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ABSTRACT

Designing Nonlnvasive Quality Control Methods for Pharmaceutical Drugs

Alam, Hani
Doctor of PhilosophyBiotechnology
SupervisorProf. Dr. Halil Mecit¥ Z T OP
Co-supervisorAssa. Prof.D r . Emin Bur-in ¥ZVURAL

March 2024190 Pages

The quality of pharmaceutical products is a critical aspeth®fpharmaceutical
industry that attempts to ensure that they meet the reqsatety and efficacy
standards Quality control ensures that these products are safe and meet the
requirements of the regulators and government agenties main objective of
guality control is to identify anduantify active substances and track impurities using

analytical techniques, sues highperformance liquidhromatography (HPLC).

However, many of these techniques @imee consumingdestructive to samples,
damagingto the environment, and expensite operate and maintaiithis study

aims to use alternative methods for quality control that are easy to operate,
affordable eccfriendly, and nordestructive to samples.

This study examinedearinfrared spectroscopy (NIRS) and tirdemain nuclear
magnéic resonance (TENMR) in order toproduce nordestructive method&r

three different quality contra$sues

The first part of this study focused on measuring the mixture ratios of two different
insulin drugs and succeedbd integrating twadifferent TD-NMR techniquesThe



second part measured the degradation of aspirin to salicylic acid using NIRS and
TD-NMR. The third parinvolved the use of bovine serum albumin as a model drug
for biopharmaceuticald.ater, glycation was applied and measured usiffgrént
TD-NMR techniques to be compared with browning measurements and-the O

phthalaldehyde (OPA) method, which are two parameters used to measure glycation.

This dissertation has demonstrated thatNTAR and NIRS are valuable and useful
methods for varios pharmaceutical quality control procedures as more affordable,
ecofriendly, and usefriendly alternatives to the current destructive chemical and

chromatographic techniques.

Keywords: Aspirin, Insulin mixtures, Glycation, Tiri@main Nuclear Magnetic
Resonance (TINMR), Near Infrared Spectromet({iMIRS), Pharmaceutical Quality

Control

Vi



¥Z

Far mas©°t i k NegntingasifKaarl iKk-ei Kontrol Y°nteml

Tasarl anmasé

Alam, Hani
Doktora Biyoteknoloji
Tez Y°neticisi:¥RPTOP. Dr . Hal i | \
Ortak TezDb@Omrékmamea: BRAL- i n ¥ZVU

Mart 2024 190 Sayfa

Farmas©°tik créenl erion kalitesi, il a- end
karkéel amasé a-éséndan -ok kritiktir. Kal
sajlayarak d¢zenleyicileriliervei déalrea€l au
kontrol ¢n temel amacé, y¢ksek performansl
tekni kl er kull anar ak aktif maddel er i t
safsezleklaréné °| -mektir.

Ancak bu tekniklerieleoguzamamanvealam, Ne

i Kl etme ve bakémé pahal é olan tekni kIl erdi

kolay, wuygun fiyatlé, -evre dostu ve numlt
kull anmayé ama-1|l amaktader.

Bu - al éknkldea, kal-i tfearkontr ol sorunu i -1in
amaceéeyl-&ezvalktne s i spektroskopi si ( NI'RS)
manyetik rezonans (TDIMR) kul | anél méxkt ér .

vii



Bu -al ékmanén il k b°l ¢megnde i ki¢glfmeykd € i nsyg
-al ekxéel mék ve-NMRndakinkij ifnar keln@ egDb e eder ek b
Kkinci b°l ¢megVnMR kNUllRSanwvél arirDak aspirinin saldi
Ol - ¢l megkt ¢gr. i -¢é¢nce bo°l ¢gméegnde, bi yofar mas?®t
serumal b ¢ mi ni kull anél deé. Daha sonra glikasyor
kull anél an es mec¢flteakl nael d°elh-i¢gtml(eQGRA)vey° it emi i |
czere FFNaMRcItée kTnD k1 er i kull anéel arak ©°1 -¢1dg.

Butez, TBDBNMR ve NIRS'ink-&miikte kanmas?tiprosed
mevcut ki myasal ve kromatografi k tekniklere

ve kull anécé dostu alternatifler ol arak kul

Anahtar Kelimeler: AdikagonZzamakKnsalkbhna KagkEBegéem
Manyetik Rezonans (TNMR) , Yakén Kézel°tesi Spektrosko

Farmas®°ti k kalite kontrol u
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CHAPTER 1

INTRODUCTION

1.1  Pharmaceutical Quality Control

The pharmaceutical sector is subject to strict reguiat because patients and
customers often cannot detect quality issues and problems in pharmaceutical
products unless they experience serious ill effects or fatalities after consumption.
Various defectsn the quality ofpharmaceuticaproductsmay exhibitand occuy
includinginferior loweryield of themanufacturingorocesspor potentialdamageon

the pharmaceutic&l sherapeuticefficiency. In addition there is often a lack of
understandingvhen it comes tdechnological deliveries andcaling upof the
product Moreover there is a lack of understanding and a lack of examintdidhe
cause®fthema n u f a faitunesared insfunctionsAlthough the pharmaceutical
industry is seen gwofit-orientatedit is mistrusted by the publidhere is a comon

belief that all pharmaceuticals approved and regulated by governments are safe,
effective and meet higiguality standardsThis drives manufacturers to follow
regulations and quality standards issued by government agéDgigs et al., 2024;
Pooniaet al., 2023; Yu & Kopcha, 2017)

Quality assurance (QA) is the general termeiasuringhigh-quality pharmaceutical
productswhich could be stateds thetotal cumulative approaches goaranteg¢he
pharmaceutical products ézhiee the designedigh standardgor ther planed and
proposed usageQuality assurance is a systemic proceduhéch is operated to
assert and guarantéleat pharmaceutical products in the marketramanlessrisk

free andcomply with theexpectedtriteriabased on thlawsand regulationsThese

include all the operations from theaw materialstoward the production and



distributions of end product&ardinal, 2001; Tefera Mekasha et al., 2020; Yu,
2008)

Quality control (QC) is described #s main organized structureatiprovide and
retain the intended quality standardssupplied products and servideg cautious
provisions usage of suitabléools andapparatus, regulagxaminationsand the
restorations as needédee, 2022)

According tothe International Standdr Organization(ISO), quality assurance
handles theactionsaccomplished by laboratories in orderni@intain anddeliver

faith thatproductslive up to the intended and required standards. However, quality
controlincludes the separate examinations meshartttechniquesvhich satisfy the
required standar@é/ulandari et al., 2022).

To ensure the preservation of higjuality, effective pharmaceutical products,
governments and agencies work on guidelines, practices such as Good
Manufacturing Practice (GMRInd Good Distribution Practice (GDP), and testing,
including import testing and iprocess control testing. GDP represents the minimum
standards of quality and integrity needed for medicines and pharmaceuticals that
manufacturers and pharmaceutical tradeust provide and secure during the supply
chain.As an example, thestandardshould be maintaineddhen medications are
storedto be always in the riglgnvironments and surroundingscluding handling,
storage, and transportatid@ood Distribution Practice | European Medicines
Agency 2021) GMP represents the minimum requiremetitat pharmaceutical
companies must guarantdaring drug manufacturinggssemblyand production,
ensuring high quality production and maintaining intended@esed Mamufacturing
Practice, European Medicines Agency, 202Ihport testing describes how
governments and official organizations would review imported drugs to ensure their
gualification. For example, imported drugs mhetkept from beingdulterated or
misbranded. Imported drugs must be safe for human consumption and appropriately
effective fortheintendeduse(FDA, 2020)

These governmental offices and agencies include the Turkish Medicines and
Medical Devices Agency (TITCK) in Turkey, Food and Drug Adisiiration (FDA)



in the USA, as well as organizations that ensure harmony and similarities of
standards between different countries, such as ICH ( The International Conference
on Harmonization of Technical Requirements for Registration of Pharmaceuticals
for Human Use)EMA (European Medicines Agency) in European countries, and
World Health Organization (WHO) by the United Natiohbese organizations and
agencies make it easier and more efficient for drugs to be transported between
countries with confidencand agreement in safety standards and quality control
protocols between different countries. It aloninatesdelays and indifferences
between countries while preserving the health security and quality standards that

protectpublic health(Haleem et a] 2015)

1.2  Traditional Q uality Control Methods

Quiality control has one major important goal, which islétermine and quantitate
drug substances (active pharmaceutical ingrediextspientsand impurities)in
addition to search forcontaminationsAll these are utilized by usingarious
analytical methodsamong them separation asgectroscopienethods European
PharmacopeiaEU) and US Pharmacope{e)SP) consideliquid chromatography
to be the main prevaleanalytical procedure for quality contretaminations This
description can be extended the majority of pharmaceutical sections which
includesGas ChromatographyHigh PressureLiquid Chromatographyand Utra
High PressureLiquid Chromatography (whether or notMass Spectrometry
detecors are bounded to)as the most regularlychosen methods in various

pharmaceutidgprocessegDispas et al., 2022; Mattrey et al., 2017)

Gas chromatograph§C) is an analyticatool that isusedto separateompounds

in complexmixtureson the basis otheir polarity. Separation is achieved only for
volatile compoundsor that can be made volatile on derivatization. (C. Moldoveanu
& David, 2019). Gaghromatography has many applicationshia pharmaceutical
industry, such asimpurity profiling, chemical separation, and chemical and
met abol omi ¢cs an a2bDlg;slwadi & gwaih, RQ19)lt carealso kel . ,



used for enantiomer separation between different drugs or to study drug purity
(Carr «o et anwilos et al.,2@2, Ribeirakaal., 2021; Xialgt2020)

High performance liquid chromatography (HPLC) is a modern application of liquid
chromatography and a primary analytical tool in chemical and pharmaceutical
analyses.HPLC can be used for anélyal validation to calibrate the active
pharmaceutical ingredients, adulterated ingredients, excipients, and degraded
impurities. However, HPLC has limitations, such bsing alaboriousand time
consuming measuremeifithe HPLC procedure is executed bffetient interactions
between the separatory column as a stationary phase and various solvents in the
mobile phaseConsequently, the samples should be dissolved in the mobile phase,
making HPLC a destructive methddoreover, organic solvents are widelyedsas
mobile phases, making HPLC a costly procedure that is harmful to the ecosystem
because organic waste requires appropriate waste clegi@hew et al., 2021;
Yabr® et. al ., 2018)

Theultra-high performance liquid chromatograpfiyHPLC) system is sperior to

the HPLC system because the UHPLC system operates at high pressures of up to
1000 bar or more, whereas the HPLC system can operate only at pressures of up to
400 bar.In addition, the UHPLC system consunssaller amounts afolvent and
requiresa reducedamount ofanalytic time thanHPLC. Applying smallerparticle

size results inmprovedpeak resolutionquicker analysis, andnore defined and
elevated peak#lthough UHPLC has become more robust, including a prolonged
column lifetime and enhandesoftware capabilities, it still presents challenges that
may limit its attractiveness to a broader user &smriguezAller et al., 2013)

These problems include the association of UHPLC with organic solvents, their toxic
nature, and theinarmful effects on the environmelNarwate et al., 2014; Rathod

et al., 2019)Additionally, there areseveral otheshortcomingssuch as frictional
heating effects, narrow analyte peaks, and column blockage {Reizzet al.,

2019)



Chromatographic devicese complicated and although they have seen technological
leapsandadvancements, they stilve a major drawback as they neagerienced
and especially educated workehs addition, these devices stileedregularcare
and sustainabilityoperations which in turn demandsontinuous training and
updating of the personné¥lost importantly,sample preparation is a crucial step
regardgor gas chromatographggspecially because GCasnethod with drawbacks
such as beingengthy prolonged, time wastingediousand high susceptibility to
errors.A large portion of the timassigned for analysis is wasteg#mple gathering
and samplegreparationgDugheri et al., 2020)The majority of these validation
methods areineconomic with their costly reagemtsd priceyoperations. As over
70% of the pharmaceutical regulatory systemsome regionsre inadequatean
ensuringthe intendedpharmaceuticaktandardgTchounga et al., 2023; WHO
Regional Office for Africa, 2018)

Invasive methods typically imlve direct contact with or extraction of samples,
which can be time consuming and may alter the sampleontrast, nofinvasive
methods allow for analysis without physically disturbing the sample or preserving
its integrity. These methods provide valdalinsights into the chemical composition

of samples without altering therin contrast, invasivenethodssuch as chemical
measurementsare more time consumingand can potentiallyimpact the
characteristicef the sampléKasper et al., 20207 he limitations of these traditional
invasive methods, especially for the costs, environment, and destruction of the
pharmaceutical produgteesulted in research for using other aowasive analysis
methods that can be used effectively without these disadvantage

