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Eanzadera Mujan ATaHACKOBA

Pa3Boj Ha asaTku 0a3upaHu Ha NpolecHAa aHATUTHYKA TexHoJoruja (ITAT) 3a
KOHTHHYHPAHO CJIe/ielh¢ HA KPUTHYHH AaTPUOYTH HA KBAJIUTET IIPH NPOM3BOACTBOTO HA
(papmaneBTcku fo3upanu GpopmMu

— AICTpakT —

OBaa JOKTOpCKa JaucepTalyja T'M OINHUIIyBa pa3BOjOT M IpUMEHAaTa Ha IpoliecHaTa
ananutuyka texHosnoruja (ITAT) kako anartka 3a cieneme Ha GpapMaleBTCKUTE MPOU3BOICTBEHU
nporecu. OBHWE anaTku WrpaaT 3HavajHa yiora Bo 00e30eqyBameTO Ha KBAIUTETOT M HA
0e30eaHO0CTa HA (PMHATHUOT MTPOU3BOJ, 3€MajKH TH MPEABUI U ePUKaCHOCTA U €PEKTUBHOCTA HA
CaMHOT MTPOU3BOJICTBEH MPOLIEC.

[IpBuot men ox AoKTOpckara aAucepTanuja ce Gokycupa Ha qu3ajuupamero [TAT anatka
3a crueAckme Ha TpaHchopmanujata Ha uOynpodeH Bo HeroBaTa Op30pacTBOPIMBA COJT —
ubynpodeH HaTpuyM — 3a BpeMe Ha IIPOLIECOT Ha BiIaXKHA IpaHyaiuyja. Bo pamku Ha oBaa ctyauja
€ eBalyHpaHa NIpuUMeHaTta Ha crekrpockonujara Bo cpeagHo (MIR) um Bo Ommcko (NIR)
unppanpeeno mnoapayje. CHopeanuBUTE BPEIHOCTH Ha TPEHIKUTE Ha MPEIBUIYBambe U
KOpeJTaluCKUTE KOS(PUIIMEHTH ja MOTBPAYBaaT COOABETHOCTA HA IIPUMEHATA Ha OBUE TEXHHUKH 32
cieneme Ha mpoiecoT Ha Tpanchopmanmja. NIR e nzbpana 3a moHaraMoIIHa UMIUIEMEHTAIW]a
Mopajaii yMepeHo 1moaodpara nMpenu3HOCT ¥ oMaarta Tpelika Bo npeaBuayBameTo. CriopeneHu
ce aBa NIR cnektpodoToMeTpu — NpeHOCTUB U cTaTHUeH. MoienuTe u3rpajieHu co NpuMeHa Ha
MOJIATOIIUTE TEHEPUPAHU CO JBATa CIEKTPO(OTOMETPH MOKAXKYBaaT KOMIIApaTHBHA TOYHOCT H
MPEIU3HOCT (RZX = 0,99, R2Y = 0,93, Q2 = 0,99 3a crarnuanot 1 R2X = 0,99, R2Y = 0,95, Q2 =
0,99 3a npenocimBuoT ypen). [lopaan HeroBata NpakTHYHOCT, IPEHOCIUBUOT CIEKTPOPOTOMETAP
e n30paH 3a kontuHyupano [IAT cieneme 3a Bpeme Ha (hazara Ha rpanynauuja. [leppopmancure
Ha MOJIEJIOT C€ €BaJyHPaHU CO JIADOPATOPUCKU TPOOHM CO PA3IMYHM KOJIWYMHHM HAa HATPUYM
KapOOHAT, MITO Pe3yJITUpa CO pa3iIMYHU KOHLEHTpalMM Ha fo0ueH nbynpoden Hatpuym. NIR
MIPEIBUICHUTE KOHIICHTPAIIMH MOKAKYBaaT COOJBETHA YCOTJIACEHOCT CO PE3YJITATHTE Of TECTOT
Ha PacTBOPJIMBOCT, MOTBPYBajKH ja COOJIBETHOCTA Ha MOJIENOT 3a OIpe/iellyBambe Ha KpajHaTa
TOYKa Ha TpaHchopMalrja U 3a MOCTUTHYBamke ePEeKTHBHA KOHTPOJIA HA MPOIECOT Ha BIaKHA
rpaHyInaiuja.

Bropuot nmen o1 JOKTOpcKaTa AMCEpTaIja € HaCOYeH KOH aHalHu3a Ha COOJIBETHOCTA Ha
npumenara Ha [TAT anatka Bo pa3BojoT Ha TUMHUAHU HOPMYIIAIIUU, KOPUCTEJKU (ENTOAUIHH KaKO
aktuBHa cyrncrannuja (BCS knaca I1). ®opmynanujaTta € moaroTBeHa co €CTep Ha MOJTUTIIUIEPOIT
co macHu kucenuHu (PGFA) u xexcarmuuepon (PG6) kako cpeacTBO 3a HaBlaXHYBambe.
[IpousBenenn ce dopmynanuu coO Bapupame Ha mnpucyctBoto Ha PG6, Bpemero u Ha
TeMmIeparyparta Ha Memame. [IpuMeHer e xumnepcrnekTpaieH UMHIIMHT BO OJMCKO MH(pAIPBEHO
noapadje (NIR-HSI) 3a eBanyanuja Ha pacnpenendara Ha ¢enoaunuH. JIoOMEHHOT Mojen 3a
KBaHTH(HKAIMja U 32 aHajdn3a Ha YHU(DOPMHOCTA MOKAXKyBa OJUTMYHA JTMHEAPHOCT U TOUHOCT
(R’Y = 0,99, RMSEC = 0,084) u ce TOTBpAyBa Kako poOyCHa ajaTka 3a aHamM3a Ha
pacripesielMBOCTa Ha aKTUBHaTa (apMaleBTcka cyrncTtanuuja. OcioboayBambeTo Ha aKTHBHATa
(dapMareBTCKa CyTCTaHIMja O/ JUMUAIHATE GOPMYIIAllUU CIEAN KHHETHKA OJ TIPB PEeI U € IMOJ
BJIMjaHUE HAa KpUCTAJIHATa CTPYKTypa Ha JIMIIUANTE, CBOjCTBATA HA KBACEHE HA KOMIIOHEHTHUTE O]
COCTaBOT Ha (opMyJalfjaTa U BUJIOT Ha AWCIEp3Uja HA aKTUBHATa apMaIlieBTCKa CyICTaHIIn]ja
BO MaTpuiiaTa.



Bo nenmuna, npumenara Ha NIR u Ha NIR-HSI kako mokuau ITAT anmatku 3a orcepBanuja
M 32 KOHTpPOJIA BO PEaTHO BpeMe ro MOJAPXKYBa Pa3BOjOT HA KBATUTCTHH, IBPCTU H JIUIUIHH
(dhapmarieBTCKu (HOpMyJIalluH.

Knyunu 360posu: oaucka ungppaypeena cnekmpocrkonuja (NIR); ubynpogen; xunepcnekmpaien
umupune 80 onucko ungpaypseno noopauje (NIR-HSI); geroounun; nunuonu gopmyrayuu,
AHAU3A HA XOMO2EHOC.

Development of Process Analytical Technology (PAT) based tools for continuous monitoring
of critical quality attributes during pharmaceutical dosage forms production

— Abstract —

This thesis describes the development and application of process analytical technology (PAT)
based tools to monitor pharmaceutical production processes. These tools play a significant role in ensuring
the final product's quality and safety, while also considering the efficacy and efficiency of the production
process itself.

The first part of the study focused on designing a PAT tool to monitor the conversion of ibuprofen
into its fast-dissolving salt form, ibuprofen sodium, during wet granulation. Both mid-infrared (MIR) and
near-infrared (NIR) spectroscopy were evaluated as suitable methods. Comparable prediction errors and
correlation coefficients indicated that both techniques were capable of being successfully used for the
intended purpose. NIR was selected for further implementation due to slightly higher predictive accuracy
and lower error coefficients. Two NIR spectrophotometers—a portable and a benchtop—were compared.
Both demonstrated similar accuracy and precision (R2X = 0.99, R2Y = 0.93, Q2= 0.99 for benchtop; R?X =
0.99, R2Y = 0.95, Q?=0.99 for portable). Given its practicality, the portable spectrophotometer was chosen
for ongoing PAT monitoring during granulation. Model performance was assessed using laboratory batches
with different amounts of sodium carbonate, resulting in varying ibuprofen sodium concentrations. The
NIR-predicted concentrations aligned well with dissolution test results of the tablets, confirming the
model’s reliability in identifying the endpoint of the acid-to-salt transformation and effectively controlling
the wet granulation process.

The second part of the thesis examined PAT application in lipid-based formulation development
using felodipine, a BCS class Il drug. A formulation was prepared with polyglycerol ester of fatty acids
(PGFA) and hexaglycerol (PG6) as a wetting agent. Melt-casted samples with and without PG6 were
produced with variation of mixing time and temperature. NIR hyperspectral imaging (NIR-HSI) was
employed to evaluate API distribution. The resulting model exhibited excellent linearity and accuracy (R*Y
=0.99, RMSEC = 0.084), and proved to be a robust tool for analyzing drug uniformity. Higher processing
temperature enhanced drug amorphization, uniform API dispersion, and crystal inhibition. API release
followed first-order kinetics and was influenced by lipid crystallinity, wettability, and dispersion type.

Overall, the use of NIR and NIR-HSI demonstrates robust PAT tools for real-time monitoring and
control, supporting the development of high-quality solid and lipid-based pharmaceutical formulations.

Keywords: Near-infrared spectroscopy (NIR); Ibuprofen; Near-infrared hyperspectral imaging (NIR-
HSI); Felodipine; Lipid-based formulation; Uniformity analysis.



bnazooapnocm

Co ocobeHa MOYUT M3pa3yBaM OTPOMHA OJIATOJIAPHOCT JO MOJOT MEHTOp, mpod. A-p
Hukosa DemikoBcKH, 3a HECEOMYHOTO CIOJCIYBarbeé HA CBOUTEC 3HacHa M HCKYCTBa, 3a
OTPOMHOTO 3aJlarame, KOHTHHYHPaHaTa MOJIPIIKA U TOMOIII, KaKO U 33 TPEHECCHUOT CHTY3H]ja3am
U npodecHoHalleH TMpHCTal KOH Hay4YHOMCTpakyBadkara pabora. CuTe OBHE CErMEHTH
NpUJOHECOa HE CaMO 3a YCICIIHO pealn3hpame Ha aKTHMBHOCTHUTE OJf OBaa JIOKTOPCKa
JMcepTalnrja, TYKy M 3a TMOCTaByBambe IBPCTH TEMEIH BO MOETO MPO(ECHOHATHO M HAYyYHO
YCOBPIIYBamkEe CO MPUMEHA Ha MPUHIMIIUTE Ha HaydyHa O00jeKTUBHOCT, UCTPAJHOCT U KPUTHUKO
pasmuciyBame. Bu 61arogapam, mpodecope!

Hckpena OmaromapHOCT 70 AJIKajJoOW] 32 OBO3MOXXEHOTO CTPYYHO YCOBPIIYBaIE M 32
LEJOKyITHATa MOAJpPIIKA BO TEKOT Ha pealu3alujara Ha aKTUBHOCTHTE IMOBP3aHU CO OBaa
JNOKTOpcKa aucepranuja. OcoOeHa OJIaroJapHOCT ymaryBaM IO MOUTE MPBU MpodecHOHATHU
Mentopu, dejan KocroBcku n Harama AHeBcka CTOjaHOBCKA, 32 IPEHECEHOTO CTPYUYHO
3HacHkE W 3a MpeHeceHaTa JbyOoB KOH (apmaleBTCKaTa TeXHOJoruja. Bu Onaromapam mro mu
00e30e1BTe TOJIKY LIBPCTa OCHOBA BO MHAYCTPUCKOTO paboTeme Oa3upaHo Ha HAyYHH MPUHIIUIIN
M Ha CO3HaHWja. braromapHOCT M /10 CUTE MPETIIOCTaBEHU O MEPUONOT HA MOHUTE CTYAHMH, KOU
HeceOMYHO BepyBaa BO MEHE U BO MIHMHATA Ha 00J1acTa 0J1 OBaa JIOKTOPCKa JUcCepTaIyja, ITO MU
Oeme ocoOeHA MOTHBAIMja BO TEKOT Ha CTyAWpameTo. biaromapHa cym Ha koserute - Bukwu,
3okn, Pada, Beponnka, Oja, Mapuna, Iopru - a 0coGeHO HCKpeHa 61aro[apHOCT 110 MOjOT TUM
,»BIVH" 3a Hem3mepHOTO pa3dupame 1 3a MOAPIIKaTa BO MOMEHTHTE Kora My Oea HajmoTpeOHH.

I would like to express my sincere gratitude to my co-supervisor, Assoc. Prof. Salar-
Behzadi Sharareh, from the Research Center of Pharmaceutical Engineering (RCPE), Graz,
Austria, for her invaluable guidance, shared expertise, and continuous support throughout the
completion of the second part of this PhD research. Sherry, thank you sincerely for your warm
hospitality, generosity, and for selflessly sharing your knowledge and providing access to all the
resources essential for the successful completion of the study.
| also wish to extend my heartfelt thanks to my colleagues at the Research Center of
Pharmaceutical Engineering (RCPE), Graz - Nadia, Michael, Julian, Paul, Wolfgang, Carolina,
Johannes, Matthias, Dominik, Tihana, Anna, Alessio - for their collegiality, openness, and
willingness to share their knowledge and expertise, as well as for their kind support during my
stay in Graz. You made this period of my life truly memorable!

beckpajua u uckpena OnaromapHocT n0 mojara cectpa Ejena 0e3 koja oBa KHUBOTHO
UCKYCTBO Ke Oeme He3amuciuBo. Cucrep, Ziell 0] OBOj ycleX TH IO MOCBETyBaM Tebe U TH
OnmarosapaM 3a TBojaTa JbyOOB, pa3Oupame M cHuja KOMINTO MM T'H JlaBalle 3a Ja MOXKaM Ja
MpOJ0JKaM Mpu cekoj Moj maja. OrpomHa 01aroapHOCT U A0 MOMTE POAMTEM 3a IeJocHaTa
noBepOa M 3a HEM3MepHaTa JbyOOB KOjaIlITO MOCTOjaHO MU Oellle BOAMIKA M CHJIa Ha MAaTOT KOH
ycrexoT. HemsmepHa OnaromapHoct 10 Mojot bopue, 3a cuTe HaunHU Ha TOAJPIIKA, TPIICHNUE,
pa3bupame U JbyOOB, KOM MM IIOMOTHaa HE camMO BO NPO(EeCHOHATHHUOT Pa3BOj, TYKYy M BO
COIICTBECHUOT pazBoj KaKO JIMYHOCT BO TCKOT Ha OBAa XKMBOTHO ITaTyBamC€.

U na, oBa e maTroT mTO UCKPEHO OM My TO Mperopadala Ha CeKOj IITO € JKEICH 3a 3HACHE
U KMBOTHO HCKycTBO. PabGorara Ha cebe e HajBpeAHaTa HHBECTHIMja IITO MOXEME Ja ja
HarpaBuMme!



N3jaByBaM nieka JOKTOPCKUOT TPYJ IO U3pabOTHUB CAMOCTOJHO, ACKa YPEAHO THU IIUTHPAM
CUTE KOPUCTEHU M3BOPH U JIUTEpaTypa U JeKa TPYJIOT HE € KOPUCTEH BO JIPYTU YHUBEP3UTETCKU
CTYJIUM WJTU 33 CTEKHYBAHE JIPYTO 3BambE.

W3jaByBaM J1ieka eJeKTpOHCKAaTa Bep3Wja Ha JOKTOPCKHMOT TPYyJ € HAEHTUYHA CO
OTIIEYaTEHUOT TOKTOPCKU TPY.

Vi
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JIMCTA HA KPATEHKHN

PATMIIAT
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BCS
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VIP
LVF
BEM
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QbD
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UV-Vis
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PLS
MLR
SNV
MSC
BCS
RMSEP

RMSEcv
RMSEE

HSI

Process analytical technology

Near infrared spectroscopy

Mid-infrared spectroscopy
Biopharmaceutics classification system
Partial least squares

Variable importance plot

Linear Variable Filter

Batch evolution model

Standard deviation

Quality by design

X-ray Fluorescence

Particle Vision and Measurement
Focused Beam Reflectance Measurement
Ultraviolet—Visible Spectroscopy
Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy

Nuclear Magnetic Resonance Spectroscopy
Principal Component Analysis

Partial Least Squares Regression

Multiple Linear Regression

Standard Normal Variate

Multiplicative Scatter Correction
Biopharmaceutics Classification System
Root Mean Square Error of Prediction

Root Mean Square Error of Cross-
Validation
Root Mean Square Error of Estimatioon

Hyperspectral Imaging

[IpouecHa aHaNUTHYKA TEXHOJIOTH]a

CriekTpockoIija Bo OJMCKO HH(paIpBeHO Hopayje
CIieKTpOCKOITHja BO CPETHO MH(PAIPBEHO MOIpadje
Brodapmanesrcku cucteM Ha Kinacudukaimja
[TaprujarHy HajManHu KBaapaTH

I'padukoH Ha BAXKHOCTA HA TIPOMEHIMBUTE

JluneapeH nmpoMeHIIMB QUITED

Moen 3a clieficikh¢ Ha pa3BojoT Ha IIPOU3BOIHA CEPHja
CraHnapaHa JIeBHjaIyja

Ksanurer npeky au3ajH

Pennrencka ¢uyopecueHmmja

Busyanuzanuja Ha YeCTUTKH ¥ HUBHO MEPEHE
Mepema Ha pedriekcrja co pOKyCHpaH CBETIOCEH 3paK
VYIITpaBHOJIETOBO BHJUIMBA CHIEKTPOCKOIH]ja
Wudpanpsena cnekrpockomnuja

®ypjeosa TpanchopMarricka HHPpaIpBeHa
CIEKTPOCKOTIHja

HykneapHa MaraeTHa pe3oHaHI[1]ja

AmHanu3a Ha rJaBHATa KOMIIOHEHTA

Perpecrja Ha mapryjarHu HajMajad KBaJapaTH
MynTuBapHjaHTHA JTHHEApHA perpecuja

CranzapiHa HOpMalHa pacrpenenda
MynTHUIIMKaTUBHA MEPKH Ha pacejyBambe
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ecTHMaIIHja
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CoBpeMEHHOT pPa3BOj M HPOM3BOJICTBO Ha apmareBTcku ao3upanu (opmu (OLAD)
BKJIy4yBaaT CHCTEM 3a BIPaJyBamb€ KBAJIUTET CO INPUMEHA Ha MPHUCTANOT HAa KBAIUTET MPEKY
mu3aju (Quality by design — QbD). OBoj mpucTan ce 3aCHOBa Ha MPUHIIUIIUTE HA BrpaJyBambe
KBAJIUTET NPEKY UJIEHTU(UKALIM]a U YyIIPAaBYBabe CO MOTEHIMjaTHUTE PU3UILIH, KaKO U IPUMEHA Ha
HayuyeH IpUcCTall 3a KOHTpOJIAa Ha IPOMU3BOJACTBEHUTE mpouecu. IIponecHara ananuTHuka
texHosoruja (ITAT) kako nmen oX mMpUCTAanoOT HAa KBAIUTET MPEKY OU3ajH MPETCTaByBa CHCTEM
pa3BUEH 3a JAM3ajH, aHaJlu3a M 3a KOHTpOJAa Ha IMpOIEeCcCHTe Ha Mpou3BoACcTBO. OBOj mpucTam
BKJIy4yBa Mepera BO TEKOT Ha IPOM3BOICTBEHUTE IIPOLIECH HA KAPAKTEPUCTUKHUTE HA IPOLIECOT U
Ha KPUTUYHHUTE aTpUOYTH HA KBAJIMTET HA BIC3HUTE CYpPOBHHHU, HA ME'yIIPOU3BOIUTE, KAKO U HA
KpajHHOT HPOM3BOJA CO Iel Ja Ceé OCMTYpU KBanuteToT Ha (uuamnata ®ID.}? Tloumor
maHamutuyka“ Bo [TAT BriryuyBa xemucka, pusnyka, MUKpOOHOJIOIIKA, MATEMaTUYKa U PU3HK-
aHaJM3a CIpoBe/ieHa Ha KOHTpoIMpaH HauuH. L{enta Ha npoliecHaTa aHalUTHYKa TEXHOJIOTH]a €
00e30emyBame MOJIPIIKA MPH KOHTPOJIATa HA MPOU3BOACTBEHHOT IPOLEC CO TOJATOIH O
MepemaTa Ha aTpubyTUTe HAa KBATUTET Ha (apManeBTcKuTe go3upanu dpopmu.® Co oBa LENOCHO
pa3bupame ce 0OBO3MOXKyBa KOHTPOJa Ha MPOIECHTE Ha MPOMU3BOJCTBO NPEKy AeuHUpame Ha
KOHTpOJIHaTa CTpaTeruja Koja IOCJIEAOBAaTEIHO T'M OJIECHyBa IPOLIECUTE Ha KOHTpOJA Ha
BapHjadMIIHOCTA, TO OJISCHYBa 3TOJIEMYBAaE€TO HAa CEpHjaTa Ha MPOU3BOJICTBO, T'O OJECHYBa
TpaHc(hepoT Ha TEXHOJIOTHjaTa Ha IPOU3BOJICTBO U I'O OJIECHYBA UCIIOJIHYBAHETO HA IOCTABEHUTE
KpUTEPUYMHU 32 KBAJIUTET.

Co npumena Ha [TAT 3a KoHTpoOIa Ha TPOU3BOJCTBEHUTE MIPOLIECH CE OBO3MOXKYBA!

- OcurypyBame Ha KBUIUTETOT U HAa KAPAKTEPUCTUKUTE Ha IPOU3BOIOT MPEKY AU3aJHUPAE
euKaceH U e(peKTHBEH MPOU3BOJICTBEH MPOIIEC;

- IlocraByBame crneuu¢ukaiyja Ha MPOU3BOAOT U Ha MPOLECOT 3aCHOBaHA Ha MEXaHUYKO
paszOupame kako hopmysaiyjara u NporecHuTe (akTopu BIKjaaT BP3 KAPAKTEPUCTUKUTE
Ha MPOU3BOJOT;

- Kontunymnpano o6e30enyBame KOHTPOJIa Ha KBAJIUTET BO PEAITHO BPEME;

- YcoryacyBame Ha peryjJaTopHUTEe Oapama CO HajBUCOKOTO HUBO HA CTPYYHO MO3HABAKE
Ha MPOLIECOT ¥ Ha TIPOU3BOJIOT;

- IlocraByBame KOHTPOJIHA CTpaTeryja 3a eIMMUHHUpAmhEe Ha PU3UKOT O POU3BOJCTBO Ha
MPOAYKT CO HaMaJIeH KBAJIIUTET.

