o]
LIJMUCVI RE 25 984 78 307 o]
LIJMUCVI RE 25 985 79 402 o]
LIJMUCVI RE 24 984 . 81 570 o]
LIJMUCVI RE 25 985 77 366 o]
LIJMUCVI RE 25 985 72 96 o]
LJMUCVI RE 25 984 79 825 o]
LJMUCVI RE 24 985 79 421 o]
LJMUCVI RE 25 984 78 70 o]
LJMUCVI RE 25 986 70 305 o]
LJMUCVI RE 24 985 . 81 166 o]
LJMUCVI RE 24 985 77 122 o]
LIJMUCVI RE 24 985 74 95 o]
LIJMUCVI RE 24 987 6 4 19 o]
LIJMUCVI RE 26 986 .71 18 o]
LIJMUCVI RE 25 984 80 574 o]
LIJMUCVI RE 25 986 73 54 o]
LIJMUCVI RE 26 985 77 172 o]
LIJMUCVI RE 25 986 .74 26 o]
LJMUCVI RE 25 984 . 80 1474 o]
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LJMUCVI R 25 985 72 129 o]
LJMUCVI R 24 984 . 82 395 o]
LJMUCVI R 25 985 75 50 o]
LIJMUCVI R 25 985 72 80 o]
LIJMUCVI R 25 984 76 202 o]
LIJMUCVI R 25 984 76 181 o]
LIJMUCVI R 25 986 74 118 o]
LIMUCVI R7 24 984 73 69 o]
LIMUCVI R7 24 984 . 81 21 o]
LIMUCVI R7 25 984 78 4 2 o]
LJMUCVI R 24 986 74 695 o]
LJMUCVI R 24 986 70 73 o]
LJMUCVI R 24 985 78 80 o]
LJMUCVI R 25 985 75 103 o]
LJMUCVI R 24 985 .71 361 o]
LJMUCVI R 25 985 72 54 o]
LIMUCVI R7 24 984 78 108 o]
LIMUCVI R7 25 985 78 777 o]
LIMUCVI R7 25 986 .71 10 o]
LIMUCVI R7 25 986 73 8 2 o]
LIMUCVI R7 25 985 78 254 o]
LIJMUCVI R7 25 985 77 67 o]
LIJMUCVI R7 25 985 75 136 o]
LIJMUCVI R 24 984 . 81 1057 o]
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LJMUCVI R 25 985 78 315 o]
LJMUCVI R 25 985 74 132 o]
LJMUCVI R 24 985 .71 341 o]
LIJMUCVI R 25 985 6 7 288 o]
LIJMUCVI R 25 984 79 528 o]
LIJMUCVI R 25 986 76 144 o]
LIJMUCVI R 24 985 80 671 o]
LIMUCVI R7 25 985 80 673 o]
LIMUCVI R7 24 985 77 415 o]
LIMUCVI R7 24 984 . 81 222] o]
LJMUCVI R 24 984 80 181 o]
LJMUCVI R 25 984 79 119 o]
LJMUCVI R 24 985 76 280 o]
LJMUCVI R 25 984 78 252 o]
LJMUCVI R 25 985 75 391 o]
LJMUCVI R 24 985 75 554 o]
LIMUCVI R7 24 985 54 245 o]
LIMUCVI R7 24 985 78 259 o]
LIMUCVI R7 24 985 77 171 o]
LIMUCVI R7 25 985 76 103 o]
LIMUCVI R7 25 985 .71 130 o]
LIJMUCVI R7 25 985 79 173 o]
LIJMUCVI R7 25 985 .74 147 o]
LIJMUCVI R 25 985 . 78 372 o]
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LJMUCVI R71 24 985 0.62 197 |stro
LJMUCVI R71 24 985 0.75 93 stro
LJMUCVI R71 24 984 0.81 444 | stro
LJMUCVI R71 23 988 0.58 59 stro
LJMUCVI R71 24 985 0.79 353 |stro
LJMUCVI R71 25 985 0.78 324 |stro
Tab2xval ues for spectral guality parameters of a

measur ed using the Per ki nEIl mer SpectrumTwo FTI

di amond hol der

Vaccine Br an/N Ma x p|Max SNR*YI R

positlabsor bat acti

( cHh (absor b:

uni t s)

LIJMUCVI R|2 25 1049 0. 05 336 medi
LIJMUCVI R|2 23 1051 0. 07 123€medi
LIJMUCVI R|2 24 1048 0.13 1071stro
LIJMUCVI R|2 24 1049 0.12 118 [medi
LIJMUCVI R|2 23 1051 0. 06 957 \medi
LIJMUCVI R|2 24 1052 0. 06 627 medi
LIMUCVI R|2 23 1051 0. 06 395 medi
LIMUCVI R|2 21 1051 0. 04 656 medi
LIMUCVI R|2 23 1049 0. 05 929 medi
LIMUCVI R|2 22 1049 0. 04 699 medi
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LJMUCVI 22 1047 . 07 117 7medi
LJMUCVI 23 1048 .04 761 medi
LJMUCVI 25 1046 18 1781medi
LIJMUCVI 22 1048 12 2109medi
LIJMUCVI 23 1050 . 03 446 med.i
LIJMUCVI 23 1048 . 06 626 |medi
LIJMUCVI 22 1049 . 06 106€¢gmedi
LIJMUCVI 22 1051 . 05 834 medi
LIJMUCVI 23 1050 . 05 829 |medi
LIJMUCVI 22 1048 . 06 995 medi
LJMUCVI 25 1049 15 306 |medi
LJMUCVI 24 1050 .04 662 medi
LJMUCVI 23 1051 .04 647 medi
LJMUCVI 24 1050 .04 387 |medi
LJMUCVI 22 1050 . 05 872 |medi
LJMUCVI 24 1050 . 06 994 medi
LIJMUCVI 22 1051 . 04 609 |medi
LIJMUCVI 22 1051 . 04 607 |medi
LIJMUCVI 22 1051 . 03 449 medi
LIJMUCVI 25 1050 . 06 1075medi
LIJMUCVI 23 1051 . 04 745 |medi
LIJMUCVI 23 986 . 62 259 Imedi
LIJMUCVI 22 1048 .18 1793medi
LJMUCVI 21 1051 . 06 978 |medi
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LJMUCVI 24 10409 .04 712 |medi
LJMUCVI 22 1050 10 166 9medi
LJMUCVI 21 1049 14 1199medi
LIJMUCVI 23 1049 13 733 |medi
LIJMUCVI 22 1048 23 1487medi
LIJMUCVI 23 1049 . 08 147 7Zmedi
LIJMUCVI 23 987 56 521 medi
LIJMUCVI 25 1049 . 06 409 medi
LIJMUCVI 23 1051 . 06 995 medi
LIJMUCVI 27 1051 . 02 418 medi
LJMUCVI 26 1050 . 06 482 medi
LJMUCVI 26 1050 . 05 790 |medi
LJMUCVI 23 1050 . 05 833 |medi
LJMUCVI 22 1050 .04 704 |medi
LJMUCVI 22 1049 . 05 850 |medi
LJMUCVI 24 1049 . 03 592 medi
LIJMUCVI 23 1049 . 05 876 |medi
LIJMUCVI 23 1049 04 697 |medi
LIJMUCVI 22 1050 . 03 528 |medi
LIJMUCVI 23 1049 . 05 822 |medi
LIJMUCVI 21 1052 . 02 375 |medi
LIJMUCVI 20 1050 . 03 532 medi
LIJMUCVI 20 1049 .07 1126medi
LJMUCVI 22 987 59 121 medi
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LJMUCVI 20 1051 . 03 567 |medi
LJMUCVI 22 1049 .07 1267medi
LJMUCVI 23 1052 .07 1225medi
LIJMUCVI 23 1050 . 03 576 |medi
LIJMUCVI 23 1049 . 05 470 medi
LIJMUCVI 24 1050 . 03 460 medi
LIJMUCVI 24 1048 . 04 643 |medi
LIJMUCVI 23 1050 . 05 917 |medi
LIJMUCVI 23 1050 . 02 430 medi
LIJMUCVI 23 1050 . 05 826 |medi
LJMUCVI 23 1051 .04 676 |medi
LJMUCVI 23 1050 . 03 473 |medi
LJMUCVI 21 1047 . 05 816 |medi
LJMUCVI 23 1051 . 05 905 |medi
LJMUCVI 23 1051 . 06 1004medi
LJMUCVI 22 1049 .07 715 |medi
LIJMUCVI 23 3333 13 0.87%stro
LIJMUCVI 21 988 53 178 medi
LIJMUCVI 22 1048 . 06 998 |medi
LIJMUCVI 23 3340 . 02 275 |medi
LIJMUCVI 22 1052 . 05 857 |medi
LIJMUCVI 21 1050 . 05 782 [medi
LIJMUCVI 21 1051 . 03 533 [medi
LJMUCVI 21 1048 . 02 394 \medi
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LJMUCVI 21 1051 .04 730 |medi
LJMUCVI 21 1050 .09 994 medi
LJMUCVI 23 1049 . 03 477 |med:i
LIJMUCVI 22 1048 . 04 755 |medi
LIJMUCVI 22 1048 .07 699 medi
LIJMUCVI 24 1049 . 04 668 |medi
LIJMUCVI 22 987 55 350 |medi
LIJMUCVI 23 1050 . 03 586 |medi
LIJMUCVI 22 1049 .07 573 |medi
LIJMUCVI 23 1049 . 05 786 |medi
LJMUCVI 23 1051 . 03 487 med.i
LJMUCVI 21 10409 10 1809medi
LJMUCVI 21 987 55 441 med:i
LJMUCVI 22 1046 . 06 106 1medi
LJMUCVI 22 1049 . 05 926 |medi
LJMUCVI 23 1048 .04 330 |medi
LIJMUCVI 21 988 56 2419medi
LIJMUCVI 23 1048 . 03 515 medi
LIJMUCVI 23 1048 . 03 443 med.i
LIJMUCVI 22 1051 .07 128&medi
LIJMUCVI 22 1050 . 05 793 |medi
LIJMUCVI 22 1049 10 29 me d i
LIJMUCVI 22 1050 . 05 803 [medi
LJMUCVI 22 1050 . 05 848 |medi
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LJMUCVI 21 1050 . 05 917 |medi
LJMUCVI 24 1050 .04 729 |medi
LJMUCVI 24 1050 . 03 468 medi
LIJMUCVI 22 1049 . 08 146 (medi
LIJMUCVI 23 3333 13 0. 83medi
LIJMUCVI 22 1050 . 05 917 |medi
LIJMUCVI 22 1049 .07 1284medi
LIJMUCVI 22 1050 . 08 1363medi
LIJMUCVI 23 1049 . 06 993 |medi
LIJMUCVI 23 3333 12 0. 8(medi
LJMUCVI 21 986 . 62 1021medi
LJMUCVI 21 988 55 107 &medi
LJMUCVI 21 986 . 57 1363medi
LJMUCVI 22 10409 13 853 |medi
LJMUCVI 22 1051 . 08 146 ¢medi
LJMUCVI 21 988 54 1054medi
LIJMUCVI 21 987 58 109 medi
LIJMUCVI 21 1048 25 220(medi
LIJMUCVI 22 1051 .07 1201medi
LIJMUCVI 23 1050 .07 564 medi
LIJMUCVI 22 1049 .09 945 medi
LIJMUCVI 23 1049 10 486 medi
LIJMUCVI 23 1049 . 05 844 medi
LJMUCVI 23 1050 .04 357 |medi
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LJMUCVI 22 10409 .11 178 |[stro
LJMUCVI 23 1050 . 03 327 |medi
LJMUCVI 23 1049 .09 106 ¢gmedi
LIJMUCVI 24 1048 23 268 |[stro
LIJMUCVI 23 1047 . 05 932 medi
LIJMUCVI 22 1048 .09 366 |medi
LIJMUCVI 23 1049 . 05 359 |medi
LIJMUCVI 23 1049 . 05 487 med.i
LIJMUCVI 22 1048 04 243 |medi
LIJMUCVI 22 1050 . 03 598 |[medi
LJMUCVI 22 1049 . 06 999 medi
LJMUCVI 23 1051 . 06 1247Zmedi
LJMUCVI 22 1052 .07 490 medi
LJMUCVI 22 1050 .04 4 me d i
LJMUCVI 23 1050 .04 633 medi
LJMUCVI 22 1049 .09 101 medi
LIJMUCVI 22 1049 .07 1141medi
LIJMUCVI 21 1051 . 03 462 medi
LIJMUCVI 23 3352 . 06 3 me di
LIJMUCVI 23 1050 . 03 472 medi
LIJMUCVI 23 1050 . 05 845 |medi
LIJMUCVI 22 1049 . 04 748 [medi
LIJMUCVI 22 1050 . 05 869 medi
LJMUCVI 23 1050 . 05 905 |medi
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LJMUCVI 23 1048 . 06 103(med.i
LJMUCVI 23 1049 . 06 30 me d i
LIJMUCVI 21 1049 .07 1253medi
LIJMUCVI 23 1049 . 05 1001Imedi
LIJMUCVI 22 1049 . 08 145 7Tmedi
LIMUCVI 21 1048 .11 186 medi
LIMUCVI 21 1048 . 05 876 [medi
LIJMUCVI 22 1049 . 05 968 medi
LIJMUCVI 21 1050 . 06 1014medi
LIJMUCVI 21 1050 . 08 256 [medi
LIJMUCVI 21 1051 . 04 673 medi
LIJMUCVI 22 2923 . 03 456 [medi
LJMUCVI 20 1055 . 06 104 7med.i
LIJMUCVI 20 1100 . 02 285 medi
LIJMUCVI 21 986 .61 118 |[stro
LIJMUCVI 20 2922 .01 6x1tUmedi
LIJMUCVI 21 1055 04 169 medi
LIJMUCVI 21 1051 .07 123fgmedi
LIJMUCVI 21 1056 . 03 6 6 me d i
LIJMUCVI 22 1055 04 641 medi
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Tab26 Values for spectral gaupad d ttrya paafr aemeed he r tsr aorf d
measur ed using t he Per ki nEIlIl mer SpectrumTwo FTI

di amond hol der

Vaccine |Bran|N Ma x Ma x SNRYI R

Peak |Absor bal acti

Posit|(absor bji

( ¢ units)
LIJMUCVI R 3 9 1092 0.016 174 |weak
LIJMUCVI R 3 11 4 77 0.021 109 |weak
LIJMUCVI R 3 10 1091 0.019 400 |weak
LIJMUCVI R 3 8 476 0. 032 46 we ak
LIJMUCVI R 3 9 1081 0.018 381 |[weak
LIJMUCVI R 3 10 1073 0.010 203 |[weak
LIJMUCVI R 3 13 475 0.025 311 |[weak
LIJMUCVI R 3 14 1090 0. 027 110 |[weak
LIJMUCVI R 3 14 1090 0.022 150 |[weak
LIJMUCVI R 3 11 1083 0.025 300 |weak
LIJMUCVI R 3 8 476 0. 055 444 |weak
LIJMUCVI R 3 10 10714 0.016 337 |weak
LJMUCVI R 3 10 1090 |0.020 250 |weak
LIJMUCVI R 3 11 1087 0.009 110 |weak
LIJMUCVI R 3 9 3306 |0.013 267 |weak
LIJMUCVI R 3 8 799 0.012 147 |weak
LIJMUCVI R 3 10 1069 |0.0009 201 |(weak
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LJMUCVI 7 1024 . 002 35 we ak
LJMUCVI 4 1068 . 001 27 we ak
LJMUCVI 7 1072 . 005 99 we ak
LIJMUCVI 5 1074 008 162 [weak
LIJMUCVI 3 1081 002 52 we ak
LIJMUCVI 7 799 . 003 31 we ak
LIJMUCVI 10 1086 . 002 39 we ak
LIJMUCVI 7 798 . 003 71 we ak
LIJMUCVI 12 1084 . 016 347 |weak
LIJMUCVI 10 1072 . 009 6 4 we ak
LJMUCVI 9 1069 . 007 152 [weak
LJMUCVI 8 1073 . 008 168 [weak
LJMUCVI 7 3356 . 006 14 we ak
LJMUCVI 9 1073 . 006 131 (weak
LJMUCVI 6 1070 . 005 101 [weak
LJMUCVI 6 2920 . 012 243 |weak
LJMUCVI 7 800 . 005 101 ([weak
LJMUCVI 8 3376 . 010 3 we ak
LJMUCVI 6 1083 . 005 59 we ak
LJMUCVI 8 3362 . 016 30 we ak
LJMUCVI 7 1067 . 012 245 |weak
LIJMUCVI 4 796 001 18 we ak
LIJMUCVI 8 3357 015 23 we ak
LJMUCVI 13 48 4 . 025 34 we ak
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LIJMUCVI R 3 6 1073 (0. 006 118 [weak
LIJMUCVI R 3 10 3324 |0.011 74 we ak
LJMUCVI R 3 9 799 0.010 204 |weak
LJMUCVI R 3 4 1064 (0. 003 54 we ak
LJMUCVI R 3 7 1090 (0. 008 177 |[weak
LIJMUCVI R 3 6 799 0.013 34 we ak
LIJMUCVI R 3 13 2981 |0. 018 10 we ak
LJMUCVI R 3 8 1066 |(0.010 211 |weak
LJMUCVI R 3 9 1060 (0. 014 276 |weak
LJMUCVI R 3 9 1073 |(0.010 213 |weak
LJMUCVI R 3 8 1090 (0.013 270 |weak
Tab27 Values for spectral guality parameters

measur ed

usi ng t

Per ki nEIl mer

SpectrumTwo

di amond hol der
Brand N Max peakMax absorbaSNR* I R
positiprn(absorbance€ acti
LIMUCVI R18 (1049 0.05 1108 medi
LIMUCVI R19 (1049 0.03 196 |medi
LIMUCVI R19 (1049 0.06 248 |medi
LIJMUCVI R19 (1048 0.03 223 |medi
LIJMUCVI R20 (1047 0.08 961 |medi
LIJMUCVI R19 (1020 0.07 653 |medi
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maxi mum peak
number of bands

position
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2.3.3 Authenticati-Bml Bfspactrassopy ATR

For vaccine authenticati on, unsupervised cl 1
their constituentsd spectra using PCA. Type
accuracy of the <clustering. Type | errors w

vacchmend were clustered away from the major |
observed when the PC scores of a vaccine bre

of anot her brand.

Three unsupervised clustering model s wer e

wavenumber ranges to assess the variance at
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units)

Absorbance (absoroance.

Wavenumber (cm™')

Figedae PC1 |l oading plot of wvaccine brands 1, 2,

459000-'cm

units)

Absorbance (absorbance

Wavenumber cm™')

FigebeC2 | oading plot of wvaccine brands 1

458000t cm

Figer &8 shows the PC scores plot of the four
of 4900cm Brands 1 and 2 showed hi gh cont

demonstrated by their spati al position at P
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FigeveCl | oading plot of wvaccine brands 1, 2, 3

450850t cm

Fig2aéshows the PC scores plot of the four va
of 4860 LcmBrand 1 showed t he hi ghest cont
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2.3.4 Vaccine Classificati on

Model 2.24
Brand 1 2
Brand 2
w
w
O
&
o)
=
|_
Brand 3 1 128 1
Brand 4 1 1 15
Brand 1 Brand 2 Brand 3 Brand 4

Predicted Class

FigeiteConfusion matrix f orneEnrseesnib |nee isguhbbsopuarc ec IKa s s

modef olbd validation trained using Matlab 2023b c

fromccine brands 1, 2, 3 and 4

Supervised machine |l earning technigues were
potential of the method. An Ensemble subspac
using Matlab 2023b classification | earner t ¢
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the spectral dataset with an unseen 20% al | ¢
mo d e | for overfitting (Ying, 2019). The trai
Tbrands 1, 2, 3 and 4 and classes were pred
ealbc data point acr-466O0afirgadidgés hofvs 4658e confu

matri x fordthael bdati on dataset which obtaine

|l error and 2 Type 11 errors PFaegrzetl @o.b sBerravnedds f
2 astdobtained type | and I|HRi gedr@,r sa tatgraii histt e
their significantly similar spectral qgual it
nucl eic acid, excipients and manufacturer.

all owed sufficient time to dry ohetédecédet ecm

broad OH stretching band that obscuréed the

regardless of brand. Spectra that were entir
band appleal most identical, resulting in misc
Hence, the opti mal met hod is to allow suff

moi sture content prior to measurement .

Tabl28. Accuracy, precision, sceca&l lof sHnrescenhlce t g ubasnpd

classification model afndr oweacailne brands 1

Rec al
Brand [AccuracyPr eci(s| %) SpecifidriScor
1 99. 7 99. 8 99.5 99. 8 0. 997
2 99. 7 99.5 99.8 99. 7 0. 997
3 99. 5 97. 7 98. 5 99. 7 0. 981
4 99. 7 93. 8 88.2 99.9 0.9009
Overal99. 7 07. 7 96. 5 99. 38 0.971
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Model 2.24
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classification model <carried out on vaccin

An AROC curve was used to evaluate the separ
ROC curve maps the relationship between true
rate (TNR) (precision/recall) and the AUC

represerbtiditttye od the model to distinguish b
val ue of 1 indicates perfect separation <cap
bet ween <c¢class di-ROCnctuirovre. whams AMUG wnAf off dom b
validation dataesset dadaséde, 2060 eval uate the

model when presented with unsupervised | earn
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Figa@rld hows tROCAUQrve for the resul tksNNof t he
classification mofdelld tvaliinckat ioonn tdceat abset anc
all ocated tesAUCdavtaalsueet .f oftheevery <c¢cl ass (bra
demonstrating the potential of the model to

no errors.

2.4 Conclusi on

Il n conclusion, this chapter dd&mdsRzsectat@®sc d mhmye
as a valuable tool for-19heaaot henti daei omcao

featured bands corresponding to their con

di scriminable bgpebefrccbastdstu&pectr al gual
adtvity in terms of number of bands and SNF
vaccines. Clustering based on PCA showed a
vaccine brands, and this was further demon
Ensembl e subspafciecak NN nc Ineosdseil which vyielde

charsateom of vaccine class based on spectr
PCA, especially considering the i mbal ance
however, considering -ltihfies sacpepn arciaa,i ofnutinmr ea w
dat a awugneencthantiiqgounes f or bal ancR@@ d¢ilreveashhcwe
perfect separation capacity for the model i n
conjunction wi-Ehl Pospapwl ae A@Rprobust, -reliab
automated process of vaccine authentication
ATHETIR spectroscopy, t his technol ogy pl ays

preval ence and r i SIkvsa cacsisnoecsi,a teesdp-eacnitahl miyd dil ne |
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i ncome countries where the iIimpact of substan
combination of these advanced techniqgues prc

authenticity of wvaccines.
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SAUTHENTI CATI ON OF TRADI TI ONAL Al

| NFECTI VES USI NG HANDHMKEHANCEHEDRF A

RAMAN SPECTROSCOPY

3.1 Introduction

As discussed in section 2.1, Covid-19 is a novel coronavirus that established a global
pandemic in 2019 causing millions of fatalities. Accelerated vaccination programmes
successfully achieved population immunity and reduced the transmission of the virus.
Nowadays, its virulence is controlled through regular vaccination programmes similar
to the influenza vaccination drives. However, the success of these vaccination
programmes is threatened by the prevalence of substandard and falsified (SF) Covid-

19 vaccines, particularly in lower and middle-income countries (LMICs).