1.3  Near Infrared Spectroscopy(NIRS)

Near infrared spectroscopy (NIRS) is a highergy vibrational spectroscopy
technique performed in the wavelength range offi280B 0 0 n ni4000.cb 0 0
wave number)Vibrations in this range are exclusive to changeshi dipole

moments of the molecule¥he dipole moment arises from the difference between



the electromagnetic charges and the distance between the two bonded atoms. When
molecules absorb NIR light, they tend to vibrate in two approadhes first is
streching, which changes the interatomic distance between two bonded atoms,
whereas the other is bending, which changes the bond Biotfeof these are unique
to different moleculesln addition, NIRS is affected by vibration frequencies that
differ betweerchemical bondsThe remaining unabsorbed NIR light is proportional
to the vibrations and is reflected toward the detector to be meadvealy,
vibrations ofi NH, 1OH, i SH, andi CH bonds are detected in N[Re Beer et al.,
2011; Johnson & Naiker, 201®asquini, 2018; Roggo et al., 200The basic
principle of NIRS detection can be summarized as the change in light energy caused
by its interaction with the sampl&his can be expressed using the following
equation:

o '@ - 0

WherekE is the energy of light, h is the Planck constant, f is the frequency of light, ¢
is the speed of | ight (Puatmld2020) i s t he wavel en

The core fundamentals of NIRS are derived from the utilizationeaf infrared
(NIR) light, which is defined as tharea from the infrared (IR) spectrum starting at
650 nm toward 950 nn&ir William Herschelvas earliest to identify tH® radiation
after observinga change in temperature nearby the red colbiie expeimenting
the transmission of sunlight through a variety of fili@esmez et al., 2021; Herschel,
1800b, 1800aXarl Norris, an agrendustrial researchdrad found out the usability
of the NIRS in the 1960after implementingnultiple linearregressia. In 1975, Phil
Williams utilized NIRSrather tharthe conventional Kjeldahl testirtgchnique for
measurementsf proteins in wheafNorris & Butler, 1961; Tsuchikawa et al., 2022;
Williams, Phil, Marena Manley, 2019%ince then, the use of NIRS asanalytical

method has increased in various sciences and indudried, 2023)

The neatinfrared spectrometer consists of a light source, such as an LED, iwhich

be the source of radiation, a monochromator that would limit the radiation to only



NIR wavelengths, a sample holder to place the sample on, and a detector to measure
reflected or transmitted lighF{gurel). The detector is either a diffuse reflectance
detector that is used in opaque samples, asthblets, which would reflect only the
surface, or a transmittance detector for transparent samplésshide ability to get
detaileddata for the whole parts of the samgieich, 2005) There is also a
Transflectance mode, whidombinesboth mehods and is particularlgppropriate

for liquid sampledike milk (Evangelista et al., 2021; Tsenkova et al., 2001)

Detector
Diffuse Reflectance

3

Light Source Monochromator Sample Detector
Transmittance

Figurel Basic NIR spectrometer configuratiofigeich, 2005)

NIRS is a versatile analytical method whiehables a simultaneous aptecise
measurements afeveral parameters at the same time with good precision with
characteristics such as being rapupndestructive, precise, high analytical
performance and has lower costs thamther laboratoryanalytical methods
(Evangelista et al., 2021; Givens et al., 1997; Johnson, 2020; Pu et al., 2020; Yakubu
et al., 2022)Furthermoreijt is an environmentally friendly method (chemidade

and does not requiravaste disposalfPu et al., 2020)Although NIRS is not a
primary analytical method but a secondary analytical technique as it relies on

measuring reference data fronp@amary analytical techniquie order to design a



calibration method. Yet NIRS is recognized to be similar and equally important to
otherprimary analytical methods. Even though the predictability and measurement
accuracy of NIRS relies on the predictability ameéasuremenaccuracy of the
primary methods, NIRS is regarded as better in regards of reprodudildiitjey,

2014)

These chaeristics have contributed to the wide availability of NIRS applications
in various sciences and industri®iRS has a long history in the food industry,
including industrial ofline and inline measurement techniqugtuang et al., 2008;
Porep et al2015) NIRS is used in medicinal research to analyze and detect diseases
in human tissueéSakudo, 2016)NIRS has also been used in synthetic chemistry
and agriculturd J a mr - g i e.Mnaddzign, irRbomhetiral applications, such

as monitoringcerebrovascular physiology in patients with acute brain irf{Rachel
Thomas, Samuel S. Shin, 202®hereas in agriculture, NIR spectrometry has been
utilized to monitor biomass conversion proces@@svos et al., 2020)in food
engineeringNIRS hasheen applied to detettte quality of strawberriegs.Zhao et

al., 2023) The use of NIRS in the pharmaceutical sector is well established, as it is
included in the European Pharmacopam theUS PharmacopeiéRoggo et al.,
2007) the European Medite Agency(EMA, 2014) and the FDAFDA, 2021)(Pu

et al., 2020)It is used for tablets and pharmaceutical solid forms, including drug
content analysis, identification, and degradation studiesckle & Kovar, 1998)

In addition, NIRS can be uddo detect drtigexcipient segregatiofDesai et al.,
2020) NIRS can also measure the water content of pharmaceutical excipients
(Luypaert et al., 2007)

While the NIRS method is powerful, it has some drawbacks, of them is that
NIRS causes the sptral data to be unified in a singular spectiiiat depicts the
measured sample volume without providing any data on the changes between
different locations of the different sample pakH®wever, in order to acquire data

and measure these difference® usenearinfrared spectroscopy chemical imaging
(NIR-CI), an advanced NIRS methddat comes with advancements in camera
technologies and computes.hyper spectral image which is built on information



and data in a three dimensional array that reptssneainfrared chemical image
(Amigo, 2010; Khorasani et al., 2016Jowever, NIRCI has a primary drawback
which is its high costsAnother issue is that NHI is considered an immature
technology that still needs to be explored and researphedc a | ~ et al
Manley, 2014)

The availability of overtone and combination presets, in addition to the high
magnitude of potential vibrations are making NIRS an extremely complicated data
that is difficult to comprehend with its overlapping data @oallinearity data). As

a result, NIRS become challenging to represent and comprehend graphically,
challenging to distinct different chemical bonds, and challenging to obtain data from
the spectraCorrelationsbetween absorptiomlata at each wavelength ad the
reference value of thehemical componentshould beeasy to predict and define

With advancedsn computer science and chemometrics, the relationship between
NIRS measureddata and reference data can be calculatedlevelopan NIRS
measurement metld (Manley, 2014)

1.4  Time Domain Nuclear Magnetic Resonancel(D-NMR)

Nuclear magnetic resonance (NMR) was first reported by Isidor R4BBi®, which

later awarded him a Nobel priRabi et al., 1938; Yao et al., 2022ater, NMR
spectroscopy in condsed matter was found in 1948his later progressed,
extended, and evolved into a cornerstone of chemical research, earning its

researchers a Nobel Prize.

NMR has differentfunctionalities which lead it to be classified into several
disciplines: magnetic resonance imaging (MRI), NMR spectroscopy, NMR
diffusometry, and NMR relaxomet(yao et al., 2022)Low-Field (LF)instruments
aremaintained anémployed with maximum strength of ZThe increasing interest
in low-field (LF) technology is due to conaints of highfield MRl and NMR

instrumentsin industrial settingsConstraints such as theecessityof utilizing



cryogens with ope magnetic fields, theecessityof strict safetyregulation and the
highly expensive prices of these instruments in tlmergercial fieldl Bl ¢ mi ch et al .,
2009; Nikolskaya & Hiltunen, 2020)

Neverthelessn certainimplementationand usges, LFNMR is knownto be less
precise in comparison to HRMR devices(Hwang, 2017; Osheter et al., 2022)
Generally speakindiligh field (HF) NMR spectroscopig the desired choicever
TD-NMR in the majorityof applications of identifyingounterfeitingfood products
that is becaus®lMR spectroscopyhas the capacityo producea characteristic
spectrum of thaneasuredsample.Additionally, TD-NMR applicationsdoes not
have the capacity to measure variatiaesived from differentchemical shif$
(Esteki et al., 2018; Ezeanaka et al., 2019; Ozel & Oztop, 26&ilyever, these
devicesarecostlyandneedmomentous operative amgaintenanceworkload hence
restrictingtheir usagesn the research anddustrialsectorsBesides].F-NMR has
the capacity tooperatenot only in closed geometry but also open geometry
applications particularly NMR-MOUSE (Besghini et al., 2019; Eidmanr al.,
1996)

Recently, a middieesolution benchtop NMR spectrometatilizing permanent
magnets with strength between 1 to 2,5ds beemtroduced and utilized in order

to acquiredata on the spectrum parameters such as chemical shifts parameters.
Nonethelessthey are restricted tbhquids or solutions with a diameter of 5 mm,
which restricts their applications in the noninvasive analysis of many solids, such as
intact food products or tablefloraes & Colnago, 2022)

Magnetic resonance imaging R\ is avery well known analytical method in the

medical field which is generally implemented to study and evalbatean organic

organs and tissudar clinical diagnosti@and treatment applicationadditionally, it

can be used to characterize manydgaal and norbiological systemsHowever,

In NMR relaxometry experimerdre different than MRI sincthe receivedsignal

represents thavhole samplewhile spatialinformationis only available in MRI

(D6AviIi Il a et al ., 2.005; Kirtil & Oztop, 2015
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TD-NMR is a Lowfiled NMR analytical methodhat isincreasing in popularity
because it is quick, easy to operate, and offers high instrumental stabiiiyMRD

uses smalmagnetghat can generatew magnetic fieldanging from20 toward60

MHz, it hassmaler andcompactsize that can be used over a bench or be mobilized.
Moreover it can be effortlessly employezhsily used directly on intact samples to
measure proton spins armtoton matrix relationships( B1 ¢ mi ¢ h, 2019;
Cikrikci, et al., 2017b; Gheter et al., 2022; Rudszuck et al., 2019)

While TD-NMR cantheoreticallymeasure all different atoms and their nuclear spins,
only i spins that are@xtensivelyoccupy the measured sample with a satisfactory
signal tonoise ratio.Another limitation isthat these spins should obtain high
gyromagnetismwvith high Larmor frequencies at low fields of magnetiSimerefore,
there are only two atomdydrogenl and Fluorinel9, can fulfil all theserestrictions
(Besghini et al., 2019)

The NMR properties origate from the angular and magnetic momenta of the
nucleus A precession movement of the nucleus occurs under an external magnetic
field toward specific atoms (such &ydrogenor carbon). Due to its superior
magnetic momentuprhydrogenprotors exhibit the uppermossensitivityto NMR
devices Furthermore, hydrogen imcomparableavailable atomin the human,
animal andplant cells,in addition to many products suchfasdsor liquid drugs

That is why TBNMR is usually applied to HBalthazar et al.,®1a; Fan & Zhang,
2019)

In the TD-NMR method, the sample isserted withina large static magnetic field
(Bo) Hat a! Bakvur u Kk ag).nlaen, &he magheticnfieldnfordes .
protons to be aligned in thedirection of the applied magnetic field, making both
transverse magnetization and magnetization at the XY plane equal tdHatad (
Bakvuru kaynaf and boyLbter,nhe seangdlewill be excited with a
radio frequency (RF) pulsenovingthe net magnetization from thedirection into
the XY plane Hat a'! Bakvur u k ag).nraup, dhe longitudimala ma d é .

magnetization and net magnetization in theitéction becora equal to zerdVhen
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the RF pulse is removed, longitudinali(Tand transverse ¢J magnetization
relaxation occurs as protons return to thdiZction(Kirtil & Oztop, 2015; JLi et

al.,, 2021) T: and T relaxation timesrepresents the time needed fthre

magnetization vector to exponentially change until the equilibrium stathisved
(Osheter et al., 2022)

Initially TD-NMR devices were commerciallgmployedin food quality control
applications in order to measuhe oilratio of intact oilseedVith the beginning of

this millenniamodern usages of FNMR began to surfaceoinciding with the
introduction of adaptable pulse programs and better friendlier user interfaces of
computer programsSincethen, TD-NMR applications are increasing with the
usages and applications especially because of their lower cost, smaller sizes, reduced
weights and portability Bl ¢ mi ch, 2019; Colnaga et al

Due to variations in the magnetic field, it is not possible to obtain detailexdustl
information about the chemical composition of a samdlenethelessthe fading
and decline of the TINMR signalsthat occur after implementing a radio frequency
(RF) pulse on the samplean produce significant information that can be used in
various applications These data can be built in the formlofgitudinal (1) and

transverse (J) relaxation timesja t a ! Bakvuru kaD)nThesee b ul

can be used to obtain more information about the nature, size, and physical states of

molecules and their interactions with surrounding molecules, as well as the

physicochemical characteristics of the surrounsliind®d | ¢ mi ch, 2016; Col

2021; Mas Garcia et al., 2021; Riley et al., 2022)
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Figure2 Representativdiagram of a TENMR deviceconsists ofour mainparts:a
ma g n anit,ia cadiofrequencysource a temperaturgegulating unit, anda data
pr oc ewis (am)goresentt hstandardNMR working concepts(J. Li et al.,
2021)