OcCHOBEH Mpean3BHUK BO pa30UpamETO Ha KOMIUIEKCHUTE (PH3UYKU U XEMHCKH MPOIECH €
CIOCOOHOCTa 3a Mepeme Ha KOMIIOHEHTHTE Ha IPONECOT CO MHUHUMAIHHU MepTypOanuu BO
MepemeTo u Bo mporecot. OcHoBara Ha [TAT, 6e3 pasnuka ganu ce mpuMeHyBa BO HCTPAXKyBambe
¥ Pa3BOj WIH BO MPOU3BOJICTBO, € MepemeTo. Bo (azata Ha uctpaxyBame U pa3Boj, COOIBETHU
Mepemha MOXKaT Ja HISHTU(UKYBaaT MPETXOJHO HEMO3HATH KOMIIOHEHTH Ha MpPOLEeCOT,
MEXaHH3MH ¥ OJJHOCH TTIOMETy MTPOMEHJIMBHUTE, IITO BOM JIO Pa3BOj HA MOJICIH 3a TPEIBUIYBAbE
— KaKO MEXaHMCTHUKH, TaKa U XeMoMeTpucku.* OBre IpeBUIyBauKH MOJIEIH MOKe Ja OHaaT u
KBAJIMTaTUBHU M KBAHTUTATHUBHHU II0 HNpHUpOaA, MpU LITO KpajHaTa el € OpeaBUaAyBamkE€ Ha
pesynratute oa mporecoT. Co HampeAoKOT Ha Pa3BOjOT, KyMYyJIaTHBHUTE WH(GOpMALUU Ce
PUMEHYBaaT 32 MallMpamke Ha JH3ajHUPAHHOT IPOCTOP Ha MPOIECOT U 3a pa3Boj Ha KOHTPOJIHA
CTpaTeruja KojamTo 0BO3MOKYBa OJIP>KyBamke Ha MPOIIECOT BO PaMKUTE Ha TOj MPOCTOP. 3eMajku
ro npensun oBa, [IAT Haora mpumeHa ona mpeTkiauHUYKa (asa 10 (asza HA KOMEpIMjaTHO



MPOM3BOICTBO U MPETCTABYBa BPEIICH CET HA AaHAIUTHYKHU aJlaTKK 33 (apMaleBTCKUTE HAYyYHHIINA
CO 1eN MoA00po pa3dupame Ha IPOIECUTE.

Bo panwure ¢as3u Ha pa3Boj, aHATUTUYKUTE METOH LITO c€ OTPEOHHU 32 1eUHUpabE U 32
pa3Oupame Ha NPOLECOT MOXE Ja OuaaT CcIOKeHH. AHaIM3aTOPUTE MOXKe Ja Oupjar
MYJITHBAapHjaHTHU, OBO3MOXYBAjKH CIe/Iehe Ha (POPMHUPAETO M Ha OJAHECYBAHETO HA MOBEKE
KoMIToHeHTH ojeqHant. Co pepuHHUpame Ha MPOLECOT U CO J00MBame pazOupame 3a MpoIecoT
NPEKy OBHE MEpEHa, MOXE Ja Ce HaMaiu OpOjoT Ha MapaMeTpH LITO CE CMETaaT 3a KPUTHYHH.
[Tpu moaroTOBKa Ha MPOLECOT 3a TpaHC(Ep BO MPOU3BOACTBEHU YCIOBH U BOCIIOCTABYBAHETO HA
KOHTPOJIHUTE JIUMUTH, 1IEITa € CIICACHETO U KOHTPOJHATA CTpaTerdja Jia ce CBEAaT Ha IITO €
MOXHO TIONPAaKTHYHO HUBO. Bo maeannu ciyuau, pesyiaraTure o HanpegHute Mepema co [IAT
ce MOBP3yBaaT CO €JHOCTaBHM MPOM3BOJACTBCHUM Mepema (Kako IITO Ce BpeMe, TeMIlepaTypa,
NPUTHCOK M MPOTOK) 3a KOHTpoJa Ha mporecot. M Bo oBoj ciyyaj, uncrananujata Ha [IAT Bo
MIPOM3BOJICTBEHUOT TIPOIIEC € 3Ha4YajHa 3a JoOWBame MHGOPMAIIUU 3a MPOIECOT H 3a TPAICHE
,,OTIICYATOK"* Ha MPOIECOT 3a HAIIPEIAHU CJIe/IeHha M HEroBa KOHTPOIa.

[MpouiecHarta aHaJIMTUYKAa TEXHOJOTHja BKIydyBa KOMOHMHAIMja Ha alaTKd KOM TH
OBO3MOXKYBaaT aHAJIN3aTa U KOHTPOJIaTa Ha IIPOU3BOJICTBEHUTE POLIECH:

A. Ilpoyecnu ananusamopu u npoyechu ceH3opu
b. Mynmusapujanmna ananruza na nooamoyume (Xxemomempuja)
B. Pazeoj na mynmusapujanmuu mooenu

ITAT ce nmpuMeHyBa HU3 LEIUOT KUBOTEH IIMKJIYC HAa MPOU3BOJIOT 3a Jia ce Jo0ue pa3doupame u
JM3ajHUpaE-E HA TIPOU3BOIOT U HA MpoLecuTe.”

A. Ilpoyecnu censopu u npoyecHu anaiuzamopu

AnHanmm3aTta Ha TPOIIECUTE HA MPOW3BOACTBO BKIY4YyBa Pa3IMYHH MEpEHa Ha Pa3IndHH
napaMmeTpH, 3a KO ce MOTpeOHH aHanu3atopu o pasnudeH tull. [TAT anaTkure npeTcraByBaaT
CeT Ha aHAIMTHYKHA TEXHUKH KOW C€ 3eMaaT MPEIBHI IPH ONPEICTyBAkHETO Ha aHATUTOT CO IIeT
Ja OBO3MOXKAaT COOJABETHA JeTeKIWja W/uiu KBaHTHU(uUKanuja. HeBo3MokeH € mpucrtam Ha
neduHUpame YHUBEp3aTHa ajaTka 3a npuMena npu [TAT Ouejku cooIBETHOCTA Ha CEKOja ajlaTKa
3a aHaJM3a Ha MPOIECOT € 3aBHCHA O MoBeke (aKTOpH, KaKO XEMHUCKaTa CTPYKTypa, peakiifjaTa
IITO CE€ OJIBUBA, MPHUCTANOT 10 ONpeMa, KAPAaKTEPUCTHKHUTE Ha TIPOLECOT W pEeryiaropHara
npudaTIuBoCT.

Bo ocHoBa, BO mpolecHaTa aHaJIWTUYKAa TEXHOJOTHMja Cce€ MPUMEHYyBaaT JBa BHJA
MHCTPYMEHTHU: CEH30PH M aHAIM3aTOPH.>

[IporiecauTe ceH30pM ce NpUMEHYBaaT MpPU YHUBAPHjaHTHU MeEpemha W HUBHUTE
KOHTPOJIHH CHCTEMH 'Yl YTBPIyBaaT BPeIHOCTHTE Ha 6a3uyuHa (pU3uvKa WM XeMHUCKa POMEHITNBA
(mapamerap wiam aTpuOyT) BO JaJieH MOMEHT, KaKO TeMIlepaTypa, MPUTHUCOK, CIPOBOJTHBOCT,
pacTBopeH Kuciopos, pH, 6p3uHa Ha MPOTOK, 3aMaTeHOCT, MOTPOIITYBayka Ha €HEepPruja, BpeMe U
¢dpekBenmrja. OBUe MHCTPYMEHTH OBO3MOXKYBaaT Hecnenu(ruaHa aHaan3a BO TEKOT Ha MPOIECOT
(in-line).

[IporiecHuTe aHanM3aTopu, MK, NPETCTaByBaaT MYJITUBAPHJaHTHH CHUCTEMHU KOU
o0paboTyBaar OMOJNOMIKY, (PU3UUKHU UM XEMHUCKU MPOMEHIUBU U BOOOMYACHO Ce MPUMEHYBaaT
3a cie/lelhe Ha KpUTUYHUTE aTpUOYTH Ha KBAIUTET HA CYpPOBUHHUTE, MHTEPMETUEPHUTE IIPOU3BOIH



U Ha TOTOBUOT MPOM3BOJ, U YYECTBYBAaT BO CJE/ICHE Ha TPACKTOpHjaTa Ha MPOLIECOT BO PeaTHo
Bpeme. [IporiecHuTe aHanu3aTopu ce Aei 0J] KOMIIEKCEH CUCTEM KOJIITO BKIyYyBa aHAIUTHYKH
coTBep, cucTeM 3a yIpaByBambe CO MOJATOLH U HHTEP(PEjC 3a MEpeHE Ha MPOLIECOT.

IIponiecHnTe aHanM3aTOpU BO OJHOC Ha IMOABMIKHOCTA MOXE Ja OMIAT CTaTUYHU U
IIPEHOCHU YpEeIu.

CraTvyHHTE aHAJIN3AaTOPH, KAKO CUCTEMM 3a KOM € MOTpeOHa cTaTMYHa HHCTalaluja,
JI0BOJI Ha E€JIEKTPHYHA €HEeprvja WM KOMIIPUMUPAH BO3/AyX, MPUMEHA HA ONTHYKH BJIAKHA CO
[IOBHCOKA II€Ha M IOBUCOK CIEKTPaJeH KBAJUTET, KaOEJICKO MOBp3yBamkbe Ha COHAATa CO
aHAIM3aTOPOT, HAJYECTO CE MOBP3aHU CO COOJBETHO NPOCTOPHO IJIAHUPAE 3a IOCTABYBAKE HA
aHAJIM3aTOPOT Ha POM3BOJHATA JIOKALIH]a.
CrpoTHBHO Ha OBa, MPEHOCHUTE AHAJIHM3aTOPU CE€ KOMIIAKTHH, JIECHU M CAMOCTOJHH YpPEAH CO
IIOTOJIEM JIeJT 01 OJIPKYBAauKUTE (DYHKIMM BrpaJieHd BO HUB. Bo oBaa kaTeropuja ce BKIy4YeHH
MajuTe NpeHocHH Qoromerpu u cnekrpodoromerpu. IlpeHocHuTe aHanmuzaTtopu ce
[I0ATPAKTUBHU peLIeHH]ja OUIeJKU YECTO Ce€ MHOTY MOU3JIPKIMBH, CO MIOHKUCKA 1I€HA, II0JIECHU 32
MHTETpalnja, OApPXKYyBamke W 3a paKyBame, MOOWJIHHM WM TIOTOAHM 3a Op30 MOCTaByBame BO
IIPOM3BO/IHATA JIOKALIK]ja.

Bo Tekor Ha HCTPAXKYBAKBETO I BO PaMKH Ha OBaa JOKTOpPCKa z[HcepTauI/Ija Ke 6I/I,He
HaIripaBCHa KOMHapaIlI/Ija Ha ABaTa TUIla IPOUECCHHU aHAJIMN3aTOPU BO OJHOC Ha C(bI/IKaCHOCTa n Ha
e(l)eKTI/IBHOCTa 3a CJICACHC Ha IMPOUCCOT Ha ITPOU3BOACTBO.

Bo onHOC Ha TMIOT Ha MeEpeme BO TEKOT Ha IMPOIECOT Ha MPOHU3BOJCTBO, MPOIECHUTE
aHAIM3aTOPH Ce MpuMeHyBaaT:® °

- Offline: TIpuMepokoT € U3ABOCH O MPOIECOT Ha MPOHM3BOACTBO M CE aHAIM3Mpa BO
KOHTpoJiHa JabopaTopuja. MepemeTo € H3BEICHO OJIpeeH BPEMEHCKHM IEpHUOoj IO
MPOIECOT Ha TIPOU3BOJICTBO.

- At-line: TIpuMepoKkoT € HU3BOCH O] TPOIIECOT BO TOYHO JAe(UHUPAHA BPEMEHCKA TOYKA U
Ce aHaJM3Hpa BO HETIOCpeHA OJIM3KHA, HaJueCTo BO MpoilecHa jabopartopuja. Boobuuaeno
pe3yaTaTUTE OJ] MEPEHETO ce JoOMBaaT 3a HEKOJIKY MHHYTH 3a BpeMe Ha MpoLecoT Ha
MIPOU3BOJICTBO.

- On-line: TIpumepoKOT € HW3ABOCH OJ MPOLECOT MpPEKy JeJIOT 3a U3/BOjyBambe
perpe3eHTaTHBEH MPUMEPOK U aHAIM3aTa Ce 0JIBUBA BO HETIOCPEIHA OIM3MHA HA TPOLIECOT
BO TEKOT Ha IPOU3BOJACTBOTO. AHAIM3aTOPOT NIpPU OBOj THUIl MEPEHE HE € el O
MIPOU3BOJICTBEHATA OIIPEMa, HO C€ Haol'a BO MPOU3BOJICTBEHUOT MIPOCTOP.

- In-line: TIpouecHUOT aHANMK3ATOP € e O IMPOU3BOACTBEHATA ONIPEMa 1 IPHUMEPOKOT IITO
ce aHAJIM3Mpa He Ce OTCTPaHyBa O MPOU3BOACTBEHUOT MPOIIEC, OJJHOCHO aHATTM3aTOPOT €
BO JUPEKTEH KOHTAKT CO MPOM3BOJOT, aHaJIM3aTa € HEMHBA3MBHA, a Pe3yJTaTUTE ce
J00MBaaT BO BPEMEHCKH MEPUOJT O/ TOMAJIKY O] €IHA CEeKYH/Ia 10 HEeKOJKy cekyHau. Ha
TOj HaYMH C€ MOCTHTHYBa HajOp3a M HajIpeld3Ha aHajlu3a BO TEKOT Ha IMPOLECOT, Koja
OBO3MO’KYBa COOJIBETHA KOHTPOJIAa Ha MPOU3BOCTBOTO.

Bo TpaauimoHanHaTta MHIYCTPHCKA MPAKTHKA, KOHTPOJaTa HAa KBAIUTETOT HAjuecTo Ce
3acHoBasia Ha Offline maGoparopucku TecTOBM KOM Ce MOJONTOTPajHH U MPUMEHYBAaT MOrojieM
Opoj pecypcu, a pe3ynTaTHUTe ce AOCTAllHU 0 3aBPIIyBame Ha MPOLECOT HAa MPOM3BOACTBOTO.
COBpPEMEHHOT MpHUCTal Ha TMPOW3BOJCTBO BKJIydyBa CC¢ IMOTrOJieMa MPHMEHA HA TMPOIECHUTE
ananusaropu kako ITAT cucremMu (Hacmpema HCTOpPHUCKATa MNPUMEHA Ha EIHOCTABHUTE



YHHMBapHjaHTHU CEH30pH) BO HPOM3BOACTBEHUTE IPOLECH, HMOTTHKHATO OJf MOXHOCTa OBHE
CUCTEMHU Ja IpUJOHECAT 3a HayyHa KOHTPOJIAa Ha MCTHUTE, 3a Jla CE€ IOCTUTHE INPUCTANOT Ha
BIpalyBamb-e KBUINTET CO IITO K€ C€ OBO3MOXKU U OCUTYpYBame Ha 0e30eH0oCTa 1 Ha epuKacHOCTa
Ha (MHATHUOT MPOU3BOI.

Bo 3aBucHocT Ol IPUHIHUIIOT HAa MEPCHETO, ITAT AHAJIIM3AaTOPUTE MOKE Oa CC ImoAecjaaTr BO
HCKOJIKY KaTCropuu:

> BubOpannoHun CHEKTPOCKOIICKM TEXHHKH (YJITPaBHOJIETOBO-BUIJIMBA CIIEKTPOCKOIH]a,
UH(]palpBeHa CIIEKTPOCKOIH]ja M PaMaHCKa CIIEKTPOCKOIIH]a)

muymAar-rexuukun

Pennrencka dayopecuennuja (XRF)

Busyanu3zanyja Ha 4eCTHYKH U HUBHO Mepeme (PVM)

Mepema Ha pednekcuja co pokycupan cerinoceH 3pak (FBRM) u Jlacepcka nudpaxiuja
AKYCTUYHH TEXHUKHU

VVYVYYYVY

HykneapHa MarHeTHa pe30HaHIIM]ja

KpaTOK OCBpPT Ha CCKOja Ol TCXHUKHUTC € IIPHUKaXXaH BO Tabena 1.

Tabena 1. I'nasnu xapakmepucmukuy Ha pasiudnume mexHuxu wmo ce oen 00 ITAT
TexHuka Onuc

Ungpaypeena Amncopruujata Bo IR wiu cpennoundpanpsenuot (MIR) oncer (2,5 — 50 um (6panoBa

(IR) nomkuHa) w4 000 — 200 cm™ (OpaHOB Opoj)) aBa CTPYKTYpPHU MH(POPMAIMU 3a

cnekmpockonuja  coeanHeHneto. IR Haola mpuMeHa BO Pa3BOjOT U BO MPOM3BOACTBOTO Ha API, kako n
HpH Pa3Boj ¥ POU3BOJCTBO Ha (hapMarieBTCKH Jo3upann popmu. HemocraTok Ha oBaa
TEXHHKa € HUCKAaTa [IEHeTpalja BO IPUMEPOKOT [IOPaAN CHIIHATA allCOPIILHja.

Pamancka PamaHcKa CIEKTPOCKOIHja ce KOPUCTH 33 PyTUHCKU KBAJIUTATUBHU U KBAHTUTATHBHU

CHeKmpocKkonuja  Meperma Ha HEOPraHCKH W OPraHCKU CYINCTaHIWH. YCIENIHO ce IPUMEHyBa 3a
YTBPIYBakhe XEMHICKH CTPYKTYPH H 3a monuMopHa uaeHTHuKammja. Moxe na ce
aHAJIM3MPaaT TacOBH, APEH, aPOCOIH, TEYHOCTH M LBPCTHU CyIicTaHuuH. bunejku He
IETEeKTUpa BOJa, HCaHa € 3a aHaIn3a Ha BojeHU pacTBopu. Oco0eHo e morojHa 3a
UIeHTU(UKALMja HA CYPOBUHH 3aT0a IITO He Gapa MyJITHBAapHjaHTHO MOJCIHPARBE U
¢ IIMPOKO NpHMEHeTa BO (hapMaleBTCKaTa HHAYCTPH]a.

Vampasuonemoso UV-Vis e criekTpaiHa TEXHHKA KOjaIliTo ce KOPHCTH 3a IIPOy4YyBamhe Ha HHTEPaKIHjaTa

Buﬁpauuonu CNeKmpOoCKONCKU MexXHuKu

-8UOIUBA Ha paadjanujata co mpuMeporure. Haora nprMeHa npu KBaHTUTATHBHA aHAIN3a HA
cnekmpockonuja  KOHIIGHTpalldjata Ha PacTBOPH, 0COOEHO Kora ¢ MoTpeOHa eTHOCTaBHA IETEKIIHja.
(UV-Vis) Hako d4ecto ce mnpuMeHyBa IUPEKTHO, MOCTOjaT NMPHUMEPU BO KOU CE€ KOPHUCTAT

MaTeMaTHYKU MOJIENIU 33 M3BJIEKyBambe moaetantnu uapopmanuu. UV-Vis e poOycHa
TEXHHKA KOJjaIllTO WMa JOKakaHa MPHMEHA BO Pa3iuYHU (Dasu OJ MpoIlecuTe Ha
POM3BOJCTBO Ha (hapMaIeBTCKH J03UPAHU (POPMH.

HUmupune-mexnuxu — JoctamHu ce pasNuYHM CHCTEMU 3a XeMUCKM uMHIMHT Oaszupanu Ha IR, NIR,
Xemucku umuyune (IR, pamaHcka wii THz criektpockonuja, KOMIITO MOKE Jla KapaKTepu3upaar MaTepH)jain
NIR, Raman, THz) u npomsBomu Bo 2D wimm 3D, Bo 3aBuCHOCT o TexHojiorwjata. OBHE CHCTEMHU

KOMOMHHMpAaaT Hanpe(Ha IMUIIMHT-TEXHOJIOTHja CO COOJIBETEH M3BOP HA CBETIIMHA ILITO

MOXE Jia Hapje3e BO NPUMEPOKOT M Ja OBO3MOXHM aHalM3a Ha HerosaTa

TpPOJMMEH3HOHATHa cTpykTypa. Ce Kopucrar IpH pa3Boj 3a JAW33jH M 32

KapakTepu3aliyja Ha IPOM3BO/IM, KAKO U 32 OTKpHBame (asicHpruKyBaHU IPOU3BO/IH.
Penoecencka XRF e enemeHTapHa, HEIECTPYKTHBHA TEXHHKAa KOJalITO HAjueCTO CE€ KOPHUCTH 3a
dnyopecyenyuja (XRF) aHaJIM3a Ha KOHKPETEH eJIEMEHT BO MaTepHujaioT. Moxe J1a ce aHanu3upaaT TeUHOCTH,

MOJYLBPCTH M IIBPCTH MaTepHjalid, HO UYYBCTBUTEIHOCTA 3aBHCH OJl THUIOT Ha

npuMepokoT. HajuecTo ce KopucTH Kora MOCTOM HHTEpeC 3a Cenn(HIeH eJIeMEHT.

npooondHCY6a Ha cledHama Cmpanuya




Tabenra 1. Inasnu kapakmepucmuku Ha pasiuyHume mexuwuku wmo ce Oen 00 I[IAT

(npooondicenue)

TexHuka Onmnc

Busyanuzayuja u meperre  BUICOMHKPOCKOIIHja MIPEKy COHJA CE IPUMEHYBa 3a pa3Ouparme Ha KapaKTePUCTHKUTE

HA YecmuyKy Ha YECTHUYKHTE, Kako Mopdosoruja, hopma, roieMHHA U MOBPIIKHA.

Mepersa na pegprexcuja  Jlacepcku 3pak € pOKyCHpaH Ha MOBPLIMHA HA IPUMEPOKOT, KaJie LITO ce AudpaKTupa

co ¢okycupan on yectinykute. OBOj OIPa3eH CBETIOCEH CUTHAT OBO3MOXKYBA MEPEHE¢ Ha TOJDKHHATA

ceemocen 3pax u Ha jaJipOTO HA YECTUYKUTE U C€ KOPUCTH 3a MPECMETYBamke HA HUBHATA pacmpeaenda

nacepcka ougpaxyuja no ronemuHa. OBaa in-line TexHoNOTHja € MWIMPOKO KOPHUCTEHA BO (hapMalieBTCKaTa

(FBRM) WHJIyCTpHja 3a KapaKTepu3alyja Ha YeCTHYKH 32 BpeMe Ha Pa3Boj U BO IIPOM3BOJICTBO.