SF vaccines, patrticularly those being used in such a large-scale effort to control the
virus highlights a need for implementation of an authentication and quality control
procedure for vaccines in public supply. The development of a vaccine identification
method to aid in the detection of SF products involves the characterisation of both the
vaccines?©o chemical constituents and their
analytical methods (such as liquid chromatography) do not satisfy the aforementioned
need for synchronous characterisation of both chemical and physical properties and
are also expensive and time consuming.
Vibrational spectroscopy addresses the limitations of traditional techniques in its ability
to provide rapid, non-destructive characterisation of physical and chemical properties
of samples. This study focuses on the application of handheld Raman spectroscopy

for the authentication of Covid-19 vaccines.
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Raman spectroscopy measures the oscillations of atoms in molecules upon exposure
to a monochromatic light source. The observation of the vibrational transitions yields
information about the molecular vibrational energy levels, which in turn are related to
molecular conformation, structure, intermolecular interaction and chemical bonding (Li

and Church, 2014)

Raman spectroscopic techniques are based on the interaction of light with a sample.
Raman uses monochromatic light (single wavelength) and is effective for the analysis
of drugs and active pharmaceutical ingredients (APIs) in pharmaceutical products.
Raman spectroscopy is particularly successful in the identification of C-C bonds and
carbonyl groups. Raman spectroscopy has been applied previously for analysis of

drugs, pharmaceuticals and food products (Assi et al., 2020).

Yet, the sensitivity of Raman spectroscopy has always been a challenge where the
detection limit of a drug/API has been high (above 5% m/m or m/v in most cases). To
address this limitation, surface enhanced Raman spectroscopy (SERS) has emerged
and that involves enhancing the Raman signal of trace analyte by about 1000,000
times. SERS was first discovered when the Raman spectra of pyridine on roughened
silver was first observed in 1974 (Fleischmann, Hendra and McQuillan, 1974),
although at the time this was not attributed to any novel or enhanced effects. Further
development and application of these findings (Jeanmaire and Van Duyne, 1977), has
sparked significant interest in and use of SERS for applications such as single
molecule detection (Almehmadi et al., 2019), and sensing and imaging (Kneipp, 2022).
Fundamentally, n SERS i s a way to significantly incre
yet structurally rich tec (Bhangetal,6 2012). BERBhan sc a
allows enhancement of the Raman signal intensity of a molecule through its adsorption
on a colloidal surface such as silver or gold nanostructure. This adsorption quenches
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fluorescence, addressing fluorescence interference in conventional Raman spectra

alongside sensitivity issues (Shan et al., 2017).

3.2 Experiment al

3.2.1 Materials

Brands 1 a#di® 2 a€ovnd samples were obtained

Liverpool Primary Care Network as outlined i
obtained from hospitals in Lebanon and | ragq.
A total of 64 vaccines from three brands wer
handheld Raman spectrometer. Brand 1 (n=20),
3.2.2 Instrumentation

Measurements were taken using the Metrohm MIRA XTR DS handheld Raman

Spectrometer, the specifications are detailed in Table 3.1.

Tab3l Handheld Raman instrument specifications
Instrument MIRA XTR DS handheld Raman Spectrometer
Manufacturer Metrohm

Laser Wavelength(s) | 785 nm + 0.5 nm

Maximum Laser O 100 mwW, 50 mW at sampl e,

Power five adjustable laser powers down to 10 mW

Spectral Range 4007 2300 cm?

Modes of Operation | Handheld
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Technique(s) XTR Algorithm,

Oribital Raster Scan (ORSE ) technology

FigBdi®etrohm MIRA XTR DS handhel d Raman

| aser and orbital raster scattering

Measurements were taken using the Metrohm MIRA XTR DS handheld Raman
spectrometer using the vial holder attachment (Figure 3.1). The instrument was
equipped with a 785 nm wavelength laser and orbital raster scattering function.
Measurements were taken across a range of 400 - 2300 cm™. Spectra were visualised
in real-time on the instrument screen and saved to the device for export to a computer
using Metrohmdés MIRA Cal softwar e. Metr ohmo
Raman data out of fluorescent backgrounds and allows generation of baseline spectra
through their MIRA Cal Software. The MIRA XTR allows customisation of
measurement protocol parameters including laser power, average scans, integration
time and XTR application. A variety of custom measurement procedures were trialled

to assess spectral quality as detailed below:
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Tab82 Custom operating procedures stored
Raman Spectrometer
Procedure Laser Power | Averages Integration XTR
(mW) time (s)
Default Auto Auto Auto Every Scan
MRW LIMU 02 05 Auto Every Scan
MRW LIJMU 2 01 10 Auto Every Scan
MRW LIJMU 3 05 10 0.20 Off
MRW LIJMU 4 05 10 Auto Every Scan
Preset 1 05 01 2 Auto
Preset 2 Auto Auto Auto Never
SA off XTR on | 05 05 Auto Every Scan
max

3.2.3 Methods

Surface amaol seampl e

Various surfaces and sample holders for measurement of SERS samples were trialled,

including filter paper, aluminium foil, glass slides and glass vials. 1-2 drops of sample

were applied to filter paper, glass slides and small pieces of aluminium foil and allowed

to dry at room temperature for 1-4 hours. Samples dried on substrate were measured

using the pointer attachments of the instrument. Samples in glass vials were measured

using the

i nstrument

vi al

t

h e

der attachmen

105



Sur f-eckanced Raman Spectroscopy

For SERS analysis, samples were measured with the addition of ThermoScientific 10
nm, 0.02 mg/ml silver nanoparticles (CAS: 7440-22-4) (Figure 3.2) and 1M KBr
Aggregating agent ( Ki mani , Lanzar ot t. 8ERS fordhulaBang veeren 202
made using 500 ul vaccine with the addition of 500 pl silver nanopatrticles and 10 pl
1M KBr aggregating salt vortexed for 30 s in 2 ml VWR glass vials (Figure 3.3).
Samples were measured through glass vials using the vial holder and pointer
attachments for the instrument, a minimum of three scans were taken per vial across
the wavenumber ranges specified in table 3.1. SERS formulations were mixed prior to

drying on substrate for measurement.

Fi g82Bher moScientific Silver nanoparticles wused
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3.2.4 Spectral treatment and qualitative ana

Spectra were exported as .csv files into Matlab 2023a software. Samples measured
using the Metrohm MIRA XTR handheld Raman spectrometer were pre-treated in
Metrohmdés MIRA Cal DS software wusing their

standard and baselined spectra were exported for analysis.

For evaluation of identification potential, machine learning algorithms (MLAS) including
CWS (equation 2.2) and PCA (equation 2.3) were applied to the spectral datasets as
detailed in section 2.2.4. 33 classification models ranging from simple decision trees
to neural networks were trained on both the conventional (table 3.3) and SERS (table
3.4) datasets using Matlab 2023a classification learner to identify the highest accuracy
automated identification method for Covid-19 vaccine brand. Confusion matrices were
produced for each classification model visualising the frequency of true and false class
predictions. A true positive is obtained when the actual classification is positive, and

the predicted classification is positive. A true negative is obtained when the actual
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classification is negative, and the predicted classification is negative. A false positive
is obtained when the actual classification is negative, and the predicted classification
is positive (Type | error). A false negative is observed when the actual classification is
positive, and the predicted classification is negative (Type Il error). The frequency of
true positives, true negatives, false positives and false negatives were used to
generate performance evaluation metrics for each model as detailed in section 2.2.4.
Accuracy (equation 2.5), precision (equation 2.6), recall (equation 2.7), specificity
(equation 2.8) and Fl-score (equation 2.9) were calculated to evaluate the
identification potential of the model. An AUC-ROC curve (equation 2.10) was produced
as described in section 2.2.4 for each dataset to assess the separation capacity of the
highest accuracy models. Spectral quality was assessed considering the parameters
specified in section 2.2.4. These parameters were used to establish the samples as

strong, medium or weak Raman intensity.

TabB.e& Mo d el type and hyperparameters of
conventional Raman spectral dataset using
Model Model Type | Hyperparameters
Number
1 Tree Maximum number of splits: 100; Split criterion: Gini's
diversity index; Surrogate decision splits: Off
2.01 Tree Maximum number of splits: 100; Split criterion: Gini's
diversity index; Surrogate decision splits: Off
2.02 Tree Maximum number of splits: 20; Split criterion: Gini's
diversity index; Surrogate decision splits: Off
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2.03 Tree Maximum number of splits: 4; Split criterion: Gini's diversity

index; Surrogate decision splits: Off

2.04 Discriminan | Covariance structure: Full
t

2.05 Discriminan | Covariance structure: Full
t

2.06 Efficient Learner: Logistic regression; Solver: Auto; Regularization:
Logistic Auto; Regularisation strength (Lambda): Auto; Relative

Regression | coefficient tolerance (Beta tolerance): 0.0001; Multiclass

coding: One-vs-One

2.07 Efficient Learner: SVM; Solver. Auto; Regularisation: Auto;
Linear SVM | Regularisation strength (Lambda): Auto; Relative
coefficient tolerance (Beta tolerance): 0.0001; Multiclass

coding: One-vs-One

2.08 Naive Distribution name for numeric predictors: Gaussian;
Bayes Distribution name for categorical predictors: Not Applicable
2.09 Naive Distribution name for numeric predictors: Kernel,
Bayes Distribution name for categorical predictors: Not Applicable;

Kernel type: Gaussian; Support: Unbounded; Standardise

data: No

2.10 SVM Kernel function: Linear; Kernel scale: Automatic; Box
constraint level: 1; Multiclass coding: One-vs-One;

Standardise data: Yes
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2.11 SVM Kernel function: Quadratic; Kernel scale: Automatic; Box
constraint level: 1; Multiclass coding: One-vs-One;

Standardise data: Yes

2.12 SVM Kernel function: Cubic; Kernel scale: Automatic; Box
constraint level: 1; Multiclass coding: One-vs-One;

Standardise data: Yes

2.13 SVM Kernel function: Gaussian; Kernel scale: 11; Box constraint
level: 1; Multiclass coding: One-vs-One; Standardise data:

Yes

2.14 SVM Kernel function: Gaussian; Kernel scale: 44; Box constraint
level: 1; Multiclass coding: One-vs-One; Standardise data:

Yes

2.15 SVM Kernel function: Gaussian; Kernel scale: 170; Box
constraint level: 1; Multiclass coding: One-vs-One;

Standardise data: Yes

2.16 KNN Number of neighbours: 1; Distance metric: Euclidean;

Distance weight: Equal; Standardise data: Yes

2.17 KNN Number of neighbours: 10; Distance metric: Euclidean;

Distance weight: Equal; Standardise data: Yes

2.18 KNN Number of neighbours: 100; Distance metric: Euclidean;

Distance weight: Equal; Standardise data: Yes

2.19 KNN Number of neighbours: 10; Distance metric.: Cosine;

Distance weight: Equal; Standardise data: Yes

2.20 KNN Number of neighbours: 10; Distance metric: Minkowski

(cubic); Distance weight: Equal; Standardise data: Yes
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2.21

KNN

Number of neighbours: 10; Distance metric: Euclidean;

Distance weight: Squared inverse; Standardise data: Yes

2.22

Ensemble

Ensemble method: AdaBoost; Learner type: Decision tree;
Maximum number of splits: 20; Number of learners: 30;
Learning rate: 0.1; Number of predictors to sample: Select

All

2.23

Ensemble

Ensemble method: Bag; Learner type: Decision tree;
Maximum number of splits: 153; Number of learners: 30;

Number of predictors to sample: Select All

2.24

Ensemble

Ensemble method: Subspace; Learner type: Discriminant;

Number of learners: 30; Subspace dimension: 951

2.25

Ensemble

Ensemble method: Subspace; Learner type: Nearest
neighbours; Number of learners: 30; Subspace dimension:

951

2.26

Ensemble

Ensemble method: RUSBoost; Learner type: Decision tree;
Maximum number of splits: 20; Number of learners: 30;
Learning rate: 0.1; Number of predictors to sample: Select

All

2.27

Neural

Network

Number of fully connected layers: 1; First layer size: 10;
Activation: RelLU; Iteration limit: 1000; Regularisation

strength (Lambda): 0; Standardise data: Yes

2.28

Neural

Network

Number of fully connected layers: 1; First layer size: 25;
Activation: ReLU; Iteration limit: 1000; Regularisation

strength (Lambda): O; Standardise data: Yes
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2.29 Neural Number of fully connected layers: 1; First layer size: 100;
Network Activation: ReLU; Iteration limit: 1000; Regularisation

strength (Lambda): O; Standardise data: Yes

2.30 Neural Number of fully connected layers: 2; First layer size: 10;
Network Second layer size: 10; Activation: RelLU; Iteration limit:

1000; Regularisation strength (Lambda): 0; Standardise

data: Yes
2.31 Neural Number of fully connected layers: 3; First layer size: 10;
Network Second layer size: 10; Third layer size: 10; Activation:

RelLU; Iteration limit: 1000; Regularisation strength

(Lambda): O; Standardise data: Yes

2.32 Kernel Learner: SVM; Number of expansion dimensions: Auto;
Regularisation strength (Lambda): Auto; Kernel scale:
Auto; Multiclass coding: One-vs-One; Standardise data:

No; Iteration limit; 1000

2.33 Kernel Learner: Logistic Regression; Number of expansion
dimensions: Auto; Regularisation strength (Lambda): Auto;
Kernel scale: Auto; Multiclass coding: One-vs-One;

Standardise data: No; Iteration limit; 2000
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Tab3deModel type and hyperparameters of the cl assi
enhanced Raman spectral dataset using Matl ab 202
Model Model Type | Hyperparameters
Number
3.01 Tree Maximum number of splits: 100; Split criterion: Gini's
diversity index; Surrogate decision splits: Off
3.02 Tree Maximum number of splits: 20; Split criterion: Gini's
diversity index; Surrogate decision splits: Off
3.03 Tree Maximum number of splits: 4; Split criterion: Gini's diversity
index; Surrogate decision splits: Off
3.04 Discriminant | Covariance structure: Full
3.05 Discriminant | Covariance structure: Full
3.06 Efficient Learner: Logistic regression; Solver: Auto; Regularisation:
Logistic Auto; Regularisation strength (Lambda): Auto; Relative
Regression | coefficient tolerance (Beta tolerance): 0.0001; Multiclass
coding: One-vs-One
3.07 Efficient Learner: SVM,; Solver. Auto; Regularization: Auto;
Linear SVM | Regularisation strength (Lambda): Auto; Relative
coefficient tolerance (Beta tolerance): 0.0001; Multiclass
coding: One-vs-One
3.08 Naive Distribution name for numeric predictors: Gaussian;
Bayes Distribution name for categorical predictors: Not Applicable
3.09 Naive Distribution name for numeric predictors: Kernel,
Bayes Distribution name for categorical predictors: Not
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Applicable; Kernel type: Gaussian; Support: Unbounded;

Standardise data: Yes

3.1 SVM Kernel function: Linear; Kernel scale: Automatic; Box
constraint level: 1; Multiclass coding: One-vs-One;

Standardise data: Yes

3.11 SVM Kernel function: Quadratic; Kernel scale: Automatic; Box
constraint level: 1; Multiclass coding: One-vs-One;

Standardise data: Yes

3.12 SVM Kernel function: Cubic; Kernel scale: Automatic; Box
constraint level: 1; Multiclass coding: One-vs-One;

Standardise data: Yes

3.13 SVM Kernel function: Gaussian; Kernel scale: 11; Box constraint
level: 1; Multiclass coding: One-vs-One; Standardise data:

Yes

3.14 SVM Kernel function: Gaussian; Kernel scale: 44; Box constraint
level: 1; Multiclass coding: One-vs-One; Standardise data:

Yes

3.15 SVM Kernel function: Gaussian; Kernel scale: 170; Box
constraint level: 1; Multiclass coding: One-vs-One;

Standardise data: Yes

3.16 KNN Number of neighbours: 1; Distance metric: Euclidean;

Distance weight: Equal; Standardise data: Yes

3.17 KNN Number of neighbours: 10; Distance metric: Euclidean;

Distance weight: Equal; Standardise data: Yes
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3.18 KNN Number of neighbours: 100; Distance metric: Euclidean;

Distance weight: Equal; Standardise data: Yes

3.19 KNN Number of neighbours: 10; Distance metric: Cosine;

Distance weight: Equal; Standardise data: Yes

3.2 KNN Number of neighbours: 10; Distance metric: Minkowski

(cubic); Distance weight: Equal; Standardise data: Yes

3.21 KNN Number of neighbours: 10; Distance metric: Euclidean;

Distance weight: Squared inverse; Standardise data: Yes

3.22 Ensemble Ensemble method: AdaBoost; Learner type: Decision tree;
Maximum number of splits: 20; Number of learners: 30;
Learning rate: 0.1; Number of predictors to sample: Select

All

3.23 Ensemble Ensemble method: Bag; Learner type: Decision tree;
Maximum number of splits: 153; Number of learners: 30;

Number of predictors to sample: Select All

3.24 Ensemble Ensemble method: Subspace; Learner type: Discriminant;

Number of learners: 30; Subspace dimension: 951

3.25 Ensemble Ensemble method: Subspace; Learner type: Nearest

neighbours; Number of learners: 30; Subspace dimension:

951

3.26 Ensemble Ensemble method: RUSBoost; Learner type: Decision tree;
Maximum number of splits: 20; Number of learners: 30;
Learning rate: 0.1; Number of predictors to sample: Select

All

115



3.27 Neural Number of fully connected layers: 1; First layer size: 10;
Network Activation: ReLU; Iteration limit: 1000; Regularization
strength (Lambda): O; Standardise data: Yes
3.28 Neural Number of fully connected layers: 1; First layer size: 25;
Network Activation: ReLU; Iteration limit: 1000; Regularisation
strength (Lambda): O; Standardise data: Yes
3.29 Neural Number of fully connected layers: 1; First layer size: 100;
Network Activation: ReLU; Iteration limit: 1000; Regularisation
strength (Lambda): O; Standardise data: Yes
3.3 Neural Number of fully connected layers: 2; First layer size: 10;
Network Second layer size: 10; Activation: RelLU; Iteration limit:
1000; Regularisation strength (Lambda): 0; Standardise
data: Yes
3.31 Neural Number of fully connected layers: 3; First layer size: 10;
Network Second layer size: 10; Third layer size: 10; Activation:
RelLU; lteration limit: 1000; Regularisation strength
(Lambda): 0; Standardise data: Yes
3.32 Kernel Learner: SVM; Number of expansion dimensions: Auto;
Regularisation strength (Lambda): Auto; Kernel scale:
Auto; Multiclass coding: One-vs-One; Standardise data:
Yes; Iteration limit: 2000
3.33 Kernel Learner. Logistic Regression; Number of expansion

dimensions: Auto; Regularisation strength (Lambda): Auto;
Kernel scale: Auto; Multiclass coding: One-vs-One;

Standardise data: Yes; Iteration limit; 21000
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The Pilot Study provided a proof of concept regarding SERS for authenticating Covid-

19 vaccines.

3.3.2. Experi ment al

3.3.2.1 Materials

Cov-id vaccine samples were obtained through
Care Network as outlined in sectiboans €d)2.4dalndn

Brand 2-baskRNIA. A tot al of 46 vaccine sampl es

3.3.2.2 Procedur e

Measurements were taken wusing the Metrohm

spectrometer as detRiig&rdd)i.n section 3.2.2 (
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An optimisation study was conducted using 20
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measured in 2 ml glass vials (VWR) wi-th the
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| aser wavelength and 5 mW | aser output. Exci
ml gl ass vials using the Menanohsny svtieanh aantdt aucshi

same settings as the previous vaccines.
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3.3.2.3 Qualitative analysis

Spectra were exported from the MIRA Cal soft
involved the assessment of spectral quality
Cov-id wvaccines. Spectr al qgual ity was asses
outlimeslection 2. 2. 4. l denti fication potent:i
of supervised machine | earning techniqgues ir

section 2.2. 4.

3.3.3 Results and Discussion

The overall results proved that Raman spectroscopy was well-suitable for identifying
Covid-19 vaccines. Raman spectra showed key features corresponding to DNA,
MRNA and other Raman active excipients in the vaccines. The wavelength of the laser
impacted the Raman activity varied between individual vaccines and that was related
to the stability of the vaccines under the laser light. However, key bands to constituents
were common across each brand where the noise level introduced variation alongside
the intensity. Intensity variation is expected considering that the Raman signal is

cumulative.

3.3.3.1 Spectral I nterpretation
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Ramasipectroscopy was applied to a smaller S
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3.3.3.2 Correlation in Wavenumber Space and Prin

FigB8ré&8 shows the PC scores plot for all t he

study. The first three PCs contributed to 8¢

PCA scores plot showed three groups, with tw
vol ume obhcctinees v including LJMUCV718, LJ MU
LJMUCV716 and LJMUCV743. Al l the -mdoead ment i
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hydroxyl amine hydsiokchéorcall oeducan be subj e
ti me or upon exapasaurieont o nl itchhet ,stvabi |l ity of
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34Concl usion of the pilot study

SERS proved to be an effective method of vaccine identification in comparison to CR
spectroscopy which was limited due to the sensitivity of the handheld instrument and

the fluorescence of the vaccinesd formul ati c
PCscores of vaccinesd SERS spectra, further
stability of the nucleic acids in the vaccines, the colloid nanoparticle stability, and the

influence of sample dilution on measurement. SERS showed strong identification

potential for both vaccines and their excipients, further work involving the optimisation

of SERS parameters was necessary as well as additional spectral interpretation

alongside nucleic acid standards and existing literature to confirm SERS as a

prospective technique for vaccine authentication.

3.4 Results and Discussion

3.4.1.1 Raman activity of wvaccines

Spectral interpretation was carried out to assess the Raman activity and signature of

each of the vaccine samples. Figure 3.10 shows the untreated conventional Raman

spectra of brand 1 vaccines LIJMUCV661, LIJMUCV664, LIJMUCV665 and
LIMUCV667, measured using the Metrohm MIRA XTR handheld Raman instrument.