In addition to the advantages mentioned earlier inRNINDR, this method uses an
inexpensive benchtop analytical system owing to permaneghehdechnology.
TD-NMR does not require any sample preparatvamch make# a nondestructive
and nonrinvasive procedure. Additionally, TBIMR can be used for through
package analysi#ll of these traits have resulted in the increasing popularitybef T

NMR in research and indust($antos et al., 2016)

Thereareadvanced TENMR techniques that uses extra apparatuses, most knowns
are thdast field cycling (FFC) anthepulse field gradient (PFGIn the FFCsystem,
measurements of T1 are producegeataling on the changes of the magnetic field
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strength unlike most TIDNNMR devices that have a static magnetic field strefgtb
PFG on theother handis a method which measw@rthe diffusion of molecules. A
gradient radio frequency pulses can generate [SMRals that display the molecular
diffusion of the sampl@arques et al., 2018; Steele et al., 2016)

TD-NMR has diverse applications as it has been extensively studied in food sciences

and industry(Ozel & Oztop, 2021)agriculture(Colnago et a).2021) building

materials(Nagel et al., 2021)and medical sciencdsDu pr ® e { polymer. 2019)
sciences such as measuring and studying rubber since the(V®@d)set al., 2020)

TD-NMR studies are also increasing in the pharmaceuticalcasenonsidering the

ability of TD-NMR to detect the physicochemical properties of pharmaceuticals

(Ohgi et al., 2021) Some of these studies focused on the crystallization of
carbamazepine and indomethacin in powdered dfiada et al., 2019ineasting

water ratios in pharmaceutical forms such as wet grar(@egi et al., 2021)

quantifying the water content in a lyophilized monoclonal antibody (mAb), spotting

counterfeit Viagra found in markets from the original ViagraVi | c z y EK i et al
2017) and identifying altered counterfeited antibodies in biological pharmaceuticals
(Akhunzada et al., 2021)

15 Chemometrics

The earliest studies that describe statistical relationships with chemical changes can
go back to the early 1900s and 192Bsbensel Geladi, 1990) However, with the
advancements of modern computers and its availability for smaller scales in
universities leads to advancement studies and rise of chemometric studies in the
1960s such as work that was publishedMajinowski, Jurs, andMassartBrereton,

2014; Jurs et al., 1969; Massatrt et al., 1972; Weiner et al., . 1a7be 1970s the

t er m Ak e m8wedishwhichktranslateaitehemometricsvas first mentioned

by Svante Wold, who later built the International Chemometric owigh the help

of Bruce.R. Kowalski. These led to an increasing number of published works and
attention toward chemometri@@rereton, 2014; Kowalski et al., 1987; Wold, 1972)
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Chemical theories in general make idealized concepts and rules whickesered
environments and conditions. This idealization has become a problem in descriptive
and practical terms amseallife experiments and tests are far away from ideal
conditions. Classical linear regression analytics are based on different presumptions
that mirroridealizedconditions and parameters whilmit the analysis. However,
chemometrics relies on fewer presumptionsiamdlvesextracting and representing

data in a more realistic way. In addition to putting the idealized relationships that
define the chemical and physical properties of any tests. They try to understand other
empirical relationships and unknown pattefBgereton et al., 2018; Wold, 1995)

Chemometrics can be defined as the use of mathematical and statistical approaches
to andyze, examine and understand thgerimentablata in a broader and further
manner than the classic univariant methods. Chemometrics offers an effective
guantitative understanding on the resuléagherimentaldata. At the same time it
provides a compreheng identification of trends andinderstandchemical
relationships which were previously ignored. Chemometric can also be defined as a
developing field of study that aims to gather and extract effective and valuable data

from analytical methoddnobeme eal., 2022)

Most researchers utilize univariate model analysis to express and calibrate their
measurements by using univariate statistical methods suahahssis of variance

(ANOVA) or t-tests for normally distributed datd#owever, the progress and
improvements with computer science helped to ease the usage of more complex
multivariate statistical methods. This helped the analysis of more complex and
enormous data to be analyzed especially those of newer analytical devices that
produce suchahugenbner of data and doesnEt rely ol
For example, data collected from spectroscopy where data are collected from signals

that are widespread over many differevdvelengths(Brown & Steven Brown,

2017 ; -Caramaeazt al., 2016larynuk et al., 2012)

Chemometricss used in a variety of devices and tools especially foringasive

and nondestructive devices that can identify and quantify contents of the sample.
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Devices such asltraviolet visible spectroscopy, mimhfrared gectroscopy, near
infrared (NIR) spectroscopy, Raman spectroscopy, terahertz spectroscopy, nuclear
magnetic resonance (NMR) spectroscopy, ksduced breakdown spectroscopy

The usage of chemometric analysis with these deyigesadeto be beneficial fo
various applications imagricultural sciences, food engineering, pharmaceutical
industry, petrochemical analysis, environmental and medical sti&fsHejri et

al., 2020; T. Chen et al., 2020; Kaavya et al., 2020; Tahir et al., 2022; H. P. Wang et
a., 2022)

Chemometrics has various applications and implementations in the pharmaceutical
industry including QC and process analysis. Some of these implementations were
successful enough to become included in regulatory guidelines of regulation
authorites. For instanceéhe European Pharmacopoeia (EP) sindlarly the United

States Pharmacopoeia (USP) hassuedspecific chapters on chemometrids.
addition, the Food and Drugs Administration (FDAgs given instructions for
chemometrics usages. WhieH has aggregate the chemometrics usages in specific

chaptergVignaduzzo et al., 2020)

One of the main aspects of chemometric application is the preprocessing step. It has
a crucial role as it eliminates many additional extra factorscthegechangs in the
measurement values outside of the intended samples. These artifactsrimetide
surfaces, optic effects, detector noise, baseline corrections, temperature and

particle size (Gendrin et al., 2008) .

Validation is an essential component in chemtrics as it can provide reliability

and demonstrates the quality of the applied statistical methods. It can either be
presented graphically to give a clear illustration of the overall procedure or can be
measured numerically with statistical methods hove the quality of the applied
method. Validation should either be done using a cross validation set of data or an
external set of data that was not included during the preparation of the chemometric
method(Anderssen et al., 2006; Brereton et al., 2018)
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1.6  Novel Quality Control Methods

In this study, the focus will be on solving three different quality control issues by

using norinvasive measuring techniques.

1.6.1 Quality issueof Insulin

Diabetes is a extremely populaand globularly expanding disorder in r@apid
fashion. It isestimated increase in numbersreacharound 700 millbna dul t s 0
patientby 2045.Diabetes is a chronic metabolic disorder of the endocrine system
that can be described witmnaturallyhigh amount ofglucosein the blood, which
couldbe caused frortotal or proportionalinsulin shortage. These can appear when
b-cell dysfunction, insulin resistanda tissues or both. Although diabetes is
generally categorizeds an autoimmuneclassthat starts with childhoodtype

1 diabetes, T1D) and a n@utommuneclassthat usually starts at adultho@gpe

2 diabetes,T2D), there areadditional distinct types of diabetes. These includes
monogenic diabetesuch as maturityonset diabetes of the young peonatal
diabetes, gestational diabetes in pregnanham andpotentially anautoimmune
classthat can develop in adults at later stages ofAfdqvist et al., 2018; NH. Cho

et al., 2018; Cole & Florez, 2020; Udler et al., 2018)

The typical symptoms of diabetes, such as excessive weight loss, exdbgsi,

and excessive urination, wetest mentioned in medicinal histoBb00years agdy
theancientEgyptians while thewordfi d i a bwhitheanes fronGreek wadirst
mentionedby Aretaeus of Cappadocimound the ¥ centuryAD. The sweetnesso
urine was discovered by Thomas Willis in the 17th century, leading to the addition
of "mellitus” to the name of the diseafdekala & Bertoni, 2020)The highest
prevalence of diabetésfound in fewPacific Island nationscludingof adults irnthe
Marshall Islandswith 30.5% in Mauritiuswith 22% and in PapuaNew Guinea

with 17.7% then succeeded inountries ofthe Middle Eastparticularly Saudi
Arabia, EgyptandUnited Arab Emiratesvhere around 8% ofadults are affected
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Turkey has ovelO million diabetic patient@fMekala & Bertoni, 2020; Ministry of
Family and Social Services, 2019)

In 1889, Minkowski and von Mering noted ththe complete removal gfancreas
causesthe production ofsevere diabetedn 1922, the first human experants
involved the administration of the pancreatic isolate and reversing the symptoms of
diabetesIin May 1922, the active component was named insGammercial sales
started a year later as a treatment for diabetes, which led to the reward for this
resarch and experiment with the Nobel Prize in the same (ekala & Bertoni,

2020; Wilcox, 2005)

Insulin is a dipeptide hormor@mprisedof A and B chaingonnected togethdry
adisulfidebondand contains 51 amino acidssulin is releasettomtheb cel | s of
the pancreatic islets of Langerhafrssulin is an effectualanaboliccompoundthat
advancegellular absorptionstorage, angroductionof nutrientswhile obstructing

nutrient breakdown and release into Hieodstreaminsulin performs othetasks

such asnduang mobility of nutriens toward cells, regulahg metabolic enzyme

activity, checking theranscription of metaboligenes, regulates cellular growth and
differentiation, andyovernits ownremoval from the cellall that viaactivaing its
receptor(Saltiel, 2021; Wilcox, 2005)

Beside the tasks and functions of insulin in diahasentresearcldemonstrated
other functions and activities of insuimdifferent organs which includeise brain,
heart, kidney, bone, skin, andihfollicles. Insulinassistshedevelopment obones,
reducesinflammation caused byosteoporosisfunction on the centralnervous
systemandacts orpro-atherogeni@and antiatherogeni¢asksin thecardiovascular
system(Rahman et al., 2021; Rorsm& Braun, 2013)

The treatment of diabetes consists of antidiabetic drugs and gene tHesagin.

drug is considered the primary therapy for type 1 diabetes, and their use is expanding
in type 2 diabetes?eople with diabetes have to use insulin stotegulate glucose
levels in their bodies. Insulin has five major typesich are Rapidicting insulin,

Regular or shoraicting insulin (e.g., Humulin R), Intermediedeting insulin (e.g.,
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Humulin N), Longacting insulinand Ultra longacting insulin(Swain et al., 2022)
These types differ in their chemical formulas and physical stryciodecing
varying pharmacokinetics with different absorption rates and duration of actions
(Mathieu et al., 2017)

The timing of insulin action depends @ach isulin and formulation's unique
pharmacokinetics (PK) and pharmacodynamics (R term "pharmacokinetics"
denoteghe time frameof insulin circulation levels after subcutaneous injection or
other delivery method3.o maintain normal blood glucose leveighout risking the
patient, insulins must be given with knowledge of their PK and PD effects. Both PK
and PD are influenced by insulin injection parameters and physiological factors such
asworkout bodyheat and insulin sensitivityln order toadminigrate an insulin
regimen it is of high importance to have a good and clear understanding and
knowledge of PK and PD characteristics of different insulins and their different
formulations and related physiological factdBsiseline insulin, which is avalée

in intermediate and longacting forms, is often the initial treatment for type 2
diabetes.Protamine, a positively charged protein, precipitates insulin hexamers,
resulting in a suspension formulatidnjections of protamine/insulin crystals limit
insulin hexamers' dissociation, thereby reducing insulin monomers' absantion

circulation(Hirsch et al., 2020)

Some patients can use two different insulin types at different times and can mix two
types of insulin inside a single syringe for singée usuch as insulin NPghsulin
neutral protaminehagedory with regular insulin or with insulin lispraa process
referred t o (BasCldiré, 202F Histh &t aln 2028 ome patients

use premixed insulin mixtures to control their blood gludeselsat a given time.
Premixed insulin mixtures include Humulin 30/70 (30% intermeehatenginsulin

NPH ratio to 70% regular insulin ratio), Humulin 50/50, Humulin 70/30, Humalog
Mix 25, Novolin 50/50(Brunetti, 2022)It is crucial for patients to administer exact
amounts of insulins, as miscalculations of insulin drugs or between dosesedf mi

insulins can lead toeduced effects of the drug or serious complications such as
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hypoglycemia that can end up in the emergency departments of hospitals and can be
fatal (Geller et al., 2021)

There are quality control methods to overcome theseserboit they are mostly
performed only for selectethatches after the production lines (Carter et al., 2016).
They are invasive andestroy the drugs, makinthem unusablelherefore, there is

an emerging need for a quick and raestructive methotb detectquantification
errors.Time domain nuclear magnetic resonance-NAR) is an analytical method
that is becoming increasingly populscause it is quick, easy to operate, and offers
high instrumental stabilityThis is based on continuomseasurentgts of protonation

in the sampleTD-NMR is capable of observing molecular dynamicsimple and
complex environmentBalthazar et al., 2021b; Kiselev, 2019; J. Li et al., 20R1)

is used irvarious branches of scientific research and industnies$, as food (Kirtil

et al., 2017), pharmaceuticdkuentz et al., 2006), botany (Kovrlija et al., 2020),
agriculture(Colnago et al., 2021 and polymer studiedesghini et al., 2019)D-
NMR incorporates several measurements, such as T1 longitudiaxatiortimes,

T2 transverse relaxation times, and T1T2 maps (Baran et al., 2023; Ozel & Oztop,
2021), which ardidimensional NMR maps generated by a correlation between T1
and T2 relaxation timed.2 relaxatiortimes allow the characterizatiom muclei by
their states, such as bound water, free water, and the exdbeimgeen these two
states (Santos et al., 2016), which isimfmense importancevhen measuring a
mixture ofinsulin drugs with different solubilitie3.1T2 maps separate physieald
chemical influences bygistinguishing overlapping data in the T2 relaxation times
(Li et al., 2021).