Axycmuunu mexnuxu AKYCTHYHHTE TEXHHKH KOPHUCTAT 3BYYHH OpaHOBH 3a CIEICHE MPOLECH, KakKo
KpHCTAJIM3allija, arperandja Ha YECTHYKH MM NPOMEHH BO BHCKO3HOCT. Tue ce
HEWHBAa3UBHU M MOXE Ja Ce NPHMEHyBaaT BO peaiHo Bpeme. [lopagn HuBHaTta
YyBCTBHTEIHOCT Ha (DU3MYKH MPOMEHU BO MaTepHjaIuTe, Ce KOPHCTAT 32 KOHTPOJIA Ha
MPOLIECH BO PEaiHO BpeMe.

Hyxneapra macnemna NMR ru KOpHCTH MarHeTHUTE CBOjCTBa Ha jajpaTra W HHBHATa HHTEPAKLHja CO

pesonanyuja (NMR) HaJBOPEIIHW MAarHeTHH IOJIMIba 3a aHajgu3a Ha mnpumepoud. OAroBopoT Ha

TEYHOCTHTE M TACOBHUTE LITO COAPKAT IPOTOHU € JIMHEApPEH W KBaHTUTaTHBEH. Bonara
U pacTBOpyBauuTe ce MIACHTH(UKYBaaT BO CHEUU(PUYHH PETHOHH O] CHEKTapoT U
MOJKaT Ja ce OTCTpaHaT AWIHUTANHO, IITO OBO3MOXYBa 4YMCTa aHanmu3a. Llenmot
BOJIYMCH Ha MPUMEPOKOT CE aHAJIU3Upa U MpuToa 0ojaTa Ha MPHUMEPOKOT HE BIIHjac
Bp3 PE3yJITaTOT, A 3aToa € WAcalCH 3a 00oeHH U 3a 0e300jHu cymncraniuu. Cemnak,
NMR uMa HHCKa 9yBCTBUTEIHOCT BO criopenda co ontuukute TexHukH (kako FTIR)
1 HEe MOXKE J1a IeTeKTHpa MHOTY HHCKH KoHIeHTpannuu (<1000 ppm). [Ipumeponute
MOpa J1a ce 3arpear 3apagy BHCKO3HTET U NOTpeOHa € CrelyjaaHa onpeMa 3a HUBCH
npeHoc 10 MaraeToT. [IpucycTBoTO Ha MapamarHeTHnU (Ha Mp. )KeNe30) 3HAYNTEITHO
MOJeE J1a BJIjae Ha CIIEKTapoT, 1a 3aToa € MOTpeOHa UITpanija Ha MPUMEPOLIHTE.

Bo cornachoct co nmpumenara Ha [TAT Bo pamkuTe Ha OBaa TOKTOpPCKa AHMCEpTAaIlHja, TTIABHUOT
¢dokyc, co mocTaByBam€ Ha OCHOBHTE BO H3Ben0a Ha aHalnu3aTa, ke Ouje HacoueH KOH
BuOpannonute (IR) 1 KOH UMHUUMHT-TEXHUKUTE.

A.l. Bubpayuonu cnekmpocKoncku mexHuxku

Bubpannonara cnekrpockonuja omdaka Kiaca aHATMATAYKA TEXHUKH IITO CE KOPUCTAT 3a
UCTpaXyBambe Ha BHUOpPAIMOHUTE EHEPreTCKM cocTojOM Ha Mojekyiaure. Bubparuonara
CIEKTPOCKOIHUja € €HepreTCKU uyBCTBUTENEH MeToA. Ce Oa3upa Ha NMEPUOJUYHU IPOMEHHU Ha
aunonHuTe MoMmeHTH (uHppaupBeHara (IR) chekTpockomuja) WM MOJAPU3ALUCKUTE
CIIOCOOHOCTH (pamMaHCKa CIIEKTPOCKOIIHMja) TPEIU3BUKAHU OJf MOJIEKYJIapHUTE BUOpaIuud Ha
MOJIEKYJIU WM TPYITU ATOMU U KOMOMHHUPAHUTE JUCKPETHU €HEPTeTCKU TPAH3ULIMHU U TPOMEHH Ha
dbpexBeHuuTe 3a Bpeme Ha ancoprmujata (IR) mim pacejyBamero (Paman) Ha eneKTpOMarHeTHO
3paueme co OpaHoBu nomxuHA oX 1 10 300 pm. JloOueHHWTe CHEKTpH JaBaaT JETATHH
nH(popMalluK 3a MOJIEKyJIapHaTa CTPYKTYypa, XEMHUCKHOT COCTaB M 3a MeryMOJIEKyJIapHHUTe
MHTEpAKIMK, IOTO ja TMpaBH BUOpalMOHATAa CHEKTPOCKONHja HEONXOJHAa ajarka M BO
(GbyHIaMEHTaIHUTE UCTPAXyBakha U BO IPUMEHETUTE HAYKH.

CHeKTpOCKOIICKUTe METOAM HaoraarT ocobeHo 3HauajHa mpumena Bo I[IAT mopaau
crocoOHOCTa 3a Op3a, HENEeCTPYKTUBHATA aHAJIM3a W TOPad MOTSHIMjalIoT 3a OICepBaIija Ha
TIoBeke KOMITOHEHTH BO TEKOT Ha e1Ha aHami3a.® 3a pasnmka o1 TpaquuonanHaTa 1abopaToprcka
aHaJln3a, OBUC TCXHUKHU HEMaaT HOTpe6a on 1/13)1130ijaH)e Ha IpUMEPOKOT U HETroBa MOAroTOBKa
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npea aHalini3a, U BOOOMYAEHO JIECHO CE HHTErprupaatr BO OIlIp€Mara 3a IMPOHU3BOACTBO CO LECJI
OBO3MOXYBamk€ HABPEMCHA aHaJIn3a.

Kiryuna npenHocT Ha BuOpanuonute TexHuku kako [TAT anaTku e cnocoGHOCTa 3a clieiehe
OrpoMeH Opoj MOAATOLHM 32 BpeMe Ha CAMUOT MPOIIEC Ha POU3BOJICTBO BO PA3IMYHU CETMEHTH OJ1
MIPOLIECOT CO MPUMEHA Ha COBPEMEHHU IIPUCTAIU 33 €KCTPaKIIMja Ha MOAATOIUTE.

A.1.1. Ungpaypsena cnexkmpocxonuja (IR)

WudpanpseHata CreKTpOCKONKja MPETCTaByBa TEXHHWKA 3aCHOBAHA HA MOJIEKYJIapHUTE
BUOpAIK Ha aTOMUTE O] CTPYKTyparTa Ha COEJAMHEHHETO o] MHTepec. HppanpBeHNOT crieKkTap
ce reHepupa co WH(palpBeHa paarjanrja Ha MPUMEPOKOT M OIpenelyBame Ha (pakiujaTa o
paaujanyjata Koja € amncopOupaHa Ha ojapeneHa eHepruja. llompeumsHo aeduHUpaHO, CE
oIpeJieNTyBa arcopIiyjaTa Ha HH(ppalpBeHara paavjanyja o CTpaHa Ha XEMHUCKUTE BPCKU Ha
Mmatepujaiot. IR criektapoT mpercTaByBa IO Ha arcoprijara (MiIk TpaHCMHCHjaTa) HacIpeMa
OpanoBara noypkuHa (wiu (pekBeHijata). Eneprujarta, Ha Koja ce 1mojaByBa oJIpe/icHa JICHTa BO
IR amcopmniucKuoT CrieKTap, € BO COMIaCHOCT cO ()pEeKBEHIIMjaTa Ha BUOpalMjaTa Ha OJpe/cHa
aTOMCKa BpCKa 0] (YHKIMOHATHUTE TPYITH HAa IPUMEPOKOT HITO ce aHanu3upa. OBaa TeXHUKA Ce
3aCHOBA Ha TOAa JIeKa MOJICKYJapHUTE BUOpaIMU Ce ClydyBaaT BO MH(paipBeHaTa o0iacT Ha
CJIEKTPOMArHETHUOT CIIEKTAp, TPH INTO (YHKIUOHATHUTES TPYNMH HMaaT KapaKTePUCTHUHU
arcopIIUCKU  (ppekBeHIMU. DYHKIMOHATHUTE TPYNU HA MaTepHjajuTe ja arcopoupaar
uH}palpBeHaTa paadjanyja BO UCT paHr Ha (QpeKkBeHIHWja Oe3 orjiea Ha CTPyKTypara Ha
OCTaHATHOT JIEJT O] MOJIEKYJIaTa BO KOja IpuIiara oBaa pyHKInoHai Ha rpyna. IR OpaHoBute umaar
eJIEKTpOMarHeTHa MPUPO/IA U CTAITyBaaT BO HHTEPAKIIN]ja CO TIOJTAPHUTE XEMHUCKH BPCKH IPUCY THH
BO (DYHKIIMOHAJIIHUTE TPYIIM Ha MOJIEKyJuTe. Bo ciydaj Ha OTCYCTBO Ha JUIIOJIEH MOMEHT BO
Monekynara, IR wHTepakumja € HeakTMBHa © MoJiekynata He ¢opmupa IR crekrap.
[TocraByBameTO Kopeianuja moMery CTpyKTypaTa Ha MOJICKyiara ¥ (ppeKBeHIMjaTa Ha Koja ce
MojaByBa arcopmiyja Ha wuWHpapBeHaTa pajaujaldja OBO3MOXYBa HIEHTU(DUKAIMja HaA
HETIO3HATH MOJICKYJIAPHU €HTHTETH, KaKO M CTPYKTYPHH XEMHCKH MIPOMEHH Ha MOJICKYJIMTE O]
uHTEpec.’

OmneparuBHaTta 6paHoBa JOJKMHA Ha MH(palpBeHarta criekTpockomnyja e o1 800 nm g0 500
000 nm (0,8 — 500 pm), OXHOCHO IPEBEIEHO BO GpaHOB 6poj Toa e perroHoT o1 12 500 cm™ 10
20 cm™ (cnuka 1). dpekBeHIMHUTE O] HAjTOIEM HHTEPEC Ce ABMKAT 01 2,5 um 10 16 pm; 01HOCHO
BO peIMIpoYHaTa BpeaHocT (6panoB 6poj) ox 4 000 cm™ 1o 625 cm™. IR permonoT e orpanuyeH
CO BM/UIMBHOT PErMOH Ha BHCOKUTE (PEKBEHLMHM U MHUKPOOPAHOBHOT PErMOH HAa HHUCKHUTE
dpexBenmuy. OBOj PETHOH € TOIEIeH Ha TPU OCHOBHH 001acTh: fanedno (<400 cm ™), cpemno (4
000 — 400 cm ™) u 6:mcko (12 500 — 4000 cm ™) undpanpseno noapauje.



AnvBm
paLm

YntpaBvoneToeM PeHareHcku
3pauym 3paum
I |

107 10° 10" 10

AnpokcumamueHa ckana Ha 6paHosa dosmkuHa (m)

WHbpaupeeHn
3paum

[ama-3paum

10 10 -14

Bnucko
WHpaupeeHo  MHbpaupeeHo MH(bpaupBeHo
noapavje nogpauje noapavje

-1 -1 A -1
EpaHoe 6pojf 20cm 400 cm 4000 cm 12 500 cm
BpaHosa domkuHa 500 um 25 um 2 500 nm 800 nm
Cnuka 1. Enexmpomazremen cnekmap co 0emaieH Npukas Ha nooerbama Ha uHGpaypeenomo noopaije

Co nomuHyBame Ha uH(palpBeHaTa paadjalidja HU3 TPUMEPOKOT, TOj amcopoupa
eHepruja Ha pajujaiyja eqHakBa co BUOpalMoHaTa TpaH3UIMja Ha MoJieKyJaTa. Bubpaunonara
eHepruja MoKe J1a ce OJJHECYBa Ha BUOPAIIMU ITOMET'Y JIBa aTOMH BO MOJICKYJIaTa WIH Ha BUOpAIUN
Ha IIeJIM aTOMCKH Ipynu. bpaHoBaTa 10 KHHA, OTHOCHO OPaHOBUOT OpOj Ha arcopIiiyja 3aBUCH
O]l peTTaTUBHUTE MAacH Ha aTOMUTE, TEOMETpHjaTa U 0] KOHCTAHTAaTa Ha CHJIA HA BPCKHTE.

Ilocmojam 06a OCHO6HU Muna MOJLEKYIAPHU SUOPAYUU: HACMAHAMU CO NPOMEHA HA
QoICUHAMA HA 8pcKama (UcmeeHyearbe) U NPOMEHA HA dA200M HA  8pCKAmMA
(ceumkysarve). lcmeznysaukume MoaeKy1apHu euopayuu ce depuHupaam Kaxko subpayuu
Wmo ce nojagysaam Kaxko pe3yamam HA UCMeSHY8arbemo, 0OHOCHO NpOMeHamd Ha
00JHCUHAMA HA 8PCKUME NOMeTy amoMume Ha QYHKYUOHATHUME SPYRU, U Ce O3HAYY8Aam
co cumbon v. [lokonky gyukyuonarHama 2pyna ce cocmou o0 nogexke 00 08a amomu,
ucmezcHy8auKume MONEKVIAPHU —ubpayuu modxcam Oa ouoam: CUMempUdHu U
acumempuynu (ciuka 2). [sudcerama co 6umkarbe HA BPCKUMe HACMAHY8aAaAm Cco
npoMeHa HA a20JI0m HA 6PCKAMA HA PAMHUHAMA HA caMama 8pcKa U ce 03HAYy8aam co
cumbon J. Bubpayuonume 0sudiceroa 4ecmo ce noep3yeaam co oCMAaHamu pomayuoHu
osudicera. Husnomo kombunuparbe 600u 00 nojasa Ha ancopnyucku aenmu.®

N/

Caumkysarbe

/B -
® o0

CumMempuy4Ho UCMezHysare AcumempuyHo ucmezHysarse

Hcmeznysarse

Cnuxa 2. IIpomenu wmo dosedysaam 00 Nojasa Ha MOIEKYIAPHU BUOpayuu



Tpu ocHOBHHM oOyiacTH 0] WHQPALPBEHOTO IMOJApayje OINpeneTyBaaT pa3MYHU HUBOA Ha
MoJieKyIapHu BuOpamuu. ['enepanHo, Bo cpeqHoro uHdpamnpseHo noapadje (mid — IR - MIR) ce
JeTeKTUpaaT (yHIAMCHTAIHUTE BHOpAalMd HAa XEMHCKHTE BPCKH, KaKO pe3ysTaT Ha HUBHO
WCTETHYBAkE WM CBUTKYBabhe, OBEPTOHOBUTE M KOMOMHUPAHUTE JICHTU 01 (pyHIaAMECHTATHUTE
BHOparuu, noaeka Bo Oimckoro wHbpamnpBeHo mnoxapadje (near IR — NIR) ce 3abenexysa
MEIIaBUHA OJ] OBEPTOHOBUTE M KOMOWHHpAHUTE JICHTH O (yHIaMEHTAIHUTE BHOpammu. Bo
JaJIeYHOTO MHEPALPBEHO Mojapadje ce HICHTH()HUKYyBaaT BHUOpAIMMTE HA MOJCKYJIHTE IITO
COJIPIKaT TEIIKH aTOMH, MOJICKYJIQpHU TOP3UU U BUOpAIIMU HA KPUCTATHATA PEIIETKA.

Dynoamenmannume subpayuoHu gpexeenyuu Ha moaexyiama (cauxa 3) ce oonecysaam
Ha npeMUuHOm Ha eHepeujama Ha xemuckama eépcka no IR paoujayujama, 00 0CHO8HO 60
npeo eunepeemcko Hueo (00 v = 0 6o v = 1). Osepmonosume Hacmanysaam co
MYTMURIUYUPArbe HA  QYHOAMEHMAIHAMA ancopnyucka @peksenyuja. Enepeujama
nompebHa 3a nojaea Ha NPEUOm 08ePMOH € 080JHO NO20JeMa 00 eHepeujama nompeobHa
3a ghynoamenmanuume euOpayuu, no NpemnocmasKa Ha YHugopmHa pacnpedenoba Ha
eHepeemckume Hugoa. Kaxo pesynmam ma moa wmo enepaujama e nponopyuoHaiHa co
ancopoupanama gpexeenyuja, Koja, nax, € N(PONOPYUOHAIHA CO OPAHOBUOM OPO], NPEUOM
06epmoH ce Nojagysa 80 CHeKMapom Ha O0B0JHO no2oieM Opanos Opoj 00
Qynoamenmannume. Kombunupanume nenmu ce nojagysaam xoea 0ee (hyHOAMeHMAalHu
Jlenmu wmo ancopoupaam Ha ewepeemcko nuso vI u v2 ja ancopoupaam enepeujama oo
ungpaypsenama paoujayuja cumyamano. Jlenmama wmo ce nojagysa npumoa Ke o6ude
noyupana na bpanos 6poj vl +v2.°

EHepzemcku Husoa

®yHOameHmanHu subpayuu Mpa osepmon Bmop osepmoH

Cnuxa 3. Enepeemcku nusoa na ungpaypsenume QyHoamenmanny ieHmu u 06epmoHo6U

@ypjeosa mpancpopmayucka unppaypsena cnekmpockonuja (FTIR)

Dypjeosume mpanchopmayucku cnekmpogomomempu ce basupaam Ha NPUMEHaAma Ha
unmepghepomemap (Michelson interferometer) kojuumo ce cocmou 00 pazoenysay Ha 3paK
KOJuimo 20 oenu 811e3HUOM 3PaK Ha 08e 3paderba co eOHAKad jauurna, nod az2o 00 90 ° eono
60 00HOC Ha Opyeo. EOHOmo 3pauerbe e HACOUEHO KOH CMAMUYHO 021e0al0, 000eKd
OpYy20mo KoH noodgudicHo oz2nedano. Oznedanrama 2u peghiekmupaam oseme 3paverba Ha3ao
KOH paz0enyeauyom HA 3pax, Kaoe wimo ucmume noeémopuo ce komounupaam. Co
08uUdIceremo Ha eOHOMo 00 o2n1edaiama ce MeHysa (asHama peirayuja nomery oseme
3paverba, WMo npeou3BUKy8d HUBHO HAUSMEHUYHO 3ACUTY8arbe U 0Ciabysare Ha
uzneznuom spax. Ppexsenyujama Ha 08aa NPOMeHa Nomery 6UCOKa U HUCKA jayuHa 3a6Ucu
00 Op3uHama Ha oenedaromo u 00 bpanosama Oondxcuna Ha ceemaunama. Taxa, FTIR
cnekmpogomomemapom emumupa 3pax Koj NOMUHY8d HU3 unmepghepomemapom u
mo2aui eneKmpudHUOm CUSHAI 00 OeMeKMopPoOm 6apupa CUHYCOUOAIHO 3a ceKoja Opanosa



O0JICUHA  NPUCYMHA 80 GIEe3HUOM 3paK. 3pakom NOMUHY8A HU3 KOMOpAma co
npUMepPOKOm, Kaoe Wmo npuUmMepoKom ancopoupa cneyuguyHu gpexeenyuu Ha enepauja.
Llemexmopom 2o mepu cuenanom o0 unmepgepozpamom 60 00HOC HA eHep2Uja Hacnpomu
gpeme 3a cume @hpexkeeHyuu ucmogpemeno. BKynuuom usnezen 3pak e cyma 00 mue
cunycouou. Q8oj cucHan HapeueHn ummepghepocpam mamemamuuku ce oopabomyea co
npumena Ha Dypjeosa mpancgopmayuja 3a 00dOusarbe HA DUHATHUOM CHEKMAp Ha
Mamepujaiom wmo ce aHanusupa.>

Pazeojom na mooepnama FTIR cnexmpockonuja 0603moxcysa 3201emy8arbe Ha
CEeH3UMUBHOCMA U HA CU2YPHOCMA HA UH@paypseHama auanuza co ceHepuparbe IR
cnekmap co sucoka pezonyyuja. Pypjeosume mpancopmayucku cnekmpogpomomempu
0803MO2iCy8aam noop3o dobusarse Ha IR cnekmapom 6o cnopedba co mpaouyuoHaIHume
cnekmpogomomempu. Bo nocreonume nexoaxky oeyenuu, vecmo ce kopucmu Pypjeosama
mpancgpopmayucka cnexmpomempuja. > 1t

Cpeono ungpaypeero noopauje (MIR)

Ancopnuyjata Bo peruoHor Ha MIR norekHyBa riaBHO o ABa BUAA (yHIaMEHTATHU
BUOpAINK — HCTETHYBauKM M CBUTKYBA4KH. 3a eHa BHOpanuja na oune aktusHa Bo MIR ormceror,
norpeOHa € MOJIEKyJapHa HHTEepakuyja CcO EJIEeKTPUYHOTO OCIHMIMPAYKO IoJie Ha
€JIEKTPOMAarHeTHUOT OpaH. Toa € MO’KHO caMO aKko IOMECTYBAKETO HA AaTOMUTE IPEAU3BUKAHO OJ1
BUOpalyjara UCTOBPEMEHO NpPEeAM3BHKYBAa INPOMEHA Ha AMIIOJIHUOT MOMEHT Ha MOJIEKyJiaTa.
3aroa, BEKTOPOT Ha €JIEKTPUYHOTO TOJIE Ha 3padyemheTo MOpa Jla OCIMIINpa cO HcTa (peKBeHInja
KaKO U MOJIEKYJapHMOT nunojieH MoMmeHT. Kako pesynrar Ha toa, MIR cnekrpockonujara e
0co0eHO YyBCTBUTENHA Ha MOyapHU QyHKIMOHATHU Tpynu. [ naBuuTe nentu Bo MIR criekrpure
ce IOJIeJICHH Ha JIBa OCHOBHU PErHOHM: PErHMOH Ha (DYHKLMOHAIHU IPYIIU U PETHOH Ha OTIIEYaToOK
(fingerprint). Cenak, moroieMuoT Opoj pejleBaHTHM HH(OpMAalMM IITO C€ NpPUMEHyBaaT 3a
uHTepnperanuja Ha MIR criektpute ce 1o6MBaat o]l perMOHOT Ha (DYHKIIMOHAIHYU TPYIH, AOJeKa
PErHOHOT Ha OTIEYaTOK € HOPMAJIHO KOMILIEKCEH. T0j CoAp kKU MOBeke CTPYKTYpHU HHPOPMAIUH
OTKOJIKY HMH(popMalnuu 3a (yHKIMOHATHUTE Trpynu. Cexoe coeAMHEHHE CO3/1aBa pa3ivdyeH U
YHHUKATEH afcOpIIUCKH TPO(HI BO 0BOj PErHoH. 2

Bucokara coapxuna Ha nHpopMmanuu nocranau Bo MIR pernonor mpercraByBa riiaBHa
IIPETHOCT Ha OBaa TEXHUKA BO criopea0a co Ipyrure CeKTPOCKONCKU MeToau. PyHIaMeHTaIHUTe
MOJIOBH IITO ce AeTekTrpaaT Bo MIR pernoHoT Hyaar noroyieMa cieliMpUUHOCT U CEH3UTUBHOCT
KOH Jerekuuja. Bucokarta censutuBHOocT Ha MIR TexHHMKaTa ce JOKM Ha HMHTEH3UBHATA
aricopmifja Ha MOroJIEeMHUOT OpOj OpPraHCKM MaTepHjajli BO OBOj CIEUU(UYEH PEruoH Kako
pe3yaTar Ha MPUCYCTBOTO Ha (PYyHKIIMOHAIHUTE IPYIIH.