Figure 3.11 shows the baseline conventional Raman spectra of the brand 1 vaccines,
treated usi ng Met r ohmos MI RA Cal DS softws
consistencies in the appearance of characteristic bands of DNA Raman spectra at

around 750, 836, 875, 918, 999, 1066, 1132, 1296, 1337, 1357, 1460 and 1632 cm™_.
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Sharp bands at around 836 cm™ could be attributed to phosphodiester asymmetric
stretching observed in Raman DNA spectra. Bands at 1066 cm™ could also be
attributed to PO4- stretching modes or PO stretching of the backbone. Further bands
observed between 750 and 1066 cm™ are attributed to vibrations of the DNA backbone
(Benevides and Thomas, 1983). A weak peak between 633 and 655 cm in all brand
1 spectra is attributed to the ring breathing mode of guanine (Gearheart, Ploehn and
Murphy, 2001; Ni, Sheng and Cotton, 1990). Peaks between 729 and 743 cm™
correspond to the nucleic acid base adenine, while the bands at 787 cm™ are
characteristic of bases thymine and cytosine (Barhoumi et al., 2008). Some bands
such as that observed at a broad peak around 1365 cm* could correspond to the ring
vibration of guanine, although the exact determination of these peak positions is
' imited due to obscurity from the flu
between 1328 and 1357 cm™ correspond to adenine bases, although these bands also
appear broad due to fluorescence interference and so exact quantification of this peak
position in each spectrum is not possible. A sharp peak at around 1460 cm™ is
characteristic of adenine, thymine and cytosine bases. Bands at 1573 cm™ correspond
with the ring stretching or N6H2 deformation of adenine (Gearheart, Ploehn and
Murphy, 2001; Otto et al., 1986). Significant fluorescence was observed between 1800

and 2300 cm-?, limiting the identification of any discernible bands.
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Figure 3.12 shows the untreated conventional Raman spectra of brand 2 vaccines
LIJMUCV355, LIMUCV356, LIMUCV357 and LIJMUCV358 measured using the
Metrohm MIRA XTR handheld Raman instrument. Figure 3.13 shows the baseline
conventional Raman spectra of the brand
Cal DS software. The brand 2 spectra shared characteristic nucleic acid bands with
the brand 1 spectra including those at 837, 1065, 1129, 1295, 1331, 1350, 1461 and
1635 cm™. The peak at 837 cm™ corresponds with phosphodiester asymmetric
stretching of the sugar-phosphate backbone. Peaks at 1065 cm™ could also be
attributed to PO4- stretching modes or PO~ stretching of the backbone. Weak peaks
at around 639 cm in all brand 2 spectra are attributed to the ring breathing mode of
guanine (Gearheart, Ploehn and Murphy, 2001; Ni, Sheng and Cotton, 1990). Peaks
between 729 and 743 cm™! correspond to the nucleic acid base adenine (Barhoumi et
al., 2008), while bands observed between 777 and 800 correspond to the nitrogenous
uracil base found exclusively in RNA. Bands such as that observed at 1331 cm* could
correspond to the ring vibration of guanine, and peaks at 1350 cm correspond to
adenine bases, the area underlying these peaks appears broad due to fluorescence.
A sharp peak at around 1460 cm™ could be characteristic of adenine and cytosine
bases. In addition to the bands between 777 and 800 cm, RNA specific peaks at
1233 cm correspond to ring modes of uracil bases (Desai et al., 2020; Gong et al.,
2009). A strong speak at 1295 and 1635 cm™ demonstrates the presence of proteins,
corresponding to amide | and Ill bonds (De Gelder et al., 2007). Bands observed
between 1900 and 2300 cm™ were not positively distinguishable due to heavy

interference from fluorescence in this region. The brand 2 vaccine spectra featured
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bands between 406 and 443 cm corresponding to out-of-plane ring, and C=0

deformations of uracil and cytosine found in aqueous RNA (Thomas, 1970).
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Figure 3.14 shows the untreated conventional Raman spectra of brand 3 vaccines
LIJMUCV1400, LIMUCV1401, LIMUCV1403 and LIMUCV1404 measured using the
Metrohm MIRA XTR DS handheld Raman spectrometer. Figure 3.15 shows the
baseline conventional Raman spectra of the brand 3 vaccines, treated using
Metrohmdés MIRA Cal DS spectral visuali
vaccines showed spectral similarities to the DNA-based brand 1 vaccines, attributed
to the viral DNA of the live-attenuated inactivated formulation of the brand 3 vaccines.
Brand 3 vaccine spectra showed prominent peaks at around 615, 680-695, 806, 819,
1066, 1129, 1225, 1297-1311, 1324-1343, 1444, 1588 and 1631 cm. Characteristic
DNA bands observed included those at 1066 cm™ (PO4- stretching modes or PO~
stretching of the backbone), 1297-1311 and 1631 cm™ (amide | and IlIl bonds in
proteins), 1324-1343 cm! (adenine bases), 1444 cm (adenine, thymine and cytosine
bases), and 1588 cm (ring stretching or N6H2 deformation of adenine) (Benevides
and Thomas, 1983; De Gelder et al., 2007; Gearheart, Ploehn and Murphy, 2001; Otto

et al., 1986; Thomas, 1970).
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Figure 3.18 shows the stacked spectra of the measured excipients against a brand 1,
2 and 3 vaccines. Spectral similarities between the excipients and the vaccine spectra
can be drawn, most notably in the band position of the PEGylated lipid nanoparticles:
mPEG_DMG_2K and mPEG_DTA_2K. Noteworthy bands include those at 840 cm™,
1140 cm, 1300 cm™ and 1440 cm™ observed in the spectra of the aforementioned
PEGylated lipids nanoparticles and DHA, alongside the three vaccine brands. Spectral
contribution from the remaining excipients was difficult to identify due to fluorescence
in the vaccinesd6 spectra obscuring the exact
the 1500-1800 cm™ range. Overall, the measured nucleic acids, and the PEGylated
lipid excipients demonstrated the highest contribution to the spectral characteristics

observed in all three vaccine brands spectra.
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Figure 3.19 shows the baseline conventional Raman spectra of purified RNA (black)
and DNA from salmon testes (blue) measured using the Metronm MIRA XTR DS
handheld Raman instrument. The CR spectra of DNA from salmon testes showed
characteristic nucleic acid bands observed in the spectra of brand 1 and 3 covid-19
vaccines. The DNA CR spectra showed prominent peaks at 780 and 800 cm™ which
are characteristic of bases thymine and cytosine, while peaks between 1340 and 1352
cm correspond to adenine bases. The peak at around 1490 cm! is characteristic of
adenine, thymine and cytosine bases (Barhoumi et al., 2008), and peaks at 1635 are
attributed to amide Il protein bonding (De Gelder et al., 2007). The CR spectra of
purified RNA also demonstrated similarities to the brand 2 mRNA-based vaccine
spectra, including bands at 794 cm* corresponding to nitrogenous base uracil (Desai
et al., 2020; Gong et al., 2009). A weak band at 403 cm corresponds to out-of-plane

ring, and C=0 deformations of uracil and cytosine (Thomas, 1970).
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Figure 3.20 shows the stacked spectra of brand 1 vaccine LIMUCV661 measured as
standard (black), and with the addition of the ThermoScientific silver nanoparticles
(red) and 1M KBr aggregating salt (see section 3.2.3). Brand 1 vaccines showed
reduced enhancement when measured with the addition of the silver colloid for all
samples, the intensity between 400 cm™ and 700 cm™ was reduced so significantly
that bands in this region were rendered indiscernible. However, the fluorescence
guenching effects of SERS were demonstrated in the range of 1800 i 2300 cm,
where fluorescence interference in the spectra was notably reduced. The poor
enhancement observed for brand 1 vaccines®é
concentrations. Brand 1 vaccine samples measured using conventional Raman had
been previously diluted with 0.9% NaCl to support sample stability and to increase
volume for repeated testing, as the initial volume received was insufficient. A small
volume (500ul) of the diluted brand 1 vaccine samples was then further diluted with
500ul silver nanoparticles and 5ul 1M KBr for SERS measurement. The final
concentration of the SERS vaccines sample is not possible to quantify, but as signal
intensity is positively correlated with sample concentration, the poor enhancement
observed in Figure 3.20 is attributed to insufficient sample concentration for SERS

enhancement.
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Figure 3.21 shows the stacked spectra of brand 2 vaccine LIMUCV355 measured as
standard (black) and with the addition of the silver nanoparticles (red). Signal
enhancement was seen, specifically for peaks at 785, 797, 808, 937, 1064, 1128,
1330, 1338, 1351, 1441 and 1459 cm™. The fluorescence quenching effects of the
colloid were less notable in the 1800 7 2300 cm™ range of the brand 2 SERS vaccine
spectra compared to the brand 1 SERS vaccine spectra. However, peak resolution
was visibly improved throughout 850 i 1200 cm region. Enhancement however was
inconsistent throughout the spectra, with bands at 1624 and 1636 cm™ showing

reduced signal intensity for the SERS sample. This could again be attributed to the

136



low concentration of the vaccines used in the SERS sample formulation, or

degradation in the formulation of the original sample over time.
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Figure 3.22 shows the stacked spectra of brand 3 vaccine LIMUCV1374 measured
as standard (black) and with the addition of the silver nanoparticles and 1M KBr
aggregating agent (red). Significant enhancement was seen for all of the brand 3
vaccine samples when measured with the addition of the colloid. Increased signal
intensity was observed for peaks at 1297, 1303, 1314, 1324, 1338, 1362, 1415, 1443,
1571, 1628, 1634, 1779, 1795, 1805, and 1817 cm™*. Fluorescence quenching effects
of the colloid were particularly notable in the brand 3 SERS vaccine spectra, where
bands otherwise obscured were able to be identified in the 1800-2300 cm™ region

(Figure 3.22). While enhancement of signal intensity was not observed for bands in
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the 7501 1000 cm™ range, peaks appeared significantly better resolved and the
appearance of 6broadé peaks due t o fluore
noteworthy to mention that the brand 3 vaccines were obtained from an alternate
source to the brand 1 and 2 vaccines, and were of sufficient volume for repeated
testing, so were not diluted with 0.9% NaCl at receipt. Therefore, the concentration of
the brand 3 vaccine samples added to the silver nanoparticles was significantly greater
than that of the other two other vaccine brands. The successful signal enhancement
of the more concentrated SERS vaccine formulations indicates that the SERS method
described in this study can be used as an effective tool for spectral enhancement when
used in conjunction with samples of sufficient concentration but is inhibited by the
sensitivity of the instrument. Brand 1 and 2 vaccines were obtained for the pilot study
in 2021, whereas brand 3 vaccines were obtained in 2023. All vaccines used in this
study were measured between December 2023 and January 2024. Therefore, brand
1 and 2 vaccines were significantly more susceptible to degradation of their biological
formulation in the time elapsed prior to their measurement. This is a particularly
prominent limitation in measurement of brand 2 vaccines due to the instability and
ultracold storage requirement of mMRNA vaccines (Liu et al., 2022; Schoenmaker et al.,

2021; Uddin and Roni, 2021).
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3.4.1.2 Spectral qguality

Spectral quality showed strong Raman scattering for the majority of the measured
samples for brands 1, 2 and 3 vaccines based on their numerous bands, maximum
intensity and signal-to-noise ratio (SNR). Standard brand 1 samples demonstrated an
average of 18 bands in their spectra, with maximum baselined peak intensity ranging
from 1216 to 2026 arbitrary units. SNR values for standard brand 1 vaccines ranged
between 2 and 305, compared to a range of 51-1226 for surface-enhanced Raman
samples (table 3.3). SERS brand 1 vaccines demonstrated less numerous absorption
bands of 14 and maximum baselined peak intensity of 612-853 arbitrary units. Average
maximum peak intensity for the untreated spectra reduced from 6808 to 6528 for

standard brand 1 vaccines and surface-enhanced brand 1 vaccines, respectively
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(table 3.6). However, SNR values increased significantly between standard and
surface-enhanced Raman spectra. All SERS brand 1 vaccines showed a percentage
increase in SNR compared to their conventional Raman counterparts of between 14%
and 18617%. LIMUCV688 had a SNR of 3, and SERSLIMUCV688 obtained a SNR
of 483, LIMUCV690 obtained a SNR of 7 compared to 1129 for SERSLIMUCV690. It
is noteworthy that the maximum peak intensity was observed at an average of 835cm-
! for standard brand 1 vaccines, and 1339 cm™ for the vaccines measured with the

addition of silver nanoparticles and KBr aggregating agent.

Brand 2 vaccines showed overall weaker Raman scattering for the surface-enhanced
samples in comparison to the vaccines measured as received, demonstrated by their
reduced average maximum peak intensity for both baselined and untreated spectra.
Brand 2 vaccine spectra consisted of 11 peaks on average, in comparison to 9 peaks
in the surface-enhanced brand 2 spectra. Maximum peak intensity for the standard
brand 2 vaccines ranged from 507 to 668 arbitrary units, and from 496 to 662 arbitrary
units for the SERS samples (table 3.4). Standard brand 2 vaccines obtained SNR
values of up to 977, compared to a maximum SNR of 397 for SERS samples. 9
samples of a total 23 brand 2 vaccines exhibited an increase in SNR when measured
with the addition of silver nanoparticles and a KBr aggregating agent, with a maximum
percentage increase of 1938% between LIJMUCV403 and SERSLJMUCV403.
Maximum peak position occurred on average at 1338 cm and 1339 cm-? for standard

samples and surface enhanced samples, respectively.

Overall, brand 3 vaccines showed stronger Raman scattering when measured with the
addition of silver nanoparticles and KBr aggregating agent, demonstrated by the
enhancement of signal intensity for both baselined and untreated spectra. Five of the
brand 3 samples showed higher SNR values for the SERS samples compared to the
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conventional Raman samples, with percentage increases ranging from 27% to 498%.
LIJIMUCV1405 obtained a SNR value of 7 compared to 39 for SERSLIMUCV1405.
LIMUCV1403 obtained a SNR value of 147 compared to 267 for SERSLIMUCV1403.
However, overall, the average SNR obtained for SERS brand 3 vaccines was reduced
in comparison to the conventional brand 3 vaccines (table 3.6). Maximum peak
intensity for brand 3 vaccines measured conventionally ranged from 515 to 611
arbitrary units in baselined spectra and from 679-1336 in the baselined spectra of
SERS brand 3 vaccines. Standard brand 3 spectra demonstrated an average
maximum peak intensity of 10959 arbitrary units in untreated spectra compared to
32130 for SERS brand 3 samples (table 3.6), indicating an average signal
enhancement of 193% when measured with the addition of the silver nanopatrticles

and aggregating agent.

Overall, brand 1 and 2 vaccines showed poorer signal intensity and spectral quality
for SERS samples in comparison to conventional Raman samples, demonstrated by
reduced peak intensity for both treated and baselined spectra, and number of peaks.
Brand 1 vaccines however demonstrated increased SNR values for SERS samples,
indicating that although the addition of a colloid prior to measurement failed to enhance
the signal intensity of the samples, SERS demonstrated potential in reducing spectral
interference from sample fluorescence and noise in these cases. Brand 3 vaccines
showed significant enhancement of signal intensity when measured with the addition
of silver nanoparticles in comparison to conventional Raman vaccine samples. Brand
1 and 2 vaccines were diluted with 0.9% NaCl prior to measurement, and further
diluted with silver nanoparticles and 1M KBr aggregating agent for SERS
measurement. Brand 3 vaccines were measured as received without the addition of

0.9% NaCl for conventional Raman measurement. Brand 3 vaccines obtained
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significantly higher maximum peak intensity in untreated spectra compared to brand 1
and 2 vaccines (table 3.6). Hence, the higher peak intensity observed for brand 3
vaccines could be attributed to the increased concentration of the undiluted vaccines,
as drug concentration positively correlates with signal intensity in Raman spectroscopy
(Elshout et al., 2011). The significantly weaker concentration of the diluted brand 1

and 2 vaccines could inhibit enhancement of

the addition of the silver colloid. Previous studies of biologics using surface-enhanced
Raman spectroscopy experienced signal intensity related limitations corresponding to

low concentrations of samples (Clarke et al., 2005; Sackmann and Materny, 2006).

Tab3%Val ues for spectral qgual ity parmrdeachkancedf B

average spectra measured using the Metrohm MIRA

equipped with orbital £28€60Dédcmscattering across 4
Vaccine Brand | N | Maximum | Baselined | SNR* Raman
band Max Scattering
position intensity
(cm™) (arbitrary
units)

LIMUCV661 1 17 835 1837 54 M
SERSLIMUCV661 1 16 834 785 97 S
LIMUCV664 1 17 836 2026 9 M
SERSLIMUCV664 1 15 1328 670 379 S
LIMUCV665 1 15 835 1937 3 w
SERSLIMUCV665 1 15 1338 724 80 M

142




LIMUCV667 17 834 2005 119 S
SERSLIMUCV667 13 1330 735 183 S
LIMUCV668 16 835 1527 4 w
SERSLIMUCV668 16 1352 612 195 M
LIMUCV670 19 838 1890 88 S
SERSLIMUCV670 14 1327 729 616 S
LIMUCV679 17 836 1216 24 M
SERSLIMUCV679 13 836 853 302 S
LIMUCV681 16 836 1478 3 \W
SERSLIJMUCV681 16 1347 692 240 S
LIMUCV683 18 835 1942 121 S
SERSLIJMUCV683 15 834 852 138 S
LIMUCV687 19 835 1514 4 w
SERSLIJMUCV687 13 1338 804 87 M
LIMUCV688 16 836 1508 3 \W
SERSLIJMUCV688 14 1356 720 483 S
LIMUCV690 21 835 1621 7 M
SERSLIMUCV690 14 1355 777 1129 S
LIMUCV6E91 17 835 1575 182 S
SERSLIMUCV691 16 1333 671 864 S
LIMUCV692 18 836 1410 9 M
SERSLIMUCV692 15 1356 656 233 S
LIMUCV694 19 834 1545 4 \W
SERSLIJMUCV694 15 1331 729 228 S
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LIMUCV697 1 20 836 1750 306 S
SERSLIJMUCV697 1 14 1342 690 350 S
LIMUCV702 1 19 836 1781 37 M
SERSLIMUCV702 1 13 1328 658 257 S
LIMUCV703 1 16 835 1367 3 \W
SERSLIMUCV703 1 13 1340 684 52 M
LIMUCV704 1 17 835 1657 169 S
SERSLIMUCV704 1 13 1342 673 1226 S
LIMUCV705 1 18 835 1777 3 \W
SERSLIMUCV705 1 15 1334 670 138 S

*at maximum band position, S=Strong, M=Medium, W=Weak

Tab3&kVvVal ues for spectr al gual ity parmrmdeachkanscseof B

average spectra measured using the Metrohm MIRA

equi pped with orbital 2860D&dcmscattering across 4
Vaccine Brand | N | Maximum | Baselined Max | SNR* Raman
band intensity Scattering
position (arbitrary
(cm) units)
LIMUCV355 2 11 1346 644 254 S
SERSLIJMUCV355 2 10 1335 514 68 M
LIMUCV356 2 12 1347 592 143 S
SERSLJIJMUCV356 2 7 1335 629 104 S
LIMUCV357 2 12 1336 645 197 S
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SERSLIMUCV357 9 1346 578 241 S
LIMUCV358 11 1326 588 978 S
SERSLIJMUCV358 10 1325 625 36 M
LIMUCV359 11 1337 597 297 S
SERSLIMUCV359 7 1345 540 141 S
LIMUCV360 11 1338 598 122 S
SERSLIMUCV360 9 1346 563 202 S
LIMUCV361 10 1342 507 203 S
SERSLIMUCV361 10 1335 513 295 S
LIMUCV363 11 1350 648 152 S
SERSLIJMUCV363 8 1340 563 229 S
LIMUCV364 10 1349 628 361 S
SERSLIMUCV364 8 1345 527 19 M
LIMUCV395 12 1341 539 224 S
SERSLIMUCV395 10 1354 497 252 S
LIMUCV396 12 1332 625 150 S
SERSLIMUCV396 10 1338 543 123 S
LIMUCV397 12 1341 614 174 S
SERSLIMUCV397 9 1328 496 52 M
LIMUCV398 10 1330 655 47 M
SERSLIMUCV398 7 1332 621 134 S
LIMUCV399 12 1331 633 8 w
SERSLIMUCV399 8 1338 544 98 M
LIMUCV400 10 1336 596 298 S
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SERSLIJMUCV400 2 10 1339 565 103 S
LIMUCV401 2 11 1337 668 29 M
SERSLIJMUCV401 2 9 1347 580 22 M
LIMUCV402 2 12 1342 604 468 S
SERSLIMUCV402 2 7 1338 571 136 S
LIMUCV403 2 11 1331 617 19 M
SERSLIMUCV403 2 9 1336 618 397 S
LIMUCV404 2 11 1336 610 25 M
SERSLIMUCV404 2 9 1338 662 103 S
LIMUCV1287 2 11 1330 611 157 S
SERSLIMUCV1287 2 7 1340 512 116 S
LIMUCV1292 2 12 1336 609 193 S
SERSLIMUCV1292 2 10 1328 539 181 S
LIMUCV1296 2 9 1335 624 214 S
SERSLIMUCV1296 2 8 1340 554 50 M
LIMUCV1313 2 10 1345 538 385 S
SERSLIMUCV1313 2 9 1339 552 159 S

*at maximum band position, S=Strong, M=Medium, W=Weak
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Tab3®val ues for spectral guality paraeehansedf B

aver age neepassautrread using the Metrohm MIRA XTR DS he

equi pped with orbital 2860D@dcmscattering across A4
Vaccine Brand | N | Maximum | Baselined | SNR* Raman
band Max Scattering
position intensity
(cm™) (arbitrary
units)
LIMUCV1371 3 9 1327 573 611 S
SERSLIJMUCV1371 3 4 1334 825 27 W
LIMUCV1373 3 10 1320 515 95 M
SERSLIJMUCV1373 3 6 1802 1336 27 W
LIMUCV1374 3 11 1333 590 119 S
SERSLIJMUCV1374 3 4 1312 1026 18 W
LIMUCV1375 3 10 1333 586 132 S
SERSLIJMUCV1375 3 4 1334 832 42 W
LIMUCV1376 3 9 1333 559 70 M
SERSLIJMUCV1376 3 5 1336 1059 22 W
LIMUCV1378 3 9 1337 559 84 M
SERSLIJMUCV1378 3 5 1335 816 11 W
LIMUCV1381 3 11 1330 536 186 S
SERSLJMUCV1381 3 6 1335 929 86 M
LIMUCV1387 3 10 1336 605 35 M
SERSLIJMUCV1387 3 4 1802 945 12 W
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LIMUCV1389 10 1331 584 240 S
SERSLIJMUCV1389 5 1335 869 28 M
LIMUCV1390 9 1329 546 341 S
SERSLIJMUCV1390 4 1795 1113 14 \W
LIMUCV1392 10 1329 579 134 S
SERSLIMUCV1392 4 1327 768 123 M
LIMUCV1394 10 1331 543 525 S
SERSLIJMUCV1394 5 1354 870 12 \W
LIMUCV1395 11 1332 588 353 S
SERSLIJMUCV1395 5 1338 867 11 \W
LIMUCV1396 9 1325 529 41 M
SERSLIJMUCV1396 3 1332 748 5 w
LIMUCV1397 10 1328 611 260 S
SERSLIJMUCV1397 3 1336 860 38 W
LIMUCV1399 9 1333 602 9 \W
SERSLIJMUCV1399 4 1340 679 26 w
LIMUCV1400 10 1338 604 2 \W
SERSLIJMUCV1400 5 1334 878 7 \W
LIMUCV1401 10 1335 604 169 S
SERSLIMUCV1401 3 1335 856 37 \W
LIMUCV1403 10 1335 566 147 M
SERSLIJMUCV1403 4 1343 756 267 M
LIMUCV1404 11 1336 526 22 M
SERSLIJMUCV1404 4 1340 871 28 w
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LIMUCV1405 3 8 1354 532 7 w

SERSLJMUCV1405 3 4 1336 748 39 M

*at maximum band position, S=Strong, M=Medium, W=Weak

Tab38&Average values of spectral gual i-eghapacadet e

Raman spectra by brand, measured wusing the Metr
Spectrometer equipped with orbitaf23083tcewr scatte
Vaccine N Maximum Standard Baselined | SNR* | Raman
Brand band Max Intensity Max Scattering
position (arbitrary Intensity
(cm™) units) (arbitrary
units)
1 18 835 6808 1668 58 S
1(SERS) | 14 1339 6528 719 364 S
2 11 1338 6203 608 222 S
2 (SERS) 9 1339 6096 561 142 M
3 10 1333 10959 568 171 S
3 (SERS) 4 1335 32130 888 42 M
*at maximum band position, S=Strong, M=Medium, W=Weak
3.4.1.3 Authenfipcaaconne$ EBypvhdndhel d Raman
For vaccine authenticati on, unsupervised cl

spectra using PCA as specified in section 2.3.3. The frequency of Type | and Type Il
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errors observed in the PC scores scatter plots were used for assessment of accuracy
in clustering. Type | errors were observed where vaccine scores were clustered with
the scores of a different vaccine brand. Type Il errors were observed where the scores

of a vaccine were clustered away from the majority of their representative brand.