In this study, insulin drug mixtures were analyzed using two differerfNMR
techniques, which are Tizlaxation and T1T2 map#additionally, multiple linear
regression (MLR) was applied to integratelihear regressions of the two methods.
The final aim is to design a novel, nakestructive, affordable, uséiendly and

precise quantification method for mixed insulin drugs usingNIDR techniqes.
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1.6.2 Quiality issue of Aspirin

Aspirin is considered to be one of the oldest drugs known to inesms obtained
from willow bark for over millennia until Felix Hoffmann succeeded in producing
acetylsalicylic acid at Bayer to proceed and secure a pat#8989(Sneader, 2000)
Theancient Sumerians and Egyptiammsumeadvillow bark for its medicinal values
even though they were unaware of its contesaéi€in Figure3) which is the active
ingredient that givewillow barkits medicinal values and was the cornerstone in the
development of aspirinVillow bark continued to be consumed during the ancient
Greece m for its reducing pain characteristics. Back then it waggested by
Hippocratedor the purpose afeduéng painduringchildbirth, andt was mentioned
during theRomanerasince it was suggestdaly Pliny the EldeDesborough &
Keeling, 2017)In 1828, Johann Buchn@rocessed willow barko obtain yellow
crystals whicthe called Salicin, named aftdeplant genus of the willow tre8alix.
Salicin was the active compound that gives willow bark its medicinal properties.
Later, the procedurevastaken another step BierreJoseph LerouxTo be refined
one more time bfraffaele Piriavere the producalledsalicylic acid Figure3) was
introduced witha higheractivity (Desborough & Keeling, 2017; Leroux, 1830; R
Piria, 1838; Schindler, 1978)

Aspirin became widely accessible and considered antbesowunter drug, a drug
that can be taken without a prescriptidts analgesic, antipyretic, and anti
inflammatory properties originate from aspirin being partaofiroup knownas
nonsteroidal artinflammatory drugs (NSAID)NSAIDs are a class of drugs that
reduces pain, decreases fever, and prevents blood (dlolisa, 2017) They are
chemically and physiologically distinct from stero{@sier, 2014)They account for

5% of the entire prescribed medicines worldwidée irreversible acetylating
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Figure3 Chemical Structure of Salicilin, Salicylic acid and Acetyl salicyli
acid (Desborough & Keeling, 2017b)

property ofaspirin distinguishes it from otheNSAIDs, such as diclofenac and
naproxen.This irreversible acetylation forms a covalent bond between aspirin's
acetyl group and the serine residue of cyclooxygenase's active site in platelets, which
is irreversible.Consequently, it inhibits platelet function for more than a week.
Making aspirin a suitable antiplatelet medicine with a crucial role in the prophylaxis
of thrombosis (blood clotgpantosGal | ego & Badi mon, .Il2021; T-1th
addition, NSAIDs & known to inhibit cyclooxygenase enzyg{€OX), which are
responsible for the synthesis gfrostanoids, which in turn intermediate
inflammation, pain, and feveWWhile most NSAIDs inhibit these enzymes reversibly,
high doses of aspirin irreversibly inltiihem, and this irreversible inhibition of
COX enzymes by aspirin leads to a longer -i#df in other words, aspirin has a
longer duration of action than other NSAIC®eliger et al., 2018; Tolba, 2017).

Aspirin contains many additional pharmacol@jiproperties, making it an option

for various therapie@/Villetts & Foley, 2020) In addition to its treatment of pain,

fever, and inflammatigrespirin is used as a prophylactic agent for the primary and
secondary prevention of cardiovascular disegdfssa et al., 2021)As pi ri nds
antithrombotic properties reduce blood clots and the risk of stroke and myocardial
infarction (Fiala & Pasic, 2020)Furthermore, aspirin can be used to control heart

rate variability and cardiac autonomic activifylinhas et al., 2021}t is anticipated

that aspirin has an antiangiogenic characteristicdhaseslownscale cancer risks.
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Due to this, in recent years, studies have shown that aspirin can be used as a
prophylactic agent for cancéCao et al., 2016)-or example, the risks of cancers in

the GIT, such as esophageal, stomach, and colorectal cancers, were reduced by over
25% compared to those ancontrol group(Bosetti et al., 2020; Xie et al., 2021)

The use of lovdose aspirin in patients at risk foronary heart disease is considered

an economical approach, as it can result in reduced costs for patients, insurance, and
national health servicdsL a mot t e, Pi ol , et al ., 2006 ;
al., 2021)Thecost reductiomlsobenegft s pati ents, resulting i
per patient i n Spai n(Lanote, Adn@rBafs, gha.r2000;at i e n:
Lamott e, Pi T oThe Euepean dlkart Netwdix Gk )estimated that
cardiovascular diseases cost the EU economyr e t han 0200 bil |l
(Timmis et al., 2022)Heart disease costs the United States approximately $239.9

billion annuallyfrom 2018 to 2019This includes the costs of healthcare services,
medicines, and productivity lost related to de@ikaoet al., 2023) Additionally,

the economic significance of aspirin extends to its role in precision medicine and
pharmacogenomicStudies have developed castective approaches to genotyping

related to aspirin pharmacogenomics, providing valuable twolgpersonalized

medicine and efficient drug delivery (Li, 2024his emphasizeaspirin's potential

to optimize treatment strategies, leading to better health outcomes and cost savings
(CY. Lietal., 2024)

Contrastingly toaspirin's advantages angbsitive characteristigsaspirin has
disadvantages and drawbacl3ne of its primary issues is its damage to the
gastrointestinal tradfKedir et al., 2021)which led manufacturers to resolve this
issue by producing entertmated aspirin tablets thab not dissolve in the stomach

but dissolve in the intestine or for doctors to prescribe reduced doses of aspirin,
especially for the prevention of cardiovascular diseases in which small amounts are
adequatgKedir et al.,, 2021)or for aspirin to be pseribed with proton pump
inhibitor drugs to substitute the increased acidity of the stomach caused by aspirin
(Tosetti & Nanni, 2017) A second issue is that aspirin drugs may interact with or

interfere with other medications, such as warfarin or NSAICIEs results in
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complications with clinical management, including increasing complexity in
prescribingmedicationsas a means to avoid adverse drug reactions and changes in
medicinal effectivenesgAlqahtani & Jamali, 2018; Hurlen et al., 2000; Pall&ia

al., 2013)

Regarding its physicochemical properties, aspirin has one substantial lisisue.
hygroscopic, which means that it is affected by the humidity of its surroundimgs.

issue causes aspirin to degrade into salicylic acid and aceti(Fagunle4). Due to

this matter, the wet granulation technique cannot produce aspirin tablets (an
inexpensive technique that uses water for tablet production). For that, slugging is the

method employed in aspirinsquluction(Avbunudiogba, 2013)

o)

0
CHH}/& 3 i B 1
B OH

I

3

Aspirin Salicylic acid Acetic acid

Acetylsalicylic acid
ASA

Figure4 Aspirin degradation under humid conditigqd®sh Bloom, 2018)

Temperature is another parameter that catalyzes aspirin degradation to salicylic acid
and acetic acid(Al-Maydama et a). 2018) Temperature catalyzes humidity
degradation, and this process is related to humidity vallresmore heat is applied,

the more degradation it caugéset al., 2008)Aspirin is recommended to be around
room temperature, while the relative hdity should be no more than 55%
(Yamazaki et al., 2010)

The salicylic acid formed from aspirin degradation is considered to be toxic in
excessive amount¥he British Pharmacopoeia (BP) reported that the salicylic acid
content within an aspirin tablét restricted to 3%RaimiAbraham et al., 2017)
This kind of degradation is escalated upon stress environments causkesddigd
temperatureand humidity(ElZ Banna et al., 1978; Waterman et al., 200hglong
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termincrease in salicylic acid uptake in patients leads to chronic intoxication, which
is termed therapeutic salicylate poisoning.displays central nervous system
symptoms such as hyperventitatiand memory deficit. It may also cause cardiac
arrest or severe brain damage, which would lead to d&atimal et al., 2020;
Pearlman & Gambhir, 2009)

As a consequence of the importance of preventing excessive salicylic acid in aspirin
pharmaceuticalsand with the intention of lowering the cost and using a more
environmentally friendly and nedestructive method for detecting salicylic acid,
this study suggests FNMR accompanied by NIRS as an alternative measurement
to HPLC for determining unsuitablgegraded aspirin pharmaceuticals caused by
humidity and temperature, resulting in excessive salicylic acid production.

1.6.3 Glycation as a quality issue

Glycation is a chemical reaction occurring in biopharmaceutichis.reaction

occurs between protein’'sprimary amine molecule and a reduced saccharide's

aldehyde unitlt usually happens on lysine residues and, to a lesser degree, on

arginine residues and-términal amino acidsGlycation can affect the

functionality and reliability of biopharmaceuticalsFi scher et al ., 200
et al., 2020; Kennedy et al., 2008; Wei et al., 2017)
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Reactive carbonyl species (RCS)
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Figure5 Glycation reaction and its followed reactions and prod{&t€ho et al.,
2022)

When a sugar molecule or saccharide intenaitts a protein moleculeHigureb), a
complex compound known as a Schiff base is formbd reactioroccurs when the
sugar's active carbonyl group combines with the protein's nucleophilic free amino
group creatng a C=N double bondrollowing this initial reaction, the Schiff base
undergoes additional transformations such as dehydration, rearrangement,
cyclization, oxidation, and another round of dehydratidmese processes produce
advanced glycation end prods¢AGES), which are more stable compouri@han

Sik Kim, Sok Park, 2017; S. Cho et al., 2022)

In 1912, LouisCamille Maillard found that when amino acids and sugars are mixed
together and heated, they turn intensely dark. This type of interactionelpedweno
acids and saccharides is referred to as the Maillard rea@tlelwig et al., 2014,
LC Millard, 1912) In 1985, the Nomenclature Committee of the International Union
of Biochemistry and the International Union of Pure and Applied Chemistry

proposedusingthe term glycation to refer to all reactions that join a sugar to a protein
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or peptide, regardless of whether an enzyme is invohater, it was clarified that
thereis a distinctive difference betwegmotein modificationsn consequence of
saccharides As nonenzymatic modifications produce glycated proteins while
enzymatianodifications producglycoproteingLis & Sharon, 1993; Sharon, 1986)
Glycation is a process in which saccharides change proteirsmzgmaticallyThis

is known asselective adoptionlt is important to distinguish between glycation
adduct residues and the binding of free adducts since one of them creates a covalent
bond and the other does n@agalou et al., 2005; Rabbani et al., 2007; Rabbani &
Thornalley, 2012)

In recent decadebjopharmaceuticals have experienced a notable surg®dhe
remarkable progress made in recombinant DNA technoldgyong the various

types of biopharmaceuticals, monoclonal antibodies (mAbs) stand out as a prominent
category, withtheir efficacy in treating a diverse range of ailments, including cancer,
asthma, central nervous system disorders, infectious diseases, and cardiovascular
diseasegFekete et al., 2012; Le Basle et al., 20ZDjer 125 antibodies have been
approved anccommercialized, with some of them being among thestijing
pharmaceuticalsSugars or polyols are added to lyophilized powders to create a
stable, glassy, and amorphous matrix to preserve the antibAdiesg the sugars

used in antibody compositionsgtnonreducing disaccharides sucrose and trehalose
are recognized for their ability to stabilize antibodies and profem®asle et al.,

2020; Strickley & Lambert, 2021; Sudrik et al., 2019)