[Tpumeponmte 3a MIR ananuza e motpeOHO Aa OMIAT MOATOTBEHW HA HAYMH KOJIITO TO
OrpaHUYyBa KOJIMYECTBOTO HAa MaTepHjasioT IITO CTallyBa BO MHTEPAKIMja CO 3pPAYCHETO IMPH
aHanuzara. [I[pumenaTa Ha pedIeKCUBHU TEXHUKH, KaKo criekynapHa pediuekcuja (SR) u nudysna
peduexcuja (DRIFTS), Bo MIR pernoHoT € Bo BHCOKa Mepa 3aBUCHA OJ1 ONTHYKUTE CBOjCTBA U OJ1
MopdoiorrjaTa Ha MOBpITHHATA Ha mpuMepoluTe. [loTpeOHa € BHUMaTeTHa HHTEpIIpeTaIija Ha
MIOJIATOIIUTE O] OBUE MEPEema, KAKO U KOPEKIIHja, OAHOCHO 00paboTKa Ha MOJATOIUTE 10 HUBHOTO
nobuBame. Bo coryiacHOCT co HaBeIGHOTO, KBAJIUTETOT U COApPKUHATA HAa MH(OPMAIIUU IITO Ke ce
nobujat og MIR moparouuTe ce 3aBUCHU OJ1 TEXHUKATa HA MEPEHETO, KaKO U O/ BEIITHHATA Ha
OMepaTopoT M OJf AHATUTUYAPOT IITO IO W3BeAyBaar camoTo Mmepewme. CoBpemenute MIR
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cnektpodoTomerpu ce FTIR uncTpymeHnTu co noio0peH HaulH Ha CHUMAE U 1000pU CEBKYTTHU
KapaKTEePUCTHUKHU.

brucka ungpaypsena muxpocrkonuja (NIR)

Arnicopriuuckure JeTHU BO pernoHoT Ha NIR norekHyBaar riiaBHO 01 OBEpPTOHOBUTE U OJ1
KoMOMHanuuTe Ha pyHIaMeHTalHuTe BuOpaunu Ha X-H BpckuTe Kou roceryBaaT BUCOK IUIIOJICH
MOMEHT U rojieMa pa3jIiKa BO aTOMCKHMTE MacH, IITO Pe3yJITUPa CO U3pa3eHa HEXapMOHHYHOCT.
EdexTute Ha crojyBame WK pe30HaHIIMja oMel'y BUOpaliMuTe Ha uctara (PyHKIMOHAIHA rpyna
JOTIOJTHUTEIHO BJIMjaaT Ha TEHEPUpPAHUTE JICHTH OJi OBEPTOHOBUTE M HA KOMOMHHUPAHUTE
BUOpanuy, IITO JONOJHUTEIHO ja OTeXHyBa HHTepnperauujata. Kako mnocnenuna, NIR
arCOPIIIIMCKUTE JICHTH BOOOMYAEHO ce IMUPOKH, mpeksionenu u ce 10 no 100 matu nocnabu ox
coonBetHuTe MIR nenTn. Huckmor koepuuueHT Ha amncopmnuuja € HpeAHOCT 3aToa IITO
OBO3MOXKyBa IOrojeMa JulabodnHa Ha NEHETpalyja, a co Toa U HEJECTPYKTHBHO MEpemhe Ha
IIPUMEPOLUTE IITO KMAaT BUCOKA allCOPIIIMja U CIOCOOHOCT 3a pacejyBambe.

IlomecTtyBamwara Ha JIGHTHTE IIOBP3aHM CO MHTEP- MW HMHTPAMOJIEKYJIAPHOTO BOJOPOIHO
noBp3yBame ce nouspaszeHu Bo NIR otkonky Bo MIR pernonot. On npyra crpaHa, CEIeKTUBHOCTA
U CEH3UTHUBHOCTA CE€ HUCKM, IITO BOJAM KOH HEpAaCKUHJIMBAa moTpeda oJ NpuUMEHa Ha
MYJITUBapHjaHTHA aHAJIM3a CO 11Tl TOBP3yBamke Ha CIEKTPATHUTE HH(OPMAIIUU CO CIICUPUIHHUTE
cBojcTBa Ha mpuMepornmre. ONTHYKUTE CBOJCTBA W (PU3MUKATA XOMOTEHOCT HAa IPUMEPOKOT
BIIMjaaT Bp3 CIEKTPaIHHUTE IOAATOIM, HO CO NpPHUMEHAa Ha COOJBETHH TEXHHUKH JIECHO Cc€
M3JIBOjyBaaT OJ1 CEKTPAIHNTE HH(OPMAIIH MTOpan CEBKYITHOTO Majo Birjanue. NIR meronute
3HAYUTEIIHO T'M HaMaJyBaat notpedaTa o/ JOMOJIHUTEIHO PaKyBamke CO MPUMEPOKOT U 3aBUCHOCTA
0J1 TEXHUYKaTa NOJArOTBEHOCT Ha OIIEPAaTOPOT 3 100MBake BUCOKOKBAIUTETHU U PEIPOAYKTUBHU
MOAATOLIH.

Bo nocnennute nenenun, Onuckara mHGpalnpBeHa MHUKPOCKONHja C€ HM3ABOjyBa Kako
100po BOCIIOCTaBEHa TEXHUKA KOja Haola ce rmorojema puMeHa Bo papMalieBTcKaTa HHAYCTpHja
3a wuneHTUUKALlMja W 3a OMNpelelyBalkbe Ha COAp)KMHATa Ha BJIE3HUTE MaTepujai,
WHTEPMEINEPHUTE TIPOU3BOIM M 332 (GUHAIHUOT MPOU3BOJI, KAKO U 32 CJENIEHhE U 32 KOHTPOJIa Ha
MPOLIECOT Ha IPOU3BOICTBO.

Hajronema npennoct Ha NIR ananu3zara Bo criopenda co TpaaullMOHAITHOTO 3€Mambhe MPUMEPOK U
HEroBO TECTHUpPaWke NPETCTaByBa HEIECTPYKTHUBHATA MPHUPOAA U CIOCOOHOCTa 3a M0OMBame
pe3yaTaTd BO TEKOT Ha caMaTa aHanu3a. | JTaBHM TPEIU3BUIM 3a TMpHMEHa Ha OJMCKaTa
uH(ppalpBeHa MUKPOCKONHja € BIUjaHUETO Ha (PU3NYKUTE KapaKTEPUCTUKHU BP3 T€HEPUPAHUTE
crneKTpasiHu mojator. OrpaHudyBamara BO CEIEKTUBHOCTA M BO CEH3UTHBHOCTA Ha OBHE
TEeXHUKHU Oapaar HEONXoJHA MPUMEHA Ha COOJBETHO 3HACHE HA OCHOBUTE MPUHIIUIHN BKIYUYCHH
BO OBaa aHaiM3a, OCOOEHO MOpaJy TOBP3aHOCTA HAa OBHME MPHUHIUIIM CO 00e30eayBameTo
COOJIBETHA KOpeJialHja Ha CHEKTPATHUOT OATOBOP CO MpOMEHaTa Ha aHAIMTOT, OJHOCHO
rapaMeTapoT IITO Ce€ aHajJu3upa, U JOKaKYyBamETO OTCYCTBO Ha CIIy4ajHOCT BO JoOueHaTa
KopeJsanuja.

BocnocraByBamero kopemanuja Ha NIR 0oaroBopor co mpomMeHHTE BO MPUMEPOKOT IITO CE
aHaJIM3Hpa ce OBO3MOXKYBA CO MPUMEHA HA XEMOMETPUCKO MOJICTTUPAE KOE JIETATHO € 00jacHETO
BO JIETIOT Mynmugapujanmua anaiuza Ha nooamoyume (XemMomempuja).

Metoaute 3acHoBanu Ha NIR cniekTpockomnvja HaoraaT pa3aHYHU MPUMEHH BO (hapMalieBTCKaTa
WHJYCTPH]ja, KaKO BO ONPECITyBABHETO Ha KAPAKTEPUCTHKUTE HA TIOBPIIMHATA HA TPHUMEPOIINTE
BO TEKOT Ha MpPOIECOT HAa MPOM3BOJCTBO, TaKa M 3a aHAIMW3a Ha COJAp)KMHATA HAa aKTHBHATA
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KOMITOHEHTa, YHU(OPMHOCTa Ha MeUIaBUHATa, YHU(POPMHOCTA HAa COJAp’KWHATA Ha (PUHAITHUOT
pou3Boj, nebenrHaTa Ha (GUIMOT U ONPEAETyBakeTO HA IBPCTUHATA HA MIPOM3BOJIOT BO TEKOT
Ha TMPOIECOT.

A.2. Xunepcnexmpanen umuyune

XWIepCcleKTpaaeH WMUUWHT € ONINT TOoWM KOj omndaka IIMPOK CIeKTap Ha
CHEKTPOCKOIICKH M CIEKTPOMETPUCKU TEXHHKH (Kako ¢uiyopecieHIja, BUOpaiuja, paMmaHcKa
CIIEKTPOCKOIHUja, MAaCeHa CIEKTPOCKOMUja), orcer Ha OpaHoBu noypkuHU (kako UV, Vis, NIR,
MIR) u mpoctopHu pe3onynuu (0J] HAaHOHWBO O HHBO Ha JaJICYNHCKO JCTEKTUPAME).
XHUIMEepPCeKTPATHUOT UMHIIMHT (YIITE IMO3HAT U KaKO XEMHUCKH MMHIIMHT) IPETCTaByBa MPUCTAIl
Ha MMHUUHMHT CO NMPHMEHA Ha IOTOJIEM, KOHTHHYHpAH CET Ha CIIEKTPajeH OICer CIMYeH Ha
TPaIUIIMOHATHUTE aHadu3u BO eaHa Todka. OCHOBHMOT KOHIIENT HA OBaa TEXHHUKA €
00e30eyBame MPOCTOPHHU, AHATUTUYKH (XEMUCKHU), CTPYKTYPHH U (PYHKIMOHAIHUA UH(DOPMALIUN
BO (popMa Ha XeMHCKa CIIHKA.

Xunepcnexmpainen umuyune 80 61UCKO UHGpaAypeeHo noopavje

XUTEPCIeKTPATHHOT HUMHUUHUHT BO OJHMCKOTO WH(PANPBEHO TOJpadje MNPETCTaByBa
koMOuHanuja Ha NIR cniekTpockonuja u qururaiHa oopadoTka Ha curaanu.** Cucremor 3a NIR
XHIIEPCIIEKTPAJICH MMUUMHT C€ COCTOM OJ H3BOP Ha OCBETIYyBame, ONTHKA 33 WMUIIMHT,
CIIEKTpaJIeH eHKOoJIep 3a U300p Ha OpaHOBM JODKHMHM U (okanHa pamauHcka Huza (FPA - focal
plane array). NIR cBernuHaTta o1 CUCTEMOT 3a OCBETIyBame ce (OKycHpa KOH MPUMEPOKOT.
CobOupameTo Ha nudysHaTa pediiekcuja oJf MPUMEPOKOT CE OJIBUBA CO IOMOII Ha ONTHKA 3a
MMUUUHT YHjalliTo KOH(UTypalyja 3aBUCH OJ TOJEMHHATa M OJf BHJIOT Ha NMPUMEPOKOT. 3a
MaKPOCKOTICKH HJTH MUKPOCKOIICKM MMUUIMHT, COO/IBETHO, C€ KOPHCTH JieKa 3a (poKycupame Him
MHUKPOCKOTICKH 00jeKTHB. CoOMpameTo MOJaTOIU ce U3BEAYyBa CO UMHIIMHT Ha cepHja CIUKHU BO
OJIMCKUOT MH(PALPBEH PErHOH Ha ceKoja OpaHoBa JI0JKMHA U30paHa O] CIIEKTPATHUOT €HKOJIED,
MpU IITO OBHE TMOJATOIM C€ OpPraHH3UpaaT BO TPOJUMEH3MOHAIHA MaTpUIla MO3HATa Kako
cnektpasneH xunepkyo6. [Ipsute aBe ocku X u Y Ha MaTpuiiata ce OJIHECYBaaT Ha BEPTUKAITHUTE
Y Ha XOPU3OHTAJIHHUTE KOOPJIUHATH, OJHOCHO MPETCTaByBaaT MPOCTOpHA HH(pOpMaIHja, T0aeKa
TpeTara ocka Z ja MpeTcTaByBa ClieKTpanHara nHdopmanuja (6paHoBUTE AOKUHN). JJoOMEeHHOT
XHUIEePKyO, CO CBOUTE MPOCTOPHU U CIIEKTpaIHU TuMeH3uu, coapxu NIR crekTap 3a cekoj muKcen
o] ciukara (ciuka 4).

PamHuHa Ha cnuka Ha
6paHoBa AO/KMHA A

o S

Ancop6aHua
o
o

y 0.1
450 960 1080 1160 1260 1360
BpaHoBa gosixmnHa (nm)
X CrexkTap Ha KOHKPETEH NuKcen
Cnuxa 4. Unycmpayuja na xunepcnexmpanen Xunepxyb 6o oaucka ungpaypeena cnexmpockonuja Koj eu ongpaxa

oparnosama oonxcuna (Z) u npocmopnume oumernsuu (X u Y). Cnexmapom na cexoj nukcen mosice 0da ce 6u3yanusupda,
KAKO U CIUKOGHAMA PAMHUNA HA CEKOja CO008emHa 6pano8a 00INCUHA.
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I'maBHara npeanoct Ha NIR XunepcneKTpalHMOT WMHUIMHT € TOa IITO OBO3MOXKYBa
BH3yaIM3alija Ha pacrpeaendara Ha pa3IiIHA XEMUCKHA KOMIIOHEHTH BO €JIeH mpuMepok. Kako
pe3yaTaT Ha KOJICKIIMjaTa Ha CIEKTap OJl CEKOj IMHUKCEN Ha KpeupaHaTa CIHMKa, OBaa TEXHHKA €
0co0eHO TOrofHa MpHU aHAIKM3a Ha XeTeporeHu mpumeporu. On XunepcreKTpanHaTa CIHKa,
TUCTpuOyIMjaTa Ha KOMIOHeHTUTe (kKou arcopOupaat Bo NIR permonor) ce pediekrupa Bo
CIIEKTapOT OJ CEKOj IHUKCEeN, CO IITO C€ OBO3MOXYBa M BH3yalM3allldja Ha XOMOTIeHara
pacnpezenba Ha kKoMroHeHTaTa. [IoHOBHUTE cUCcTeMH 3a XUIepceeKTpaieH umuuHr (pushbroom)
OBO3MOJKYBaaT aHaJIM3a Ha MOJBMKHU IPUMEPOIIH, CO IITO ja OBO3MOKYBaaT OHJIAjH-aHAN3aTa.

XUNepcneKTpaTHUOT UMULIMHT Haora MpHMEHAa M BO WACHTU(UKAIM]ja HA XEMHCKHOT
COCTaB Ha NMPHMEPOKOT MPEKy arcCopIIKja O €IHAa WM Ha MOBEKe KOMIIOHEHTH MPUCYTHH BO
IIPUMEPOKOT Ha OJpeeHa ,,IujarHOCTHYKA® GpaHoBa nosbkuHa.® CoapKuHaTa Ha MHPOPMAIMH,
BO KOMOHMHAIIMja CO 3roJieMeHa PEeNpOAYKTHBHOCT, 'O M3/IBOjyBa XHUIIEPCHEKTPATHHOT UMUIIMHT
B0 NIR pernoHoT Kako ajaTka CeH3UTHBHA HAa CTPYKTYPHHU MPOMEHH BO COCTABOT Ha KOMILICKCHH
NPUMEpOLM, LITO MPUIOHECYBa BO TCHEPUPAETO IIUPOK CIEKTap Ha KBAINTATUBHH U
KBAaHTUTATUBHU XEMHUCKH aHAIIU3H.

b. Mynmueapujanmna ananuza na nooamoyu (xemomempuja)

[Toumor ,,xemoMeTpuja““ ce oJHeCyBa Ha HAUMHOT HA aHAJM3a Ha XEMHUCKHUTE IOJATOLH, KOj
BKJIy4yBa CTATHUCTUYKHM M XEMHCKM €JIEMEHTH, W IPETCTaByBa IpUCTall Ha IPUMEHa Ha
MYJNTHBAPHjaHTHO ¥ EMIIUPUCKO MOJENHpame NP aHAM3a HAa XEMUCKHMTE I0aToIu.
OCHOBHUTE €JIEMEHTH Ha XeMOMETpHjaTa ce MPUKAKAHU Ha CIIMKa 5.

XeMHCKU
nogarTouu MynTusapujaHTHO
Mojenupatrbe

Emnupucko
Mogenvpase

Cnuxa 5. Ocrho8Hu enemenmu Ha xeMomempujama

e XeMHCKUTE TTOIaTOIM ce coOupaat oJ mpuMepoIuTe 3a ananu3a. OBaa ¢asa ce cocTon
O]l IHT€H3MBHA aHaIM3a co mpuMeHa Ha nogarouu ox ITAT ananuzatopure.

e EMIIMPHCKOTO MOJEIHpAme Ce OJHECYBa HAa MOJETHpAmke 3aCHOBAHO HA TTOAATOIIH.
BceymHoct, kora ce rpaau ,,XeMOMETPHCKH'® KalnuOpallMOHEH MOJIeN 3a IMPOLECEeH
aHaJM3aTOp, YECTO C€ NMPUMEHYBaaT MPETXOTHU ITO3HABAMmha W TEOPETCKU pelaluu
MOBP3aHU CO XEMHCKATa CTPYKTypa Ha MPUMEPOKOT KaKko U cO (PU3NUKUTE CBOjCTBA HA
aHAJTN3aTOPOT, HAKO OBHE MOJIEIT HE CE IEIIOCHO TEOPETCKH OTPAHWYCHH, IITO € O]
oco0eHa TPEAHOCT BO CiIy4a] Ha OTCTalyBamka OJl OUYEKYBAaHOTO TEOPETCKO
OJTHECYBaH-€¢ Ha CHCTEMOT.

e MynTHBapHUjaHTHUOT €JIEMEHT Ha XeMOMETpHjaTa YKa)KyBa Ha TOa JIeKa 3a rpajiehe Ha
MOJIEJIOT €€ KOPUCTU TOBEKE O] €lHa IMPOMEHJIMBa (OATOBOp) OJf aHAIU3ATOPOT,
OJIHOCHO MYJTHBapHjaHTHATa aHaJM3a Ha MoJaTolnH omndaka aHalW3a Ha MOJATOIHU
ITO CE COCTOjaT 0]l OpOjHH MPOMEHIIMBY U3MEPEHH Ha MoBeke npumepouu. Llenra na
OBOj THII aHAJIM3a € JIa C€ YTBPJAT CUTE BapHjalliy BO MaTpUIIaTa Ha MOJATOIH IITO Ce
poyyyBa. 3aToa, XeMOMETPHCKHUTE alaTKU Ce HACOUYEHU KOH MICHTHU(UKalUja Ha
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[IOBP3aHOCTa MOMEry IPUMEPOLUTE U NMPOMEHIIMBUTE BO JAJE€H CET HA MOJAaTOUU U
HCTHUTE COOABETHO TY TpaHC(HOPMHUpAAT BO JJATEHTHU poMeHnBu. KomOuHaiujaTa on
EMIIUPUCKO U MYJITHBAPUJaHTHO MOJICIHUPAILE ja MPAaBU XeMOMETpHjaTa MOKHA ajlaTKa
3a aHaJIM3a Ha HEMIO3HATH U KOMIUIEKCHU CHUCTEMU.

MyntuBapujaHTHaTa aHalM3a Ha MOJATOLUTE NPETCTaByBa KiIy4Ha JUCIMIUIMHA BO
COBpeMEHaTa MpOIeCHA aHAJIUTHYKA TEXHOJIOTHja, OBO3MOXYBajKH [U1a0OKa CTaTHCTHYKA
00paboTKa W MHTEpIpeTalyja Ha TOJeMH M KOMIUICKCHHM IOJAaTOYHM MHOXKECTBA KOHM CE
reHepupaaT BO pEalHO BpeME CO IPUMEHA Ha CIIEKTPOCKOIICKH, Xpomarorpadckua u
MYJITHCEH30pCKU TexHuku.® XemomeTpujaTa Kako mpuMapeH cTojid Ha 0BOj KOHIIENT 00eIMHyBa
HAaIpeHU MaTeMaTHYKH aITOPUTMH U XEMHCKA eKCIIEPTH3a CO LIeJ JIa Ce ICKOANPAaaT JJATCHTHHUTE
UH(OpPMAIIMU BrpaZieH! BO BUCOKOJIMMEH3UOHAIHUTE TIOIaTOIM, KOU HE MOXKAT Ja ce orndarar co
KJIACHYHU CJHOBAPUjAHTHHU IIPHCTAIIH.

Bo 0B0j KOHTEKCT, XeMOMETpHjaTa ce IPUMEHYBa BO MPOIIECHATA aHATMUTUYKA TEXHOJIOTHja 32
pa3Boj Ha NPEABHIYBAYKO MOJEIMpame. XEMOMETPUCKUTE MOJEIM MOXKE Ja NpeaABHIyBaaT
KBAJIMTATUBHU W/WJIM KBAHTUTATUBHU KapaKTEPUCTHKH.