Figures 3.23 and 3.24 show the PC scores plots of the conventional Raman vaccine
spectra, brand 1 vaccines showed the highest contribution to the variance observed,
demonstrated by their spatial position at PC1 which reflected 80.5% of the variance
observed (Figure 3.23; Figure 3.24). Distinct clusters were able to be identified for all
three brands of vaccines, however type | and type Il errors were observed for all
brands. Type Il errors were observed for brand 1 vaccines where 5 of the vaccine
scores were clustered with the majority of the brand 2 vaccines and 11 of the vaccine
scores were clustered away from the majority of all vaccine scores (Figure 3.23).
However, when plotted across three axis (Figure 3.24) distinct clustering for brand 1
vaccines was observed where no type | or type Il errors occurred. Brand 2 vaccines
showed significant overlap with the brand 3 vaccine scores in Figure 3.23 and Figure
3.24. One type | error was observed for brand 2 vaccines, where one score was
clustered with the majority of brand 1 vaccine scores. Brand 3 showed the poorest
clustering in both PCA models (Figure 3.23; Figure 3.24) where type | errors were
observed when brand 3 scores were clustered with the majority of brand 1 vaccine
scores. 14 type Il errors were observed for brand 3 vaccines where scores were
clustered away from the majority of the brand 3 vaccines. Two significant outliers were
identified in the brand 3 vaccine spectra where scores were plotted a significant

distance from the majority of the vaccines.
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Figure 3.25 and Figure 3.26 show the PC scores plot of the SERS vaccine spectra.
Brand 3 vaccines showed the highest contribution to the variance observed in the
vaccine spectra, demonstrated by the special position of the scores at PC1, which
attributed to 98.9% of the variance. Distinct clustering was observed for the SERS
brand 1 and 2 vaccine scores (Figure 3.25; Figure 3.26), where scores of the same
vaccine were clustered closely together. Significant overlap between the brand 1 and
2 vaccines was observed, type | errors occurred for both brand 1 and 2 vaccines where
scores of each brand were clustered with the majority of scores from the other. No
distinct clustering was seen for the brand 3 vaccines, where all scores were plotted

away fromeachother, and at distance from the other t
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These results suggest that PCA is a poor indicator of identification potential in SERS
vaccine spectra. Although distinct clustering was identified in the 3D PC scores model
of the conventional Raman spectra of the covid-19 vaccines (Figure 3.24), type Il
errors were noted for the scores of the brand 3 vaccines. Significant variation in the
brand 3 vaccine scores was seen in both the 2D and 3D PC scores plots of the SERS
vaccine spectra, suggesting the SERS spectra of brand 3 lack consistency and
reproducibility in comparison to the other two brands. Reproducibility has long been a
limitation in SERS, especially colloidal SERS (Tantra, Brown and Milton, 2007). As the
SERS enhancement scales with |E/Eo|*, small changes in the in- and out-coupling or
disconcertion in near-field enhancement (E/Eo) drastically alter SERS intensities (Le

Ru and Etchegoin, 2006).
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3.4.1.4 Vaccine Classification

Supervised machine learning techniques were applied to the spectral dataset for
assessment of identification potential. A total of 33 classification models were trained
on both the conventional Raman spectral dataset and the SERS vaccine dataset. For
each model, 80% of the data was used to train a 10-fold cross validation model, with
20% allocated as a test dataset to prevent overfitting. The dataset was divided into
three classes (brands) and the model predicted class based on Raman intensity at
each data point across a range of 400-2300 cm™. Table 3.9 shows the accuracy for
each model ofthe 10-f ol d cross validation and test runs:¢
tool highlighted model 2.25 7 an ensemble subspace KNN classification model as the

most accurate across both validation and test classifications.

Tab3%*Model number, type, and accuracy of the val

classificati on model s trained on t he conventio

classification | earner tool

Model Model Type Accuracy % | Accuracy %
Number (Validation) (Test)

1 Tree 72.07792 65.78947
2.1 Tree 72.07792 65.78947
2.2 Tree 72.07792 65.78947
2.3 Tree 71.42857 65.78947
2.4 Discriminant 79.22078 78.94737
2.5 Discriminant NaN NaN

2.6 Efficient Logistic Regression 36.36364 52.63158
2.7 Efficient Linear SVM 62.98701 71.05263
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2.8 Naive Bayes 68.18182 68.42105
2.9 Naive Bayes 67.53247 NaN

2.1 SVM 82.46753 86.84211
2.11 SVM 90.25974 94.73684
2.12 SVM 87.66234 94.73684
2.13 SVM 84.41558 89.47368
2.14 SVM 83.11688 89.47368
2.15 SVM 73.37662 73.68421
2.16 KNN 94.80519 92.10526
2.17 KNN 75.97403 76.31579
2.18 KNN 37.66234 47.36842
2.19 KNN 84.41558 86.84211
2.2 KNN 79.22078 76.31579
2.21 KNN 84.41558 89.47368
2.22 Ensemble 36.36364 34.21053
2.23 Ensemble 85.06494 78.94737
2.24 Ensemble 83.11688 84.21053
2.25 Ensemble 96.1039 94.73684
2.26 Ensemble 76.62338 78.94737
2.27 Neural Network 86.36364 78.94737
2.28 Neural Network 88.31169 97.36842
2.29 Neural Network 90.90909 92.10526
2.3 Neural Network 88.31169 92.10526
2.31 Neural Network 87.01299 86.84211
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2.32 Kernel 91.55844 97.36842

2.33 Kernel 83.11688 84.21053

The ensemble subspace K-Nearest Neighbour (KNN) classification model was trained
using Matlab 2023a classification learner. Figure 3.27 shows the confusion matrix for
the 10-fold cross validation which obtained an accuracy of 96.1% and was identified
by Matlab 2023a classification learner tool as the most effective classification model
trained using the spectral dataset provided. Three type | errors were observed for
brand 1 vaccines where vaccines of the other classes were falsely predicted as brand
1. Brand 2 vaccines expressed type | and type Il errors against brands 1, 2 and 3 and
brand 3 vaccines expressed type | and Il errors against the other three classes. No
brand 1 vaccines were falsely predicted as either of the other two brands, likely
attributed to the difference in number of bands and signal intensity between the brand
1 vaccines and the rest of the dataset. Two brand 3 vaccines were falsely predicted to
be brand 1, probably as a result of the similarities in their formulation and constituent
nucleic acid. Table 3.8 shows the classification evaluation metrics for the ensemble
subspace KNN classification model (Model 2.25) by brand, including accuracy,
precision, recall, specificity and F1l-score. Model 2.25 demonstrated excellent
performance in terms of the aforementioned metrics, with an overall accuracy of 97.4%

and an F1-score of 0.961 (Table 3.10).
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Model 2.25 (Subspace KNN)

Brand 1

Brand 2

True Class

Brand 3

Brand 1 Brand 2 Brand 3
Predicted Class

f o r-n eEanrseesntb | red iageihblisdpuarc at Ko n
Matl ab 202

Figadeé@&onfusion matri x
fold wvalidation model trained wusing

Raman spectr al dat aset from vaccine brands 1, 2

XTR DS handhel d Raman spectrometer
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Tab3kO0Accuracy, preci sion, -srceocrael lof sEpnesceinibilcei tsyu basr

16fold cross validation cl| assi3f iamat iovwrermmddel f or
Brand Accuracy Precision Recall (%) | F1-Score | Specificity (%)
(%) (%)
1 98.1 94.0 100.0 0.969 97.2
2 97.4 96.4 96.4 0.964 98.0
3 96.8 97.9 92.2 0.949 99.0
Overall 97.4 96.1 96.2 0.961 98.1

Model 2.25 (Subspace KNN)
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Figure 3.28 shows the AUC-ROC curve produced in Matlab 2023a Classification
Learner tool for the 10-fold validation of the Raman spectral dataset. The AUC-ROC
curve demonstrates the separation capacity of the model between the three different
classes when presented with unsupervised machine learning. An AUC value of 1
demonstrates perfect separation capacity of the classification model with no errors
observed between class categorisations. The results of the 10-fold validation of the
Ensemble subspace K-nearest neighbour classification run obtained AUC values of
0.986, 0.9805 and 0.96 for brands 1, 2 and 3 respectively (Figure 3.28). AUC values
of at least 0.80 are considered clinically useful with values over 0.90 considered to
demonstrate an excellent measure of separability in models (Gardner and Greiner,
2006; Huang and Ling, 2005). Hence, with AUC values exceeding the lower threshold
of acceptance, the ensemble subspace K-nearest neighbour exhibited potential as a
reliable and accurate method of vaccine classification based on spectral

characteristics.

Table 3.9 shows the accuracy for the 10-fold cross validation and 20% test
classification models trained on the SERS vaccine spectral dataset using Matlab
2023a classification learner. The classification models executed on the SERS dataset
outperformed the conventional Raman dataset in terms of accuracy across both the
cross validation and test runs. 15 of the 33 SERS classification models obtained an
accuracy of 100% for the test dataset, where all vaccine spectra were correctly

predicted as their brand of origin.
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of t

TabldlelModel number, type, and accuracy
classification models trained on the SERS
tool

Model Model Type Accuracy % | Accuracy %
Number (Validation) (Test)
3.01 Tree 94.80519 94.73684
3.02 Tree 94.80519 94.73684
3.03 Tree 94.80519 94.73684
3.04 Discriminant 100 100

3.05 Discriminant NaN NaN
3.06 Efficient Logistic Regression 68.18182 68.42105
3.07 Efficient Linear SVM 71.42857 65.78947
3.08 Naive Bayes 87.66234 84.21053
3.09 Naive Bayes 92.20779 94.73684
3.10 SVM 100 100

3.11 SVM 100 100

3.12 SVM 100 100

3.13 SVM 98.05195 94.73684
3.14 SVM 100 100

3.15 SVM 85.71429 86.84211
3.16 KNN 99.35065 100

3.17 KNN 94.80519 97.36842
3.18 KNN 57.79221 57.89474
3.19 KNN 96.1039 94.73684
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3.20 KNN 92.85714 97.36842
3.21 KNN 100 100
3.22 Ensemble 36.36364 34.21053
3.23 Ensemble 94.15584 92.10526
3.24 Ensemble 100 100
3.25 Ensemble 99.35065 100
3.26 Ensemble 48.7013 92.10526
3.27 Neural Network 96.1039 100
3.28 Neural Network 100 100
3.29 Neural Network 100 100
3.30 Neural Network 99.35065 100
3.31 Neural Network 100 100
3.32 Kernel 99.35065 100
3.33 Kernel 98.05195 94.73684

Figure 3.29 shows an ensemble subspace discriminant classification 10-fold cross
validation classification model trained using Matlab 2023a classification learner tool
on the SERS vaccine dataset. This classification model (Model 3.24) was identified in
the classification learner as obtaining an accuracy of 100% across validation and test
runs. This demonstrates faultless performance of the model for vaccine brand
prediction based on spectral characteristics across a range of 400-2300 cm. Other
classification models obtaining prediction accuracies of 100% include a linear
discriminant-based model (Figure 3.30) and a weighted KNN based model (Figure

3.31).
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Figures 3.32, Figure 3.33 and Figure 3.34 show the AUC-ROC curves for the
ensemble subspace discriminant, linear discriminant and weighted KNN based
classification models, respectively. All three models exhibited an AUC value of 1 for

each vaccine brand, demonstrating the perfect separation capacity of the models.

Model 3.24 (Subspace Discriminant)
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Model 3.4 (Linear Discriminant)
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Model 2.9 (Weighted KNN)
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Model 3.24 (Subspace Discriminant)
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Model 3.4 (Linear Discriminant)
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Model 2.9 (Weighted KNN)
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3.4.1.5 Conclusion

To conclude, this study highlights the potential of both conventional Raman
spectroscopy and surface-enhanced Raman spectroscopy as effective analytical tools
in the authentication of covid-19 vaccines. All three bands of vaccine spectra displayed
bands corresponding to their constituent nucleic acids and their excipients. The DNA
and mRNA lipid nanoparticle-based vaccines showed spectral similarities that could
be attributed to the PEGylated lipid nanoparticles in their formulation. Vaccine spectra

were able to be distinguished by formulation, based on nucleic acid specific peaks in
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their spectra. mMRNA based vaccines were able to be identified by the presence of
nitrogenous uracil groups. Improved enhancement was seen for SERS in the pilot
study in comparison to the overall study, suggesting that the greater concentration of
vaccines used in the pilot study, alongside reduced storage time could be responsible
for the favourable results. The hydroxylamine hydrochloride reduced-silver colloid
could also be a favourable SERS substrate in comparison to the silver nanoparticles
used in the final study. The addition of silver nanoparticles indicated potential for signal
enhancement when SERS was applied to samples of a sufficient original concentration
as demonstrated by signal intensity enhancement of up to 498% for the brand 3
vaccines. Repeated dilution of brand 1 and 2 samples could be responsible for the
poor enhancement experienced when samples were measured with the addition of the
colloid. Brand 1 and 2 vaccines were at greater risk of degradation due to storage
conditions and time elapsed between sample receipt and measurement, especially for
the brand 2 mRNA-based vaccines which formulation is notoriously unstable.
Clustering based on PCA showed some accuracy in differentiating between the
different vaccine brands for conventional Raman spectroscopy, but overlap between
brand 1 and 2 vaccines, and significant variation between the brand 3 vaccines
indicated poor repeatability of the method when SERS was applied. Classification
models far outperformed PCA as a measure of identification potential, with multiple
models producing 100% accuracy for brand prediction based on spectral
characteristics across a range of 400-2300 cm™. In this sense, SERS outperformed
conventional Raman, with linear discriminant, ensemble subspace discriminant and
weighted KNN based classification models obtaining 100% accuracy, precision, recall,
specificity and F1-score of 100% for both validation and test runs performed on the

SERS data. Conventional Raman still produced high values of over 90% for each of
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these evaluation metrics featured in its highest performing classification model 1
ensemble subspace KNN. AUC-ROC indicated promising results for the separation
capacity of the ensemble subspace KNN classification model trained on the
conventional Raman dataset, with AUC values of 0.986, 0.91 and 0.96 for brands 1, 2
and 3 respectively, suggesting excellent separation capacity of the model. The linear
discriminant, ensemble subspace discriminant and weighted KNN based classification
models trained on the SERS dataset produced AUC values of 1 for all three vaccine
brands, demonstrating the perfect separation capacity of all three classification
models. While these results indicate that SERS has a promising future as a valuable
technique in the quality control of novel biologics, more extensive research is required
to address the limitations of this study. Future work would involve the quantification of
vaccine samples to establish an accepted limit of detection (LOD) for the handheld
instrument, and further optimisation of the colloidal formulation, and measurement
parameters. Repetition of this study on a larger sample size would allow for more
representative PCA. However, the faultless results of the classification models,
indicate potential in the use of portable SERS in conjunction with machine learning as
a rapid, non-destructive, and accurate semi-automated technique for the

authentication of covid-19 vaccines.
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have a higher intensity, so therefore Stoke
(McCreery, 2000) . The scattered | ight i's de
uniequt o the chemical composition of the samp
which can be used for identification, charac

compounds (Bruker, 2024).

Raman microscopy offers the aforementioned ¢

mi crol evel s. This is wuseful in case of bi ol
sample is Raman active. Raman spectroscopy a
be used astid atgiuvae-i navradc i weon met hod of Visu
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characterisation of phar maceutical s. Ra man
vol umes of sample through the wutilisation of
Raman microscopy are related to two optical
incideetxxclhasaeéei on on the sample, and the coll

and Corset, 1996, pp.27).

Raman scattered photondbaaksecaoktkeecngdcionf ag!l

all ows viewing of the sample, focusing of rz¢
Mo s t commer ci al mi croscope systems increase
mi croscopy. Confocal poi nt sceagr et-fhaee iisnn sd mpk e
| ocation and the focused i mage of the sampl e

di stance away from theR&amamanlt emlsang ifm owhit hh

decreasesf ttohd@iisoi ntensity. Axial resolutio
numerical aperture (NA) wused in the microsco
Il n conventional Raman spectroscopy, the =exc
sample usualB39 esmi hgna. 10he | aser is concen
(l'keshoji and Sekine, 1977) which increases
mi cr oyscwtpi | i ses a confocal |l aser, t he essent
i nclude:

T Spatial filtering that occurs through opt

the pinhole apertures used for sample ill/l
T Stray background | i gohffto coursi gri enquitd msgy o fr otmh €
attenuated by the aforementioned spati al

to the signal comes from a selective | aye
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By removing the unfocused |light, the spatial

especially useful i n Raman i maging where det
guality of Raman spectra produced through t
remowvwg background | ight from fluorescence. T

mi tigation through wavenumber optimisation.

selectivity of focal plane, all owing the ana
wi t thien stampl e, t hduismeennsai bolnianlg a3nal ysi s of t he
There are | imitations to this technique how
radiation is focused on a selective area of
ther maglr adati on (Assi, 2024).

Raman microscopy offers several further adva

T A convenient O6point and shootoé approach t

T The ability to analyse exceptionally smal
T Al'l ows the examination of mol ecul es and c
weak Raman scat(thMatitnhg® uvosf esmateelr., 2008) .
Raman microscopy has been utilised for many
' i mited to: guality <control and failure an
DNA/ RNA analysi s, metabolic accretions, sin

t her(adpnyt oni o and Schultz, 2013; Carey, 2006;

2023; Downes, 2015; Fung and Shi, 2020; Hu e
Otsuka, 2010; Matth2us et al., 2008; Pavilev
Zhang etl)al ., 202

Whil e previous studies have examined the use
cellular effects of mMRNA and DNA based vacci
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no work has been conducted on the use of Ra

characteri sat i omasoefd nvuacclceince sacildn t his sens

addr ess t he gaps i n exi sting l i terature by
mi croscaptyoals -19rvaowine control, to reduce
associated with SF vaccines in circulation.

4. 2 Experiment al

4. 2.1 Material s

Brands 1 ahd vacoivmas were obtained from t he

care network as outlined in section 2.2.1.
clinical use after six or more doses had bee
vacoes were diluted with 0.9% NaCcCl upon r ec:¢
vol ume for repeated testing. Brand 3 wvacci
Lebanon and I ragq.

4. 2.2 Instrumentation

Measurements were taken EsALNWS a hki cHoo R ana nX

Spectrometer/ ConfocalFi Batmaln .Mi cro3befEddo(i ba

PLUS includes up to three internal | asers i
and 4 gratings, all ooWwimgr amget oancdoveger faorlm |
Photoluminescence (PL) analysis. One 532 nm
confomcaltoscope allows both transmission and
2D and 3D i mages. spage rabcaxsigug sandon wer e

Hori bads LabSpec 6 V6.6.2.7 spectroscopy sui
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Figdlildori ba XPLURAequi pped with 532 nm | aser att
LabSpec 6 V6.6.7.2 spectroscopy suite open

Tabldé Hori ba EXPILAUBA specifications from manufact
Scientific, 2024)

Faster Ramalh | BiwWhkYes, with XY stage
SWIFTXS (with EMCCI

Confocal |1 maging 0.5 Om XY

Routine operation a0neClick Auto

Ful I Mi croscope Upright

Resol uti on Standard + High

Mu Htaiser options 532, 638, 785 nm
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4. 2.3 Methods

A small volume (1 drop) of vaccine was syri

all owed t-2 Wowr $ oprilor to measurement.

For SERS measur ement, vaccine samples were

outlined in chapter 3.2. 3. 1 drop of SERS s
all owed t-B Hoyr $ornla fume hood with the | ic¢
i nduced tdegnr aodfa t he photosensitive colloid (

Sampl es

categories

spectroscopy

wer e

of

suite.

system

measur ed

EnPLUWS wHwoirngaf oXPrl o B

Spect

setti

ra

ngs,

t hese

wer e

wierOe tcane qui r ed

Tab4ZMeasur ement parameters of settings groups
using the HBRPLW&S Xpl oRA
Setting 1 2 3 4
Objectiv|X10 X10 X100 X100
Laser 532 nm{532 nNnm|{532 n 532 nm
Acqui sit|10 10 10 10
(sec)
Accumul a|2 2 2 2
Grating (1200 600 1200 1200
Filter 25 % 10% 25% 10%
S| Om) ( 100 100 100 100
Ho | @n) ( 100 100 100 100
Number 20 21 18 8
Sspectr a

17

5

al

ac

1



4. 2.4 Spectral treat ment and qualitative ana

Spectr a wer e exported as .Spc files t hr ot
spectroscopy suite abdsdarmpmolriteerd s onfttowaTle f ¢
analysis and the application of machine | ea
used as opposed to Mat !l ak o2rp2adth bsi dfittwa roef d uhes

files with Matl abdéds software.

Spectra were divided into three categories f

x100 objective and SERS x10 objective. PCA

-

espectively wusing The Unscrambler software.

using UmMscrambler and then i mported into Mat

For PCA and CWS algorithm equations, see sec

4. 3 Results and Discussion

4. 3.1 Raman activity of wvaccines

It i s noteworthy to mention that spectral ac
confounding factors including but not | imite
varying i nstrument performance under uncon
availability of only one | aser source; | ack
no | ong working distance objective. The dryi
spectral acquisition, although bi ophdarineadc e u't
state, the process of drying is known to ¢
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formul ations (Carpenter, Prestrel ski and Ar

1995; Prestrelski et al., 1993; Wang, 2000) .

Vaccines showed varying Raman activity and s
in their spectra. Vaccines could be cl assifi

fl uor eskciegnbree3 )(; not Raman act iFvieg wnigt)h; fal nudor

Raman active withbBugudrfeld y or eCsocnevnecnet i 6 n a l Ran
measured using the x10 objective saw increas
vaccinesdé6 formulati on. Al l of the spectra

classifiedRaamaneiatchemve with fRlaumm@ame saccetnicvee owi
fl uor esFciegdcte2. shows the conventional Raman s
LIJMUCVI965 measured using the x10 objective w
obscured by I goir. €8s csehnocwes. t he conventional F
brand 1 vaccine LJMUCV672 measured wusing th
di stinguishable at 5551 b urt8 6t, h el 0r@atj, o raintdy 204f3 1
signal i's oObscured by fluorescence. Of t he
objective | ens, 6 were categorised as Raman
categorised as not Raman actciev.e Sapetcht rfal uaocrge

using the x100 objective |l ensedbtadnédubrebe

Il n a sense, the confocal mi croscope acted i
high intensity radiation was focused on a sm
and Wat ki ns, 2005). Vaccines measurcddaswssifngl

Raman active with nBambhooaesceacwi bh fHhboor es

Figure shows the Raman spectrum of brand 1
using the x100 objective. The spectrum of LJ
signal guality and reduced fluorescence int
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vaccines measured using the x10 objective. K
formul ation were able t-8300@™" ¢ mBeamtdisf iceod rleetpwe
with the protein content of the biologics fo

1163 and 1460'ammdci&areedesmvi ehc@ing of hydroxy

et al . ,-C2808BrptchCng i n amino-0Oaaaindls €t Ll aeu centi na
in proteins (Chan et al ., 2606)t,r eC=<Q ingstgr a tnc h
(De Gel der et al ., 200 73 CHdaetfao rnneant ieotn aln. ,i n2

glycerol and sacchari d®€H (sltuwedtchdlng, in013)p, d
(Lazar, 2001) , respectively. Bands associ at

vaccines were observed at!cloOr&4de,spbdazPPOnagndol

stretching in adenosine diphosphateCHucl eos
wagging in purine bases of DNA, and ring b
guani ne of [DONMmibcacs eest (al ., 2015) respectivel
Figdr®& shows the conventional Raman spectrun
measured using the x100 objective. The spect
spectr al gual ity and reduced fluorescence ir
vaccines meatshuer exdl Ou soibngecti ve. Key bands corr
formul ation were i d-e3n0t0ioflicemBabedsweasmsosdat ed

protein content of the wvaccine formulation w
lcorrespondi algfsiidoe Sstretch in protlHimendiStgpn
and-NC asymmetric stretchshget ah-gdhGyicdPo pGC Q@A e i n
(D6Amico et al ., 2015bs;cLius seotr ianlg. ,i n2 Ol1i3p)i dasn da nG
al ., 2008), respectively. Bands associated w
formul ation were seen at 7401 1Bla7n9d,s 1laltl 17 4 A :

1079'@carresponded to ring breathing in RNA,
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cytosine in RNA (Dovbeshko et al ., 200 2; Lop
at 1111, 133%candeg¢pérhadeymmet PiOcal stretching
stretching in adenosine triphosphate (ATP),
and guanine in RNA and DNA respectively (DO0¢/
Ochsenk¢hn et al ., 200fddsRaskokaadetdalwi t h20 h
of the vaccines were observed'latrn®@sdondidnd,
CCstretching in phospholi pisdkts sé6KErahgt i et | al
proteins (Teh -Hetbaanld.s, 0Z00I8)pi d& (Kl ine and 1

antisymmetric stretching in lipids (Krafft e

Bands related to amino acids were observed i

4. 3; table 4. 4).