During fermentation or upstream production of antibodiggagion reactions can

occur because of the presence of sugars, particularly glucose, which are used as an
energy sourcelhe reactivity of these reactions depends on the antibodies involved.
The rate and extent of glycation can be influenced by factats &1 temperature,

pH, duration, and ionic strength, which should be maintained at physiological levels
(Leblanc et al., 2016; Quan et al., 2008a; Wei et al., 2017; Yuk et al.,.2011)

During the fermentation process, monoclonal antibodies are subjgbtcttion,

which occurs as the mAproducing cells utilize glucose as a source of energy. The
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amount of sugar provided during mammalian cell cultsignificantly impacts
glycation levelsFadors such as temperature, pH, duration, and ionic strengtth whi
are maintained at physiological levels, can influence the rate and extent of glycation
(Quan et al., 2008a; Wei et al., 2017; Yuk et al., 203fi)dies have showthatthe
glycation is negligible when monoclonal antibodies are storedttenmg at 28 A C

with sucroseHowever, when stored at ambient temperature with dextrose, glycation
occursat significant levelgFischer et al., 2008; Le Basle et al., 2020; Sreedhara et
al., 2012)

Supercoolingand storage temperatures can influence glycakoninstance, room

temperature and 60% relative humidity can lead to glycation of lyophilized products,
whereas B5AC does nN\otglycaliennwas abserwed qlligudat i on .
antibody productbuutstcomed daetr abA eCegechycati on o
when sucrose, a nereducing monosaccharide, was used instead of glucose
(Awotwe-Otoo et al., 2015; Gadgil et al., 2007)

Glycated products can be detected by liquid chromatograg@ss spectrometry
(LC-MS) to measure the overall glycation levelpeptide mapping for individual
site glycation resultsBoronate affinity chromatography can be ugedassess
glycationand monitor overall glycatiolevels(Lhota et al., 2021; Quan et al., 2008b;
van Schaick et al., 2023JThe Ophthalaldehyde (OPA)xthnique can be used to
measure glycated compound&rtugrul et al., 2021; Fischer et al., 2008; Mo et al.,
2018) However, these methods are invasive and destructive to the samples;
therefore, they can only be used for selective samples instead ofiavasive
method that can be used on all samgleshis part of the study, the focus will be on
using TDNMR as a nosinvasive method for the detection of glycation in
pharmaceutical products by using glucose and bovine serum albumin as anubdel
thensurroundingthe model with accelerated conditions to provide glycafidnms

glycation was examined by FRMR and compared tthe OPA method.
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1.7  Objectivesof the Study

The objective of this study is to use Time Domain NMR and Near infrared
Spectroscopy ason-invasive, nordestructive, affordable, user friendly, and precise
guality control methods as an alternative to the current chemical quality control
methods that destroy the samples, have costs for chemical materials, need trained
labor, and cannot measuall samples but can only be used on a portion of the

samples.
Specific objectives

U Preparing different mixture ratios of two different insulin drugs that can
represent any insulin mixing ratio.

U Analyzing these mixtures with T2 relaxatinecessary tanderstand the
relationship between changing the mixing ratio of insulin mixtures and the
mobility of water, as well as thmteractions between water and insulin
mixtures.

U Analyzing these mixtures with 2BMR to generate T1T2 maps of mixture
ratiosto beter understandifferent proton domains and how they differ with
changing the mixing ratios.

U Findingthe relationship between different quantities of insulin mixing ratios
on the one handnd TDNMR results of T2 relaxation and T1T2 maps on
the other hand.

U Integrating these methods using statistical or chemometric methods such as
multiple line regression.

U Validating the final method using data outside the training data

U To produce a neinvasivetechnique which can serve as a mearssapiality
control metlod to quantify and measure the mixing ratio of two different
insulin drugs in order to ensure the safety of mixing ratios and avoid
miscalculations that lead to health issues such as hypoglycemia.

U Preparing degraded aspirin tablets by placing them irsftifesnvironments

with elevated temperature and humidity.
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c: c: c: c: c:

Measuring them by infrared spectroscopy and obtaining spectroscopy data.
Use chemometrics to analyze these data.

Development of a calibration method for measuring aspirin degradation
using NIRS.

Validate the data using a validation set of degraded aspirin tablets.
Measure aspirin tablets by T®MR and compare the results XRD
crystallization and KarFischer titration moisture content

Preparing samples with different glycation ratios.

Samples carain model drug formulation of BSA amgiucose.

Placingthese samples in atcelerate@énvironment to promotglycation.
Measuring the browning of these samples glyeation measurement.
Measuring the samples withe OPA method to ensurand quantify their
glycation.

Measuring the samples with T1 relaxationuioderstand the relationship
between glycatiomndh y dr at i on.

Measuring the samples with T2 relaxatito understand the relationship
betweermolecules and water duag glycation reaction

Measuring the samples with T1T2 maps relaxationunderstand the
relationship between glycati@nd different protopool domains.
Comparinghe OPA method witbbther methods isecessary to find the most
suitable norinvasivemethod that can be a substitute tiee OPA method.
Ensuring that TENMR can be used as a substitidethe OPA method
Being able to monitor glycation using TBMR as a quality control ethod.
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CHAPTER 2

MATERIA LS AND METHODS

2.1  Part 1. Quality Issue ofInsulin

2.1.1 SamplePreparation

Hu mu | i rALOORHi Lilly & Company, Indianapolis, IN, USA) and HumulhE
U-100 (Eli Lilly & Company, Indianapolis, IN, USA) were purchased frotocal
pharmacy.Humulin FE U-100 contains 100 units/ml, which is equivalent to 3.5
mg/ml of human insulin (rDNAorigin), 16 mg/ml of glycerin, 2.5 mg/ml of meta
creso] and 0.015 mg/ml of endogenous zinc. Humulif W-100 contains 100
unitsin| which is equivalent ta3.5 mg/ml of human insulin, 0.35 mg/ml of
protaminesulfate, 16 mg/ml of glycerin, 3.78 mg/ml of dibasic sodium phosphate,
1.6 mg/ml of metacresol, 0.65 mg/ml of phenol and 0.025 mg/ml zinc ion.

Tablel Mixture ratios of Humuh N (insulinrNPH) and Humulin R (regular
insulin)

Mixing

Ratios
Humulin N 0% 5% 10% 15% 20% 25% 30%
Humulin R 100% 95% 90% 85% 80% 75% 70%

Mixing
Ratios
Humulin N 35% 40% 45% 50% 55% 60% 65%
Humulin R  65% 60% 55% 50% 45% 40% 35%

Mixing
_ 15 16 17 18 19 20 21
Ratios
Humulin N 70% 75% 80% 85% 90% 95% 100%
Humulin R 30% 25% 20% 15% 10% 5% 0%
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The samples were prepared by gently shaking the Humwdimd Humulin R bottles
upside downTurkish Medicines and Medical Devices Agency (TICK), 2023)l

then transferring the solvents from both bottles to be mixed in different ratios starting
from 0:100 (Humulin N: Humulin R) toward 100:0 (Humulin N: HumuR), as
depicted inTablel. Each mixing ratio contained three samples with 0.5 ml of exact
guantities from different Humulin N and Humulin R bottles. Finally, 63 samples
were prepared from 20 Humulin N and HumuR bottles. Humulin N is a
suspension that tends to precipitate over time. As a means of guaranteeing the
homogeneity of the samplesmd uniformity of the mixing state, each sample was
subjected to vortexing for five seconds, followed by-NBDIR measurement
precisely 15 seconds after th&tibsequently, samples were stored in refrigerators at
4A C until further analysis.

2.1.2 Benchtop TD-NMR Instrument

The experimental setup was performed by a benchtop NMR system (Pure Devices
GmbH, Germany) operating at a 1H frequency of 24.15 MHz. The system was set
up with a radio frequency coil measuring 10 mm, corresponding to the cylinder

where thesamples were placed inside 10 mm wide tubes. The device temperature

was set to 28A CThé samples Wdre equilipated itontleisn t s .

temperature prior to measurements.

2.1.3 TD-NMR experiment parameters

2.1.3.1 Hydration measurements byT2 Relaxation Sequence

The T relaxation times of the insulin mixtures were determined using the Carr
PurceltMeiboomGill (CPMG) sequenceRigure6). The CPMG signal is assembled
by employing a 90A RF pu lpdses séparatdd byan n g

equal number of times, known as the repetition tvie.t h every singl e
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the signal intensity of protons declines depending on the inhomogeneous magnetic
field of the sample (Carr & Purcell, 1954; Meiboom & Gill, 195B)e number of
echoes is 12,500, the echo time interval is 10 ms, the repetition time (TR) is 14000
ms, and the number of scans is 2. The received NMR signals were evaluated using
MATLAB software (The MathWorks Inc, 2023and fitted to monaxponential

modds to acquire Trelaxation times

7=1643.116 ms

T

absorbanE:e
~—- single expo.|

amplitude in T

W
|
|
i
|

0 5 10 15 20 25
timeins

Figure6 A representative exponential curve of sppin transverse T2 relaxati
for insulin mixture ofHumulin N 35: Humulin R65

2.1.3.2 Proton domains byT1T2 Maps

Correlation experiments between @&and T achieved bidimensional :T> maps
Figure 8) in all samples to better understand proton interactions amobrisrate
protonation differences between samples of different mixture ratidsmaps were
acquired by applying the RPMG (Inversion Recovery CaRurcellMeiboom

Gill) pulse sequence to the sampless<ORMG consists of an inversion recovery
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sequene (Ti1), followed by a CPMG sequence]TThe sequence is reeated at
different inversion recovergelays anadaptures a sequence of echoes for each delay
(Panattoni et al., 2021y he signal amplitude data for theTk maps were estimated
using the followng equation:

O thh 0 p Q Q q
where M is the magnetization amplitude at a given timejsvthe magnetization
amplitude at equilibrium, U is the recovery
number of echoes,1Tis the bngitudinal relaxation time, and>Ts the transverse
relaxation timeg(Du et al., 202Q)The number of echoes was set to 250, while the
echo time was equal to 15 ms, with 10 points for inversion recovery. The collected
IR-CPMG datawere converted to 1> maps using a 2D inverse Laplace transform
(2D-ILT) using inrhouse MATLAB codesThe cumulative signal amplitudes of
certain proton pools were collected from the majp®& computational tool used was
MATLAB software (The MathWorks Inc, 2023)

2.1.4 Data Analysis Procedure

This research used chemometric methdd quantitatively distinguistbetween
different ratios of insulin drug mixtures by finding the relationship between them
and their corresponding: T> maps and 7 values. This relationship should provide

a prediction method to determine an unknown metatio using its corresponding

To value and TT2 map.

The first step in the analysis was to remove outliehsee samples were removed
from the dataset because they were recognized as outliers after an intuitive
assessment of the data as a whdlee ranaining datasets (60 samples) were
randomly divided into two groups using MATLAB code: training set (42 samples,
70%) and validation set (18 samples, 30%).
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Data preprocessing involved scaling rElaxation times and data from the signal
amplitudes of theT:T> maps to establish an equitable model for training and
validation.Scaling was also done to ensure that data frewalues and data from
T1T2 maps are comparable and equivalent to each other, protectingpteeminor
scale data from being dominateg the more extensivelata (Sharma et al., 2023).
Therefore, the two datasets were modified to be within the same Boajmg was
done by MinMax normalization, which transforms the data to be in the range
between zero and one and has the following eojuat

d‘) -~ ~__ o
w w

where X is the normalized scaled value of the data, X is the original valugjsX

the minimum value of the trained group, anglaXis the maximum value of the
trained group (Wang et al., 2018he minimum and maximum values were selected
only from the training group to ensure consistency in the parameters for the

prediction method.

The data were processed using a multiple linear regression model (MLR)is a
standard and straightforward iahtion method that quantifies the relationship
between the linear regression of a dependent variable (mixture ratio) and one or more
independent variables {Trelaxation times).The MLR follows the following

eqguation:

®f o E T o f T
Wherey is the dependent variable (here, the concentratiorg, X Xrepresent the
independent variables {Telaxation times and the;T.s i gn a l amplbi tude)
are the regression coefficients or the paaters of the independent variables for the

equatogi enf hb parameter when all i ndepende.
is the error (Mihaela Florea et al., 2011

The precision and predictability of the model were evatuatng the correlation

coefficient (R), adjusted correlation coefficient{Rdj), and root mean square error
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(RMSE). MATLAB (The MathWorks Inc, 2023was used as the primary

computational tool for all the data analyses.

2.2  Part 2. Quality Issue of Aspirin

2.2.1 Samples

Acetylsalicylic acid and salicylic acid were purchased fR&igmaAldrich Chemical

Co. (Saint Louis,MO, USAAspirin drugs were purchased from a local pharmacy in
different forms with differentoncentrations and excipients, as statethinle2 and
Table3.