KBanuratuBHUTE METOAM, TJIABHO, C€ KOPUCTAT 3a BU3yalu3aluja, Kiacudukanuja u 3a
OTKpUBaWkE CTPYKTYPH Ha XEMHCKH coequHEeHHja. AHanu3a Ha riaBHaTta kommoHeHTta (PCA) e
(dyHIaMEHTAJICH KBaJIWTATHBEH METOJ] KOj ce 0a3upa Ha OpTOroHaimHa TpaHchopmanuja HA
KOpEIMpaHUTe CIEKTPAIHU Baprjaliiv BO HOB CET Ha HEKOPEIUPaHU TTIaBHU KOMIIOHEHTH IIITO T'0
ONMIIYBAAT HAjTOJEMHOT MPONEHT of BapujadbmwiHocta.l’ Ha Toj HaummH ce OBO3MOXKyBa
KOMIIpecupame Ha uHpopmMmaiujata 0e3 3Ha4ajHO T'yOeme Ha CTPYKTypara, LITO € OCOOEHO
KOPHCHO 3a JIETeKIMja Ha CKPUEHH TPEHIIOBH, Ipynupama wuin anomanuu. PCA decto ce
KoMOHMHHpa co kiacrep-ananuza (CA), Koja MpeKy Mepeme Ha CIMYHOCTA WM HA PACTOjaHUETO
noMery HaOJbyAyBaHUTE MPUMEPOLN TH TPYNHpPa BO KJIACTEPH CO XOMOTCHU KapaKTEPUCTHKH,
OJIECHYBAjKH ja MHTepIpeTannjata Ha CIOKEHHOT XeMHUCKH WK O6uosomku npocrop. On npyra
CTpaHa, IUCKpuMHHaTopHa aHanu3a (DA) ce kopucTtu 3a u3rpazda Ha IpeIBUIYBauKH MOJAEIU
KOU OBO3MOXYBaaT Kiacu(uKalKja Ha HOBH MPUMEPOIM BO OJHAMpen AeUHHpPAHU TPYNH Bp3
OCHOBa Ha HUBHHUOT MYJITUBApHjaHTECH MPOQHI, MITO € O CYIITUHCKO 3HAYCHE 3a KOHTPOJIa Ha
KBAJIUTETOT U 32 OTKPHBaKkE Ha HEYCOTJIAaCEHOCTUTE BO MPOMU3BOJACTBEHUOT TeK. PCA ce kopucTtu
3a BU3YyellHa aHaJIM3a Ha CTPYKTYPUTE BO MOJATOLHUTE, IITO € KPUTHYHO 32 OJIpelyBamke Ha outlier
MPUMEPOI KOM MOXKe Ja ja HapymaTr kanuOparnujata. [lo oBaa ¢aza ce mpucramyBa KOH
KBaHTUTATUBHOTO MO/ICIHPAHE.

KBaHTUTaTUBHUTE METOAM OBO3MOXKYyBaaT AMPEKTHA NpecMeTKa Ha KOHLEHTpalMH WU
MIPOLIECHU MTapaMeTpH Oa3upaHy Ha pa3BUEHU KauOpanucku Mozenu. KBaHTUTaTUBHUOT CETMEHT
Ha XEMOMeTpHjaTa HajuecTo € MPETCTaBeH IMPEKy perpecuja Ha MaplujalHd HajMaldu KBaJpaTH
(PLS), meton xoj komOuHupa kapakrepuctuku Ha PCA u Ha nuHeapHarta perpecuja. PLS ro
MOJIeJIUpa OAHOCOT TOMely CIEKTpaJlHUTe I0JaTOM W MaTpuilatTa Ha OJroBOpH (Kako
AQHAJIMTUYKUTE KOHIIEHTPAIMH ), CO TOA IITO UJIEHTU(PHUKYBA JTATEHTHU BapujabiIy KOM MaKCHMaIHO
ja objacHyBaaT koBapujaHcaTa Mefy oue jaBe MaTpuru.’® PLS ro MMHMMM3Mpa IIyMOT TIpeKy
IIPOEKTHPAkE BO JIATEHTEH MPOCTOP KaJe IITO MAaKCHMAJIHO Ce 3a/p)KyBa KOBapHjaHcaTa Mery
CIEKTPAIHUTE MOAATOLM U OAroBopoT. OBOj METOJ € 0co0eHO e(uKaceH Kora MmoJaToLUTe ce
BHCOKO KOJIMHEAPHH UJIM KOoTa OpojoT Ha Bapujabiid € MHOTY MOrojieM oJf OpojoT Ha MPUMEPOLIH,
1ITOo € yecTa rnojana kaj NIR uim kaj pamaHcka CEKTPOCKOIIH]a.
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JlomoaHUTETHO, METOJMTE Kako MyJTHBapujaHTHaTta jauHeapHa perpecuja (MLR), koja e
MOTIPEeNIM3HA BapHjaHTa Ha KJIACHYHATA PerpecHja Mpu MyJITHBAPHjaHTHHU MTOIATOIHU, KAKO U HEKOH
HaMpeIHu HeJIMHEapHH TEeXHUKH, kako kernel PLS wnm momap)kyBaukd BEKTOPCKH MAallMHU
(SVM), naoraat c¢ morojema npuMeHa Kora MpoleCHUTE OJHOCH C€ KOMIUIEKCHU U HE clie/ar
JTMHEAPHHU MOJICITH.

B. Pazeoj na mynmusapujanmuu mooenu

Pa3BojoT Ha MynTHBapHUjaHTHUTE MOJIEIM CE€ 3aCHOBA HA HEKOJIKY OCHOBHH YEKOPH, KOH Ce
MpUKa)KaHU BO Tabena 2.

Tabena 2. Yexopu 8o npoyecom Ha epaderve MyAMueapujanmer Mooei

Yexop ea

1. 360p Ha KanHOpaIMOHH TPHMEPOIH Ia ce uzbepe ceT MPUMEPOIIH IITO CC PEMPE3CHTATHBHU 32
[eata oIy Jamuja, co mTo Ke ¢ OBO3MOKH MTOKPHBAhE Ha
BapHjalyjaTa U M30ErHyBabe HEIOBOIHA PEIPE3CHTATUBHOCT.

2. OnpenyBame Ha LIEIHUOT ITapameTap co Ja ce oxpenu BpeAHOCTa HAa U3MEPEHOTO CBOjCTBO HA TOUEH U

pedepeHTeH MeTo] MPEIM3eH HA4MH CO MPUMEHA Ha alTepHAaTUBEH peepeHTeH
MeToJ. KBaauTeToT Ha 0Baa BpeJHOCT I'0 OJIpeayBa KBATUTETOT
Ha KaJIuOparMoHUOT MOJIEeN.

3. Cunmame Ha NIR criextpute JobuBame Gpu3nIKo—xeMUCckn HHGOpPMALUK Ha COOJIBETEH U
PenpOLYKTUBEH HAYKH.

4. IlonnoxxyBame Ha CIIEKTPUTE Ha Ja ce HamanaT HecakaHuTe e()eKTH (KaKo IOMEeCTyBamba 1

CO0jIBeTHa 00pabOTKa pacejyBame) BO CIICKTPHUTE.

5. I'paneme Ha MozenoOT Jla ce BocnocTaBu penanyja CeKkTap — CBOjCTBO KOPUCTEjKU

MYJITUBapHjaHTHU METOHM CO ITOCTaByBabe ONTUMAJIEH OpOj
JIATCHTHHU BapHjabiy 1 CO HAMAITyBarbe Ha PU3HUKOT O]
overfitting Ha kperpanuoT MOJIEN.

6. Baymnanuja Ha MOJEIOT Ha ce ocurypu Jieka MOJENIOT TOYHO IO MPEABUIYBa CBOjCTBOTO
OJI MHTEpeC Kaj MPUMEPOLH LITO He OuIie AeN 01
KanuOpanujaTa (He3aBUCEH TECT-CET).

7. IlpenBuayBarme HEITO3HATH IPUMEPOIIH Ma ce npenBuan 6p30 CBOjCTBOTO OJ MHTEPEC Kaj HOBH,
HETI03HATH ITPUMEPOIIH.

B.1. Kanubpayuonu npumepoyu

Pa3BojoT Ha Mojen 3a KBaHTUTATUBHA aHAJIM3a 3allOYHYBa CO BHUMATEIHO NeDUHUpAmHE HA
AQHAIMTUYKUTE 1IeJTM U Ha KPUTUYHUTE aTpUOyTH IITO Tpeba Ja ce KBaHTU(UKYBaaT, MPOCIEICHO
CO CEeJIeKI[Mja Ha PEINpEe3CHTATHBEH CET Ha MPUMEPOLH (KaTuOpalMoHU MPUMEPOIH) KOj ja
MOKpHBA IIeJlaTa MPUPOJHA M TEXHOJOIIKA BapHjaOMIIHOCT HA MPOU3BOJCTBEHUOT MpoIiec. 3a
CEKO] TMPUMEPOK ce TPHOMpaaT BHCOKOKBAJTUTETHU CIHEKTPATHU WM CEH30PCKH TOJATOIU
(kanmuOpamroHeH CeT Ha CHEKTPATHU/CEH30PCKH TMOJATOIN), apajielIH0 CO aHallu3a Ha MCTHUTE
MIPUMEPOIIH CO MpUMeHa Ha Bepu(UKyBaHU peepeHTHH METO/IH.
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B.2. Obpabomxa na cnekmpannu nooamoyu

[TonroroBkara Ha CHEKTPAJIHUTE IOJATOLM 3a aHAIM3a 3alO0YHyBa co (a3aTa HA HHUBHA
oOpaboTtka. ['maBHaTa 1en Ha oOpaboTKaTa € J1a ce OTCTpaHaT BIIMjaHH]jaTa HA HAJIBOPEIIHHUTE
(akTOp KOM HE C€ TOBpP3aHH CO CIEKTPAIHUOT OJArOBOpP, OJHOCHO OTCTpaHyBame Ha
HETIOCaKyBaHUTE BapHjalliH BO CIIEKTpalHUTe MHPopMmanuu. [IprucycTBoTO Ha OBUE apTedakTu
MOJKE J]a C€ MPHITHIIIE HA HEKOJIKY MPUYHHU, KaKo IITO € HAYMHOT Ha MEPEHhE, MHCTPYMEHTAITHU
¢dakTopu, cocTojdara Ha MPUMEPOKOT, KAKO M OCTAHATH HAJABOPCITHH (U3NYKH, XEMHUCKU WU
¢dakTopu ox cpeamnHara. OmmTo 3eMeHO, 00paboTKaTa Ha MOJATOLUTE € HEONXOJHa 3a Ja Ce
Kopurupaar epeKkTure oJl pacejyBame, IPOMEHH BO Oa3HaTa JIMHH]ja, TOMECTYBamkE Ha OICE3UTE,
IITYMOBH, BPEHOCTH KOU HEJIOCTAcyBaaT W HEKOJKY IPYTH apTedakTH, Taka MTO K& Ce UCTAKHE
BUCTHHCKATa, XEMHCKH PEJICBAaHTHA OCHOBHA CTPYKTypa MOTpeOHA 332 MPEIU3HO MPEIBUIYBAbHE
Ha CBOjcTBOTO of uHTepec. ¥ 202122

[locTojar pa3nuyHM TEXHUKH 3a OTCTPAaHYBaWkE pPA3JIMYHM BHJIOBH HECAaKaHW BapHjalllH
(apredakTi) P CIEKTPOCKOINCKATa aHaau3a. JleTajeH ONnuc Ha pa3IMYHUTE BUIOBU TEXHUKH 3a
o0paboTka e mpuKakaH Bo Tadena 3.

Tabena 3. [emanen npuxaz Ha pasiudHume mMexHUKU 3a OMCMPAH)8Arbe HECAKAHU 8apujayuu

(apmeghaxmu) npu cneKmpoCKONCKa aHaiu3a

>  Omcmpanysamwe epekmu 00 pacejysame (Scattering effects)

Tpancpopmayuja na cryyajuu
NPOMEHIUBU CO CIMAHOAPOHA
HOpMaAnHa pacnpedendba -
Standard Normal Variate (SNV)

OBaa TexHHKa Ce 3aCHOBA Ha TPaHC(HOPMHUpakE Ha CEKOj CIIEKTap MHAMBUAYAIHO CO Ll
Jla ce eIMMHHHIpaaT MyJITHIUINKaTHBHAUTE e(heKTH o pacejyBameTo. SNV ru mpecMmeTyBa
cpenHaTa BpEIHOCT M CTAaHAApIHATa [EBHjallMja Ha CEKOj CIEKTap M II0Toa TH
HOpMaJIN3Upa MOJATONUTE Ha TOj HAYMH LITO CE 0J3¢Ma CpeHaTa BPEJHOCT H CE AEIH CO
CTaHIapAHaTa AeBHjandja Ha ucTHOT crektap. Co Toa, 3HAYUTENHO CE HaMaJCHH
BapHjallMkTE BO MHTEH3UTETOT M MYJITUILUIMKATUBHATE €()EKTH 011 pacejyBamero. > 24

Mynmunauxamusna Kopekyuja na
pacejysarvemo - Multiplicative
Scatter Correction (MSC)

MSC mnpercTaByBa MOCO(UCTHLIMPAH MPHCTANl BO KOj CIHEKTPUTE CE CHOpPENyBaaT Cco
MPOCEYEH WK CO pedepeHTeH cIeKTap. 3a CeKoj CIeKTap ce MPEeCMeTyBaaT PerpechucKu
napaMeTpH (HaKJIOH W TIPEeceK) BO OJHOC Ha PeepeHTHHOT CIIEKTap, W IMOTOa CEKOj
CIIEKTap CE€ KOpPHUIHpa CO OBHE IapaMeTpH, OTCTPaHyBajKU T'M MYJITHUIUIMKATUBHHUTE W
aIUTUBHHTE e)eKTU 0J1 pacejyBameTo.

Knacugurayuja na npomennusu
3a nopmanusayuja - Variable
Sorting for Normalization (VSN)

VSN e MOHOB IMpHCTAI KOj ja MPOIEHYBa TEXKHHATA HA PA3JIUYHUTE BapHjaldiIu cropen
HUBHATA YYyBCTBHUTEIHOCT Ha e(dexkTtuTe o pacejyBamero. CO TEKHHCKUA IPHUCTAI
OBO3MOXYBa MPUCTIOCO0HBA U e(eKTHBHA HOPMAIH3AIlHja Koja € 0COOEHO KOPHCHA KOTa
KJTaCMYHUTE METOIM HE JaBaar JOBOJHO M00pH pesynratd. OBaa TeXHHKA aBTOMATCKH
co3/laBa, 3a JaJeH CeT Ha MYJITHBAPHMjaHTHH CHTHAJH, TEKHUHCKa (QYHKIMja KOja T'H
(baBopu3upa OHHWE CHUTHAIHH BaphjaOiM MITO Ce MOJ BJIWjaHHe CaMO Ha AJUTHBHH |
MYJITUILIMKATUBHY eEeKTH, 2 He U Ha IeNHuTe (AHAJUTHYKM) CBOjCTBA 0J1 MHTepec. ™

> Omcmpanysamwe Ha nomecmysaremo Ha 6aznama nunuja (Baseline shifts)

THonunomcka unu nuneapHa
Kopexyuja

OBa € HajeJIHOCTABHHOT MPUCTAIl, BO KOj 0a3HaTa JIMHHUja CE MPECMETYBA CO KOPETUPAbE
CO TIOJIMHOM OJ1 HU30K PEJl WM MPaBa JIMHHUja, U [0TOA 0Baa MPECMETaHa BPEJHOCT CE
0/[3eMa OJ1 OPUTMHAIHUOT CIIEKTAp, e(EKTHBHO OTCTPaHyBajku I'M POMEHUTE BO Ga3HaTa
nuHuja. >

Acumempuuna pezpecuja co
Hajmanu keaopamu - Asymmetric
Least Squares (AsLS)

AsLS ru Tperupa NUK-CHUTHAJHTE acCHMETPUYHO BO cropenba co OasHara JHHHja W
KOPHUCTH TMOBTOPJIMB IIPOIIEC 32 TOYHO OJABOjyBamke Ha Oa3HaTa JIMHUja O] CIIEKTapoT,
0BO3MOKYBajku e()eKTUBHA eIMMMHALM]A HA CIIOKEHHU HEJMHEAPHH OMECTyBama.?®

Wavelet-mpancgopmayuu

Wavelet-rexunkure 0BO3MOKyBaaT eduKacHa JEKOMIIO3HWIIMja HA CHUTHAIOT Ha OasHa
JMHAja ¥ Ha aHATTUTHIKHOT curHal. [Ipexy Wavelet-ipoctopot, 6a3HaTa TuHHja MOXeE /1a
ce uaeHTU(hHKYBa jaCHO U TIPELM3HO J1a CE OJI3eME O]l OPUTMHATIHHOT curHain.’’

NpPOOOIHCYBA HA CIeOHAA CINPAHUYA
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Tabena 3. Jemanen npuxaz Ha paziuuHume mMexXHUKU 3a OMCMPAHYB8AbE HECAKAHU 8apujayuu
(apmechaxmu) npu cneKmpoCKONCKa ananuza (npooondxicetue)

» Omcmpanysare Ha nomecmyegar,ama Ha oncezu (Peak misalignments)

Kopenayucku onmumuzupano
spammnysare - Correlation
Optimized Warping (COW)

OBa e MeToJ KOj ce TpUMEHyBa 3a YCOIJIaCyBame¢ Ha CIEKTPATHHTE OICE3M IIPEKY
Kopenanuja nomery curamute. COW ja Jenu cHeKTpanaHaTa ocka HAa CETMEHTH U T
ycoryacyBa co peepeHTeH CeKTap, NpeKy KOopeJalucku npecMeTku. Toa 0BO3MOKyBa
HpELU3HO YCOrNacyBame U KOPEKIMja Ha MOMECTyBama Ha OINCE3UTe, IITO € MOCceOHOo
BaYKHO Kaj XpOMaTorpad)cKi ¥ CHEKTPOCKOICKH TEXHUKHU.?

Junamuuro épemencko
spammysarse - Dynamic Time
Warping (DTW)

DTW e anropuTamM mTo ce MpUMEHyBa 3a Meperhe Ha CIIMIHOCTA MTOMETY Ba BPEMEHCKU
CUTHAJIM, KOW MOXKE /1a MMaaT pa3iMdHa JOJDKMHA, OJHOCHO CE M3BPIIyBa HEJIMHEApHA
ONITHMU3alMja Ha CIIEKTPUTE CO PA3IMYHU TEMIIOPATHU WIN CIEKTPATHU [TOMECTYBamba.
OBaa TexHHMKa I'M MalHWpa CHTHAINTE NPEKYy MUHUMHU3HpAame HA KyMYJATHBHOTO
pacTojaHue, IITO OBO3MOXKYBa TOYHO YCOIJIAaCyBame IypH M KOTa MOMECTyBamara ce
HeJIMHEApHH Wi HeyHH(popMHN. %

Opmozonanna cucHaina
xopexyuja - Orthogonal Signal
Correction (OSC)

OSC e TexHHKa KOja TH OTCTpPaHyBa CHTHAJINTE IITO CE OPTOTOHAIHH BO OJHOC Ha
nHpopmanuure on uaTepec. Co Toa I'M eNUMHUHKMpA ITOMECTYyBambaTa M BapHjallMUTE BO
CHIHAJIOT KOU HE CE MOBP3aHH JIMPEKTHO CO XEMUCKHTE CBOjCTBa 0J1 MHTepec. >

» Omcmpanysare uiym (Noise)

Casuyxu—I oneesu ¢hurmpu

OBa e eHa O/ HAjUeCTO MPUMEHYBAHHUTE TEXHUKH 3a HAMAaNyBambe Ha HIYMOT MPEKY
[pEeCMEeTyBake M3BOAU U NOJIMHOMHO u3pamHyBawbe. Casuyxu—Ioneesuom MeTon TH
3a7p)KyBa opmaTa U MIMPHHATA HA CHIEKTPATHUTE OMCE3U W UCTOBPEMEHO IO peaylmpa
CITy4YajHUOT LIYM.

Wavelet-mpancgopmayuu

Wavelet-meroqute ce KOpHCTAT U 3a eIMMHHAIMjA HA IIyM OHICjKH OBO3MOXYBaaT
CEJICKTUBHO OJ[BOjyBalb€é Ha CHUTHAJOT M HAa HIYyMOT BO Pa3iIM4YHU (PPEKBEHIUCKH
koMnoHeHTH. lllyMOT ce oTcTpaHyBa NpeKy ammuupambe Ha mpar Ha Wavelet-
KOe(HIUEHTHUTE, 110 ITO CUTHAJIOT Ce PEKOHCTPyHpa 6e3 3Ha4ajHO TyOeme Ha BaKHHUTE
HH(GOpPMAIIHH.

Aemoenkooepu (Autoencoders)

Bo nmoHOBO BpeMe ce MpUMeHyBaaT W HallpeJHU METOIH 0a3upaHd Ha MAIIMHCKO YYeHe,
KaKko aBTOCHKOJCPHTE, KOW ja KOMIIPECHpaaT M PEKOHCTPYHPaaT CIICKTpajHaTa
nHpopmanyja. OBaa MeTOa € crocoOHa eUKACHO J1a TO OTCTPaHH IIYMOT Oe3 3HavajHa
3ary6a Ha KOpHCHHOT curHain. >

» QObpabomxka co npumena na uzeodu (derivative preprocessing)

1lps u3600

Bmop uz600

Casuyxu—I oneesu gpurmpu

W3BoauTe MMaaT CIOCOOHOCT Ja T'M OTCTPAaHAT M aJUTHBHUTE W MYJTHIUTUKATHBHHTE
e()eKTH BO CIIEKTPUTE U TIOPaJIN TOA YECTO CE KOPUCTAT KAKO TEXHHKa 3a 00paboTka BO
AHAJTUTHYKATA CIICKTPOCKOIHja.

[IpBHOT M3BOJ TI'M OTCTpaHyBa IOCTOjaHUTE Oa3HU JIMHMM, OJHOCHO OHHE IITO Ce
KOHCTaHTHHU MO IeJlaTa J0JDKMHA Ha CIIEKTapoT. BTopHoT M3BOA € ymTe noedeKTuBeH
Ouzejku, OCBEH IITO ja OTCTpaHyBa Oa3Hara JMHUja, TM €JIMMHHUpPA M JIMHEAPHUTE
TPEHIIOBH, KaKO TIOCTENEHUTE IPOMEHH BO HMHTCH3UTETOT KOM IIPOHU3IIETyBaaT O]
pa3nu4Hu GU3HYKH ¥ HHCTPYMEHTAIHH eekTH. HajeqHOoCTaBHHOT HAauMH 32 MpecMeTKa
Ha W3BOJM € MpeKy MeTonoT Ha koHeuHH pa3imk (finite differences). Kaj oBoj meron,
NPBHOT M3BOJ ce JOOMBa CO OI3eMarb¢ Ha MHTECH3HTETOT Ha CEKoja CliefHa TOYKa BO
CIIEKTApOT OJ NMPETXOJHAaTa TOo4YKa. Taka, TOOWEHHOT CIIEKTap I'M HCTaKHYBa OCTPHTE
IIPOMEHH BO CIEKTPAIHUTE KapaKTepUCTUKH. [IoHaTaMy, BTOPHOT M3BOA C€ MPECMETyBa
MIOBTOPHO CO IIPMMEHA Ha UCTHOT IIPUHIIMII, HO OBOj AT BP3 Beke JOOMEHUOT CHEKTap OJ
MPBUOT HM3BOJ, CO INTO JOMOJHHUTEIHO CE HArjiacyBaaT MO3WIMUTE W OOJHIMTE Ha
CIIEKTpaJIHUTE orce3u.”