Figdr®@ shows the conventional Raman spectrur
measured using thienslbrumanXpao®Ax10 objectiyv
classifiekRdlamas mBwmobhive with fluorescence. Si
fluorescence was observed where no discerni

identified in the vaccinesb6 spectra.

Figdr8 shows the conventional Raman spectrun

measured using the x10 objective. LJIJMUCVG672

fluorescence interference where banid2s50M0er e a
cmassociated with the nucleic acid and |I|ipi
Bands obser ved Jemantghee wler e not interpreted i

range represerdtrartide rfegi on which provides p

t han chenmdmarld,( Sh®7 2) . Bands dbeeldedopbpwespd
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to aromatic CH bonds, CH stretching, OH st

phenols, amines and amides (Brissette and C.
Tab4dFRaman band position, physical origin and |
bands in the conventional Raman spectrum of bran

t he Hor i EaP IXWP$ oRaAman Mi croscope using the x100 o

Band Functional group Ref erence
Posi ti

(¢

526 SS disul fide stretg(Stone et al
641 CC twisting mode in(Severcan a

2012, iPP) ABt (

al ., 2004)

698 CS stretching in n(Podstawka,

Proni ewi cz,

al ., 2011)
737
850 ouddpl ane ring ben{(Bhaumi k et
tyrosine-P-O& i 0@ ad(Wurrey and
triphosphate 1992) ( Ri mai
1969) ( Yu, Jo
O'" Shea, 1973)
870 CC stretching of h(Huang et al

proteins?

180



922 CC stretching in an(Lau et al .,

944 skeletal modes in p(Shetty et al
1013 ring breathing I n|( Combs et
tryptophan 2005) (Takeuch

and Harada, ]

1037 CCH bending in ribgqg(Herng8ndez
2013) (Her n8ng

2015)

1054 C-O &NCstretching i Chan et al .,

=
)

10814 O-P-O stretching f(Jenkins et &

di phosphate nucl eos

1104 PO2 symmetrical s|(Krafft e
phosphatidylinositg2005) ( Ruokol &

2014)

1126 Backbo@esCretching|(De Gel der
phosphatidyl ethanol]2007) (Krafft

phosphatidyl serine |2005) ( Xu and

1163 c=C stretching i-@|( De Gel der
stretching in prote2007) (Katai ng

2007)

12009 C-C stretchihregqolinnn(Hern8ndez

phenyl al ani ne 2013) (Hern8ng
2015)
1239 NH2 bending overl apg(Bieker and

Nf ormyl kynurenine 1979)
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1261 ouddpl ane ring ben|( Hern8ndez et
tyrosine
1325 CHCHwWagging in puri|(Robichaux \%
al ., 2003) (M
2006)
1349 Ami de | ff lor mal Ngroy(Bi eker and
stretching in tryptf1979) (Combs
2005) ( Takeuch
and HalIada)
1376 Ring breathing in [(D6Amico et @
and guanine of DNA
1421 CH bendi ANgC & nC i s|( Krafft et a
stretch in-d49dtGrTdPt chCiet al ., 2006)
gl ycoproteins
1460 CH/ CH def or mati on (Lu et al ., 12
glycerol & sacchari
2824 CHsymmetric stretch(Koljenovil ¢
2896 spC-H stretching in |[(Lazar, 2001)
2913 CH bands of I ipids |[(KI'ine and Tr
2942 CHanti symmetric stor
2972 CHantisymmetric st
and fatty acids
2984 Ol ef i?CiHcs tsrpet chi ng
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Tab44LRaman band positionlitphyast cra¢ mefigi eanaeasd f o
bands in the conventional Raman spectrum of bran

the Hor i EaP LXWP$S oRaAman Mi croscope using the x100 o

Band Functional group Reference
Posi ti

(¢

523 S-Sdi sulfide stretch(Stone et al
607 steroid ring stretq(Krafft et al
6 37 CC twisting mode in(Severcan a

2012, ipD) @3t ¢

al ., 2004)

703 CS stretching in m({(Podstawka,
Proni ewi cz,

al ., 2011)

740 Ring breathing in H(Dovbeshko

2002) (Lopes ¢

870 CC stretching of hy(Huang et al
924 CC stretching in an(Lau et al .,
993 CHrocking in tryptq(Combs et al

1064 CC stretching in ph(Krafft et al

1079 guanine, adenine an(Xu and Lu, 72

1111 PQOsymm stretching i{(Krafft e
2005) (Ruokol g

2014)
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1128 backbo@®estCretching |(De Gel der
2007) (Krafft
2005) ( Xu and
1212 CC stretching i n (Hern8Sndez et
tyrosine
1256 oudfpl ane ring ben|{(Hern8ndez et
tyrosine
1276 Amide 111 in randon(lconomi dou ¢
1337 ring stretching (D6AmMIi co e
triphosphate? 2015) ( Ochsenk
20009)
1364 ring breathing in t(DdAmMi co et &
guanine of RNA/ DNA
1411 CH bendi-N-G &s¥mm st(DOAMIi co et
i n dGTP- LtOOet chi Alet al ., 2013)
gl ycoproteins
1455 CHscissoring in |lipg(Teh et al .,
1667 Ami de blstrand, C=C |( Tuma and
chol esterol 2001) ( Tuma, 2
2910 CH bands of I ipids |[(KI'ine and Tr
2930 CHantisymmetric stn(Krafft et al
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Figureé shows the spectrum of brand 2 wvacci
conventional Raman (bl ack) and with the add
(red). Enhancement was seen for bands at 49

Figdr & shows the stacked spectra of brand 2

conventional Raman (bl ack) and with the ad
Significant enhancement of the signal was o
however, t hepewaaoc nweas$ Beavily i nfluenced

fluorescence, for which enhancement was al so
was an effective tool for enhancement of vac:
signal and f | uorde spcoetnecnet ivahlilcyh icnohuilbi t t he su.

the vaccine spectra.

18000 T T

T
—LJMUCV159
16000 —SERSLJMUCV159 |-

)

its

14000

12000

10000

8000

6000 |

4000

Raman intensity (arbitrary un

2000

L | | |
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm'w)

Figubest acked spectra of brand 2 vaccine LJMUCV1
Raman (black) and SERS (rE®LUSsienqgi ppedHwiitha 53R

and x100 objective
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and x100 objective

4. 3.2 Spectral qgual ity

Spectr al qguality showed varied results for
x100 objective. Table 4.5 shows the spectr
refl ectedampmlae¢ s t were Raman active. Spectr al

spectra where samples were not Raman active

Vaccines measured using the x100 objective s

spectr a, rangi rhd ef rdamm )4 tVac®9 netsa measured u:
showed an average of 16 bands, ranging from
classified as Raman active wi t h

(LIJMUCVG6O1; LIMUCVG691; LIMUCV1IA48) demonmbsr at ed
of number of bands (N), maxi mum peak inten

di scerni bl e bands I n their spectr a, respec
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obtained maxi mum peak inteasdt S8R wvhl 8238o0an
32 respectively, in comparison to SNR val ue
vaccines measured using the x100 objective.

objective were classified as Ramawaacitnes,

measured using the x10 objective obtained h
average of 8020 arbitrary units in compari so
the x100 obijred imeaswWaed using the x10 objec
average SNR value than the x100 objective v,
was attributed to the high fluorescence obse
the x10 objeensee.tdadithienal assessment of
intensity and SNR falsely indicated that bei
vaccines measured using the x10 objective d
t hese par ameggeesst.s Tthhast seuval uati on of spectr
is unreliable when performed on spectra th

interference of fluorescence.

Tab45Spectr al guality of conventional Raman act i

Xpl ERALUS Raman mspeotscompet er equipped with 532

VaccinBranObjec N Maxi mum|Maxi mum|SNR
positilp intens
(arbitré
LJMUCVE 1 100 59 2913 8238 34
LJMUCvVE 1 10 31 3978 8019 3
LJMUCVE 1 10 32 39914 8559 21
LJMUCVE 1 10 12 3983 5042 55
LJMUCVE 1 100 51 2948 1278 32
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LIJMUCV] 2 100 31 2911 2101 4
LIJMUCV]1 2 100 7 2936 353 2
LIJMUCV] 2 10 8 49 12196 2
LIMUCVYSg 2 10 12 3980 2948 2
LIMUCVYS 2 10 12 3983 10796 45
LIMUCVYS 2 10 8 3978 8584 70
LIJMUCV1 3 100 4 3899 255 1
*At maximum peak position, N = number of bands

Table 4.6 shows the spectral quality of SERS spe

active.-eSbhbaheed vaccine spectra obtained a highe

arbitrary wunits in comparison tol5&Ramaar ksipterca rry
demonstrating successful enhancement of t he vac
addition of the silver nanoparticles and 1M KBr

objective showed higher peak i ntngn gihtey xtllDa&@On otbl e

However, these vaccines showed decreased number
measured using x100 objective, suggesting the et
vaccineso6 signal itself. EBNRowaSER®SLJIMWBCV1IED e

spectrum was able to be acquired from the vaccin

activity in terms of number of bands.
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Tab4&Spectr al guaknhgnoédsRBamaceacti ve vaccines

Hori ba XPLURARaman ms$peotscomet er equipped with 5

Vaccine/Bral Object N Maxi my Maxi my SNRH
peak peak
posit i nten
( ch (arbit

uni t g
SERSLJIJMUCY 2 100 21 514 49814 N/ A
SERSLJMUCY 2 10 8 49 16231 3
SERSLIJMUCY 1 100 9 3547 2116 13
SERSLJMUCY 1 100 37 47 4116 1
SERSLIJMUCY 2 10 14 50 36989 2
*At maxi mum peak position, N = number of bands

4. 3.3 Authent{il®atvaooiakesCbyi &aman microscopy

When PCA was applied to the vaccines measur
clusters were obtained over the first two PC
and PC2 contributed to 9Bi. dg@ar &8hd Unl¥keePgLgAC
to FTIR spectra (Chapter 2.3.3), PCA applie
showed clusters corresponding to the Raman ¢
brand of the vaccines. Hence, v aecrcei ncelsu swietrhe
on the roifghthesiPdCeA wi t h thiegdri dhestnviahiances
PC scores with the highest variance corresp
Raman active than the other samples and | es:s
LJMUCV662 and LJIJMUCVI9G64. lt i s of natwe t hat
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manufacturers as such: LIJMUCVG662 wa s br an
LIJMUCVIO957 were from brand 2. On the other

activity were clustered to the |l eft side of

(brand 1), LJMUG@WI6 5L IJ(MUrCa/redt 32 ) brand 2) . The
three vaccines showed high fluorescence whi
from humidity, excipients and | ow concentr at
sample. Yet, i1t 1is isnenwafsi ccalnuts ttehraetd esaecpha rvaatce
was seen between scores of different vaccine
same settings. Thi s demonstrated accuracy
fluorescence. Mor eover, t heeppkegedl t 6r dadiee nv:
confirmed theRirgdru&)hemharce tryo (score was seen
To ensure the transparency of the PCA model,
bands, mainly in thel(Fagdgedaofe 2H o hoe sit3 0tOw oc nk
were seen at 558ndnado riroe89pRadndsetdr eetoc hO ng i n ac
di phosphate nucleoside group. It i's worth r
significant on PC2 that showed a Fligadaiénlg .pl o
Addi ti onal key bands wereéwhsiecem caar r7e7s7p oanndde d2

phosphodiester stretching (Krafft et al., 20
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Di fferent clustering pattern was seen amon (
objective 100 which could be related to the
concentration of more energy 1into a smaller
guenching C¢ 8i x, Shand abfidg aet X)i nsThi2D 05 mpr(o
focus obtained Finmgda®j59ctilue i sOWo(rth noting t
guality of vaccines measured with objective
However, clustering of spectra obtained I n
fluorescence and t he veacccdiunset ebrrsa mwde.r eH eorbct ea,i nte
The highest variance was seen in cluster ol
(brand 1) that showed t hFe gsdtrrdo2n)g.e sToh i Rsa waads afc

by LJMUCV148 (brand 2) t hat had strong Rama

clustered together, and this was due to the
can interfere in the individual sigmalns, i n
met hod. This noise could be related to the |

shot noise and/ or sample generated noise (Fr
On the other hand, an overlap was seed bet wt
2) , LJMUCV1I51 (brand 2) and LJMUCV1390 (br
fluorescence which was a common Fngdré&éj)ence
Yet, fluorescence in these three samples did
model where PCl and PC2 | oading plots showed
that wereFagdl ¢RSiegddr(4 4) . I n this respect, | o
600 to 1T8B6wedn key features corresponding t
nucl ei c aicni dt hbea sfeosr mul ati on of the vac-cines.
3000*Tmani nly corresponHedtteoetchiend i medha&ni s ms

Treado, 1997; Koljenovil et al., 2005; Kraff
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Considering the differences obtained in botl
objectives wer e combi ned i n a PCA model [
di scrimination between the objectives used f
was obthaeitwecen samples measured with both ob
showed to play a key role in clustering. I
objective 10 had higher fluorescence that wa
and was f eatowrdd vien stildee pFfi gtdied 7D C sScaonmrpel se (1 4
al so fluorescent but was scored furRihgur edowr
4.17). Conversely, samples measured with ob]j

the left siHiegwfd?7he PCAIl pading confirmed th

a more crucial role in the model whé&rgures p
4.18) . On the other hand, PC2 | oading refl
(Figdrda9). Hemse suRCAswful in classifying bo
from spectra of all the measured vaccines.
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CWS was applied to each of the datasets to
Raman microscopy between t hFei gddrfeTGerehowssrack
correlation plot of vaccines measuredEusing
instrument . Al l vaccines positively were pos
>0. 95 when plotted against themselves. Al

r>0.95 when pl otted against spectra of t h
demonstavadre dr fkvhaoluugehs ,st i I | exceeding 0.95 aga
2 vaccines, excluding brand 2 vaccines 7, 14
an r value of <0.95 against al |l the wvaccin
(LIJMUCVI965). Bot h hwacainree b rvaerde amfd tf |l uor es c
featured heavily in both of their spectra, |
brand 2 vaccines showed an r value of >0.95

excluding vaccines 7,d Ir4 vaanldu els5 owh i<cOh 9s5c oarge:
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brand 2 vaccines, demonstrated by the dark

pl &t gdr 0) .

Vaccine

Vaccine

Fi guR2OCWS of conventional Raman spG)ctamd ohr ebrdan
vacci nales (measured usi nge RLI&S Hoquibmp eXth | wiRtAh 532 nr
Xx10 objective where dark blue colour represents
colour represents a maximum r valwue 0if0.082999.
correspond to | ightO.BIBue8 7c ocloorurre, s pro nvda Itice .cdyPan co
correspond tadaOgOdemc,or®0es8dpond to greeniB8Bh9yel |l o0\

correspond to orange colour.

Figure&l shows the correlation pl ot of t he
measured using the x100 objective with the I
were a positive match against themselves as
val ue of tlt ewheaig@ilmst t hemsel ves. Brand 3 va
similarities to the spectra of brand 2 vacci
scan 3 where spectra obtained an r value of
LIMUCV1390 al safshkawmdad ssimgd arity to the spe
LIJMUCV848 with an r wvalwue of >0.95 indicat
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featured heavily in the spectra of both vac
result in the false correlation of both vac
LIJMUCV148 scan 2 and 3 showed negative corre
(£)and brand 2 wvacci-&)e. LTUMUCYASAt r(ab of LJMUC
obscured by major fluorescence, unli ke LJMUC
spectra were significantly affected by fluor
has a simgfnliddmcaenton the i dentification of vart

| and || errors i n CWS.

T T 1 1
09
08
07
06
05
04
03
02
01

1 | 1

1 2 3 4 5 6 7 8 9 10 11

Vaccine

Vaccine

Fi gde 8 WS of conventional Raman sdplectbraamd Drwadc
(3B, 11) and br alnod Imevaascucriende u(s9 ngE PheS Heq i bpap &g |
with 532nm | aser and x100 objective where dark b
0.75 and a dark yellow colour represents a maxim
0.0710782 correspond to |fi ghit08.38l7u ec oo alecswro,n dr tvoa lcuy
0.88.92 corresponidO0Ot®7gceenespPbO®Bet bogreehosr ar

T0.99 correspond to orange colour.
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4. 4 Concl usi on

To concl ude, Ra mmainc rsqpseccapy mehhaowed potenti al

met hod for substandard and falsified vaccine

guality observed I n LIJMUCVG601, LIJMUCVG691 a
all owed imMeaofti huchei o acid specific bands,
protein and [ i pid nanoparticle content of
demonstrated strong enhancement of peak 1 nte
the addition ofhotwlkeesi | t&din scehhaindement was
for vaccine signal. Enhancement of fluoresc
mi sl eading resul ts I n ter ms of spectr al q
satisfactory identifihoati omhepe@t eadtli avlacafi ntels

value of 1 against themselves and clustering
type | or type |11 errors observed in the PC
X 100 objective. Howewvmrn,edt mébiretttyod os lda wed
vaccines of different formulations due to sh
fluorescence interference in their spectra ¢
and CWS revealed that |Ifyl uiomfelscwemtciealwasn htelae
potenti al of Raman microscopy. The study wa
Raman active spectra with no fluorescence co
confounding factors suchoramanvcaer yumaeri nsnc an
| aboratory conditions; the availability of o
facilitates imaging; and no | ong working dis
the optimisation of systémrimbasuegmenti pgr at

grating and filter on spectral quality to su
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the confocal 100x objective. The effects of
interference also requires further i nvestig
Sspectra due to its effects on the protein
formahatAs di scussed in chapter 3di vated nwist
0. 9% NacCl at receipt to increase volume for
the concentration of the vaccine samples. Qu
helop etstablish a Iimit of detection for the F

chapter.
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CHAPTER 5. CONCLUSI ONS AND FUTURE

5.QQoncl usi ons

The aim of this thesis to was to evaluate
techniques foreftiretin agi dndcootb-19t vanal pebsal
subsequent i denti-I9cawadéc¢doinnes. SFh&€ometdhods we
| aborlmased and portable handheld instruments

both | aborabasgpdasdtti aigd.

Optimisatio-FRTbR tHdenATRi cation method was p¢
El mer Spectrum Two FTIR spectrometer equippe
standard s-89 wvacc€owesl obtained from the NHS

Care NeMawocriknes were of t wo br-badsdananddc mRB A :

based vaccine formulations. System settings
scans and spectral resolution were invest:
|l nvestigation i ntnog tthhemee fofnecttheofi ndfrlyyence o
vaccinesdé spectra was also investigated. The

tot al of 16 scans per sampteowsth nd0@80bd Ut

c m, after liquid vaccine samples had-4been al
mi nut es. The method yielded promising resul:
characterisation and identification potentia

for the majority wdcdihree rwintdh lamnalve&r age of
spectr a, respectively. Excipients measur ed
bet ween 18 and 59 absorption bands, demonst

met hod regardl ess of phaynspilcea:l ecxocmppoiseinttiso nr aonf
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powders to frozen | iqubadased) soldi @& shaandlea R)n § MR
vaccines produced exceptional SNR values wi't
1068 for brand 2. Brand-ihhacdcecwvianes ) ( Isihovevedt
acti vtigrymsi nof number of bands and maxi mum atl
nine bands per spectrum and maxi mum absor ban
4 vaccines showed medium/ strong I R activit)
spectrum and max O0ab salrsarnicaen coef un.i t-Is1 088Bnd SN
Despite brand 1 and 2 ssdcas netsr begnigRcahatriact
values were still relatively |l ow in comparis
to the | ow concentrations of vaccine remaini
to patients and thenedawplilesOha®dw KNa€h @dnobdwum

i mproved stability and increased volume for

Spectr al i nterfpTleRaspent nd RKAé&dReal ed bands ¢
constituent nucleic acids of each wvaccine b
constisppeent i c bands, including an additional

4 (MR based) vaccines corresponding to the

~

RNA) versus deoxyribose sugar ( DNA) . Cl ust
accuracy in discrimination between vaccine I
by the perfoEmaeeamdl| ef subepace KNN classific
99. 7% accuracy in vaccine brand characteri:
features. I n this sense, KNN produced better
of brand representlditglonvahudshef adratacedar acy,
specificstygraendeF& obtained for the KNN base
AUEROC curve showed faultless separation cap

indicate thaRTIpRradmeédies ddd Romyconjunction witdt
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of MLAs could serve as a powerful, rebust a

automated vaccine authenti catli9Qonv aacncdi niedse.nt i f

Optimisation of the conventional Raman and S
Metrohm MIRA XTR DS handhel d Raman spectr ome
scattering and i nvol ved optimisation of sy
aggregati 93gRSalThd omesul ting method was the
2 mL glass vials wusing the vial hol der att ac
of 10 scans acradag2s8o0d®'wianmiyeaolfadd®i0 power of 5
integrationtnomubésanXdTRMMeal gorithm applied to
yielded positive results in terms of wvaccini
acid bands i dentified in the three brandsbo
contribution framctle elxicpipdemasop&n mil arly t
vaccine brand was possible tfcougls ptelte fiide bt
their spectra. Variable results were seen f
application oft SsEERuSdy ny itehledepdi Iboett er perform
in the overal/l study although this could be
used in the pilot study were of higher conce
The pil ot st uduyctheadd obveeern 1c2onndont hs prior to
degradation of the vaccines over ti me, espe
nuclaeciicd components could have influenced th
study. Finall y,l itzheed pai |hoyt-d ysdtkupctya Mo tniesd d vree d u c
colloid for SERS measur ement whreegparsed heo Ifli m
silver nanoparticle solution purchased from
standardi sati on osfsitbhlee nehahtodt.h e tc alsl ogpiod use:

a mor e favour abl e SERS substrate for t he S
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Regardl ess, enhancement of up to 498% was s
measured with the addition of the silver nar
sufficient volume at receipt and so were not
t hedrayx tincreased sample concentration yield:
enhancement . Clustering by PCA showed S 0 m
di scrimination but over alFITI Raswi wbakearcct han
overl apping and boltlh €efrymper sl ocabnsde rTvyepde, especi
samples where poor repeatability of the meth
in vaccine spectrRTI RSIi mdllagdiyf itcoatATR outope
measure of i1 denti fi c¥% tacocnurpaoctye natcihaile v ewdi tfho rl (
and test model s acr etsysp ewsar iWhuesn ntoodnesli dseuw b ng

SERS yielded better results than conventi ona

100% accuracy, precisiosacorecalt,ispepotéwort
t hat conventional Ra man al so produced val
aforementioned parameters. AUC demonstrated

high performing classification model s.