Table2 Aspirin drugs with their concentrations, different ARkttive

Pharmaceutical Ingredientgdrms, and names afianufactures

Aspir
Na me Phar maceut Manuf act
cont e
Aspirir 10ng Tabl et Bayer
Aspirir 50ng Tabl et Baye
Coraspi 10g Coated T Bayer
Coraspi 30Mg Coated T Bayer
Ecopiri _
8 Ing Coated T¢ Abdi I b1
81
EcopBBOOD 30rg Coated T¢ Abdi I b1
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Table3 Excipients of each aspirin drug

Na me Exicpi ent s
As pilrQiOr Cel | uMaoisBd a+LeRbt |-8a&charir
A s p ibr0iOr Cel | uMaisze

~_Bay-€r |l | uMaisBd a+Eauhd r 8d@i-Tr iLet hy
Coradmio Tal
-Tal ¢

CoraspPioBay-€rl | uMais®Bd a+tEaud r 8di-Tr iLet hy

Ecopiri Microcrystallll)i28ttaiCTalt Ewd ros8di- t(

81 TriethyCr@staamel {IEBE6 So
Ecopiri Microcrystalli-StaifaliBEwdrroasei- t(
150 TriethyCr@staamel {IEBE6 So
Ecopiri Microcrystallll)i28ttaiCalt cwd ros8di- t(
300 TriethyCr@€staamel {IEREE So
Ecoploo Sta-rTcaHEcudragi-TriLé%tOHDy—Cro‘,istaatr
Sodi-EMhO0
2.2.2 Treatment of Stress Conditions

Moisture treatmentsvere carried out for the degradation study of acetylsalicylic
acid. To measure the relative humidity (RH) effect on acetylsalicylic acid
degradation, aspirin drugs were subjected to different hunaditgitions.This can

be achieved by placing aspirin in a closed desiccator alongside the saturated salt
solutions.Each saturated salt solution provides a different relative humidity (RH)

value.

Temperature is another parameter that affects the damagdeguadiation of aspirin
pharmaceuticals toward salicylic acid and acetic &idce elevated temperatures
catalyze aspirin degradation by humidity, higher temperatures with higher humidity

would create a more stressful environment that facilitates asigigradation.
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There were three environments for temperature and humidity stress conditions: an
environment wi twhichBgréenRrBaccaptabl@saf€ehvironment
from degradationa second environment with 75% RH afABDwhich representan
environment where degradation should hapmamd a third environment with 90%

RH at 4%\ C which represent aery risky environment where an accelerated

degradation should apply

Aspirin drugs were taken from desiccators under different stress conditions at

variousperiods, followed by further experiments.

2.2.3 Moisture content by Karl -Fischer titration

Karl Fisher titration instrument (TitraLab KF1000 Series, HACH, W5 usedo
characterize water content and get a better idea of the water uptake after being
admitted to different stress conditions and through various pharmaceutical forms and
ingredients of aspirin drugs. The titration is established on the oxidation of sulfur

dioxide by iodine in the presence of water.

2.2.4 Quantification of Acetylsalicylic acid andsalicylic acidby HPLC

After stress condition treatment, the amount of acetylsalicylic acid remaining in the
pharmaceutical products and the amount of salicylic acid caused by these stress

conditions werexaminedusing high performance liquid chromatoging (HPLC).

The HPLC Device Pursuit C18 Colon has Micr os
and U\:Vis (Prostar 330 PDA) detectorhe procedurés similar tothat described

by Yamazaki and others (Yamazaki et al., 20Ih)e mobile phase was a 3:2

monobasic ptassium phosphate/methanol solution with pH# flow rate was 1.2

ml / min at a column temperature of 40 AC, an
nm. Measurements were performed using standard and sample soldttns.

standard solution udepurified aetylsalicylic acid and salicylic acidhe sample
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solution was prepared lyssolving0.5 g of the powden 10 ml ofethanoland then

filled with pure water up to 50 ml.

The degradation of acetylsalicylic acid cée measured using the following
equation
Y90 Q0 @00

IR V)

oi QI Qe OQ™®M ' —£— :
d 0 YO Ywa Qm)wé%w

2.2.5 Quantity determination by NIRS

NearInfrared spectrometry (NIRS) analyswas used to investigate aspirin
degradation int@alicylic acid ad acetic acid. NIRS can be used to detect chemical

changes in solid surfacesch as tablets.

NearInfrared spectrometry analysis was performed using a benchtop device
NIRFlex N5 00 spectrometer (B¢gchi, Fl awi |, Sw
infraredr ef | ect ance data points in the spect
(10002500 nm) witha esol uti on of 8 cmil (2 nm at

¢ m1 Hach sample was measutbdee times, and each measurement was repeated

three timesNIRS analgiswasconductedu si ng t he NI R Ware sof

Flawil, Switzerland).

2.2.6 Evaluation by TD-NMR

Time-domain nuclear magnetic resonance {WBIR) was used to analyze
thedegradation of acetylsalicylic acid. Sgattice relaxation time experimentsifT
were carried outusing a 0.5 T (20.34 MHz) NMR instrument (Spin Track, Resonance
SystemsGmbH, Kirchheim/Teck, GermanyA saturation recovery sequence was
employedwith a 400ms relaxation period (TR), 3600 ms observation time, and one
scan. Monoexponenal fitting was conducted on the relaxation curves using
MATLAB.
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2.3  Part 3. Glycation as a Quality Issue

2.3.1 Materials

Sodium bicarbonate (NaHGJ) zinc sulfate heptahydrate (Zns@ 7 H2-O) , o]
phthaldialdehyde (OPA), sodium dodecyl sulfate (SDS), glycine, bosénem

albumin (BSA), sodium azide (NaN, acet on-mergaptoeteanol @A nd D
mercaptoethanol) were purchased from Sigitdrich Chemical Co(SaintLouis,

MO, USA). Glucose was bought from Tito (Turkey),-sdidium tetraborate

decahydrate (N84O7 L HED), potassium hexacyanoferrate (Il) trihydrate

(K4[Fe(CN)] L N ethanol, were supplied from Merck KGaA (Darmstadt,

Ger many) , Distilled water was obtained fron

system (mpMinipure Ultrapure Water Systems, Ankara, Tyrkey

2.3.2 Methods

2.3.2.1 Sample Preparation and GlycationProcedure

Bovine serum albumin (20 mg/mL) was mixed with 180 mg/ml glucose in distilled

water, in addition to 0.02% (w/v) sodium azide to inhibit microbial grovitie

prepared solutions were then mixed and altbtesstandovernight. These were then

divided into seven samples representing different time points (0, 0.5, 1, 2, 4, 6, and

12 hours)Three replicates were performed at each p@in¢y were placed inside a

water bath at 85 A C ewvapomitiorcThey wezedremiovedl i | y t o a
according to their time points and placed in water at room temperature for 30 minutes

tostop glycationThen t he sampl es were kept inside a r
experiments, except at time point zero, when tegenot placed inside the water

bath but directly inside thieidge.
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2.3.2.2 Quantification of free amino groups

The quantity of accessible unbonded free amino gragssexamined by the OPA
method with few alteration®iab et al., 2008; Tas et al., 2020DPA reagent was
adjustedusingep ht hal al dehyde ( OP A )mercaptodtharnolp | bo
and Sodium Dodecyl Sulfate (SDS) solutior thelater preparation, 40 mg of the
OPA reagent was dissolved in 1 ml 95% ethanol solufifier complete dissolution,
25 mL of 100 mMborax buffer (pH 9.5) was addeéd the solution.The reagent
preparation was completed byldingl 0 0 -@ércafitoethanol and 2.5 mL 20%
SDS solution.Finally, the volume of the reagent was adjusted to 50 After
preparation of the OPA reagent, glycabesdine serum albumin (0.5 mL) was mixed
with 1.5 mL of the prepared OPA reagent for 3 minuléen, the absorbance values
were measured at 340 nm using a Microplate Reader (F28€A Allsheng,

Hangzhou, China).

2.3.2.3 Browning Measurements

The degree of glycain or browning was measured according to the color change

that occurred with the Maillard reactioB.a mpl es (250 OL) were m
nm( Mor al es -RR®rJeizm®n2e0z0 1 ; Nas ruwihgadwWZisadeh et
Microplate Reader (Flex2&00, AllshengHangzhou, China).

2.3.2.4 TD-NMR Measurements

The experimental setup was performed by a benchtop NMR system (Pure
DevicesGmbH, Germany) operating at a 1H frequency of 24.15 MHz. The system

was setup with a radiofrequency coil measuring 10 mm, correspondio the

cylinder where the samples were placegide 10 mm wide tubes. The device
temperaturevas set t o 28A C f o wereadquilibraged pper i me n

thistemperature before the measurements.
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The T1 relaxation times of the glycated s&esp were determined using
saturationrecovery (SR) sequence with the number of echoes as 2048, echo time

interval asl6.7 ms, the number of time points as &0d the number of scanslas

The T2 relaxation times of the glycated samples were detedmiseng the
CarrPurceltMeiboomGill (CPMG) sequence. The number of echoes is 12,500,
the echo time interval is 10 ms, the repetition time (TR) is 13060 and the
number of scans is 2. The received NMR signals were evaluated using
MATLAB software(The MathWorks Inc, 2023) and fitted to mearponential

models to acquire T&laxation times.

The T1T2 correlation maps were obtained by applyhgIR-CPMG (Inversion
Recovery CarPurcellMeiboomGill) pulse sequence to the samplEse number

of echoes was set to 200, and the echo time was 15 ms, with 10 points for inversion
recovery.The collected IRCPMG datavere converted to 1> maps using a 2D
inverse Laplace transform (2IDT) using inhouse MATLAB codes.The
cumulative signal amplitues of certain proton pools were collected from the maps.
The computational tool used was MATLAB softwgfde MathWorks Inc, 2023)
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CHAPTER 3

RESULTS & DISCUSSIONS

3.1 Part 1. Quality Issue of Insulin

Insulin mixtures with differentHumulin N and Humulin R ratewere first analyzed

using spirspin transverserelaxometry (B) (Figure 7). Spinspin transverse
relaxation times (drelaxation times) represent the mobility angkraction of water
molecules with insulin and its excipien&nce there are twaistinct typesof insulin

with slightly different excipients, and because Humulin N is a suspension, whereas
the other insulin drug is a solution, the interaction and mobility with water are
expected to differHence, different results are to be obtained dependinthen
mixture ratio.T> Relaxation times were between 1142 and 2389 msel&xation

times wereexaminedto provide dateon the interactions between water molecules
and other drug components in the mixtures. Based on the graph, it is evident that the
three samples have identical mixing ratios at each point and exhibit the same T
relaxation timeThis observation is consistent with previous findings, in which ten
samples of different insuliproducts were examined at the same concentrations, and
consisten uniformity results were obtaine@araban et al., 2022However, the
samples with varying mixing ratios exhibited different T2 relaxation times.
Thisoutcome was expected because an increase in molecular concentration, such as
protein orpolysacchade in a solution, leads to a higher water binding capacity,
consecutivelylowering the amount of free water and hence reducing the T

relaxationtimg Dek ker s et al ., 2016; Magyszek et

The relationship between the Telaxation times and minre ratios of different
insulins can be explained by the linear regression coefficief)t (ich was
measured as ~0.8%his relationship shows a positive relationshgiween the I

relaxation times of the mixture and the Humulin R ratftisthe samdime, there
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was a negative relationship between theslaxation times and the Humulin N ratios

in the mixture.However, this relationship is not strong enoughgt@mntify the

mixture ratios. Therefore,s-Tneasurements are insufficient to be used apjaiay

as an alternative to chemical methods, such as spectrophotometry. The graph shows
that the correlation between fielaxation times and mixture ratios is disrupted when

the Humulin N ratio is greater than 80%. To illustrate this, the relation betivee

Humulin N ratio and Trelaxation below 80% has a higher\Rlue of ~0.96.

Humulin N% ratio
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Figure7 T2 relaxation times vs Humulin R% ratio inside Humulin R and
Humulin N mixtues The first linear trendline () is between HR:HN 0:100
100:0, while the second linear trendlirig (s between HR:HN20:80- 1000.

When the mixture ratios are changed, the concentrations of substances from each
drug change, including the concentrations of ree¢sol, phenol, zinc, and the
proportion of insulinprotamine complexes to protamifree insulins. Studies
support the concept that measuring rElaxation times would have a linear
relationship with the concentration of a substance, such as by increasing the free base

content in binary powderlénds, which would cause a decrease in thealues
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(Chiba et al., 2022Although Stueber and Jehle (2017) measured the concentrations

of a blend of binary molecul¢sPaj zder ska & WNsicki, 2021;
they presumed that TRMR could be used to measurenature of four different
molecules.Other researchers measured the concentration of adulterated milk in
water and found that increasing the watdrorincreased the slrelaxation times

(Santos et al., 2016n a pharmaceutical studgkhunzada et al. (202Ineasured

different antibodies at different concentrations usingNIAR, and they succeeded

in quantifying variations up to 2 mg/rfAkhunzala et al., 2021)

However, they mixed different solutions without mixing any suspensiaudition,

the substance variations in the mixtures in our study are much lower, as can be seen
from the contents of each drugthe 2.1.1 SamplePreparatiorsubsectionAll of

these studies either measured simple components or relied on measuring one or a
few components, such as an antibiotic or a binary blind. The complex was measured
by changing the amount solvent water. However, insulin mixtures contain the
same amount of solvent water and are more complex. They have different physical
forms: one is suspension, and the other is a solution. Different mixture ratios contain
several substances witlariousconcentrations, which may explain why using T

relaxation times alone was insufficient to determine all mixture ratios.