JIOTOJIHUTENHO, BO MPaKTHKATa MOYecTO ce npuMmeHyBa Hampeauuot CaBuiku—I osees
¢unrep Oumejku TOj OBO3MOXYBa HCTOBPEMEHO H3pPaMHYBAambe M INPECMETYBamke Ha
M3BOJUTE, CO IITO C€ HAMalyBa M IIYMOT, a MCTOBPEMEHO C€ 3a4yByBaaT Ba)KHHUTE
CIIEKTPAIHM KapaKTepHCTHKH. BakBata TexHmKa 00e30eayBa 3HAYMTENHO MOA00ap
KBAINTET Ha CIEKTpajHaTa HWH(OpMamuja, IITO € OJl CYIITHHCKO 3Hayeme 3a
TIOHATaMOIIHAa KBAJMTAaTHBHA U KBAHTUTAaTHBHA aHAJIHM3a BO XEMOMETpHjaTa.
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OBue MeToaM, KOPUCTEHU CaMOCTOJHO WJIM BO KOMOWHAIMja, OBO3MOXYyBaaT e€()eKTUBHO U
MPEIHU3HO OTCTPAHYBaWkE PA3IMYHU BHJIOBU apTedaKTH O] AHATUTHYKHUTE MOJATOIH, IITO €
MpeayclioB 3a CTaOWIHM M TOYHU XEMOMETPUCKHM MOJEIM U CUTYPHH IHpPEIBUAYBamka BO
mpolecHaTa ananuTrdka texaosioruja (ITAT).

B.3. I'paoerwe moodenu 3a npedsudysarve

[To xommnerupame Ha ¢asara Ha 0O0pabOTKa Ha CHEKTPAIHUTE MOAATOLM, 3all0YHYBa
MocTanKaTa Ha Tpajelke MOJETH 3a NPEIBHUIYBabE MPEKYy BOCIOCTaBYBamE Kopenanuja Ha
CIIEKTPAJHUTE MOJATOLHU CO OJrOBOPUTE O] pepepeHTHUTE TEXHUKH 3a aHaIn3a. Bo oBaa ¢asa ce
BOCIIOCTaBYBa KOpeJalujaTa ClieKTap — CBOjCTBO KOPUCTEJKH MYJITHBAPHjaHTHU METOAM ONUILIAHH
BO JeN0T Mynmusapujanmua ananuza Ha nodamoyume (xemomempuja). 3a W3rpagda Ha
EMITMPUCKUTE TEXHUKU 32 MOJICIINPALE MOTPEOHH CE MOrojieM OpOj COOJIBETHH MOJATOIM U OBUE
MOJIETTH MOXE Jia Ce NPUMEHYBaaT COOJBETHO CaMO BO YCJOBUTE IITO OWJE 3acTaleHUu BO
MOJIATOIIUTE CO KOW € M3rpajieH MojenoT. McTo Taka, JocTarHOCTa Ha MOBEKE MPOMEHIINBH 32
rpajemhe Ha MOZAEJIOT ja 3rojieMyBa MOXKHOCTa 3a MPEKyMEPHO MPHCHOCOOYBame Ha MOIETIOT
(overfitting). CoomBeTHOCTa Ha W3rPaJCHUOT MOJEN CE MPOICHYBAa IPEKY CTATHCTUYKUTE
MHINKaTOpH — KoeduiueHT Ha kopenamuja (R?Y), koeuIMeHT Ha CIIOCOGHOCT HA MOJEINOT 3a
npensuayBame (Q?) U KBaapaTeH KOPEH OJ1 CPeHa KBajpaTHa rpemka o ectumanuja (RMSEE).

TouHocta u poOycHOCTa Ha KpeHpaHUTE MOJEIM CE IPOBEPYBAAT MPEKYy TEXHUKHU 3a
BaJMJalKja, Kako BHATPCLIHA WM BKpCTeHa Banujaanuja (Cross-validation) u nHamBoperiHa
BaJINAIH]ja, CO IITO CE MPOLIEHYBa CIIOCOOHOCTA HAa KPEUPAHUTE MOJIEIIH 32 IPEABUIYBambE HOBU
IIPUMEPOLM BO pealHd MHAYCTPUCKU YCiIOBU. ONTHUMaIHMOT Opoj JaTeHTHH Bapujadiid, HCTO
Taka, ce M30Mpa NpeKy BKpPCTEHa BajHMJalMja co LeJ Ja ce OamaHcupaaT KOMIUIEKCHOCTA U
IpeJBUAyBauyKata CTaOMJIHOCT Ha MoJenoT. BamuaHocta Ha MOAENOT €O IpUMEHa Ha
BHATpEIIHATa BKPCTEHA BaIMAIM]ja C€ MPOIEHYBa MPEKY CTATUCTHYKHOT WHIUKATOP KBaJIpaTeH
KOpPEH O]] Cpe/iHa KBaJ[paTHA Ipellika 0/l eCTUMaIja, IPECMETaH CO KpOCBaIMIalija Ha MOJIENOT
(RMSEcv). HanBopeminata BeprduKaiija Ha U3rpaicHuOT MOJIEIT Ce CIIPOBEIyBa CO HE3aBUCECH
TECT-CET, NMPH IITO CTATUCTUYKUTE MHIMKATOPH KBAJApPATEH KOPEH OJ] CpeHAa KBaJpaTHa rperika
on npensuayBame (RMSEP) u Bias ce kopucTar 3a KBaHTUTaTUBHA MPOLIEHKA HAa EpPOPMaHCOT
Ha MOJIEJIOT.

Bo nocnennuTe neneHun c€ moBeke ce JoKaxyBa noreHuujanor Ha ITAT mopenute
pa3BUEHM €O TNPUMEHAa Ha HEMHBA3MBHU CIEKTPOCKOIICKM TEXHHKHM BO KOMOMHAIMja CO
XEMOMETPHCKA aHAJIN3a 3a [TOCTaByBambe U e()eKTUBHA KOHTPOJIA HA IIPOU3BOJICTBEHUTE IPOLIECH.
ToxMy oBa npeTcTaByBa M OCHOBHA 11€J1 Ha OBaa JJOKTOPCKa IUcepTalnja, OTBp/ia Ha 3HaYajHOCTA
Y IPUMEHJIMBOCTA Ha MPOIECHATA aHAIUTHYKA TEXHOJIOTHja Kako OCHOBHA MHOBATHBHA ajlaTKa 3a
CIIeICHEe M 32 KOHTPOJIAa Ha IPOU3BOJICTBOTO Ha (papMalieBTCKHU 103UPaHU (POPMH.

Bo pamku Ha TmpBHOT el Off OBaa JOKTOpPCKa AMCEpTalldja, OCHOBHHUOT (OKYC ce
MOCTaByBa Ha MOKHOCTa 3a mpumeHa Ha [IAT anatkure 3a cieneme Ha TpaHChOpPMAITUUTE Ha
aKTHUBHATa KOMIIOHEHTa KOM Ce€ CIydyBaaT BO TEKOT Ha MPOM3BOJCTBOTO. 3a Taa 1€l BO OBO]
CeTMEHT O]l JIOKTOpPCKaTa AWcepTaiyja e orndareHa KOMIIapaTHBHA aHAIN3a Ha JIBE Pa3IMIHU
BUOPAIIMOHU TEXHUKH — CIHEKTPOCKOIHja BO OJIMCKO U CIIEKTPOCKOINH]ja BO CPEAHO HH(PPALPBEHO
mojpadvje 3a ClieJIeke Ha MPOIIECOT Ha MPOU3BOJICTBO Ha MOynpodeH HaTpuyM Tabsetu. [Iporecot
Ha MPOW3BOJCTBO BKIy4dyBa BJIaKHA TpaHylaluja Ha UOympodeH M TUHATPUYM KapOOHAT U
rocTerneHa TpaHcopmaiija Ha uoynpodeH Bo Herosa coul - uoynpoden Harpuym. IIponenkara
Ha coozBeTHocTa Ha cniomeHatute IIAT anmatku 3a crneieme Ha MPOLECOT Ha TPaH3UIMja U
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KBaHTU(HKAIM]ja HA peaKirjaTa Ha TpaHchopMalrja Ha HOyrpodeH Bo uOynpodeH HaTpUyM € 01
0COOCHO 3HAYCHE 3a JePUHUpAkEe Ha KpajHaTa TOYKa HA peakiyjaTa BO MPOIECOT Ha
MIPOU3BOJICTBO HAa HOYNPOQEH HATPUYM TaOJIETH KOU MOKaKyBaaT Mo Io0peHa pacTBOPIUBOCT OJ1
TabGIeTUTE ITO BO CBOjOT COCTAaB COApsKAT HOynpoden 6aza. 3% 33

Bo BrOpuoOT nenm ox oBaa JOKTOpCKa JAMCEpTalfja, NpUMEHaTa Ha XHIIEPCIEKTpaJieH
UMUIMHT BO Onmcko mH(ppanpBeHo moxapadje kako [TAT amarka 3a cieneme Ha MPOLECOT HA
MIPOM3BOJICTBO Ha (hapMaleBTCKH T03UpaHu (HOpPMU € TEeCTUpaHa MPEKy pa3BOj HA JIMMHIHA
dbopmynanuja Ha denoaunuH. BoemHo, MokHOCTa 3a AedUHUpame W 3a HICHTU(HUKAIMja HA
KPUTUYIHHUTE TIPOIIECHH MTapaMeTpH MPHU MPOU3BOACTBOTO Ha JIMMTKUIHATA (DOpMyIIaimja ce TecTupa
npeKy KBaHTU(HKaIMja HA CcoIp)kKMHATa W yHU(OpMHATa JUCTpHOyIMja HA AaKTHBHATa
KOMIIOHEHTa BO paMKH Ha JIMnuAHaTa (hopMyIaluja 3a BpeMe Ha MPOLECcCOT Ha IPOU3BOJICTBO.
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1. ACTPAKYBAIBE 1

Pa3zeoj na NIR anamka kaxo oen 00 [IAT npucmanom 3a
creoerbe Ha mpancgopmayujama Ha ubynpogen 8o
ubynpogen Hampuym
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1.1. HEJIN HA UCTPAXYBAIDBE |
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Nbynpoden, exeH o HajIO3HATUTE HECTCPOUIHH aHTHHUH(IAMATOPHH JICKOBU KOHU CE
IIpUMeHyBaaT 3a Tepanuja Ha Oyara 10 ymepeHa 6oinka,>* npumara Bo 1eKoBH 01 Kj1aca 2 CHopeN
buodapmanerrckuor cuctem 3a kinacudukanuja (BCS). JlekoBuTe npumnagHuiiy Ha oBaa rpyra
ce KapakTepu3upaaT cO BHCOKa MMEepMeabWIHOCT, HO HHCKa pacTtBopiauBocT. Cropex Toa,
pPacTBOPIIMBOCTA MPETCTAByBa KPUTHYCH (haKTOP KOj TH OIpeielyBa CTEIICHOT Ha allCoOpIIja Ha
JIEKOT ¥ OP3MHATA HAa HACTaHyBame Ha hapMakonomkuot edekt. [Topeke cryaun® 3" notepaysaar
JieKa coJiuTe Ha nOyrnpodeH, Kako noynpodeH nu3uH U uoynpodeH apruHar, mokaxxyBaart modpsa
pacTBOPIAMBOCT BO cropenda co ocHOBHaTa ciobonHa ¢opma Ha sekor. IlociemoBarenHo,
pacTtBopeHara (hopMa Ha JIGKOT ce arcopOupa moop30 BO CHCTEMCKaTa IUpKyianuja. Jdpyr Tum
coi Ha ubynpodeHn, nbynpoden HaTpuyM Auxuapar (MoynpodeH HaTpuyM), ce MOTBPyBa KaKo
6MOEKBUBAJIEHTEH CO JTM3HMHATHATA U CO aPTHHATHATA COJ HA JIEKOT. >

KomepuujanHo ce Beke AOCTamHM IBPCTH J03MpaHu (GopMu Ko coapkaT nOympodeH
HAaTPUYM Kako aKTHBHA CYyIICTaHIIMja, KOja MOKaXyBa MOJ00peHa Op3WHA Ha PAaCTBOPJIMBOCT H
noOp3 GpapMaKoJIONIKK OJroBOp. 3a MPOU3BOJICTBO Ha OBHE (hapMaIeBTCKH J03UPaHH OPMH ce
NPUMEHYBa MPETXOJHO CHHTETH3MpaH MOynpodeH HATPHUyM KaKO aKTUBHA CYIICTAHIIHM]ja, IITO
JOTOJIHUTEIHO ja 3rojieMyBa LieHaTa Ha (MHAIHUOT MPOHM3BOA BO cropenda co IBPCTUTE
no3upanu GopMH TITO coapKaT HOynmpodeH Kako aKTUBHA CYICTaHIHja. Bo cormacHocT co Toa,
CHHTe3aTa Ha HWOynpoeH HATpUyM € OCOOCHO 3HAuaeH Mpolec 3a OBUE (opMyarum.
HajennocraBeH, a BOGHO U HajeKOHOMUYEH ITPOIIEC HA UH CUTY CHHTE3a Ha HOynpodeH HaTpuyM
MPEeTCTaByBa IMPOIECOT HAa BIAXKHA TpaHyJalja Ha HOympodeH BO MPHCYCTBO Ha 0a3a Koja
COMPIKH HATPHYM, KaKO HATPMYM XHAPOKCHI MM HaTpuyM Kap6onat.>® Ha Toj Haumn mporuecot
Ha CHHTe3a Ha nOynpodeH HaTpuyM M MPOU3BOJCTBOTO Ha (pUHAIIHATA [[BPCTA J03MpaHa Gopma
MOXAaT Jia C€ OJBHMBAaaT CHUMYJTaHO, IITO pE3yJITHpa CO HAMalyBamke Ha TPOIIOKOT 3a
MPOU3BOJICTBO Ha (pUHANMHMOT mpou3BoA. Bo Taa Hacoka, CIIEACHETO Ha MPOHECOT Ha
TpaHchopMmalja W CIOCOOHOCTa 3a KBaHTH(MKalMja Ha KOHBep3WjaTa Ha HOyHnpodeH BO
nOynpodeH HaTpUyM 3a BpeME Ha TPOIECOT Ha TPOM3BOJCTBO C€ OJf KIYYHO 3HAUCHE 3a
oJlpe/lyBam-e Ha KpajHaTa TOYKa Ha peakifjara u 3a MOTBPILyBamke Ha KBAIUTETOT HA (PMHAITHUOT
npon3Boj. CIEKTPOCKOICKUTE ajJaTKU IITO ce el Of MPOIeCHATa aHAJUTUYKAa TEXHOJOTHja
(TTAT anaTtku), BO KOMOMHAIMja CO XEMOMETPHCKA aHaM3a, ce MOTBPAYBaaT Kako e(pHKaceH
CHCTEM 3a KOHTPOJIA Ha TIPOM3BO/ICTBEHNTE TIporiecH. o *°
bpojun cTyamm poctamHM BO Hay4HaTa JIMTepaTypa ja MoTBpayBaaT mpuMeHara Ha NIR
CIIEKTPOCKOIMHjaTa MPH M3Be10aTa Ha pa3IMYHU aHAJIM3H BO TEKOT Ha MTPOIIECHTE Ha IPOU3BOJICTBO
Ha nOynpodeH GpopMmyranum, Kako KBaHTH(UKAIM]a, aHAIN3a HA TOJIEMHHA Ha YECTUYKH, aHAITN3a
Ha COpKHMHA Ha Bojia 1 ci. 0

IlenTa Ha MCTpaxKyBameTO | BO paMKH Ha OBaa JOKTOpPCKAa AWCEpTallfja € pa3Boj Ha
CIIEKTPOCKOIICKA ajlaTKa Koja OM OBO3MOXKMJIA CJe/Ielhe Ha IPOIecOT Ha TpaHc(opmaiuja Ha
nOynpogdeH Bo Heropara HaTPUYMOBA COJI BO TEKOT Ha (pa3ara Ha BIIaKHA IPaHyJIAIH]a.

WNuunymjannara ckpuHUHT-(a3a Kako MoyeTHa (pa3a Ha MCTPaKyBamkETO € HacoueHa KOH
uAeHTUUKAIMja Ha CIOCOOHOCTa 3a TMPUMEHAa Ha CIEKTPOCKOICKUTE TEXHHKH 32
KBaHTH(HKaIMja HA JBETe pa3nyHU (OpMHU Ha aKTHBHATa KOMIIOHEHTa MOynmpodeH, 0JHOCHO
nbynpoden 6a3a 1 Heroara HaTPUYMOBA COJI.

3a Taa 11e11, BO CKpUHHUHT-(ha3aTa 0] OBa HCTPAKYBAbE:

22



- Ce MOTBPJCHH CIEKTPOCKOIICKHTE CBOjCTBA Ha JBeTe (popmMu Ha JieKoT (cost u 6asza) co men
uaeHTH(UKAIMja Ha TIOTESHIMjAJIOT 32 CIEKTPOCKOIICKA AUCTHHKIM]a ToMery uoyrnpodeH u
noynpodeH HaTpuyM, IITO € 0] 0coOeHO 3Havewme 3a [IAT moaenuTe 3a KBaHTU(PUKALIH]A;

- € NOTBpJAEHA CHUHTE3aTa Ha MOyNpoQeH HAaTpUyM BO MpPOIEC HA BIAXKHA I'paHyJaluja Ha
OMHapHA cMeca coCTaBeHa o] HOyIpodeH U 01 HaTpUyM KapOOHaT,;

- € pa3BHEH MojeJ] 3a KBaHTH(MKalMja Ha COApXHHaTa Ha uOympodeH u Ha uOynpoden
HaTPUYM 3aCHOBAH Ha CIEKTPOCKOICKH IMOJATOLHU O]l M3pabOTeHH MEIIABUHU CO Pa3IndeH
yzaen Ha BeTe GopMHU Ha aKTUBHATa KOMIIOHEHTA U HATPUyM KapOOHaAT;

- e IpHKa)kaHa KOMITApaTHBHA aHAJIN3a HA JIBE CIIEKTPOCKOIICKA TEXHHUKH, CIIEKTPOCKOIH]ja BO
osmcko (NIR) u cpeano uadpanpseno nmoapadje (MIR), a uma 3a 11en moTBpAa Ha KOHIIEITOT
Ha IIpUMeHa Ha oBue TeXHUKH Kako [TAT anarku.

[To moTBp/Aa Ha XUIIOTE3UTE MMOCTABEHU MPH CKPHUHUHT-(Da3ara, HCTPAXKYyBABETO € HACOUCHO
KOH:

- KOMIapalyja Ha KapaKTepUCTHKHUTE HAa MOJEIIUTE 3a KBaHTH(HUKAINja Pa3BUCHH CO TIPUMEHA
Ha CHEKTpHTe 100MeHH o/ peHoceH u ox cratudeH NIR criekrpodoTtomerap;

- uaeHtudukanyja Ha crmocoOHocTa Ha pasBueHnor NIR moxmen 3a kBanTu(uKamuja Ha
peakiyjata Ha TpaHcopmanuja Ha HOynpodeH, JOKOJIKY MPOIECOT Ha BIaXKHA IpaHylialuja
ce OJBHMBA BO IMPHCYCTBO HAa CHTE HWHTpPArpaHylapHH KOMIIOHEHTH Of (HUHAIHATa
dbopmynanuja;

- TMOTBpAA Ha KOHIIETITOT Ha MOJOOpEeHa pacTBOPIUBOCT Ha (apMaIeBTCKH TO3MpaHu (OopMHU
NPOM3BECHU CO KOHTpOIHpaHa (co mpuMmeHa Ha pasBueHata [IAT anatka) Tpancdopmanmja
Ha uOynpodeH Bo HOynpodeH HaTpUyM.
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1.2. EKCIIEPUMEHTAJIEH JAEJI
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1.2.1. Marepujaiii ¥ METOAM MPUMEHETH BO UCTPaKyBame |

1.2.1.1. Mamepujanu

Hme
U6ynpoden (Ibuprofen 50)
HoynpodeH HaTpuyM
Juuatpuym kapoonar (Fine powder)

MukpokpucTanHa 1erynosa (Avicel®PH-101)
MukpokpucTanHa 1erynosa (Avicel® PH 102)
Harpuym kpockapmenosa (Ac-Di-Sol®)
Jlakro3a moHoxuapar (Tablettose® 100)
Konounnen cumunuym auokcun (Aerosil® 200)
JetyMHO MpeKeNaTHHA3UPAH TYEHAYCH CKPOD
(Starch 1500)

I'maniepui 6exenat (Compritol 888 ATO)

Ilpoussooumen

BASF, Bishop, Tekcac

BASF, Bishop, Tekcac

Dr. Paul Lohmann GmbH & Co. KGaA, Emmerthal,
I'epmanuja

DuPont Nutrition, Cork, Hpcka

DuPont Nutrition, Cork, Upcka

DuPont Nutrition, Cork, Hpcka

Meggle, GmbH & Co. KG, I'epmanuja
Pharma Evonik, Rheinfelden, I'epmanuja
Colorcon, CAJ]

Gattefoss’e, Saint-Priest, ®panimja

1.2.1.2. Onpema npumenema npu excnepumeHmaninama paboma

Onpema
EnextpoHcka Bara
EnextpoHcka Bara

Mukcep rpaHyiaTop co roixeMa Op3uHa
Ilepucrantuuka mymna

Crepuinsatop co cyBa TOILTMHA
Amapart 3a ofjpeyBame Blara

Omnpema 3a perpanyianyja

Memanka co JujaroHaIHO MOCTABEHO LMIMHAPHIHO

Oype

Poranunona tabneT-MammHa

Amapart 3a onpeseyBamke Ha Op3uHaTa Ha
0c1000/1yBatbe Ha aKTHBHATA CYTICTaHIMja
Mewm6pancku ¢umrrpu 0,45 pm
VYnrpacoHn4Ha Oama

Amnapatypa 3a ypjeoBa Tpanchopmarmcka
uHppapseHa cnekrpockonuja (FTIR)
Anaparypa 3a ®ypjeoBa TpaHcopmanmcka
6mmicka nH(panpsena cnekrpockonuja (FTIR)
[Ipenocen criekrpodoromerap

IIpouszeooumen

Sartorius CP4202S, Sartorius AG, Germany; 4200g x 0.01g
Sartorius Secura 224-1 CEU, Sartorius AG, Germany; 220g
x 0.01g

Diosna P1/6, Diosna Dierks & Séhne GmbH, Germany
Peristaltic pump 323 S/D, Watson Marlow, UK

Panasonic MOV 212S, Panasonic, Japan

Mettler Toledo Excellence HS153, Mettler Toledo, Holland
Quadro Comil U5, UK

Erweka PM5, Erweka GmbH, Germany

Korsch Pro XL100, Korsch, Germany
Varian Vankel 7025 Model 115/230, Varian, USA

Ministar RC25, Sartorius, Germany
Elmasonic S, Germany
Varian-660 FTIR, USA

Antaris™ II FT-NIR Analyzer, Thermo Fisher Scientific™,
CAZ
MicroNIR 1700 ES, VIAVI, Santa Rosa, CA, CALl
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1.2.1.3 Memoou

1.2.1.3.1 Cunme3sa na ubynpoghen nampuym npu npoyec Ha eparyiayuja Ha ubynpogen co
Hampuym KapboHam 80 NPUCycmeo Ha 8004

[Ipouecot Ha rpanynanuja Ha uOynpodeH u Ha AMHATPUYM KapOOHAT BO MOJIAPEH COOTHOC
1:1, nen on ckpuHUHT-(hazara, ce OABUBA CO IPUMEHA Ha OlpeMa 3a BJakHa rpaHyianuja Diosna
2L. Bogara ce gonaBa 3a MHUIUMpame Ha peakiyjaTa Ha TpaHchopmanuja U 3a J10OMBambE
rpanyiapHa ¢opma. IIpuctanor Ha CylIeme Ha TallHU CO BKIYYYyBame CTEPUIIM3ATOP CO CyBa
tormnHa (ompema Panasonic MOV 212S) e mpumenet mnpu (ha3ata Ha CyIICHE Ha BIAXHHOT
rpanynat. CymemeTo ce ojiBuBa Ha Temmneparypa o1 50 °C Bo nepuon ox 150 MuHyTH, OJTHOCHO
110 TOCTUTHYBame BpeaHocT o 0,7 % 3a mapameTapoT ryOUTOK IIPU CyIICHeE.