Optimisation of the Raman mi cr os €lodp ivca cntei tnheosd

was performed usi ndg PtLhUeS Hoarmabna méRlemBAk omet er

This included optimisation of objective, gr é
scans. However, the outcomes of this study
that was opti mal due tocaonembét uofesoaehoen
and time constraints. |l nstead, results indi
signifieant pnf ltuh e spectr al qguality obser
investigation into each variable on a | arge
further work before an opti mal met hod can be
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provideacpnoept for the use of Raman Microsc
identificat iFlo9n voafc cSFneGovaindd built a foundat.
met hod optimisation to be further I mproved
i ncdat ed that the x100 objective produced spe
reduced fluorescence i n comparison to those
However, vaccines measured using the x100 o
varying gfatieg sedtings over a small sampl e
coll ected at each grating and filter settin
settings were opti mal for wvaccine analysi s.
interferenceencaef ifnl utohreeisrc spectra and were cl
Spectr al guality of these vaccines far outp
terms of number of bands and intensity, sug
Raman microscopy ecoauokdsyfiel dcmara&acterisatio
identification of SF vaccines. However, t he
supports this conclusion means the <coll ecti
spectra with no f | uooruelsdc ebnec er eignutierrefde rtean cfeu Iw
cl ai m. Bands corresponding to nucleic acid
acids could be successfully identified in t
fluorescence. SERS agaiemhdememsetht atodd pstarkor
al though this applied to both Raman active ¢
SERS is only suitable for use where fluores
enhancement of fluorescenceed nmit dlee avdhicrcg nree.
terms of SNR. CWS demonstrated satisfactory
met hod where all vawalimesofobt aagadnain r hems

vaccines of the s anvealbureanodf o> tOa bbb chgsah enrs. Ho
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some type | and || errors were oObserved fo
influenced by fluorescence. PCA showed good
the x100 objective and x10 objective where t
away éaom ot her. However, despite spectra of
good clustering with no overlap of scores,
together and the presence of fluorescence in

i nfl ueencreodtel s, causing type | and Il errors

Overal-FTI RTRt ood out as the most robust and

rapi ddesitomucti ve identification of SF vaccin
repeatability of the method, clustering bas
een at | ow sample concentration and vol ume.

support the-FilbR eped@ffTRoscopy for the analy

mi xtures HdAPkeeaCovines. Whi | e handhel d Raman
positive out co mend icharteatmeri sati on, i denti
classification, repeated analysis of a | ar ge
validity of these results considering the pc
Raman micr oscoplyl esrhto weat entcieal as an i-denti f

19 vaccines for the spectra acquired without
observed between spectra and major fluoresce
in this thesid heavertohdeucpeotmamstlieladi ng resul t s
met hod development in terms of optimising s
and measur ement of a | arger sample size i

performance of theltieahnioque for this app
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5.Qut comes of thesi s results/ contribution

The outcomes of the studies outlined in this

aim and objectives of the project which are

l1.Use portabBbTkER ASRBRectroscopy for ad®hent i

vaccines surpassing challenges related to

Based on the resul-RTsI Rfwatshissu cscteusdsyf,u [AITR used

t ool for the characterisafilbPomaandnastbénfoact
brands. Chall enges rel ated t o water i nt er f
optimisation resulting in the dryingd4bf wvac
mi nutes prior to measurement . The results p
met hod outlined could be utilised as & repea
l9vaccine authentication of DNA, mRNA and |

Cov-id vaccines.

2.Compare handhel d conventional versus s u
spectroscopic methods for identificati on

considering cfhlaudreensgceesncien and met hod sens

Chapter 3 compared t he use of conventional

identification of nucl eli9 vaaccicd ncecn s tailttuheonutgsh

study concludes that conventional Raman i s
very lowraonoars . SERS showed i mproved enha
applied to vaccines of an increased concent

starting concentration for the effective use

211



This suggested that the method sensitivity o
that of conventional Raman when analysing co
compari sons were drawn between the two techn
of ceane samples of varying concentrations

met hod sensitivity and t he influence of (o

fl uorescence.

3.Explore the ability of confocal Raman mi

CovH4il® vaccines of di fferent manufacturers

The performance of confocal Raman microscop
relatively basi c l evel of det ai | due to v
interference from fluorescence and the | i mi

preventlelde rednal usi ons being drawn from the
The acquisition of three Raman active spectr
superior spectr al guality in comparison to
provideadfppipwpoe for the techniqgue as an even
Cov-id vaccines at very | ow concentrations,

required to support this.

4 Determine t he performance of machi ne

classification of infrared and Raman spec

The performance of MLAs in the <cl as-filff Rcati
spectrometer, handhel d Ra man Sspectrometer

determined using qualitative evalwuation ( CWSs
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of performance metrics including acsaoaoney, [

as well as AUC (classification model s) . Exar
results in terms-Fdfl Rclamglt eninvg nftoronAmTR Raman
vadi e esults for Raman microscopy. |t is wort

results of the Raman spectroscopy dataset c.

relatively small sample size, although actio
the division of data into a validation and t
on data that had been used to train it. Furt

such as O6SMOTE® could be employed iatabetfut
to help mitigate this risk and produce mor e
the performance of the classification model s
evaluated through calcul ati on of-scaocrceu.r a~clyG

further supported this conclusi on.

Considering the above, this research made <co
successful ev&MMTuKtspecofr oATRpY as a FlPBbust n
vaccine authentication, all owing further de:
outdina this thesis for practical9foaeasnes
and analysis of novel complex biologic for mi

of this method could hold particular signifi

HPLC as the method and instrumentation i s T
technique requires | ess-FTéRosyseemandanhnr diensts
environment al conditions however, so anal ysi
controlilreodn memy . Despite -FWMIR, cobhked upeeodntA
accessible method of drug authentication in
Cov-id vaccines identified and therefore redu
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The research provided a sound foundati on C
optimisation for Raman spectroscopy as an an
SF Celvdi dvacci nes andofprcoovnicdeepst pfroorof Raman mi ¢
potenti alolry asnapegrt i cal met hod. This informat.i
work in terms of fluorescence and sample co
Further development of the SERS method coul o
handhel d Ramasoaopyetor tshiet er adpeitde,ct o ®h9 of S|
vaccines at | ocations such as airports, bord
rate of detection of SF vaccines and potent
reach patient sc,i ntgherheef orries kr epdoused t o the put

potentially aiding in the prosecution of tho

5.3i mitations

The overarching | imitation experienced in th
and 2 vaccines received. After dilution with

suspected to have significant effects on t1l

comenti onal Raman and microscopy. Additional
measured in thi-BTIsR udyectfrooschoTlpRy t o be conf
identification technigque in forensic invest:

requi raet ivoanl ifdor every avh9 |wadd e®i he aamda iolf alCloes

Wi thout this, the method is only proved to
brands outlined in this study. Similarly, n ¢
be sourfcoeg this project and no further quali't
vaccines acquired. Mo s t l i mitations of t he
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di fficulties experienced iIin wusing the Raman

factors | imited the successful acquisition
variability in instrument performance wunder
oneusoe of | aser was available and there was
have helped to facilitate i maging due to fi
no I-dbinsggt ance working objective available wr
focusi sgpeatdal acquisition from a distance
enough to the sample to risk burning it.

5.Hurther research

Further work would invol-NElI R het udkeyedntmomne o
vaccine brands to build a -Becdacailndibamplye:
spectral I ibrary would allow comparison of s

fimgpeint of a known reference standard Vvac

potentially automated-l19demtciciineati on of SF C

Further development of the SERS study woul d

to colloid formulation and aggregating agent
sample size of vaccines at increased concent
guantative analysis to establish a |Iimit of
dataset would help to prevent overfitting ir
reliable accuracy in terms of <c¢classification

Repetition of the Raman microscopy <chapter,
alongside the wutilisati-dnsbanaemowboki sguobgpe

be preferable. | f these adjustments aided i
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acquisition of Raman active spectra, vari ab
investigated independently to confidd4am®tly e:

vaccine identification using this technique.
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AppendiDetlai I-$9o0va€ovnd sampl es

6maauhaedt boer t h

edatudyg)

Sampl e Label [Expiry For m Not es
number
LJMUCV1|Brand 30/ 08/ 2021 whi t suspensi on
chlorid
LIJMUCV2|Brand 8/ 30/ 2021 whi t suspensi on
chlorid
LJMUCV3|Brand 8/ 30/ 2021 whi t suspensi on
chlorid
LIJMUCV4|Brand 8/ 30/ 2021 whi t suspensi on
chlorid
LIJMUCVS5|Brand 10/30/ 2021 whi t suspensi on
chlorid

251



LJ

MUCYV 6

nd

8/ 30/

202

wh i

LJ

MUCV 7Y

nd

8/ 30/

202

whi

LJ

MUCYV 8

nd

8/ 30/

202

wh i

LJ

MUCV9

nd

8/ 30/

202

whi

LJ

MUCV1

nd

8/ 30/

202

whi

LJ

MUCV1

nd

8/ 30/

202

wh i

LJ

MUCV1

nd

8/ 30/

202

wh i

252



LJ

MUCV1

nd

10/ 30/ 2021

wh i

LJ

MUCV1

nd

8/ 30/ 2021

whi

LJ

MUCV1

nd

8/ 30/ 2021

wh i

LJ

MUCV1

nd

10/30/ 2021

whi

LJ

MUCV1

nd

10/30/ 2021

whi

LJ

MUCV1

nd

10/ 30/ 2021

wh i

LJ

MUCV1

nd

10/ 30/ 2021

w h

iltiequi

253



LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

whi

LJ

MUCYV 2

nd

8/ 30/ 2021

wh i

LJ

MUCYV 2

nd

8/ 30/ 2021

whi

LJ

MUCYV 2

nd

8/ 30/ 2021

whi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

8/ 30/ 2021

wh i

254



LJ

MUCYV 2

nd

8/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

whi

LJ

MUCYV 2

nd

8/ 30/ 2021

wh i

LJ

MUCV 3

nd

10/30/ 2021

whi

LJ

MUCV 3

nd

10/30/ 2021

whi

LJ

MUCYV 3

nd

10/ 30/ 2021

wh i

LJ

MUCV 3

nd

10/ 30/ 2021

wh i

255



LJ

MUCYV 3

nd

8/ 30/ 2021

w h

ite |

LJ

MUCYV 3

nd

8/ 30/ 2021

w h

iltiequi

LJ

MUCYV 3

nd

10/ 30/ 2021

wh i

LJ

MUCV 3

nd

10/30/ 2021

whi

LJ

MUCV 3

nd

10/30/ 2021

whi

LJ

MUCYV 3

nd

8/ 30/ 2021

wh i

LJ

MUCV 4

nd

8/ 30/ 2021

wh i

256



LJ

MUCVA4

nd

8/ 30/

2021

wh i

Eodi

LJ

MUCV 4

nd

10/ 30/ 2021

whi

LJ

MUCV4

nd

8/ 30/

2021

wh i

LJ

MUCV 4

nd

8/ 30/

2021

whi

LJ

MUCV 4

nd

8/ 30/

2021

whi

LJ

MUCV4

nd

9/ 30/

2021

wh i

LJ

MUCV 4

nd

8/ 30/

2021

wh i

257



LJ

MUCVA4

nd

8/ 30/ 2021

w h

LJ

MUCV 4

nd

10/ 30/ 2021

w h

LJ

MUCV5

nd

9/ 30/ 2021

w h

LJ

MUCV 5

nd

10/30/ 2021

w h

[tiequi

LJ

MUCV 5

nd

8/ 30/ 2021

w h

LJ

MUCV5

nd

8/ 30/ 2021

w h

LJ

MUCV 5

nd

8/ 30/ 2021

w h

i oOn. 9 %

S (

258



LJ

MUCYV5

nd

8/ 30/ 2021

wh i

LJ

MUCV 5

nd

9/ 30/ 2021

whi

LJ

MUCV5

nd

8/ 30/ 2021

wh i

LJ

MUCV 5

nd

8/ 30/ 2021

whi

LJ

MUCV 5

nd

10/30/ 2021

whi

LJ

MUCYV 6

nd

8/ 30/ 2021

wh i

LJ

MUCV 6

nd

10/ 30/ 2021

wh i

259



LJ

MUCYV 6

nd

10/ 30/ 2021

wh i

LJ

MUCV 6

nd

8/ 30/ 2021

whi

LJ

MUCYV 6

nd

10/ 30/ 2021

w h

iltiequi

LJ

MUCV 6

nd

10/30/ 2021

whi

LJ

MUCV 6

nd

8/ 30/ 2021

whi

LJ

MUCYV 6

nd

9/ 30/ 2021

wh i

i oOn. 9 %

LJ

MUCV 6

nd

8/ 30/ 2021

wh i

260



LJ

MUCYV 6

nd

10/ 30/ 2021

wh i

LJ

MUCV 7Y

nd

10/ 30/ 2021

whi

LJ

MUCV7

nd

10/ 30/ 2021

wh i

LJ

MUCV 7Y

nd

10/30/ 2021

whi

LJ

MUCV 7

nd

10/30/ 2021

whi

LJ

MUCV7

nd

8/ 30/ 2021

wh i

LJ

MUCV7

nd

10/ 30/ 2021

wh i

261



LJ

MUCV7

nd

8/ 30/ 2021

wh i

LJ

MUCV 7Y

nd

8/ 30/ 2021

whi

LJ

MUCV7

nd

8/ 30/ 2021

wh i

LJ

MUCV 7Y

nd

8/ 30/ 2021

whi

LJ

MUCV 8

nd

10/30/ 2021

w h

iltiequi

LJ

MUCYV 8

nd

8/ 30/ 2021

wh i

LJ

MUCV 8

nd

9/ 30/ 2021

wh i

262



LJ

MUCYV 8

nd

9/ 30/ 2021

wh i

i oOn. 9 %

LJ

MUCV 8

nd

10/ 30/ 2021

whi

LJ

MUCYV 8

nd

10/ 30/ 2021

wh i

LJ

MUCV 8

nd

10/30/ 2021

whi

LJ

MUCV 8

nd

10/30/ 2021

whi

LJ

MUCYV 8

nd

10/ 30/ 2021

wh i

LJ

MUCV 8

nd

9/ 30/ 2021

wh i

263



LJ

MUCYV9

nd

8/ 30/ 2021

wh i

LJ

MUCV9

nd

10/ 30/ 2021

whi

LJ

MUCV9

nd

8/ 30/ 2021

wh i

LJ

MUCV9

nd

10/30/ 2021

whi

LJ

MUCV9

nd

8/ 30/ 2021

whi

LJ

MUCV9

nd

8/ 30/ 2021

wh i

LJ

MUCV9

nd

10/ 30/ 2021

w h

iltiequi

264



LJ

MUCYV9

nd

8/ 30/ 2021

wh i

LJ

MUCV9

nd

9/ 30/ 2021

whi

LJ

MUCV9

nd

8/ 30/ 2021

wh i

oOn. 9 %

LJ

MUCV1

nd

10/30/ 2021

whi

LJ

MUCV1

nd

10/30/ 2021

whi

LJ

MUCV1

nd

8/ 30/ 2021

wh i

LJ

MUCV1

nd

9/ 30/ 2021

wh i

265



LJ

MUCV1

nd

10/ 30/ 2021

wh i

LJ

MUCV1

nd

10/ 30/ 2021

whi

LJ

MUCV1

nd

10/ 30/ 2021

wh i

LJ

MUCV1

nd

8/ 30/ 2021

whi

LJ

MUCV1

nd

10/30/ 2021

whi

LJ

MUCV1

nd

9/ 30/ 2021

wh i

LJ

MUCV1

nd

10/ 30/ 2021

wh i

266



LJ

MUCV1

nd

10/ 30/ 2021

w h

ite |

LJ

MUCV1

nd

8/ 30/ 2021

w h

iltiequi

LJ

MUCV1

nd

10/ 30/ 2021

wh i

LJ

MUCV1

nd

10/30/ 2021

whi

LJ

MUCV1

nd

8/ 30/ 2021

whi

LJ

MUCV1

nd

10/ 30/ 2021

wh i

LJ

MUCV1

nd

10/ 30/ 2021

wh i

267



LJ

MUCV1

nd

8/ 30/

202

wh i

Eodi

LJ

MUCV1

nd

8/ 30/

202

whi

LJ

MUCV1

nd

8/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

wh i

268



LJ

MUCV1

nd

9/ 30/

202

w h

LJ

MUCV1

nd

9/ 30/

202

w h

LJ

MUCV1

nd

9/ 30/

202

w h

LJ

MUCV1

nd

9/ 30/

202

w h

[tiequi

LJ

MUCV1

nd

9/ 30/

202

w h

LJ

MUCV1

nd

9/ 30/

202

w h

LJ

MUCV1

nd

9/ 30/

202

w h

269



LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

wh i

270



LJ

MUCV1

nd

9/ 30/ 2021

wh i

LJ

MUCV1

nd

9/ 30/ 2021

whi

LJ

MUCV1

nd

9/ 30/ 2021

wh i

LJ

MUCV1

nd

9/ 30/ 2021

whi

LJ

MUCV1

nd

10/30/ 2021

whi

LJ

MUCV1

nd

9/ 30/ 2021

w h

iltiequi

LJ

MUCV1

nd

10/ 30/ 2021

w h

ite |

271



LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

wh i

272



LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

wh i

273



LJ

MUCV1

nd

9/ 30/

202

w h

iltiequ i

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

8/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

wh i

274



LJ

MUCV1

nd

9/ 30/

2021

wh i

LJ

MUCV1

nd

9/ 30/

2021

whi

LJ

MUCV1

nd

9/ 30/

2021

wh i

LJ

MUCV1

nd

9/ 30/

2021

whi

LJ

MUCV1

nd

9/ 30/

2021

whi

LJ

MUCV1

nd

10/ 30/ 2021

wh i

LJ

MUCV1

nd

9/ 30/

2021

wh i

275



LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

w h

iltiequi

LJ

MUCV1

nd

8/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

whi

LJ

MUCV1

nd

9/ 30/

202

wh i

LJ

MUCV1

nd

9/ 30/

202

wh i

276



LJ

MUCV1

nd

71 30/

202

mb i

LJ

MUCV1

nd

6/ 30/

202

mb i

LJ

MUCV1

nd

6/ 30/

202

mb i

LJ

MUCV1

nd

6/ 30/

202

mb i

LJ

MUCV1

nd

6/ 30/

202

mb i

LJ

MUCV1

nd

6/ 30/

202

mb i

LJ

MUCV1

nd

8/ 30/

202

mb i

277



LJMUCV1|Brand 10/30/ 2021 transpa ecombi nant
l'i qui d
LJMUCV1|Brand 9/ 30/ 2021 transpa ecombi nant
l i qui d
LJMUCV1|Brand 9/ 30/ 2021 white | uspensi on
hl ori de
LJMUCV1|Brand 9/ 30/ 2021 white | uspensi n
hl ori de
LJMUCV1|Brand 9/ 30/ 2021 white | uspensi n
hl ori de
LJMUCV1|Brand 9/ 30/ 2021 white | uspensi on
hl ori de
LIJMUCV1 Brand 9/ 30/ 2021 white | uspensi n
hl ori de

278



LJ

MUCV1

nd

9/ 30/ 2021

wh i

LJ

MUCV1

nd

10/ 30/ 2021

whi

LJ

MUCV1

nd

9/ 30/ 2021

w h

iltiequi

LJ

MUCV1

nd

10/30/ 2021

whi

LJ

MUCV1

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

279



LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

280



LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

w h

iltiequi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

281



LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

whi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

282



LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

w h

iltiequi

283



LJ

MUCYV 2

nd

9/ 30/

202

wh i

LJ

MUCYV 2

nd

9/ 30/

202

whi

LJ

MUCYV 2

nd

9/ 30/

202

wh i

LJ

MUCYV 2

nd

9/ 30/

202

whi

LJ

MUCYV 2

nd

9/ 30/

202

whi

LJ

MUCYV 2

nd

9/ 30/

202

wh i

LJ

MUCYV 2

nd

10/ 30/ 20

21

wh i

284



LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

whi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

285



LJ

MUCYV 2

nd

10/ 30/ 2021

w h

ite |

LJ

MUCYV 2

nd

9/ 30/ 2021

w h

iltiequi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

286



LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

Eodi

LJ

MUCYV 2

nd

10/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

287



LJ

MUCYV 2

nd

9/ 30/ 2021

w h

LJ

MUCYV 2

nd

10/ 30/ 2021

w h

LJ

MUCYV 2

nd

9/ 30/ 2021

w h

LJ

MUCYV 2

nd

9/ 30/ 2021

w h

[tiequi

LJ

MUCYV 2

nd

9/ 30/ 2021

w h

LJ

MUCYV 2

nd

9/ 30/ 2021

w h

LJ

MUCYV 2

nd

10/ 30/ 2021

w h

288



LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

289



LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

w h

iltiequi

LJ

MUCYV 2

nd

10/ 30/ 2021

w h

ite |

290



LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

291



LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

10/30/ 2021

whi

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

wh i

292



LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

10/30/ 2021

w h

iltiequi

LJ

MUCYV 2

nd

9/ 30/ 2021

whi

LJ

MUCYV 2

nd

9/ 30/ 2021

wh i

LJ

MUCYV 2

nd

8/ 30/ 2021

tr

anspar

gui d

nt

293



LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

71 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

7/ 30/

202

mb i

294



LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

7/ 30/

202

mb i

295



LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

296



LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

71 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

297



LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

71 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

298



LJ

MUCYV 3

nd

71 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

LJ

MUCYV 3

nd

8/ 30/

202

mb i

LJ

MUCV 3

nd

8/ 30/

202

mb i

299



LJMUCV3|Brand 8/ 30/ 202 transparfrecombinant
l'i qui d
LJMUCV3|Brand 8/ 30/ 202 transpar|{recombinant
l i qui d
LJMUCV3|Brand 8/ 30/ 202 transparfrecombinant
l'i qui d
LJMUCV3|Brand 9/ 30/ 202 white | uspensi n
hl ori de
LJMUCV3|Brand 9/ 30/ 202 white | uspensi n
hl ori de
LJMUCV3|Brand 9/ 30/ 202 white |1 uspensi on
hl ori de
LIJMUCV3 Brand 9/ 30/ 202 white 1|1 uspensi n
hl ori de