When Humulin N and Humulin R are mixed, different physical characteristics
change between different mixing ratios, and two of them gplam the change in

the TDNMR results. The first is the mobility of water; the higher the mobility, the
longer the ? relaxation time, which illustrates the generally highgrdlue with a
decrease in the Humulin N suspension réfiocan et al., 2019However, it still

does not describe why the decline is not linear for ratios above 80% of the Humulin
N ratio. The size of the molecules is another physical property that affects the T
relaxation results. The larger the undissolved molecules, ther ltiigh® relaxation

time (Okada et al., 2021)ncreasing the ratio of Humulin N would increase the
suspension and macromolecules of the protamine insulin compound compared to the

protaminefree insulin molecules, and the ratio of macromolecules anckrlarg
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molecules would increase, which explains why high ratios of Humulin N would

disrupt the decrease in flelaxation times.

When analyzing complex mixtures; fielaxation can result in an oversimplification

of complex molecular dynamics owing to the oaprlof signals from different
components, leading to misinterpretations of the results. Therefore, it is essential to
investigate an alternative model that can effectively rationalize the multiexponential
behavior of B relaxation and provide a deeper urstending of complex systems.
Previous studies have demonstrated thdk Thaps can address these challenges
(Colnago et al., 2021; J. Li et al., 202The T.T> map is a bidimensional NMR
system (2DNMR) that can provide valuable information on differemtter domains

and the distribution of protons based on theirélaxation time as one dimension
and the correlated T1 relaxation time as the other dimenBis method is highly
efficient for distinguishing thecontributions of different domains thatarcy

hydrogen molecule@leury & RomereSarmiento, 2016)

As shownin Figure8, the system consists of several proton pools, of which two are

morepresent) and C. The C pr o(Figue8pbecaolk)asitecr eases i
Humulin R ratios increase and the Humulin N
becomes unnoticeable when the Humulin R ratios reacBoel1@dgure 8Hata!

Bakvuru kayna.)eTl hbeu Ipurneasneandcée of t hi s C protor
for the observed elevation of Talues in mixtures containing Humulin N @i

exceeding 80%Humulin N is a suspension that undergoes precipitation of its

crystallized contents, which is caused by a composite structure of insulin, zinc, and

protamine, whereas Humulin R is a solutigtirsch et al., 2020)Increasing the

suspen®n ratio causes an increase in the concentration ratio of solids in a mixture,

leading to an increase in the interaction between water and a solid surface and an
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increase in its proton pool amplitude. It is typical for Thaelaxation of water in

confact with a solid surface to be lower than that of water containing dissolved
moleculegFleury & RomereSarmiento, 2016whichmaye x pl ai n why t he (
pool has ashorte,T el axation time than the U proto

the increae in Humulin N.

Figure9s hows the tot al cumul ative signal fr
(T:D 1600 ms, 7D 200 ms) for each sample against the mixture ratios of Humulin

N and Humulin R. It is noticeabl&at the decrease in the amplitude signal of the

proton pool can be related to the reduction in the Humulin N ratio. However, with a

correlation coefficient of 0.6914, this measurement method could not be used as a
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Figure8 T1T2 maps of different insulin mixture ratios, a) HN: HR 100:00 b) HN:t
80:20 g HN: HR 60:40 g HN: HR 40:60 @ HN: HR 20:80 f) HN: HR 0:100 U
are two main proton pools.

a7



reliable quantitative method. When the Huim N ratio is below 30%, the proton
pools are difficult to distinguish from each other or from noise and cannot be detected
in some mixtures. On the contrary, when the Humulin N ratio is greater than 70%,
the signals of the proton pools can be seenwe haighly positive relationship with

the mixture ratios with a correlation coefficient & 0.988. These indicate that
measuring T1T2 maps of mixture solutions and extracting proton pool signals can
only behelpful for mixtures with a high Humulin N rat, which is insufficient for
practical applicatonsT he st abl e i ncrease in the signal
with high Humulin N ratios can be attributed to the partial dissolution of solid
molecules in the unsaturated Humulin R solution during mgixiThis process
reduces the number of undissolved particles in the mixture, thereby decreasing the
signal from the immobilized wateHowever, after saturation, the proton pool
increased steadiyT he | ocati ons of t he ~259@msmai n pr ot
T~1700 ms, TT2~1 . 5) @a21@ m€, T-R0D ms, TT>~10) in the map are
consistent with other studies, which have reported similar results for the proton pools
of water and undissolved solids, respecti@sran et al., 2023; Fleury & Romero
Sarmento, 2016; S. Wang et al., 2020) mixtures with high Humulin N ratios,

each of the two major proton pools is divided into two separate proton pools, four in
total. This division is caused by a better separation between the supernatant and
precipitation phases, which is attributed to the different signals from the bulk water
and undissolved particle®©therwise, in smaller Humulin N ratios, these proton
pools overlapped and merged togeth@ther proton pools from (T, maps are
considered artifacts ororse because of their small size and because none are
presented in a stable form between different measurements.

Many studies have shown thaiTk maps are commonly used as identification
techniquegSilletta et al., 2022)They can be used as fluid quéication methods to
measure migrated watéZheng et al., 2017r to determine the amount of starch,
proteins, or pentosans in the waf8erial et al., 2016)T1T> Maps were used to
determine the ratios of pine resin to water in the wgad etal., 2020) These results

demonstrate the benefits of Tk maps in differentiating between solids and liquids,
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as well asbetween different liquid phases. NeverthelessT>Tmaps do not
distinguish much between the same liquid phase but with varyingutissorates.

Such is the case with insulin mixtures with lower Humulin N ratios.

Humulin N% ratio
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Figure9Si gnal amplitude of C proton
of Humulin N andHumulin R. The fist trendline §) is between HR:HN 0:100
HR:HN 20:80, while the secoricendline { ) is between HR:HN 0:100
HR:HN 100:0.

The measurement of insulin mixtures of Humulin N and Humulin R in different
ratios showed opposite results depending on the measurements. Althpugh T
relaxation showed a @i correlation with most of the mixture ratios, it showed a
poor correlation when the Humulin N ratio was high. In contra3t maps showed

a high correlation only for mixtures with high Humulin N ratios. These two methods
can be integrated using MLR tstablish a link between the two measurement
methods and the mixture ratios. MLR is a statistical technique that can model the
linear relationship between the dependent variable (mixture ratio) and the
independent variables {Telaxation and proton pooignal) (Maulud & Mohsin
Abdulazeez, 2020)

49



The two datasets were divided ittaining and validation grou@nd then scaled by
Min-Max normalization. Subsequently, an MLR model was established to provide a
linear regression model by integrating the tmethods Kigure 10). The model is
considered accurate as it showed high accuracy measurements: RMSE £ 4.57, R
0.976, and adjusted®R 0.975.
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Figurel0 Actual vs Predicted Concentrations, after applying Multiple Linear
RegressiofMLR) onthetraining group.

All these results demonstrate that the new model fits well wihrtdining dataset.
The data was validated using the validation grdtigurell). The validation group
showedhigh accuracy measurements with RMSE = 6.2561=F0.9581, and
Adjusted R = 0.9525.This confirms thaithe method is suitable for measuring

mixture ratios.

This integrated TENMR method requires Bew minutes to detect the mixing ratio
in each sample, makinga quick and desirable approattis an intuitive and user

friendly method(Yildiz et al., 2A.8) that nurses and physicians in hospitals and
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healthcare centers can easily appBRurthermore, it is neimvasive and non
destructive, which allows its application to all insulin drugs mixed before
administration to the patient without damaging or iotjpey the mixtureMoreover

it can be automate@renerick et al., 2022T he aforementioned characteristics cause
this integrated method to avoid a remarkable quality control i€Sager et al.,
2016) as it can be performed by manufacturers or ledgry agencies for every
mixed drug produced by manufacturers or every product in a batch instead of
measuring only a small quantity of each batch, whether used for high production by
manufacturers or quality control regulatofdl. these benefits make ¢hintegrated
method of this study a suitable alternativeaar excellentomplemento current

quality control methods, such as HPLC, that lack these characteristibsraeits.
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One limitation of this study is that neither insulin bottles nor insulxtures were
measured to ensure that all components between bottles were the same. However,
such a change in different bottles from different batih@aprobable(Taraban et

al., 2022) In addition, TDBNMR can be used to measure bottles before mixang t
ensure uniformity. Although this study focused on two different insulin mixtures
without measuring other insulin mixturessichas insulin lisproit is highly implied

that this measurement approach should also be applicable to other insulin mixtures.

The combination of medications and solvents for suspensions and solutions is
common in the pharmaceutical industry. Therefore, this integratedNTR method

can be used to quantify other mixed pharmaceutical drugs in addition to mixed
insulins. Combinationtsategies of different antibiotics can be used for bactericidal
synergism, combat drug resistant microbial pathogens, and suppress resistance
developmen(P. H. Chen et al., 2022; Xu et al., 201B¢diatricians and pharmacists
can dilute an adult suspgon drug with a solution to achieve the correct and
appropriate dosage for a chidO 6 Ha r a This B(hdeéell due to the lack of
suitable drug preparations and becauseptbperdose of a drug is correlated with

the age and weight of the chiiBelayneh et al., 2020Yhis integrated TENMR
method shows promise for measuring mixed or combination drugs to minimize
medication errors and reduce hospital admissions and therapeutic complications
(Kelly et al., 2020)The results demonstrate thatrngrging or joining two different
TD-NMR methods, the shortcomings of each of theseNNMIR methods can be
compensated for and solved. If there is a change in protonation and HNMRD
method has a partially stable correlation with this change, then gsuneenent and
integration of other TENMR methods should be considered in future studies.
Furthermore, measuring other pulse sequences, such@RERIG CWFR T1 (Two
dimension CPMG- Continuous Wave Free Precesswath low flip angle, instead

of IR-CPMG, may yield different results because it allows a higher resolution in the
direct dimension Thut a lower resolution in the indirect dimension(VMionaretto

et al., 2020)
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Since this study presented a -NMR technique that measures preparations of
different mixing ratios of suspensions and solutions, then this technique should be
considered for measuring similar mixture preparations outside the pharmaceutical
industry, including the energy industry where nanoparticle suspensions can be
processed by soligih mixing (Mohanty et al., 2021)chemical engineering, for
example suspension polymerization is applied by adding suspension or solution
drops(Hashim & Brooks, 2004)and food engineering, such as measuring the ratio
of suspended particles, whichdssentiafor the stability of drinkfMuhammad et

al., 2021) It is also important to consider that this study provides aNMR
technique to measure the changing solubility of solid molecules and the increasing
amount of undissolved particles (or theecipitated environment); therefore, this
method has the potential to be applied to study precipitation reactions, reactions that
cause the formation of solid particles in solve(arpinski & Wey, 2002)in

chemical and pharmaceutical research.

3.2  Part 2. Quality Issue of Aspirin

3.2.1 Crystallization detection by XRD

The study incorporatedRD measurements to determine fr®portional ratio of
crystallineandamorphousomponents imspirin tabletgrior and after putting them
under stress conditions btimidity and temperatur&rom Table4 and Figure 12,

we can see that the degree of crystallinity for Coraspin C@@aspin 300, and
Ecopirin 300 increased, whereas tirgstallinity ratio for Ecopirin Pralecreased,

and Aspirin 100 and Aspirin 500 did not change significantly.