1.2.1.3.2[lomepoa Ha oobuenama con Ha ubynpoghern co npumerHa Ha CNeKMpPOCKONUja 60
cpeono unghpaypseero noopauje (MIR)

Co men noTBpAa Ha JOoOMEHaTa HATPHYMOBA COJ Ha HOYIIPOQeH BO TEKOT HAa peakiujara
on ¢aza 1.2.1.3.1, HarrpaBeHa € KOMITApaTHBHA aHAIM3a HAa CIIEKTapOT (TeHepupaH co MPUMEHa Ha
Varian-660 FTIR crnekrpomerap) Ha AOOMEHHOT TpaHyJaT BO OJAHOC Ha MOYMpodeH HATpUyM
cuHTeTH3upaH o mpousBonuten BASF. CrnekrpanHuTe KapakTepUCTHKU HA WHIMBHIYaTHUTE
KOMITIOHEHTH C€ aHAJIM3WPAaHU CO Iell NOTBPAAa HA NPUCYCTBOTO HA PETHOHH CO Pa3iIndeH
CIeKTpaJieH curHai omery udynpoden u uOynpodeH HaTpuyMm, IITO € 3HaYajHO 32 OJPEayBabe
Ha CIIOCOOHOCTA 3a MPUMEHA Ha CIIEKTPOCKOMNMjaTa 3a CleACHe Ha JAe(UHHPAHUOT MpOLEC Ha
TpaHcdopmaimja.

1.2.1.3.3 Passoj na moodenu 3a keanmuukayuja co npumena Ha CneKmpockonuja 60 OIUCKO

ungpaypsero noopauje (NIR) u na cnekmpockonuja 8o cpedHo uH@paypeeno noopauje
(MIR)

Pa3BojoT Ha MojenuTe 3a KBaHTH(HKAIM]ja, a CO LIeJ] MOTBpJa Ha KOHIENTOT 3a MPUMEHA
Ha CIIEKTPOCKOIICKUTE aJaTKH 3a ClIe/Iehe¢ Ha KOHBep3ujaTa Ha nuOynpodeH, BKiIyuyBa u3padboTka
Ha 33, ogHocHO Ha 21 cranaapaHa MemnaBuHa (Tabena 4) co pa3nMyHU COOAHOCH Ha UOympodeH
aKTHBHA KOMIIOHEHTA, TMHATPUYM KapOOHAT ¥ CHHTETU3UPAHUOT IpaHyJIaT noynpodeH HaTpuyM
on ¢aza 1.2.1.3.1 3a pa3Boj Ha NIR u MIR moznenute, coonsetHo. IlponeHTyamHHOT yaen Ha
CeKOja 0J1 KOMITOHEHTUTE BO TIOATOTBEHUTE CTaHapAHN MEIIaBUHH € TIpeTcTaBeH Bo Tabena 1. [o
¢azaTa Ha CyBO MeIllake Ha KOMIIOHEHTHTE BO Pa3iIMu€H COOJIHOC, IPUCTANEHO € KOH J001Bamke
Ha NIR cnekTap 3a cexoja oJ1 MelIaBUHUTE CO ITpUMeHa Ha onipema Thermo Scientific™ Antaris™
Il FT-NIR cratuuen criektpodoromerap. MIR cniekTpute ce reHepupaHu co nmpuMeHa Ha Varian-
660 FTIR cnexktpomerap. [JoOueHHTe CIEKTpU C€ NPUMEHETH BO pa3BOj Ha MOJENU 3a
KBaHTU(UKAIMja 3aCHOBAaHM HAa XEMOMETPHCKA aHallM3a - perpecja Ha MaplujalHd HajMaju
kBazapatu (PLS) co mpumena Ha codTBep 3a myntuBapujantHa aHanuza SIMCA® (Umetrics,
Sartorius, Sweden).

NIR cnekrpanHaTa aHajdM3a Ha CEKOja OJ MEIIABMHUTE € HalpaBeHa CO TPUKPATHO
MOBTOpYBamkhe€ Ha aHAIM3aTa, CO ILITO C€ TeHEepPUpPaHH BKYNMHO 99 CHEKTpH KOM ce el Of
KaTMOpaIMOHNOT CET Ha MOIAaTOIM TPUMEHET IpH pa3Boj Ha PLS moxenor.

ITpu MIR cnekTpanHaTa aHaiIM3a ceKoja O] MEIIAaBUHUTE € IBOJHO aHAJIM3UPAHA, CO IITO
ce TeHEepHpaHH BKYITHO 42 CHEKTpH, JIeN O]l KATHOPAaIMOHUOT CET Ha MOAATONN MPUMEHET TpU
pa3Boj Ha PLS monenor.
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Bo nacoxka Ha neuHupame Ha BaprjadauTe (CIIEKTPATHUTE MOIATOIH) CO HAJTOJIEMO 3HAYCHHE BO
IPaJIelETO U CIIOCOOHOCTA 3a MpenBuayBame Ha PLS Monenot 3a kBanTu(duKanyja, HarpaBeHa e
a”Haym3a Ha goouenuort VIP mior.

Tabena 4. Cocmas na cmanoapOHu Meuasury npuMeHemu npu paszeoj Ha XeMoOMempucKu memoo
3a nomepoa Ha KOHYenm Ha pa3zeoj Ha Mooenu 3a Keawmugukayuja 6asupan Ha NIR
CNEeKmMPOCKONCKUme nooamoyu; CmaHoapoHume MeulasuHu O3HaA4eHU CO CUBO ce NPUMeHemu npu
PA3680j HA XeMOMempPUCKU Memoo 3a keanmugurayuja bazupan na cenepupanu MIR cnexkmpu

KomnonenTa
Memasuna HNoynpoden narpuym Hoynpoden Na2COs
opoj MaceH ynen Bo MemaBuHara (%)
1 100,00 0,00 0,00
2 98,49 0,99 0,51
3 97,00 1,98 1,02
4 95,53 2,95 1,52
5 94,07 3,92 2,01
6 92,62 4,87 2,50
7 89,77 6,76 3,47
8 88,37 7,68 3,95
9 85,60 9,51 4,89
10 78,92 13,93 7,16
11 72,55 18,14 9,32
12 66,46 22,15 11,38
13 60,65 25,99 13,36
14 55,09 29,67 15,24
15 49,77 33,18 17,05
16 44,67 36,55 18,78
17 39,78 39,78 20,44
18 35,09 42,88 22,03
19 30,57 45,86 23,56
20 26,24 48,73 25,04
21 22,06 51,48 26,45
22 18,05 54,14 27,82
23 14,17 56,70 29,13
24 10,44 59,16 30,40
25 6,84 61,54 31,62
26 5,43 62,47 32,10
27 4,74 62,93 32,33
28 3,36 63,84 32,80
29 2,68 64,29 33,03
30 2,00 64,74 33,26
31 1,33 65,18 33,49
32 0,66 65,62 33,72
33 0,00 66,06 33,94
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[To moTBpAa Ha XUIOTE3UTE OJ CKPUHHUHT-(pa3aTa HampaBeHa HA MEIIABHHHU KOHM COJIPIKAT
caMo TpU KOMIIOHEHTH, HCTPaXKyBambETO € HACOYCHO KOH pa3Boj Ha [TAT mozen 3a KBaHTUTATHBHA
aHaJIM3a BO TEK Ha BJIAKHA TPaHyJalldja CoO MPUCYCTBO HA CHTE MHTpPArpaHyjJapHH KOMIIOHEHTH
Ha ¢uHANHATA (hOpMYyIIallyja.

1.2.1.3.41loocomoeka Ha karubpayuoHen cem

KanuOpannoHnot ceT Ha mojatoiu 3a pa3soj Ha NIR mozaenute 3a cieneme Ha IPOIecoT
Ha BJIAYKHA TpaHyjIanuja Ha puHAIHATA popMyaiuja noynpodeH HaTpuyM TabJIeTH € TeHepupaH
CO MOJITOTOBKA HA 35 cTaHIapIHU MEIIaBHHH U3PAa00TEHU CO MEpeme U (PU3NIKO KOMOMHUPAHbE
(Memame) Ha WHTparpaHyJIapHUTE KOMIIOHGHTH Ha (QuHamHaTa (opMylandja, MpU INTO CE
BKIydeHH cTaHAapaHu komuuuau of Avicel® PH 101 u Tablettose® 100 xako moiHauu, Starch
1500 xako Bp3yBau, Aerosil® 200 kako nu3ray, 10JeKa aKTUBHUTE KOMIIOHEHTH HOYNpodeH u
uOynpodeH HaTPUyM ce BapupaHu BO KOHIeHTparroHeH omcer o1 0 % mo 100 % (tabena 4).

[ToAroTBEHHOT ceT Ha CTaHJAPAHM MENIABMHU € TPHMEHET 3a pa3Boj Ha MOJICIH 3a
KBaHTH(HKAIMja co 1en kommapaiuja Ha a8a NIR cnekrpodoromerpu, ctatuueH (Antaris 11 FT
NIR) u npenocen (MicroNIR 1700 ES) cnextpodotomerap. NIR cnekrpannata aHanmuza Ha
MOJITOTBCHUTE CTAHJAPJAHHM MEIIABUHU € JIBOJHO IMOBTOPEHA, CO IPHUCTANl Ha aHAW3a Ha JIBE
pa3IMYHM JIOKAIlMM HAa CEKOoja OJf MEIIABHHHTE, CO IIeJl MUHHMHU3HMPAKE Ha TPEIIKUTE KOW
MOTEKHYBAAT O] 3eMamkEeTO HA MPUMEPOIUTE 3a aHan3a. Co 0BOj IPUCTAIT CE TEHEPUPAHU BKYITHO
70 crieKTpa HH MTOJATOIH KOU C€ IPUMEHETH KaKo KAJIMOPAIMOHEH CET Ha TIOJIaTOIH 3a pa3Boj Ha
JIBA MOJIEJIN 3a KBaHTH(UKAIIW]a.

Bo Hacoka Ha pa3Boj Ha poOYyCTEH MOJeN 3a KBaHTHU(HUKAIMja BO TEKOT Ha MPOLECOT Ha
BJI&KHA TpaHyjaluja, CTaHAApPIHUTE MCIIABUHU CO  BKIYYCHH KOMIIOHCHTH  OJ
MHTparpanyiapHara (a3a mpumMeHeT: Bo KomnapartuBHaTa ananu3a Ha NIR cnekrpodoTomerpute
ce HaJorpaJicHH CO MHKOPITOpHpame Ha BapujabuiieH yaen Ha Boga o 0 % 10 23,5 % (tabena 5),
COOJIBETEH 3a CUMYJIallfja Ha MPOIECOT Ha BJaXKHa IrpanHyamyja. [IpuctanoT Ha aHamn3a Ha CEKoja
O]l MEIIAaBHHHUTE Ha JIB€ PA3JIMYHU JIOKAIMKA € TOBTOPHO MPUMEHET MPHU CHEKTPOCKOIICKAaTa
aHaJIM3a ¥ Ha OBHE MEIIIABUHU CO I1eJ1 STUMUHHUPALE Ha TPEIIKUTE KOU MMOTCKHYBAAT O] 3eMambEeTO
Ha MPUMEPOIINTE 3a aHau3a. Ha 0B0Oj HAauMH ce TeHepupaHu BKYMHO 192 cnekTpaiHu MoAaTonu
KaKo KaJuOpaIMOHEH CET 3a pa3B0j Ha MOJIEJIOT 3a KBaHTU(DUKAIH]a.
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Tabena 5. Konuuecmeo na sapujabuinume KOMHOHEHMU NPU UPAOOMKA HA CMAHOAPOHUME
Mewasutu 3a paseoj Ha modeaume 3a Keanmugukayuja Ha ubynpogen u na ubynpoger Hampuym

KomnonenTa HNoynpoden HNoynpoden Hatpuym Bonpa*
MemagsuHa 6poj Konugectso (g)
1 4,44 0,00 0,34
2 4,40 0,04 0,42
3 4,36 0,09 0,49
4 4,31 0,13 0,57
5 4,27 0,18 0,61
6 4,22 0,22 0,65
7 4,13 0,31 0,69
8 4,09 0,36 0,73
9 4,00 0,44 0,77
10 3,78 0,67 0,81
11 3,56 0,89 0,85
12 3,33 1,11 0,89
13 3,11 1,33 0,93
14 2,89 1,56 0,98
15 2,67 1,78 1,02
16 2,44 2,00 1,06
17 2,22 2,22 1,11
18 2,00 2,44 1,15
19 1,78 2,67 1,20
20 1,56 2,89 1,25
21 1,33 3,11 1,29
22 1,11 3,33 1,34
23 0,89 3,56 1,39
24 0,67 3,78 1,44
25 0,44 4,00 1,48
26 0,40 4,04 1,53
27 0,36 4,09 1,58
28 0,31 4,13 1,64
29 0,27 4,18 1,69
30 0,22 4,22 1,74
31 0,18 4,27 1,79
32 0,13 4,31 1,84
33 0,09 4,36 1,90
34 0,04 4,40 1,95
35 0,00 4,44 2,01

*npumenema 3a pazeoj Ha MOOEIOM 34 AHAU3A 80 MEK HA NPOYEC HA BILANCHA 2PAHYIAYU]A

29



1.2.1.3.5 Cnexmpockonuja 6o oaucko ungpaypeero (NIR) noopauje

3a CHEKTPOCKOIICKAaTa aHajlh3a BO OBaa cTyamja ce mnpuMmeHetd gaBa NIR
cnekrpodorometpu: crarndeH NIR mHctpyment (Antaris II FT-NIR Analyzer, Thermo Fisher
Scientific, CAJl) u npenocen MicroNIR ypex (MicroNIR 1700 ES, VIAVI, Santa Rosa, CA,
CAL).

Cratuynnor NIR cnektpodoromerap € COOABETEH 3a pa3BOj Ha MOJEIUTE 3a
KBaHTU(UKAIMja 3aToa INTO C€ KapakTepu3upa €O BHCOK CTEMEH Ha TOYHOCT M Ha
penpoAyKTUBHOCT. MIHCTpYMEHTOT € yIpaByBaH BO pPEXUM Ha pediieKcHhja, a CHEKTPUTE ce
CHUMEHH BO CIIEKTpanHo nozapadje ox 1 000 nm xo 2 500 nm (10 000 — 4 000 cm™?), co pezomyuuja
8 cm™!, no6uenn npexy ycpeaHyBame Ha CIEKTPUTE Of 18 CKeHMpama.

MicroNIR npeHOoCHHOT cieKTpodoTOMETap € AU3ajHUPAH 32 ONpeeyBame Ha Tudy3HaTa
pedaekcrja Bo NIR pernoHoOT 0J €1eKTpOMarHeTHHOT criekTap. OmpeMeH co aeTekTop co 128
nuKceny u JmHeapeH npomenius ¢uirep (LVF) kako cenekrop Ha OpaHoBaTa JOJDKHHA, TOj TO
ondaka crnekTpanHoTo noapauje ox 950 nm o 1 650 nm (10 526 — 6 060 cm™). Onoj
crniekTpodoToMeTap € moBp3aH 3a janrtomn npexky USB-npukinydok, a CHUIMameTo Ha CIEKTPUTE €
KoHTpoiupano co nomoir Ha MicroNIR Pro v.2.2 codrep Ha uncTpymentor. Judysnonuor
peduextupauku curHan Ha NIR cnekrapor e o3naden kako pediekcuja (R), mpu mTo
noraputamcka BpeaHoct (1/R) e mpuMeHeTa mpy xeMoMeTpuckaTa ananmsa. b 4
OBoj crmekTpodoTomMeTrap € MpUMEHET MpH pPa3BOj HAa MOJAENOT 3a aHajdu3a Ha (¢uUHAIHATA
dbopMyIanuyja, Kako M MPU aHAIW3a Ha JIAOOPATOPUCKUTE MPOOM KaKO JIei OJ HaJIBOpEIIHATA
BaJIM/Ialldja Ha Pa3BUEHHUOT MOJIEN 32 UHTparpaHyjiapHa KBaHTU(UKAIIH]a.

1.2.1.3.6 Myamusapujanmua cmamucmuyka anaiusa

Mopnenute 3a kBaHTHU(UKaIM]a HA AKTUBHUTE KOMIIOHEHTU C€ KPEUPAaHU CO NMPUMEHAa Ha
codrBep 3a myntuBapujanTHa cratuctruka aHamsza SIMCA (Version 14.1.0, Umetrics, Umea,
[IBeacka). On mpuuMHA INTO KOHIEHTpalMjaTa Ha AKTUBHUTE KOMIIOHEHTH € XEeMHCKa
KapaKTepHUCTHKa, QUITEP 3a HOpMaIU3aluja o u300p Oe3 BiMjaHUE HA 3HAYaJHUTE HHPOPMAIINH
IIPUCYTHU BO CIIEKTapoOT € TpaHchopMalMja Ha CIIy4yajHU IPOMEHJIMBU CO CTaHAap/iHa HOPMaIHa
pacmipenenba (SNV). OBaa TexHuka 3a o0pabOTKa Ha CHEKTPATHUTE IMOJATOIIM OBO3MOXKYBa
no00pyBame Ha NeNOKyIHATa Pe30TylHja Ha HHPOPMALUUTE eKCTPaXUpaHH oj] cripekTpute.*®
47,48 PerpecnonaTa aHanW3a Ha MaplUjaiHd HajmMamu kBaapatu (PLS) kako MysiTMBapujaHTHA
CTaTUCTMYKA TEXHHUKA € IPUMEHETa 3a BOCIIOCTABYBamke Kopenalyja Ha 3aBUCHUTE POMEHJINBU
(BO 0BOj Cily4aj KOHIIEHTpaljaTa Ha aKTUBHUTE KOMIIOHEHTH BO CTaHJAPJAHUTE MEIIABHHHU —
OpOMEHJIMBU Y) CO HE3aBHCHHTE MPOMEHIIMBH Ha MPOLECOT (CIEKTPATHUTE MOJATOLH —
npoMeHIuBH X). L[e10TO CIeKTPOCKOIICKO Moapavje € MPUMEHETO 3a pa3BOj Ha MOJEIUTE 3a
KBaHTU(UKaMja. J[OMONMHUTENHO, Ce BOCIIOCTaByBa M KOpenaluja Ha KOHLIEHTpAlMUTE Ha
AKTUBHH KOMITOHEHTH KOH T'H MTPEIBUIYBAaT MOJICITUTE BO OJJTHOC HA IIO3HATHTE KOHIIEHTPAIINX Ha
aKTUBHHUTE KOMIIOHEHTH BO CEKOja O] CTaHAapAHUTE MEIIaBUHHU.

Bammpanmjata wa NIR wMomenuTte BriydyyBa METOJ Ha BKPCTEHA BalHAalHja CO
UCKJIy4dyBambe Ha €/IeH MPUMEpPOK CO TeK Ha Bpeme. KBaapaTeH KOpeH oJ cpeiHa KBajJpaTHA
rpemika oj NpeABUIyBame, MpecMeTaHa co KpocBamumanuja wa wmoxaenor (RMSEcv) ce
IIPUMEHYBa KaKO JIMjarHOCTUYKH TECT 3a eBajlyallija Ha MPEIM3HOCTa U TOYHOCTA Ha MOJEJIOT BO
MIPEBU/TyBabaTa.

[Iporienkata Ha COOJBETHOCTa Ha pa3BHEHUTE MOJEIM M HHMBHAaTa KOMIIapaluja
BKJTydyBaaT aHajW3a Ha CTATUCTUYKUTE WHAWKATOPH 32 COOJBETHOCT HA CIEKTPOCKOIICKUTE
MOJIeNU 3a KBaHTH(MKALMja, KaKo: koeduImenTy Ha kopenanuja (R2Y, R2X), xoepunuent Ha
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CIIOCOGHOCT Ha MOZIETIOT 3a nmpeBuyBame (Q?), KBagpaTeH KOPeH OJ cpeaHa KBaApaTHA TPENIka
on npensuayBame (RMSEE), kBanpareH KopeH o/ cpe/iHa KBaJjpaTHa TPeIKa o MPeIBUIyBabE,
mpecMeTaHa co KpocBanuuanuja Ha mozaenor (RMSEcv), momeka, mak, KBaapaTeH KOPEH O
CpelHa KBaJpaTHa rpeuika o npeasuayBame (RMSEP) e uckopucten 3a mpolieHKa Ha MOKTa Ha
MIpe/IBUIyBakhe Ha ONTUMATHUOT MOJIET.

1.2.1.3.7 I[loocomoexa na nabopamopucku npobu (Hadsopewina eaiuoayuja)

Hanpopemnara Banuanuja Ha MOJCITUTE BKIIyYyBa aHAIN3a Ha JIAOOPATOPUCKH MTPOOH 3a
MIPOU3BOJICTBO HA MOyNpodeH HaTpuyM TalJIETH CO MOA00pEHa PACTBOPIMBOCT. TEXHOIOMKHAOT
MPOLIEC HA BJIAYKHA TPpaHyJalldja IPUMEHET 3a U3paboTKa Ha JIaDOpaTOPUCKUTE MPOOH BKITydyBa
yrnotpeba Ha J1abOpaTOPUCKU TpaHyJaTOp CO BHCOKA CWJIa Ha CMOJIKHyBambe Diosna P1/6 u
JIBOJIMTAPCKM caja 3a rpaHyidauuja. a3ara Ha BIaXHA TpaHyjlalyja T'M BKIy4yBa
WHTparpaHyjlapHUTe KOMIIOHEHTH uOymnpoden, Hatpuym kapOonar, Tablettose® 100,
Avicel®PH-101, Starch 1500 u Aerosil® 200. [Ipu u3paboTka Ha Pa3IUIHUTE JTAOOPATOPUCKH
poOM KOJMYECTBOTO HA HATpUyM KapOoHAT € BapupaHo Bo omcer on 0 mo 2 monu Ha 1 Mon
nbynpodeH (neraseH MpuKa3 Ha HWHTPArpaHyJIapHHOT COCTaB Ha JIAOOPATOPUCKUTE HpoOU €
IpHKakaH Bo Tabena 6).