300



LJ

MUCYV 3

nd

9/ 30/ 2021

w h

ite |

LJ

MUCYV 3

nd

9/ 30/ 2021

w h

iltiequi

LJ

MUCYV 3

nd

10/ 30/ 2021

wh i

LJ

MUCV 3

nd

9/ 30/ 2021

whi

LJ

MUCV 3

nd

9/ 30/ 2021

whi

LJ

MUCYV 3

nd

9/ 30/ 2021

wh i

LJ

MUCV 3

nd

9/ 30/ 2021

wh i

301



LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCYV 3

nd

9/ 30/

202

whi

LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCV 3

nd

9/ 30/

202

whi

LJ

MUCV 3

nd

9/ 30/

202

whi

LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCV 3

nd

9/ 30/

202

wh i

302



LJ

MUCYV 3

nd

9/ 30/

202

w h

LJ

MUCYV 3

nd

9/ 30/

202

w h

LJ

MUCYV 3

nd

9/ 30/

202

w h

LJ

MUCV 3

nd

9/ 30/

202

w h

[tiequi

LJ

MUCV 3

nd

9/ 30/

202

w h

LJ

MUCYV 3

nd

9/ 30/

202

w h

LJ

MUCV 3

nd

9/ 30/

202

w h

303



LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCYV 3

nd

9/ 30/

202

whi

LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCV 3

nd

9/ 30/

202

whi

LJ

MUCV 3

nd

9/ 30/

202

whi

LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCV 3

nd

9/ 30/

202

wh i

304



LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCYV 3

nd

9/ 30/

202

whi

LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCV 3

nd

9/ 30/

202

whi

LJ

MUCV 3

nd

9/ 30/

202

whi

LJ

MUCYV 3

nd

9/ 30/

202

w h

iltiequi

LJ

MUCV 3

nd

9/ 30/

202

w h

ite |

305



LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCYV 3

nd

9/ 30/

202

whi

LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCV 3

nd

9/ 30/

202

whi

LJ

MUCV 3

nd

9/ 30/

202

whi

LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCV 3

nd

9/ 30/

202

wh i

306



LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCYV 3

nd

9/ 30/

202

whi

LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCV 3

nd

9/ 30/

202

whi

LJ

MUCV 3

nd

9/ 30/

202

whi

LJ

MUCYV 3

nd

9/ 30/

202

wh i

LJ

MUCV 3

nd

9/ 30/

202

wh i

307



LJ

MUCYV 3

nd

9/ 30/ 2021

w h

iltiequ i

LJ

MUCYV 3

nd

9/ 30/ 2021

whi

LJ

MUCV4

nd

9/ 30/ 2021

wh i

LJ

MUCV 4

nd

9/ 30/ 2021

whi

LJ

MUCV 4

nd

10/30/ 2021

whi

LJ

MUCV4

nd

9/ 30/ 2021

wh i

LJ

MUCV 4

nd

9/ 30/ 2021

wh i

so0di

308



LJ

MUCVA4

nd

9/ 30/

2021

wh i

LJ

MUCV 4

nd

9/ 30/

2021

whi

LJ

MUCV4

nd

9/ 30/

2021

wh i

LJ

MUCV 4

nd

9/ 30/

2021

whi

LJ

MUCV 4

nd

9/ 30/

2021

whi

LJ

MUCV4

nd

10/ 30/ 2021

wh i

LJ

MUCV 4

nd

10/ 30/ 2021

wh i

3009



LJ

MUCVA4

nd

10/ 30/ 2021

wh i

LJ

MUCV 4

nd

8/ 30/

2021

whi

LJ

MUCV4

nd

8/ 30/

2021

w h

iltiequi

LJ

MUCV 4

nd

9/ 30/

2021

whi

LJ

MUCV 4

nd

9/ 30/

2021

whi

LJ

MUCV4

nd

9/ 30/

2021

wh i

LJ

MUCV 4

nd

9/ 30/

2021

wh i

310



LJ

MUCVA4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

9/ 30/

202

whi

LJ

MUCV4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

9/ 30/

202

whi

LJ

MUCV 4

nd

9/ 30/

202

whi

LJ

MUCV4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

10/ 30/ 20

21

wh i

311



LJ

MUCVA4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

9/ 30/

202

whi

LJ

MUCV4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

9/ 30/

202

whi

LJ

MUCV 4

nd

9/ 30/

202

w h

iltiequi

LJ

MUCV4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

9/ 30/

202

wh i

312



LJ

MUCVA4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

9/ 30/

202

whi

LJ

MUCV4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

9/ 30/

202

whi

LJ

MUCV 4

nd

9/ 30/

202

whi

LJ

MUCV4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

9/ 30/

202

wh i

313



LJ

MUCVA4

nd

9/ 30/ 2021

wh i

LJ

MUCV 4

nd

9/ 30/ 2021

whi

LJ

MUCV4

nd

10/ 30/ 2021

wh i

LJ

MUCV 4

nd

10/30/ 2021

whi

LJ

MUCV 4

nd

10/30/ 2021

whi

LJ

MUCV4

nd

9/ 30/ 2021

wh i

LJ

MUCV 4

nd

9/ 30/ 2021

w h

iltiequi

314



LJ

MUCVA4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

9/ 30/

202

whi

LJ

MUCV4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

9/ 30/

202

whi

LJ

MUCV 4

nd

9/ 30/

202

whi

LJ

MUCV4

nd

9/ 30/

202

wh i

LJ

MUCV 4

nd

9/ 30/

202

wh i

315



LJMUCV4 | Brand 10/ 30/ 2021 white | pensi n
oride
LIJMUCV4|Br and 10/30/ 2021 white | pensi n
ori de
LJMUCV4 | Brand 9/ 30/ 2021 white | pensi n
oride
LIJMUCV4|Brand 9/ 30/ 2021 white | pensi n
ori de
LJMUCV4|Brand 9/ 30/ 2021 white | pensi n
ori de
LJMUCV4 | Brand 6/ 30/ 2021 transpa ombinant
[ ui d
LIJMUCV4 Brand 6/ 30/ 2021 transpa ombi nant
l'iqui d

316



LJ

MUCVA4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

317



LJ

MUCVA4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

318



LJ

MUCVA4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

319



LJ

MUCVA4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

320



LJ

MUCVA4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

LJ

MUCV4

nd

6/ 30/

202

mb i

LJ

MUCV 4

nd

6/ 30/

202

mb i

321



LJ

MUCVA4

Br

nd

6/ 30/

202

mb i

LJ

MUCV 4

Br

nd

6/ 30/

202

mb i

LJ

MUCV4

Br

nd

6/ 30/

202

mb i

LJ

MUCV 4

Br

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

322



LJ

MUCYV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

323



LJ

MUCYV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

324



LJ

MUCYV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

325



LJ

MUCYV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

326



LJ

MUCYV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

327



LJ

MUCYV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

328



LJ

MUCYV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

329



LJ

MUCYV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

330



LJ

MUCYV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

331



LJ

MUCYV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

332



LJ

MUCYV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

6/ 30/

202

mb i

LJ

MUCV5

nd

6/ 30/

202

mb i

LJ

MUCV 5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

71 30/

202

mb i

LJ

MUCV5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

7/ 30/

202

mb i

333



LJ

MUCYV5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

71 30/

202

mb i

LJ

MUCV5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

71 30/

202

mb i

LJ

MUCV5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

7/ 30/

202

mb i

334



LJ

MUCYV5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

71 30/

202

mb i

LJ

MUCV5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

71 30/

202

mb i

LJ

MUCV5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

7/ 30/

202

mb i

335



LJ

MUCYV5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

71 30/

202

mb i

LJ

MUCV5

nd

71 30/

202

mb i

LJ

MUCV 5

nd

71 30/
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COSHH Ri sk

Assessment

Titl e of Pr ot occoomye/nRPi oceeld lahe surface

enhanced handheld spect

Name of Faculty: Science

Name of School/Dept.
School of Pharmacy and Biomolecular Science

Date of assessment: 03/10/2022

Site/Location/Room No.
James Parsons 8.11, 6.41, 4.03, 4.06, 4.07 and 3.33

Name of person(s) carrying out procedure:
Megan Watson

Signature of person(s) carrying out procedure:

Tel No: 07885830063

E-mail: M.Watson@2019.ljmu.ac.uk

Name of supervisor:
Sulaf Assi

Signature

Sk

Tel No. 0151 231 6144

E-mail S.Assi@Iljmu.ac.uk

Persons at Risk (Staff/Students/Others?)

Any visitors or contractors must be informed of risks if access required.

Total number of people in lab
Variable but up to 10 people depending on researchers and
laboratory location

Is Health Surveillance Required? No

Health Surveillance is required if the procedure involves substances which are respiratory
sensitisers or skin sensitisers. If other substances with potential health effects are used and if

Duration of Exposure: mins/hrs

Maximum 8 hours a day

Are there any Ethical Issues?
(Attach Consents)
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any health effects are observed that is believed to have resulted from its use then Occupational None
Health should be contacted.

Consideration should be made of the existing health status of the user of hazardous substances.
Are special arrangements required? E.g. for types of PPE.

Emergency Contact Names: Joanna Watson 07894078489
Low risk activity, General Security services in case of emergency as per laboratory guidelines Tel No Ext 2222 as per normal laboratory guidelines

Description of Experimental Methods and Procedures:

Development of conventional and surface enhanced handheld spectroscopic methods for the authentication of anti-infective medicines and vaccines

The aim of the experiment will be to utilise handheld conventional and enhanced spectroscopic techniques (including FTIR, NIR and Raman) for identification of
counterfeit anti-infective medicines and vaccines. The specific precautions for handling raw materials and avoiding accidents are listed in the tables below.

The experiments will be done in laboratory 8.11, 4.03, 4.06, 4.07 and 3.33 which are secure.

All chemicals and samples will be labelled clearly.

The details of each sample provided on the label claim will be logged in an Excel sheet that is stored on LJIMU onedrive and not accessed outside the project
researchers.

When not measured chemicals will be stored in cupboards.

Masks, safety glasses and double gloves will be worn during analysis.

IR and Raman spectra will be collected non-destructively or through glass vials.

Three to five spectra will be taken from each sample depending on the signal to noise ratio

Though the techniques are non-destructive, any waste of material will be disposed as per the SDS sheets provided by the manufacturer e.g. Sigma Aldrich.
Spectral data will be stored securely on LIMU one drive and only accessed to researcher partners at LIMU, PerkinElmer and Agilent.

wn =

©oNo UM

Spectroscopic collection procedure involves:
1. Taking a background measurement
Positioning the vial (in case of solids).
Taking spectra
Repositioning the vial
Spectra will be backed up on a USB memory device daily to prevent data loss as spc, jcampdx or csv.

arwN

In the case of IR Spectroscopy, samples will be transferred from the vial to the crystal plate using either a spatula (solids) or syringe (liquids).

Description of Waste Disposal Methods:
In accordance with Faculty Research Laboratory Guideline Booklet and SOPs for lab No.s JP206, JP208, JP209/211, JP414 HPLC lab
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General Waste disposal procedure:

Emergency Action Procedures (spillages/ leaks, first aid, fire & explosion,)

No expected actions required as a result of the experiment.

Evacuate lab in the event of fire or similar emergency.

If there is a fire use appropriate extinguisher as detailed in COSHH forms 7 no specific fire extinguisher is required

Turn off electrical equipment at the switch or push the Laboratory Emergency Off Button if necessary.

Spill: Be aware of spillage procedures detailed in the COSHH section and add any specific information here.

General procedure for minor spillage: Absorb with an inert dry material such as blue roll or chemical absorbents in spillage kits or dilute with water if appropriate and mop
up, then place in an appropriate waste disposal container consistent with the hazardous nature of the chemical that has been cleaned (if unsure check COSHH before
cleaning). If substance is flammable keep away from sources of ignition.

For spillage of vaccine in solutions, it will be collected in sponge and disposed in the clinical/biological waste bin.

Refer to Faculty Chemical Spillage Procedure for further details.

Does the experiment run overnight or at weekends unattended? Has the appropriate form been completed? (see SCP 22)
No . Spectroscopy is rapid and each spectrum collection should take 1-2 min.

Training/Direct Supervision Requirements
NA. All researchers are well experienced in spectroscopic analysis.
Any additional training/supervision will be provided by Dr Sulaf Assi as necessary.

Business Interruption (e.g. power shutdown, fire, flood) What are the Contingency Procedures for work and waste?

No expected contingency plans required for the experiment.

In case of any interruption: Evacuation; return when safe to do so as instructed by local health and safety/fire evacuation staff.

In case of fire or explosion: Raise alarm, immediately evacuate area, call security on ext 2222 (0151 231 2222 from an external line) and inform them of the location and
source of the fire, they will contact Merseyside Fire and Rescue Service. Inform fire warden on site of the location and source of the fire.

Contingency for waste: Assess effect of interruption/shutdown on the experiment and products and dispose of any spoiled starting materials, synthesised products and
hazardous intermediate products that may have been formed and need disposal, following COSHH guidance.
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Risk Evaluation Comments

Hazards/Risks ldentified:

1 The uses of chemical which are hazardous in case of ingestion, inhalation, skin

1 Handling of flammable, combustible, skin and eye irritating and other potentially dangerous chemicals.

1 Handling of biologic pharmaceuticals (anti-infectives, anti-malarials, vaccines etc.)

I COVID-19: Other individuals in the lab, labware and equipment which may have been handled by others

What procedures are in place to minimise risks:

All researchers will wear lab safety spectacles, fastened lab coat, gloves following COSHH and try to be as careful as possible.

1 Ensuring essential training procedures are completed and researchers are competent in the procedures and familiar with all SOPs listed above.

1 Using the flammable and organic solvents under hood, ensure everything is appropriately labelled, including cautions and warning signs for hazardous materials.
1 Applying all health and safety instructions and follow good lab practice and Faculty Laboratory Guidelines Booklet

1 Using personal protective equipment (e.g. clothing, footwear, goggles etc.)

1 Follow all precautions when working with glassware and do not use any broken or damaged vessels.

To minimise risks to other lab users, samples will be prepared in the fume hood in 406. Continued adherence to rules of good laboratory practice.

COVID-19:

Keeping the activity time involved as short as possible

Using screens or barriers to separate people from each other

Using back-to-back or side-to-side working (rather than face-to-face) whenever possible
Reducing the number of people each person has contact witlyafbwothars)i ng o6f i x¢€
Increasing the frequency of hand washing and surface cleaning.

Staggering arrival and departure times at work to reduce crowding into and out of the workplace, taking account of the impact on those with protected
characteristics.

Wear gloves when working in the lab and wipe down commonly used equipment with 70% ethanol

ok wNE

~

Summary: The risk associated with the experimental part of the present form has been identified as Low.

Low risk: No additional controls are required.

COVID-19: Review the UK government guidelines regarding working safely in labs during COVID-19. (https://www.gov.uk/guidance/working-safely-during-
coronavirus-covid-19/labs-and-research-facilities).
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COSHH MATERIAL SAFETY DATA

TECHNI QUE/ METHOD TI TLE:

St ate
Hazardous Route of
Substance and Hazard B @ Quantity entry & . Disposal Route Spillage procedure
equipment Type liqui used Target REE Ceniiels et [FReecions Emergency procedures
gas Organs
ALC-0315 Irritant Liquid lg Skin n/a Skin Contact: Immediately wash skin with Keep container tightly sealed in cool, well-
(CAS: 2036272-55-4) corrosion/ soap and plenty of water for at least 20 ventilated area. Keep away from direct
Irritation, minutes. Remove contaminated clothing. sunlight and sources of ignition.
Serious eye Get medical attention if symptoms occur.
damage/eye Wash clothing before reuse - Use of Must be disposed of an incinerator.
irritation gloves

Eye Contact: Hold eyelids apart and flush
eyes with plenty of water for at least 20
minutes. Have eyes examined and tested
by medical personnel i Use of safety
glasses

Immediately relocate self or casualty to
fresh air. If breathing is difficult, give
cardiopulmonary resuscitation (CPR).
Avoid mouth-to-mouth resuscitationi Use
of N95 of P1 dust masks if desired

If swallowed: Wash out mouth with water
provided person is conscious. Never give
anything by mouth to an unconscious
person. Get medical attention. Do NOT
induce vomiting unless directed to do so by
medical personnel.

Extinguishing with use of water spray,
alcohol-resistant foam, dry chemical or
carbon dioxide.
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Subst{:\nce and Hazard €. 9. Quantity entry & WEL Controls and Precautions Disposal Route Spillage procedure
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ALC-0159 Not a Solid 1g Eye irritation, n/a Skin Contact: Immediately wash with water | Keep container tightly sealed in cool, well-
(CAS: 1849616-42-7) | hazardous skin irritation, and soap and rinse thoroughly - Use of ventilated area. Keep away from direct
substance respiratory gloves sunlight and sources of ignition. Should be
and digestive Eye Contact: Rinse opened eye for several | stored at -20 °C as powder and -80°C
tract irritation minutes under running water. If symptoms | when in solution.
persist,consult a doctor i Use of safety
glasses Must be disposed of an incinerator.
If inhaled: Supply fresh air; consult a doctor
in case of complaint Extinguishing with use of carbon dioxide,
If swallowed: Seek immediate medical sand or extinguishing powder; do not use
advice water
DSPC Not a Solid lg Eye irritation, n/a Skin Contact: Wash off with soap and Store in cool place. Keep container tightly
(CAS: 816-94-4) hazardous skin irritation, plenty of water - Use of gloves closed in a dry and well-ventilated place.
substance respiratory Eye Contact: Flush eyes with water as a
and digestive precaution i Use of safety glasses Allocated solid waste disposal. Do not let
tract irritation If inhaled: If breathed in, move person into | Product enter drains.
fresh air. If not breathing, give artificial
respiration i Use of N95 of P1 dust Extinguishing with use of water spray,
masks if desired alcohol-resistant foam, dry chemical or
If swallowed: Never give anything by mouth | carbon dioxide.
to an unconscious person. Rinse mouth
with water
Cholesterol Not a Solid 1g Eye irritation, n/a Skin Contact: Immediately wash with water | Store the product in its original packaging
hazardous skin irritation, and soap and rinse thoroughly - Use of sealed tightly, protected from light and
substance respiratory gloves moisture.

and digestive
tract irritation

Eye Contact: Rinse opened eye for several
minutes under running water. If symptoms
persist,consult a doctor i Use of safety
glasses

If inhaled: Supply fresh air; consult a doctor
in case of complaint

If swallowed: Seek immediate medical
advice

Allocated solid waste disposal. Do not let
product enter drains.

Extinguishing with use of carbon dioxide,
sand or extinguishing powder; do not use
water
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SM-102 Irritant Solid 1g Eye irritation, n/a Skin Contact: Immediately wash with water | Store the product in its original packaging
(CAS: 2089251-47-6) skin irritation, and soap and rinse thoroughly. Consult a sealed tightly, in a dry, cool and well-
respiratory physician - Use of gloves ventilated place. Store at -20°C as solid or
and digestive Eye Contact: Rinse opened eye for at least | -80°C if in solution.
tract irritation 15 minutes under running water and
consult a physician i Use of safety Allocated solid waste disposal. Do not let
glasses product enter drains.
If inhaled: Immediately relocate self or
casualty to fresh air. If breathing is difficult, | Extinguishing with use of water spray,
give cardiopulmonary resuscitation (CPR). | alcohol-resistant foam, dry chemical or
Avoid mouth-to-mouth resuscitation i Use | carbon dioxide.
Mask
If swallowed: Wash out mouth with water;
Do NOT induce vomiting; call a physician.
PEG-2000DMG Not a Solid 1g Eye irritation, n/a Skin Contact: Immediately wash with water | Store the product in its original packaging
(CAS: 160743-62-4) hazardous skin irritation, for at least 15 minutes. Get medical sealed tightly, in a dry, cool and well-
substance respiratory attention if symptoms occur ventilated place.

and digestive
tract irritation

Eye Contact: Rinse opened eye for at least
15 minutes under running water. Get
medical attention i Use of safety glasses
If inhaled: Supply fresh air; consult a doctor
in case of complaint

If swallowed: Clean mouth with water and
drink afterwards plenty of water. Get
medical attention if symptoms occur.

Allocated solid waste disposal. Do not let
product enter drains.

Extinguishing with use of water spray,
alcohol-resistant foam, dry chemical or
carbon dioxide.
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2-Hydroxypropyl-b- Not a Solid 1g Eyes, 1  Skin Contact: Immediately wash with water | Allocated solid waste disposal. Do not let
cyclodextrin hazardous ingestion, for at least 15 minutes. Get medical product enter drains.
(CAS: 128446-35-5) substance inhalation attention if symptoms occur i Use of
or mixture. gloves Extinguishing with use of carbon dioxide,
Not f  Eye Contact: Rinse opened eye for at least | sand or extinguishing powder; do not use
classified 15 minutes under running water. Get water
in medical attention i Use of safety glasses
accordanc 1 Ifinhaled: Supply fresh air; consult a doctor
~ ewith in case of complaint
internation If swallowed: Clean mouth with water and drink
al afterwards plenty of water. Get medical attention if
star;dards symptoms occur.
or
workplace Storage: Tightly closed container in a dry
safety. environment.
2-phenoxyethanol Harmful if Liquid 100 mL Eyes, skin, 1  Skin Contact: Immediately wash with water | Keep container tightly sealed in cool, well-
(CAS: 122-99-6) swallowed, inhalation, for at least 15 minutes. Get medical ventilated area. Keep away from direct
Causes ingestion attention i Use of gloves sunlight and sources of ignition.
serious 1 Eye Contact: Rinse opened eye for at least
eye 15 minutes under running water. Get Must be disposed of an incinerator.
irritation

medical attention i Use of safety glasses

1 Ifinhaled: Immediately relocate self or
casualty to fresh air. Avoid mouth-to-mouth
resuscitation

If swallowed: Clean mouth with water and drink
afterwards plenty of water. Get medical attention if
symptoms occur.

Extinguishing with use of water spray,
alcohol-resistant foam, dry chemical or
carbon dioxide.
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equipment Type liqui used Target Emergency procedures
gas Organs
Acetic acid Flammable Liquid 100 mL Ingestion, 1  Skin Contact: Take off immediately all Keep container tightly sealed in cool, well-
(CAS: 64-19-7) liquid and Eyes, contaminated clothing. Rinse skin with ventilated area. Keep away from direct
vapour, Inhalation, water or shower i Wear Gloves sunlight and sources of ignition.
causes Skin 1 Eye Contact: Rinse cautiously with water
severe skin for several minutes. Remove contact Must be disposed of an incinerator.
burns and lenses, if present and easy to do. Continue
eye rinsing i Wear Safety Goggles Extinguishing with use of water spray,
damage 1 If swallowed: Rinse mouth. Do NOT induce | alcohol-resistant foam, dry chemical or
vomiting carbon dioxide.
1 Ifinhaled: Immediately relocate self or
casualty to fresh air. Avoid mouth-to-mouth
resuscitation i use in fume hood
Aluminium Not Solid lg N/A 1  Skin Contact: Take off immediately all Allocated solid waste disposal. Do not let
Hydroxide classified contaminated clothing. Rinse skin with product enter drains.
(CAS: 21645-51-2) for physical water or shower i Wear Gloves
or health 1 Eye Contact: Rinse cautiously with water Extinguishing with use of carbon dioxide,
hazards, for several minutes. Remove contact sand or extinguishing powder; do not use
Combustibl lenses, if present and easy to do. Continue | water
e dust rinsing i Wear Safety Goggles
1 If swallowed: Rinse mouth. Do NOT induce
vomiting
1 Ifinhaled: Immediately relocate self or

casualty to fresh air.