3.2.2 Quantification by NIRS

Partial Least Squares Regression (PLSR) was carried out using the whole NIR

spectra to determine the correlation betwdenNIR values of tablets and HPLC
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Figure12 XRD spectra for aspirin tablets before and aftenpeinder stress
conditions of humidity and temperature.

values of the same sampl@éstotal of 1500 spectra were collected (three spectra for
each sample) and used to develop a calibration model corresponding to 100 samples
of aspirin tablets of eadkind (500 samples in tdja These samples were analyzed
using HPLC to form a standard reference for calibratibRCal software performed
wavelength selection according to a repeated mettwdbining all spectral data

and preprocessing to acquire the best combination for aadibr

Table4 Crystallinity of tablets undedifferent environments

AspO0OO Asp 1 Asp 1 Asp 5 Asp 5 Asp 5
befor 75%30/, 90%45/ befol 75%3 0/ 90 %45/

Crystal
57.39 57.7¢ 57.4¢ 41,5 39.59 40.7¢

rate
Co 10 Cor 1 Cor 1 Cor 3 Cor 3 Cor 3
befor 75%30/ 90%4 5/ befol 75%30/4 90 %4 5 /

Crystal
40.19 41.3¢ 41.7¢ 39. 3" 40.39 40.5¢

rate
Eco P Eco P Eco P Eco 3 Eco 3 Eco 3
befor 75%30, 90%4 5/ befol 75%W3 0/ 90%45/

Crystal
fat e 39.39 37.4¢ 36.8¢ 38% 38.59 38.7¢
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Partial Least Squares Regression (PLSR) wagdementedusing the whole NIR
spectra to determine the correlation between the NIR values of tablets and HPLC
values of the same sampléstotal of 1500 spectra were collected (three spectra for
each sample) and used to develop a calibration model corresponding to 100 samples
of aspirin tablets of each type (500 samples in totdigse samples were analyzed
using HPLC to form a standard referencedalibration. NIRCal software performed
wavelength selection according to a repeated mettwdbining all spectral data

and preprocessing to acquire the best combination for calibration.

Table5 shows number of principal componeatsdmeasuremeniguality
parameters of NIRS for each different aspiablets.

Aspirin 100 Aspirin Coraspin 100 Coraspin 300

500
Principal Component
(PC) 5 4 4 5
Q-value 0.71 0.74 0.80 0.76
Standard
Error Prediction (SEP) 0.35 0.15 0.35 0.27
Standard
Error Calibration
(SEC) 0.33 0.13 0.33 0.25
Consistercy SEC/SEP 94% 86% 94% 93%
PRESS 4.4 2 7 4

The Qvalue represented the calibration rate and was calculated using NIRCal
software,integratingdifferent statistical measurement measures (SEC, SEP, and
regression coefficients). The calibratiotimg ranged between 0 (incompetent) and

1 (perfect). At the same time, thev@lue should be above@ to be considered
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trustworthy for measurementgrom Table 5, we notice that 4 or 5 principal

components weregeded to obtain a good measurement paranigieralso shows

that calibration error

ratio

is small whilethe correlations are high.

Figures 13i 16 shows differences between original spectra and the spectra after

applying preprocessing and PLSRowever,while these resultshowthat size of

tablets is not an issue toward measuring tablets and while film coated tablets can also

be measured and calibrated. The sugar coated Ecopirin tablets failed to give a good

results ofcalibration measurements indicatitigat the thin film layer can let NIRS

to pass through it whi lbyblockngMIR.s ugar
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3.2.3 Protonation measurement byTD-NMR

NMR relaxometry is an easy to use, fast, and-destructive analytical method
usedin this study to investigate changes in protons in aspirin tafle¢srelaxation
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Figure18T1 relaxation timesf coraspin 100 during a wk under different
environments.
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times of aspirin tablets were measured under different humidity and
temperatureenvironmets, as shown ifrigures17, 18, and19. The T1 data were
analyzed usindMATLAB (MathWorks, Inc., Natick, Massachusetts, United States)
by fitting the datao a moneexponential model.

The longitudinal relaxation time (T1), which is called slatiice relaxation time,
can bedescribed athe time needed for the spins of the protons to release the energy
thatthey capture from the radio frequency (RF) pulse toward the nearby lattice as

ameans to return to the equilibrium stéttashemi et al., 2030

T1 value is reliant on the mobility of water protorfsus, we can conclude
thatadsorbed water molecules on tablets should increase T1 values due to an increase
inpr ot ons 6 Tlmalbes Icantalga be increased in relation to higher
crystallinity rate and crystal sizésdam-Berret et al., 2009; Okur et al., 2022), and
since aspirinablets did increase their crystallinity rate during high temperature and
high relativehumidity conditions, then it is expected to cause an increase in T1

values.

Since it is recommended for aspirin to be around room temperature while
relativehumidity should be no more than 55% (Yamazaki et al., 2010), then looking

atFigurel?, Figurel8andFigurel9, we noti ce that there

60

wasn?o



T1 values, onfirming that her e wasnodét degradation or

mild conditions.

However, under harsh simulated conditianth a high relative humidity of 75% or
90%, we notice an apparentchange in T1 values within a week in these
environmentsThis increase cahe explained by an increase in crystallinity, water
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Figure19T1 relaxation times oAspirin 500 during a week under

different environments

adsorption, andaspirin degradation tacetylsalicylicacid and acetic acidThe
decrease can baterpreted as a cause thie hydrolysis reaction of cellulose and
maize in Aspirin 100 anAspirin 500, which leads to a@ncrease in free hydroxide
groups.Thus, there is a reduction proton mobility in the medm despite an
increase in crystallinity and aspirdegradationCoraspin 100onthe other hand,
needs an alkaline medium to degragiece it was prepared to degrade in the

intestines.
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3.3 Part 3. Glycation as a quality Issue

3.3.1 Free Amino Group Determination by OPA Method

Figure20shows a continuowteclinein thefree amino group during the experiment
which was expected as the elevated temperatures promote glycation reaction.
Elevated temperatures can unfold pnateand expose more amino groups to the
medium. Moreover, higher temperatures increase the reactivity between the
aldehyde groups and amino groyB®diga et al., 2013; Garcamezquita et al.,
2014) The decrease was sharp during the first hour of tperement, and then, the

decrease in the free amino group decreased at a slower rate.
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Figure20 Free amino group determination of glycated samples by OPA Me
underl2 hours of elevatei@mperatures.

This is because the amount of free amino groups decreased, and the glycation
reaction caused an increase in tmedium's aciditywith the introduction of
methylglyoxaland glyoxalD.Zhao et al., 2021 which slows the glycation reaction.
While buffers do help avoid pH changes, mAb pharmaceuticals do not necessarily
contain buffers within therfFood and Drug Administration (FDA), 2012)
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3.3.2 Browning Measurements

The cobr change of the samples with time was a direct and easy indication of the
progress of the glycation reactiofhe light absorbance at 420 nm was used to
monitor the glycation reactiofrigure21 shows that theresia general increase in the
absorbance over timdlonethelesghe first hour showed slight decrease, and the
increase seemed to stop after 6 holile unclear changes in the first hour can be
explained as the UWisible spectrometry may not be reliaf® minor changes
(Soov?a@l i .laaddittoh, UV VisaldsOriance at 420 nm is typically used to
evaluate brown polymers in the final produdtstheinitial stageof glycation, the
reaction is reversible until more advanced glycation end ptedare generated,
which are chemically more stalfléhen et al., 2020; S. Cho et al., 2022; Yang et al.,
2011; Ye et al., 2022 he browning increases discontinue after six haamd that

can either mean that the glycation has stoppdch is disproen by the previous
results ofthe OPA method, or the generated A@Ecolorless and may even dilute

the brown color as the formed AGE partially causes color change while the majority
of AGE including CML- modified molecules would not participate in thewning
reaction (Vetter & Indurthi, 2011) However, for a better understanding of the

changes between® hours, more time points should be measured in between
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Figure21 Browning measurements of glycated samples by OPA Method ui
12 hours of elevatemperaturedBased on reading at 420n.

3.3.3 TD-NMR Measurements

T1 relaxation times and T2 relaxation times were measured f&igalte 22 and
Figure23. The T1 relaxation times decrease with a decrease in hydration, tlvhich
glycation reaction can caufBavies et al., 2019; Schumacher et al., 2017

T2 relaxation time identifies differences in the spin's mobility in a soluticzan

also provide details about the water's mobility and freedodhits interaction with

the surrounding moleculedn this study, The T1 an@i2 relaxations of all
measwements werenore accurately characterized by a monoexponential parn.
glycation progressed, T1 afi@ relaxation times decreasdd. relaxation times are
often assessed usirige SR sequence, whereas T2 relaxation times are assessed
using theCPMG sguencgKirtil & Oztop, 2015; Tas et al., 2022)

TD-NMR measures the T1 and T2 relaxatsagnalsfrom all protons in the sample.
Nonexchangeable protons, including those from-agchangeable CH bonds in

solids, do not affect the signal because oftleasurement delay restriction in low
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field NMR systemgKirtil, Dag, et al., 2017)The change in T2 relaxation times with
glycation was slower at some time points than at others, which can be explained by
the various effects of glycation that can chaagd affect T2 relaxation timesor
example, as a consequence of agglomeration and fibril formation caused by
glycation, there is a decrease in the T2 relaxation pdintsther explanation for the
decline in T2 relaxation is the unveiling of hydrophadmeino acids by the structural
changes caused by glycati(fRabbani et al., 2021These hydrophobic compounds
interact less with water and wouttecreasdhe T2 relaxation timegSuekuni &
Allgeier, 2023)

1,95 |
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T1 relaxation times

1,75 L
1,7 L ?
1,65

hours

Figure22 T1 relaxation timef BSA and Glucose mixtures betweenhidrs.

The T1T2 map is a twdimensional NMR syste (2D-NMR) that offers
clearerinsights into various water domains gmaton distributionswhich relieson
their T2 relaxation time in the-axis correlated td1 relaxation time in the ¥
axis This approach is quitpracticalfor separating the contributions of several
domains that contain hydrogen molecules with differantivities(Fleury &
RomereSarmiento, 2016)

The T1T2 maps of the glycated solutions displayed two prominent proton podls
a n dFiggre2d). The T1/T2 value of any proton pool can identify the molecules of
a proton pool, even if its T1 and T2 values or its placement has chafyed.
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indicates that changes in the T1/T2 valuethefproton pool change the chemical
structure related to that protonpadle asur i ng T1/ T2 pl acement
pools(Figure25) shows an increase for T1/T®ith the increase in time indicating
changesn the charactestic of the proton pool anthangesn the chemical structure

or changesn the mobility of water accordingly. Li & Ma, 2022; Silletta et al.,

2022) which can be explained by the (glycation reaction.
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Figure23 T2 relaxatiortimes of BSA and Glucose mixtures between 12 hours

This ensureghat these changes in the T1, T2, and T1T2 maps clamgedingly

with glycation.They were correlated with the OPA metl{@dble6). Because T1/T2
changes were disproportional with OPA, T2/T1 were also added to compare
proportional changél'he correlation was measured with r, Bad pvalue.

Table6 showsthat T2/T1highly correlatesvith the OPA method with r= 0.98, R2
=0.96 and pvalue < 0.01. This demonstrates thatTl2¢hould be considered as an

alternative nosinvasive and nowlestructive method for glycation measurements.
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Figure24 A representative T1T2 map for glycation.

However, this study hasfew limitations, as it is done on accelerated conditions that
may not resemble the bad storage conditions that may apply practically.
Furthermore, it was appligd premade model samples of glucose and BSA instead
of examiningthe theory on pharmaceuticals from the markitike LC-MS, this

method cannot detect aminadscthat undergo glycatiofMou et al., 2022)

Table 6 Correlation between measurements of OPA method and other

measurements.
T1 T2 TY I Browir T2/ T 1/ Br o
r 0.95 0.91 -0.93 -0.88 0.98 0.96
R2 0.91 0. 83 0.87 0. 78 0.96 0.92
p-val u <0.01 <0. 01 <0.01 <0.01 <0.01 <0. 01
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CHAPTER 4

CONCLUSIONS

In this study three novel pharmaceutical quality control methods were
developed.

These methods are namvasive, nordestructive, affordable, uséiendly,
andenvironmentally friendly.

The first quality control method aimed to quantify the correct mixture ratio
of mixed insulin drugs.

Measurements were performed using T2 relaxation times and proton pools
of the T1T2 maps.

By integrating two TDNMR techniques;T2 relaxation times and T1T2
maps, a new method was developed that can successfully predict the mixture
ratios.

This method proposes that merging two-lWMR spectra can be used to
compensate foeach of their shortcomings

Studies should be conducted taamine the potential of this integration to
measure other solvent combinations in the pharmaceutical and other
industries.

Aspirin tablets ofvaried sizesnd coatings were purchased.

They were measured using NIRS and chemometrics by applying
chemometricend then compared to HPLC to produce a calibration method.
The calibration method successfully predicted the validation set.

Aspirin tablets were measured with T1 relaxation tinaesl the crystallinity
measured bXRD, and moisture content measurediail-Fischertitration

were compared
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Bovine serum albumin (BSA) was used as a model protein for
biopharmaceuticals.

Glycation of BSA was measured using different techniques eNMR and
compared with the OPA method and Browning measurement.
Measurements aheT2/T1value ofa specific proton pool inside T1T2 maps

can be used as an alternatireasurement for glycation degréavas highly

fitted and correlated with the OPA method, even more thafittieg
between the OPA method and tirewningmeasurment.

It is recommended that more studies be conducted using biopharmaceuticals

from the market and different glycation preparations.
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APPENDICES
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B. T1T2 Maps of glycated samples
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