Storage: Tightly closed container in a dry
environment.
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Citric acid Causes Solid 1g Eyes 1 Skin Contact: Take off immediately all Must be disposed of an incinerator.
monohydrate serious contaminated clothing. Rinse skin with
(CAS: 5949-29-1) eye water or shower i Wear Gloves Extinguishing with use of water spray,
irritation 1 Eye Contact: Rinse cautiously with water alcohol-resistant foam, dry chemical or
for several minutes. Remove contact carbon dioxide.
lenses, if present and easy to do. Continue
rinsing 1 Wear Safety Goggles
1 If swallowed: Rinse mouth. Do NOT induce
vomiting
1 Ifinhaled: Immediately relocate self or
casualty to fresh air. Give artificial
respiration if not breathing and seek
medical attention.
Storage: Tightly closed container in a dry
environment
Disodium edetate Harmful if Solid 1g Respiratory 1  Skin Contact: Take off immediately all Must be disposed of an incinerator.
dihydrate inhaled, tract contaminated clothing. Rinse skin with
(CAS: 6381-92-6) may cause water or shower i Wear Gloves Extinguishing with use of water spray,
damage to 1 Eye Contact: Rinse cautiously with water alcohol-resistant foam, dry chemical or
respiratory for several minutes. Remove contact carbon dioxide.
tract lenses, if present and easy to do. Continue
through rinsing i Wear Safety Goggles
prolonged f  If swallowed: Rinse mouth. Do NOT induce
exposure, vomiting
harmful to 1  Ifinhaled: Immediately relocate self or
aquatic life casualty to fresh air. Give artificial

respiration (if necessary also oxygen) if not
breathing and seek medical attention.

Storage: Tightly closed container in a dry
environment

464




Hazardous Route of
Substgnce and Hazard €. 9. Quantity entry & WEL Controls and Precautions Disposal Route Spillage procedure
equipment Type liqui used Target Emergency procedures
gas Organs
L-histidine Not Solid 1g N/A 1 Skin Contact: Take off immediately all Allocated solid waste disposal. Do not let
(CAS: 71-00-1) classified contaminated clothing. Rinse skin with product enter drains.
for physical water or shower i Wear Gloves
or health 1 Eye Contact: Rinse cautiously with water Extinguishing with use of carbon dioxide,
hazards for several minutes. Remove contact sand or extinguishing powder; do not use
lenses, if present and easy to do. Continue | water
rinsing 1 Wear Safety Goggles
1 If swallowed: Rinse mouth. Do NOT induce
vomiting i consult a doctor if feeling unwell
1 Ifinhaled: Immediately relocate self or
casualty to fresh air.
Storage: Tightly closed container in a dry
environment.
L-histidine HCI Causes Solid 1g Eyes 1  Skin Contact: Take off immediately all Allocated solid waste disposal. Do not let
monohydrate serious contaminated clothing. Rinse skin with product enter drains.
(CAS: 5934-19-2) eye water or shower i Wear Gloves
irritation 1 Eye Contact: Rinse cautiously with water Extinguishing with use of carbon dioxide,
for several minutes. Remove contact sand or extinguishing powder; do not use
lenses, if present and easy to do. Call water
ophthalmologist. Continue rinsing i Wear
Safety Goggles
1 If swallowed: Rinse mouth. Do NOT induce
vomiting i consult a doctor if feeling unwell
1 Ifinhaled: Immediately relocate self or

casualty to fresh air.

Storage: Tightly closed container in a dry
environment.
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Magnesium chloride Not Solid 1g N/A 1 Skin Contact: Take off immediately all Allocated solid waste disposal. Do not let
hexahydrate classified contaminated clothing. Rinse skin with product enter drains.
(CAS: 7791-18-6) for physical water or shower i Wear Gloves
or health 1 Eye Contact: Rinse cautiously with water Extinguishing with use of carbon dioxide,
hazards for several minutes. Remove contact sand or extinguishing powder; do not use
lenses, if present and easy to do. Continue | water
rinsing 1 Wear Safety Goggles
1 If swallowed: Rinse mouth. Do NOT induce
vomiting i consult a doctor if feeling unwell
1 Ifinhaled: Immediately relocate self or
casualty to fresh air.
Storage: Tightly closed container in a dry
environment.
Polysorbate 80 Not Solid 1g N/A 1  Skin Contact: Take off immediately all Allocated solid waste disposal. Do not let
(CAS: 9005-65-6) classified contaminated clothing. Rinse skin with product enter drains.
for physical water or shower i Wear Gloves
or health 1 Eye Contact: Rinse cautiously with water Extinguishing with use of carbon dioxide,
hazards for several minutes. Remove contact sand or extinguishing powder; do not use
lenses, if present and easy to do. Continue | water
rinsing 1 Wear Safety Goggles
1 If swallowed: Rinse mouth. Do NOT induce
vomiting i consult a doctor if feeling unwell
1 Ifinhaled: Immediately relocate self or

casualty to fresh air.

Storage: Tightly closed container in a dry
environment.
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Sodium acetate Not Solid 1g N/A 1 Skin Contact: Take off immediately all Allocated solid waste disposal. Do not let
trihydrate classified contaminated clothing. Rinse skin with product enter drains.
(CAS: 6131-90-4) for physical water or shower i Wear Gloves
or health 1 Eye Contact: Rinse cautiously with water Extinguishing with use of carbon dioxide,
hazards for several minutes. Remove contact sand or extinguishing powder; do not use
lenses, if present and easy to do. Continue | water
rinsing 1 Wear Safety Goggles
1 If swallowed: Rinse mouth. Do NOT induce
vomiting i consult a doctor if feeling unwell
1 Ifinhaled: Immediately relocate self or
casualty to fresh air.
Storage: Tightly closed container in a dry
environment.
Sucrose Not Solid 1g N/A 1  Skin Contact: Take off immediately all Allocated solid waste disposal. Do not let
(CAS: 57-50-1) classified contaminated clothing. Rinse skin with product enter drains.
for physical water or shower i Wear Gloves
or health 1 Eye Contact: Rinse cautiously with water Extinguishing with use of carbon dioxide,
hazards for several minutes. Remove contact sand or extinguishing powder; do not use
lenses, if present and easy to do. Continue | water
rinsing 1 Wear Safety Goggles
1 If swallowed: Rinse mouth. Do NOT induce
vomiting i consult a doctor if feeling unwell
1 Ifinhaled: Immediately relocate self or

casualty to fresh air.

Storage: Tightly closed container in a dry
environment.

467




Hazardous Route of
Substgnce and Hazard €. 9. Quantity entry & WEL Controls and Precautions Disposal Route Spillage procedure
equipment Type liqui used Target Emergency procedures
gas Organs
Trisodium citrate Not Solid 1g N/A Skin Contact: Take off immediately all Allocated solid waste disposal. Do not let
dihydrate classified contaminated clothing. Rinse skin with product enter drains.
(CAS: 6132-04-3) for physical water or shower i Wear Gloves
or health Eye Contact: Rinse cautiously with water Extinguishing with use of carbon dioxide,
hazards for several minutes. Remove contact sand or extinguishing powder; do not use
lenses, if present and easy to do. Continue | water
rinsing 1 Wear Safety Goggles
If swallowed: Rinse mouth. Do NOT induce
vomiting i consult a doctor if feeling unwell
If inhaled: Immediately relocate self or
casualty to fresh air.
Storage: Tightly closed container in a dry
environment.
Water for Injection Not Liquid 100 mL N/A Skin Contact: Take off immediately all Must be disposed of an incinerator.
(CAS: 7732-18-5) classified contaminated clothing. Rinse skin with
for physical water or shower i Wear Gloves Use extinguishing measures that are
or health Eye Contact: Rinse cautiously with water appropriate to local circumstances and the
hazards for several minutes. Remove contact surrounding environment.

lenses, if present and easy to do. Continue
rinsing 1 Wear Safety Goggles

If swallowed: Rinse mouth. Do NOT induce
vomiting T consult a doctor if feeling unwell
If inhaled: Immediately relocate self or
casualty to fresh air.

Storage: Tightly closed container in a dry
environment.
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Enalapril Maleate H361 - Solid 50 mgs N/A 1 P261 Avoid breathing - Waste treatment methods
Suspected dust/fume/gas/mist/vapours/spray. - Recommendation
of f  P280 Wear protective gloves/protective Must not be disposed of together with
damaging clothing/eye protection/face protection. household garbage. Do not allow product
fertility or  P305+P351+P338 IF IN EYES: Rinse to reach sewage system.
the unborn cautiously with water for several minutes. - European waste catalogue
child Remove contact lenses, if Waste disposal key numbers from EWC
Reproducti 1 present and easy to do. Continue rinsing. | have to be assigned depending on origin
ve toxicity 1  P321 Specific treatment (see on this label). | and processing.
Catego_ry 2 f P405 Store locked up. - Uncleaned pac_kagln_g: _
Warning 1 P501 Dispose of contents/container in ) Recommend_atlon. Dispose of in
accordance with accordance with natlona_ll regulations.
local/regional/national/international i-fF;ecommrentded ;ﬂe?c\ﬁlﬂg ?gintisr{ Water,
1 regulations. ecessary togethe cleansing
agents.
Stearic acid No warning Solid 500 mg N/A 1  Substance is not considered persistent, Waste from Residues/Unused
bioaccumulative and toxic (PBT) / very Products

persistent and very bioaccumulative (vPvB)

Chemical waste generators must
determine whether a discarded chemical
is classified as a

hazardous waste. Consult local, regional,
and national hazardous waste regulations
to

ensure complete and accurate
classification. Contaminated Packaging
Empty remaining contents. Dispose of in
accordance with local regulations. Do not
re-use

empty containers. European Waste
Catalogue (EWC) According to the
European Waste Catalog, Waste Codes
are not product specific, but

application specific. Other Information
Waste codes
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Not a Liquid/re | 0-2ml per All routes A If inhaled: Remove patient from Dispose of liquid and any material used to
Brand 1 Vaccine hazardous | constitut vial exposure, keep warm and at rest. Obtain absorb liquid in yellow hazardous waste
substance ed medical attention if ill effects occur. container
or mixture A In case of skin contact: Wash skin
The with soap and water for at least 15 minutes.
product Seek medical attention for cuts, abrasions,
does not punctures or material contact with broken
meet the skin.
definition A In case of eye contact: Irrigate
of a with eyewash solution or clean water,
hazardous holding the eyelids apart, for at least 15
chemical. minutes. Obtain medical attention if ill
Based on effects remain.
the A If swallowed: Wash out mouth
replication with water and give 200-300ml of water to
deficient drink. Do NOT induce vomiting as a First-
nature of Aid measure. Obtain medical attention if ill
the effects occur.
adenovirus
vector, Storage: Long term storage of the bulk
there is no vaccine vector solutions should be stored
risk of frozen at <= -65 °C. Short-term use, bulk
pathogenic vaccine vector solution may be thawed and
ity refrigerated at 2 - 8 °C.
and
virulence in Handle at Biosafety Level 1 (BSL1). Where
case of an there may be a risk of aerosol generation a
incidental Biosafety. Level 2 (BSL2) is recommended.
occupation Prevent entry into drains unless inactivated
al or denatured.
exposure.
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Brand 2 Vaccine Not a Liquid 0-2ml per All routes 1 Ifinhaled: Remove patient from Dispose of liquid and any material used to
hazardous vial exposure, keep warm and at rest. absorp liquid in yellow hazardous waste
substance Obtain medical attention if ill effects container
or mixture. oCCU.
cIastfi);ied 1 In case of skin contact: Wash skin with

in soap and water for at least 15 minutes.
accordanc Seek medical attention for cuts,
e with abrasions, punctures or material
internation contact with broken skin.
al 1 In case of eye contact: Irrigate with
standards eyewash solution or clean water,
for holding the eyelids apart, for at least
workplace . . . L
safety. _15 minutes. Optam medical attention if
ill effects remain.
1 If swallowed: Wash out mouth with
water and give 200-300ml of water to
drink. Do NOT induce vomiting as a
First-Aid measure. Obtain medical
attention if ill effects occur.
Storage: Store at < -70 °C in properly labelled
containers.
Handling: Restrict access to work area. No
open handling permitted. Minimize generating
airborne mists and vapors. If solvent based
liquid, consideration. A change area to facilitate
‘good laboratory/manufacturing'
decontamination practices is recommended.
Avoid inhalation and contact with skin, eye,
and clothing. When handling, use appropriate
personal protective equipment. Wash hands
and any exposed skin after removal of PPE.
1 ground and bond all bulk transfer
equipment.
Hydroxylamine Corrosive, Solid 1g Wear protective gloves/ protective clothing/ eye | Avoid inhalation of dusts. Avoid
Hydrochloride irritant, protection/ face substance contact.

(CAS: 5470-11-1) toxic to protection/ hearing protection.

aquatic life

471




Hazardous Route of
e . g . - . .
Substgnce and Hazard Quantity entry & WEL Controls and Precautions Disposal Route Spillage procedure
equipment Type liqui used Target Emergency procedures
gas Organs
IF SWALLOWED: Call a POISON CENTER/ Ensure adequate ventilation. Evacuate the
doctor if you feel danger area, observe emergency
unwell. procedures, consult an expert.
IF ON SKIN: Wash with plenty of water. ggvne?t(;?;ﬂ;c’dggﬁ:&tegigéa';ﬁa oump off
ICf:all a Po.|s|g.n Centre/_doc}or |f_ )r/]ou feelfunwell. spills. Take up dry. Dispose of properly.
In eyes: Rinse cautiously with water for Clean up affected area. Avoid
several minutes. . generation of dusts.
Remove contact lenses, if present and easy to | Waste material must be disposed of in
do. Continue rinsing. accordance with the national and local
If exposed or concerned: Get medical advice/ regulations. Leave chemicals in original
attention. containers. No mixing with other waste.
Handle uncleaned containers like the
product itself.
Silver Nitrate Corrosive Solid 1g Keep away from heat, hot surfaces, sparks, Avoid inhalation of dusts. Avoid substance
(CAS: 7761-88-8) to metals, open flames and other ignition sources. No contact. o
skin, eyes, smoking. Ensure adequate ventilation. Evacuate the
aquatic Wear protective gloves/ protective clothing/ eye | danger area, observe emergency
hazard procedures, consult an expert.

protection/ face protection/ hearing protection.
IF ON SKIN (or hair): Take off immediately all
contaminated

clothing. Rinse skin with water.

IF IN EYES: Rinse cautiously with water for
several minutes. Remove contact lenses, if
present and easy to do. Continue

rinsing.

Do not let product enter drains.

Cover drains. Collect, bind, and pump off
spills. Take up dry. Dispose of properly.
Clean up affected area. Avoid
generation of dusts.
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Subst{:\nce and Hazard €. 9. Quantity entry & WEL Controls and Precautions Disposal Route Spillage procedure
equipment Type liqui used Target Emergency procedures
gas Organs
Potassium Bromide No solid 500mg Oral, dermal, Use personal protective equipment as required. Should not be released into the
(CAS: 7758-02-3) physical inhalation Ensure adequate ventilation. Avoid dust formation. environment. Do not flush into surface
hazards Eye Contact: Rinse immediately with plenty of water, | water or sanitary sewer system.
classified, also under the eyelids, for at least 15 minutes. Get Sweep up and shovel into suitable
causes medical attention. containers for disposal. Keep in suitable,
serious Skin Contact: Wash off immediately with plenty of closed containers for disposal.
eye water for at least 15 minutes. Get medical attention.
irritation, Ingestion: Clean mouth with water and drink
Toxicity to afterwards plenty of water. Get medical attention if
Soil symptoms occur.
Dwelling Inhalation: Remove to fresh air. If breathing is
Organisms difficult, give oxygen. Get medical attention.
Toxic to
terrestrial
vertebrates
Nitric acid Oxidizing liquid 20ml Oral, dermal, Keep away from heat, hot surfaces, sparks, open Waste material must be disposed of in
(CAS: 7697-37-2) liquids, inhalation, flames and other ignition sources. No smoking. accordance with the national and local
Corrosive eyes. Keep away from clothing and other combustible regulations. Leave chemicals in original
to Metals, Material is materials. Wear protective gloves/ protective containers. No mixing with other waste.
Acute extremely clothing/ eye protection/ face protection. Handle uncleaned containers like the
toxicity, destructive to IF ON SKIN (or hair): Take off immediately all product itself. Do not let product enter
Inhalation, tissue of the contaminated clothing. Rinse skin with water. drains. Cover drains. Collect, bind, and
Skin mucous IF INHALED: Remove person to fresh air and keep pump off spills. Observe possible material
corrosion, membranes comfortable for breathing. Immediately call a restrictions. Take up carefully with liquid-
Serious and upper POISON CENTER/ doctor. absorbent material. Dispose of properly.
eye respiratory IF IN EYES: Rinse cautiously with water for several Clean up affected area.
damage tract, eyes, minutes. Remove contact lenses, if present and
and skin. easy to do. Continue rinsing.
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Hydrochloric acid Corrosive liquid 60ml Oral, dermal, Wear protective gloves/ protective clothing/ eye Waste material must be disposed of in
(CAS: 7647-01-0) to Metals, inhalation, protection/ face protection. accordance with the national and local
Skin eyes. IF ON SKIN (or hair): Take off immediately all regulations. Leave chemicals in original
corrosion, Classified as contaminated clothing. Rinse skin with water. containers. No mixing with other waste.
Serious specific IF IN EYES: Rinse cautiously with water for several Handle uncleaned containers like the
eye target organ minutes. Remove contact lenses, if present and product itself. Do not let product enter
damage, toxicant, easy to do. Continue rinsing. drains. Cover drains. Collect, bind, and
Specific single If swallowed: After swallowing make victim drink pump off spills. Observe possible material
target exposure, water (two glasses at most), avoid vomiting (risk of restrictions. Take up carefully with liquid-
organ category 3 perforation). Call a physician immediately. Do not absorbent material. Dispose of properly.
toxicity - with attempt to neutralise. Clean up affected area.
single respiratory
exposure, tract
Respirator irritation.
y system, Acute
inhalation
toxicity -
mucosal
irritations,
Cough,
Shortness of
breath,
Inhalation
may lead to
the formation
of oedemas
in the
respiratory
tract.
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Aqua Regia Acute Liquid <100ml Oral, dermal, A system of local and / or general exhaust is Waste material must be disposed of in
(CAS: NA to toxicity T inhalation, recommended to keep exposures below the accordance with the national and local
mixtures) Gases, eyes. Airborne Exposure Limits. Store in a cool, dry, regulations. Leave chemicals in original
Oxidizing Classified as ventilated storage area with acid resistant floors and | containers. No mixing with other waste.
liquids, specific good drainage. Protect from physical damage. Handle uncleaned containers like the
Serious target organ Keep out of direct sunlight and away from heat, product itself. Do not let product enter
eye toxicant, water, and incompatible materials. Do not wash out | drains.
damage, single container and use it for other purposes. When Personal Precautions, Protective
Skin exposure, diluting, the acid should always be added slowly to Equipment and Emergency
corrosion / Category 3 water and in small amounts. Never use hot water Procedures: Ventilate area of leak or
irritation, with and never add water to the acid. Water added to spill. Wear appropriate personal
Specific respiratory acid can cause uncontrolled boiling and splashing. protective equipment. Isolate hazard
target tract Containers of this material may be hazardous when | area. Keep unnecessary and unprotected
organ irritation. empty since they retain product residues (vapours, personnel from entering.
systemic Inhalation of liquid.) Environmental Precautions and
toxicity vapors can Methods and Materials for Containment
(single cause and Cleaning Up: Contain and recover
exposure) breathing liquid when possible. Do not let product
difficulties enter drains. Neutralize with alkaline
and lead to material (sodium bicarbonate) then absorb
pneumonia with an inert material (e. g., vermiculite,
and dry sand, earth,) and place in a chemical
pulmonary waste container. Do not use combustible
edema, materials, such as saw dust.
which may
be fatal.
Other
symptoms
may include
coughing,
choking, and
irritation of
the nose,
throat, and
respiratory
tract.
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PerkinElmer Not classified for physical or health hazards 1 Do not scratch the plate n/a
Spectrum Two w/ 1 Do not look directly into the sources
UATR
PerkinElmer Potential damage to eye if the person looked directly through 1 Do not look in the source NA
Spectrum Two N w/ the light.
NIRM
Agilent Raman Potential damage to eye if the person looked directly through 1 Do not look in the source NA
spectrometer the light. 1 Do not point the source to an individual
1  Wear laser specs where required
Agilent portable Not classified for physical or health hazards 1 Do not scratch the plate n/a
infrared 1 Do not look directly into the sources
spectrometer
BW Tek handheld Potential damage to eye if the person looked directly through 1 Do not look in the source NA
Raman Spectrometer the light.
Metrohm MIRA XTR Potential damage to eye if the person looked directly through 1 Do not look in the source NA

DS handheld Raman the light.
Spectrometer
COMMENTS: Attach any additional hazard data, consider any substance with an allocated WEL. Use EH40 Guidance HSE
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Appendix 111 . Standard Operating

Per ki nEl mer SpeRkTIrRI ns pflavot rAdmRet er

FTIR SOP

Daily memos:

Record room temperature.

*  Record room humidity.

Do a performance validation test: PQ test or Performance Qualification and save it
everyday. DO NOT start work without doing PQ test.

If in doubt on any procedures read Bruker IR introduction.
* Back up data everyday.

* Always clean ATR-Diamond accessory before using it. Always assume is not clean.

Turn on computer:

e UserlD: .
* Password|
Opus 7.5.18:

* Double click on Opus link on desktop
e  UserID: Administrator
e Password: OPUS

® Abox will appear with the software information: print screen when using it for the
~first time for future reference

FTIR spectra:

e X-axis: wavenumbers 6500 to 500
e Y-axis: absorbance
e FTIR is more specific to functional groups whereas NIR is more specific to overtones

Quick Opus screen guide:

* Acquire: button on the on the top left of the spectral screen. Used for acquiring
spectral readings.

e Orange numbers: present on the top right of the spectral graph area. They are
coordinate for the spectral area. It is an interactive screen, therefore as the cursor is
moved around the area the coordinates change.

¢ Opus browser: column on the top right of screen. Shows the spectra being analysed.

e Bottom middle: shows what is happening in the software in real time.

» Bottom right: shows the following options: CAP, NUM, SCRL and red or green
circle.

A




What to do if the bottom right circle is red:

* Double click on red circle. it opens and instrument status window.

———

Anything that is highlighted in green is working.

ATR-Diamond accessory is highlighted in red and labelled as failed

First clean ATR-Diamond accessory with a methylated spirit and some tissue.
Double click on the ATR-Diamond button which is highlighted in red

Run a PQ test by clicking on Run Test

Once test is done a window will open with the status of the PQ test. Save this

document. At the end of the document it will be written in green writing if the
procedure was successful or not.

What does the PQ test analyse:

Signal noise test: verifies that the signal-to-noise ratio is better than specified limit
which in this case has to be bigger than 125.

Line test: verifies that the 100% line does not shift on long term. Maximum line
deviation allowed is 2.0.

Wavenumber accuracy test: verifies the absolute x-axis accuracy of the instrument.
Tests the polystyrene in the instrument.

Tobacco sample preparation and weighing:

Turn on scale and press tare (always press tare in-between readings).

Make sure that the bubble in the spirit level/bubble level on the scale is centred.
Weight an empty vile (W1) and record it.

Weight the vial containing the entirety of the sample (W2) and record it. From this
value obtained subtract the value obtained for the empty vial (W2 — W1), the resulting
value will be the quantity of the whole sample.

Extract the amount of sample needed for the FTIR analysis and place it in a mortar.
Weigh the vial containing the sample again (W3). From the value obtained before W2
subtract W3 (W2 — W3). The resulting value will give you the amount of sample
being used in the FTIR analysis.

Crush the sample placed in the mortar until it becomes a fairly homogeneous powder.
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