Tabena 6. Cocmas na nabopamopuckume npoou (JIII) 3a nomepoa Ha moderom 3a
KeaHmupukayuja

JII'1 JIII 2 JIII 3 JIIT 4 JII S JIII 6
I'panyiaanuja: KomnuuHa (g)
Ibuprofen 111,11 111,11 111,11 111,11 111,11 111,11
Na,COs 38,92 57,09 114,18 28,54 7,14 0,00
Tablettose® 100 17,50 17,50 17,50 17,50 17,50 17,50
Avicel®PH 101 17,50 17,50 17,50 17,50 17,50 17,50
Starch 1500 16,25 16,25 16,25 16,25 16,25 16,25
Aerosil® 200 1,25 1,25 1,25 1,25 1,25 1,25
PuHa/IHA MeLIABHHA:

Avicel® PH 102 18,05 18,05 18,05 18,05 18,05 18,05
Ac-Di-Sol® 7,50 7,50 7,50 7,50 7,50 7,50
Compritol 888 ATO 3,75 3,75 3,75 3,75 3,75 3,75

Kako pesyiarar Ha mpomMeHaTta Ha KOJIMYECTBOTO HATPUYM KapOoHAT, MOTpeOHO €
npucnocoOyBamke Ha KOJUYECTBOTO BOJIAa 3a M3Ben0a Ha MPOILECOT Ha BIaXKHA TpaHyJjalluja.
[TocnenoBarenHo, HANpPaBeHW CE€ W OAPEACHU MPHCIIOCOOYBama Ha MPOIECHUTE MapaMeTpH BO
COTJIACHOCT CO TPOMEHaTa Ha KOJMYECTBOTO HATPUYM KapOOHAT U Ha KOJTMYECTBOTO Bojia (Tabena
7). LlenTa € mpon3BOJICTBO HA TPAHYJIHM CO KBAJIMTET COOJIBETEH 3a MPOIIECOT Ha TabJIeTUPaILE.

[TpomecoTr Ha rpaHyIanMja 3amOYHyBa CO TUPEKTHO [I0JaBamke BOJAa BO CaJoOT 3a
rpaHyjanyja co MpUMeHa Ha NepucTanTtuika mymna. [IporecoT Ha BiIaXHEHE Ce OJBHBAa BO
BPEMEHCKH Iepro/ 01 4 10 6 MHHYTH CO I1eJT 7]a c€ OBO3MOXH COOIBETHA TUCTPHOYIIHja Ha BOIAaTa
HEOITXO/HA 32 PAaCT Ha TPaHyJIUTE.
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Tab6ena 1. Ilpoyecnu napamempu (I111) na pazume nasicna epanynayuja u cyuierse
JII1 JIm2 Jia3  JIII4  JIHIS JIIé6

Yexop 1: Memame Ha IpeIMeIIaBHHATA

I

Bbp3una Ha Memanka (rpm) 200 300 300 300 300 300
Bp3una Ha cexad (rpm) 1000 1500 1500 1500 1500 1500
Bpeme Ha Meriame (min) 2 3 3 3 3 3
Yexop 2: Biaxueme

111}

Bp3una Ha Meranka (rpm) 150 200 200 200 200 200
Bbp3una Ha cexau (rpm) 1000 2000 2000 2000 2000 2000
Bpeme Ha BiaxkHeme (min) 3,5 3 4 2,5 15 2,5
bp3una Ha nepucTanTUyuka nymmna (rpm) 15 15 15 10 15 20
Yexop 3: Buia:kHo Meceme

1111

bp3uHa Ha Memmanka (rpm) 200 300 300 300 300 300
Bp3una Ha cexad (rpm) 2000 2000 2000 2000 2000 2000
Bpeme Ha BIaKHO Meceme (min) 4 5 6 6 6 6
Yexop 4: Baaxkna perpanyJanmja

I

Bp3una na cexau (rpm) 1400 1400 1400 1400 1400 1400
Yexop 5: Cyueme

I

Konnuuna Ha BeseH Bozayx (m3/h) 10 10 10 10 10 10
Temmnepartypa Ha Bie3eH Bo3ayx (°C) 65 65 65 65 50 50
Yexop 6: YcutnyBame

1111

Bp3una Ha cexau (rpm) 1400 1400 1000 1000 1000 1000

Kako mro e nmpukaxaHo u Ha ciuka 6, co mpumena Ha MicroNIR cnekrpodoromerap ce
aHAJM3UPAHU JIB€ OCHOBHHM (Da3u 0]l MpOIecOT Ha BiIaXkHa rpaHyianuja. Jlaboparopucka npoda 6
0e3 MpUCYyCTBO HA HATPUyM KapOOHAT € TMpOM3BEIEeHAa Kako KOHTPOJIHA cepuja Koja €
M0CJIeI0BATEIHO MPUMEHETA MPU aHAJIN3aTa Ha PaCTBOPIIMBOCT, CO 11€J1 HOTBP/Ia HAa KOHIENTOT Ha
nmogoOpeHa pacTBOPJIUBOCT MIPH KOHBEp3Hja Ha uOynpodeH Bo HaTpuymoBa coi. Kako pesynrar
Ha OTCYCTBO Ha TpaHc(opmaiuja kaj oBaa mpoba, HEJ3MHHOT MPOLEC Ha MPOU3BOJCTBO HE €
cieneH co npumeHa Ha MicroNIR cnexkrpodoromerap, HO KpajHaTa TOYKa Ha MPOLECOT Ha
MIPOM3BOJICTBO Ha I'PaHyJIaTOT € KBaHTU(UKYBaHa cO MPpeTXoaHo pazBueHnoT PLS moxen. [pukas
Ha KBAaHTUTATUBHUOT COCTAB Ha IPOU3BEICHUTE JTAOOPATOPUCKHU MPOOH € TpruKakaH BO Tabena 6,
J07ieKa TPOLIECHUTE MapaMeTpH IUTO ce MPUMEHETH 3a IPOM3BOJCTBO Ha cekoja mpoba ce
MpeTcTaBeHu Bo Tabena 7.
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Cnuxa 6. Ilpuxaz na un cumy NIR cnederwemo Ha npouzgoocmeomo Ha 1ab6opamopuckume npoo

3a mpou3BOJICTBO Ha (PHHATTHA MELIaBUHA 32 Ta0JeTUpame, Ha IPOU3BEACHUTE TPaHyJIH O] CEKOja
cepuja ce momamaar HanBopemHuTe ekcrunueHtH (Avicel® PH 102 u AC-DI-Sol) u ce
MIPOJIOIIKYBA CO MemIame Bo nepuof of 30 munyTtu u 15 BpTexku Bo MuHyTa, Bo 10-nurapcku can
3a memarbe Ha ERWEKA AR 403 Oype-memanka. [lotoa, koH MemaBuHara ce 104aBa JyOpUKaHT
(Compritol 888 ATO) u ce mpogomxkyBa co Memame yimre 10 MunyTu co 15 BpTeku Bo MUHYTA.
Compritol 888 ATO e u30paH Kako JIyOPMKAHT HAMECTO MAarHE3WyM cTeapar IMopajau Beke
IIOTBp/IEHATa MHTEpaKIyja Ha ubympodeH co MmarHesumyM creapat.’® Jlo6uenute ¢uHATHM
MEIIAaBUHU c€ KOMIIPECUPAHH BO Kpy>KHHU 11 mm Tabnetu co mpuMeHa Ha 1abopaTopuCcKa TabeT
npeca Korsch XL 100 PRO.

1.2.1.3.8 lin 6umpo nocmanka 3a onpeoenysarse Ha Op3uHamMa Ha 0c10600y8arbe Ha
uoynpoghenom o0 paziuuHume 1ab60pamopucku npoou

OmnpenenyBameTo Ha pacTBOPIMBOCTA HAa HOYNpodeH Ha BKYITHO IHIECT TabJIeTH O/ CEKoja
naboparopucka mpo0a € M3BEJAEHO CO MPUMEHA Ha MPETXOJIHO Pa3BHEH M BAJIUIAHPAH METOJ.
MetozoT BKIIydyBa IPUMEHA Ha arapar 3a TECTUPambe PaCTBOPJIMBOCT TUI 2 CO BECIIO co Op3uHa
Ha poTanuja ox 75 BpTexku Bo mmHyTa Ha 37 + 0,2 °C. Menuym 3a m3Benba Ha TECTOT 3a
pactBopauBocT € 900 mL aneraren mydep unjamro pH Bpeanocrt e 4,5.

IIpu ananu3aTa Ha NPUMEPOLIUTE O PA3INYHUTE EKCIIEPUMEHTH, 3€MEHHU CE€ IIPUMEPOLU
o 10 mL ox menuyMoT 3a pacTBopame, Bo Bpeme of 5, 10, 15, 30 u 45 MuHyTH, IITO BOEAHO H
ce 3aMeHyBa CO €HAKOB BOJTyMEH Ha CBEX MeauyM co Temmeparypa of 37 + 0,2 °C, co uen
OJIp’)KyBam€ KOHCTaHTEeH BKyIleH BoryMeH. [IpruMepokoT o/1 cexoja BpeMeHCKa TouKa ce GuiITpupa
Hu3 0,45 pm Quntep mpousBeneH O]l pereHepupaHa Ledyno3Ha MemOpaHa, a 2 mL ox
uchuUATPUPAHUOT pacTBop ce TpaHchepupa Bo S0 mL BomyMeTpucka TUKBa U ce pa3perysa 10 50
mL co wmemmym. Ilpumepounmrte ce  KBaHTUTaTUBHO aHamm3upanun co UV-Vis
cnektpodoTomerpucku Meroid. Kankynanujata Ha BKYDHOTO KOJIMYECTBO HAa PacTBOPEH
nOynpoeH BKIydyBa aHaM3a Ha TECT U CTaHJIapAHU pacTBOpH co nmpumena Ha Cary 50 UV-Vis
cnekTpodoTOMETap CO EeTEKIMja Ha OpaHoBa JoKKHA 011 221 nm.
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1.3. PESYJITATU U JUCKYCHUJA
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1.3.1. Kapaxmepuszayuja na 0obuenama con va ubynpogen, ubynpogen nampuym, co npumena
Ha cnekmpomempuja 60 cpeoHo uH@ppaypeeHo noopayje

Ha cnuka 7 e nmpukakaHa KOMITapaTHBHA aHAJIM3a HA MOJICKYJIADHHOT €HTHTET, KOj ce
no0uBa MpU WHTEpAKIMja HA UOYNpodeH co AUHATPHUYM KapOOHAT BO MPUCYCTBO HA BOJA, BO
omHoc Ha crekrtpamHute MIR kapakTepucTMkM Ha TIOCAMHEYHHUTE CYpPOBUHHU HOymnpodeH u

IUHATPUYM KapOOHAT, aHAJM3UpaHW 3a BpeMEe Ha HHHIMjalIHAaTa CKPUHHUHT-(aza of
HCTPaXKyBambETO.
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Cnuka 7. MIR cnexmap na ubynpogern u cunmemuzupan ubynpopen Hampuym

Joouennor MIR criekrap Ha yucT nOynpogeH ce KapakTepu3rpa co MHTEH3UBHA JICHTA BO
pernonot okony 1 709 cm™ (5 850 nm), mTo ce MOMKM HA ACHMETPUYHHOT KapOOHMIEH MO U
JleHTa BO pernoHoT Ha okomy 3 000 cm™ (33 000 nm) kako pe3ynTar Ha XMAPOKCHIHO BP3YBakbe
on kapboxcmnHata rpyna.’’ Kako mro Moxe ma ce 3abenmesxm, MIR crekrapor no6meH of
OuHapHaTa cMeca o] UOynpoeH U AMHATPUYM KapOOHAT M0 HUBHATA MHTEPAKIIKja BO IPUCYCTBO
Ha Boj1a (cimka 7) jacHO ce pasiiuKyBa Bo ojiHoc Ha MIR cniektpuTte cHUMEHU Ha YUCT uOymnpodeH
U TUHATPUYM KapOOHAT, CO0/IBETHO. Pa3nukuTe BO CIIEKTPUTE U OTCYCTBOTO Ha MPEKJIONyBamke Ha
CTIEKTPAIIHUTE PETUOHW KApaKTEPUCTHYHU 3a aKTUBHUTE KOMIIOHEHTH YKa)KyBaaT Ha
COOJIBETHOCTA 3a Pa3BOj Ha CIIEKTPOCKOICKH TEXHUKHU 3a KBaHTU(HKALK]ja HA OBUE MOJIEKYJIH.

VHTEeH3UTETOT Ha KapOOHHIHHOT Moj ox mbympodern ma 1 709 cm? (5 850 nm) Bo
CIIEKTapOT CHUMEH Ha MEIIaBUHATA 10 TpaHyJIalija ce HaMalyBa, ITO UMIUTHIIIPA HaMallyBabe
Ha yJIeJIOT Ha YHCT, Hen3pearupan uoynpodeH Bo OnHapHaTa cMeca. BakBute mpoMeHH BOIaT KOH
3aKITy4OK JieKa Jioara 10 (hopMUpame HOB MOJIEKYJIAPEH EHTUTET KaKo pe3yJiTaT Ha MHTEpaKIujaTa
nomery uOynpodeH M IuHATpUuyM KapOoHAT, KOJIITO BO JMTEpaTypara € IO3HAaT Kako COJ
nbynpodeH HaTpuyM AUXHUIPAT.

[lenocHata kapakTepusanuja Ha goOueHara coyl HOynpopeH HATHUPYyM AUXUApPAT €
NoTBp/ieHa co criopenda Ha MIR cniekTapoT o]l KOMepIjaqHO JOCTAHUOT HOYNnpodeH HaTpUyM
muxuapat o npousBoautenor BASF (cnuka 8). KapakrepucTHuHUTE JEHTH HITO C€ 10jaByBaaT
BO peruoHot okony 1 545 cm™ (6 470 nm), pesynrar Ha antucumerpuuanot (V(COO )as), u 1 404
cm™ (7 120 nm), pe3ynTar Ha cumetpuuEHOT KapoonmteH Mos (V(COO )s), jacHo ro moTBpIyBaaT
TIPHCYCTBOTO Ha HOBOOOMeHaTa coil.>® JIOMONHUTENHO, CHHTETH3MpPAHATA COI Ha MOYHpodeH
HATPUYM Ce KapaKTepusupa co jeHTta Ha 3 348 cm™ (2 990 nm) mTo ykaxyBa Ha IPUCYCTBO HA -
OH BanentHa BuOpanuja, Ouaejku HaTpuyMoBaTa cojl Ha HOynpodeH e Bo XxuapaTHa popma.
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Cnuka 8. MIR cnexmap Ha ubynpogen nampuym 00 BASF u cunmemusuparn ubynpoghen nampuym
[To moTBpaa, HOOKEHAaTa COJI € MPUMEHETa PH Pa3Boj Ha MOJIENIUTE 3a KBaHTU(UKa1Hja.
1.3.2. Pazsoj u komnapamusHa anaiusa Ha CKpUHUHe-Memooume 3a KeaHmMu@uxkayuja

Bo paMKH Ha CKpI/IHI/IHF'(baSaTa o OBaa CTy,HHja, pa3B0j0T Ha CIICKTPAaJIHUTC MCTOAU 3a

KBaHTU(UKAIMja HA COJIpKMHATa Ha MOynpodeH m HOympodeH HATPUyM € OBO3MOXKEH CO
npumena Ha SIMCA® codTBep 3a My/ITUBapHjaHTHA aHATN3A.
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2 Gos) fom

Cauxa 9. a) Cnumenu NIR cnexmpu; 6) NIR cnexmpu dobuenu no SNV mpancpopmayuja
8) Cnumenu MIR cnexmpu; 2) MIR cnexmpu dobuenu no SNV mpancghopmayuja

Bo oBaa crynuja pa3BojoT Ha MOJENUTE 32 KBaHTH(HUKAIMja 3alI0YHYBa CO IPUMEHa Ha
¢unrep 3a HopManM3auuja — TpaHcopMmalja Ha CIy4ajHH HPOMEHJIMBH CO CTaHJapAHa
HOopMaiHa pactpenenda (SNV) co men mocraByBame Ha CUTE CIEKTPH Ha 3a€JHUYKAa OCHOBHA
JIMHHUja, TITO IO OJIECHYBA PErPECHMOHOTO Mojenupame.’’ CHUMEHHTE CIEKTPH U CIEKTPHTE
nobuenn mo SNV tpanchopmalijara ce mpuKaxaHud Ha Ciuka 9.

Pa3zBojor Ha PLS monmenure 3a kBaHTH(uUKanuja co npuMmeHa Ha SNV CHEKTpalHUTe
MOAATOIIM BKITy4yBa MOCTaByBame Kopenamuja mery goouenute NIR u MIR cnekrpu, renepupann
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IpH aHallM3a Ha CeKoja IMOATOTBEHA MEIIaBMHA, BO OJHOC Ha MPOICHTYAIHHOT YNl Ha
ubynpoder u ubynpodeH HaTpUyM BO COOJIBETHATA CTaHAAapAHA MelraBuHa. M nBata pa3BueHu
MOJIEIIN C€ KapaKTePU3UpaaT CO BUCOKH KOPEAIIMCKH KOS(HUITMEHTH U CIIOPETHBA MPEINKATHBHA
cnocobHocT (Tabena 8). JloOuenure BpenHoctu 3a RMSEE u 3a RMSEcv ja motBpayBaar
CIOCOOHOCTA Ha Pa3BHECHUTE MOJICIIH 32 MPEIBUYBakbE HA JOOMCHHUTE PE3yJITaTH BO TPAHUIA HA
TOYHOCT 011 + 5 %, ogHOCHO + 6 % ox mobuenata BpeaHoct 3a NIR u MIR mozenoT cooBeTHO.

Tabena 8. Komnapayuja na kapakmepucmuxume Ha 08ama CKPUHUHS-MOOenU

Hucrpyment Thermo Scientific™ Antaris™ I1 Varian-660
FT-NIR cnekTpomerap FTIR cnekTpomMeTap
Monaea NIR MIR
Bpoj Ha naTeHTHH Bapujadbin 2 2

R2Y 0,98 0,98

R2X 0,98 0,90

Q2 0,98 0,96

RMSEE 4,66 4,13

RMSEcv 4,96 5,89

Ha cnuka 10 e mpercraBeH KOMMIAapaTWBEH MpPUKa3 Ha KOPEJALUMCKUTE IUIOT-aHAIU3U
noMery BpEIHOCTUTE 3a COAPKMHA Ha HOYmpodeH HATPUyM NpPEIBHIEHH CO IOMOII Ha
reaepupanute PLS Monenu u koHneHTpanuuTe Ha nOynpodeH HaTpuyM BO CEKOja MEIllaBUHA.

Cnuka 10. I[Inom xoj ja npemcmasgysa Kopenayujama nomery npedguoeHume 8peOHOCmU 3d COOPICUHA HA
ubynpogpen Hampuym u KOHyeHmpayuume Ha AKMUGHAMA 80 NOO2OMEEHUME MeUAGUHIL
a) NIR mooen; 6) MIR moden

JlonoJaHUTENHO, cO Led JepUHHpame Ha CETOT OJ CHEKTpaIHM MmojaTouu (OpaHOBH
OpoeBu) co HajroieMo 3Hauewe 3a PLS Mopenurte, mpumeHET € MpUCTan Ha aHalu3a Ha
BapHjabJINTe CO HAJrOJIEMO BIMjaHUE BP3 MPEIBUAYBAKETO, OJHOCHO aHaJIM3a Ha T€HEPUPAHUOT
VIP mnor (ciauka 11). Binjanuero Ha BapujabiuTe ce MpolEeHyBa BO OJHOC HAa TOJIEMHHATA Ha
nobuenara VIP Bpennoct. Bapujabnute (6panoBute 6poesu) co VIP Bpegnoct nmoronema ox 1,0
TIpeTCTaByBaaT BapHjabliu CO HAjTONEMO 3HAYEHE BO KPEHPAHHOT Moen. >
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Cauxa 11. VIP nnom 3a kpeupanuom PLS;
a) NIR mooden; 6) MIR moden

3a NIR mozenoT 3a kBaHTH(UKAIMja Haj3HAUAJHUTE CIIEKTPATIHH pernoHH (ciuka 11a) kou
MOJIEJIOT TH KOPUCTH 3a MPEIBUAYBakhE Ha COMpIKUHATa Ha HOynpodeH u Ha HOynpodeH HaTpHyM
ce JIOKaIM3UPaHy BO mozpadjata o1 6 100 1o 5 600 cm™ (1 639 — 1 786 nm) u ox 4 700 10 4 000
cm™ (2128 — 2500 nm).>® Bo cornacroct co VIP 1ot Ha MIR Mozen (ciuka 116), KapOOHUIHHOT
u kap6okcunanTe MozmoBu (1 709 cm™/ 585 nm, 1 545 cm™Y/ 647 nm, 1 404 cm™/ 712 nm) ce
W3/IBOjyBaaT KaKO Haj3HA4ajHU. 3HAYajHU CIICKTPAIHU PErHMOHH KOW MOJCIIOT T'M KOPHCTH 32
KBaHTH(UKaMja Ha uOynpodeH W Ha uHOynmpodeH HATPHUyM, UCTO Taka, Ce HaoraaT ¥ BO
nozapayjara oz 660 10 990 cm™ (10 101 — 15 152 nm) u ox 1 180 mo 1 300 cm™ (7 692 — 8 475
nm).

1.3.3. Juckycuja 60 o0noc na ckpunune-ghazama

WMuunujanHata CKpUHHUHI-(a3a O] HMCTPa)XKyBameTO BKJIydyBa IOTBpJAa Ha CHHTE3aTa Ha
nOynpodeH HaTpuyM IPH MPOLEC Ha BIaKHA TpaHysandja Ha HOynpodeH BO MPUCYCTBO HA
HaTpUyM KapOOHAaT M [OIOJHUTEIHO IO MOTBpPAYyBa KOHILIENTOT Ha pa3BOj Ha MOJAEIH 3a
KBaHTH(HKAIFja CO MPUMEHA Ha CIICKTPOCKOITHja BO OJMCKO U BO CPETHO MHPPALPBEHO MOpayje.
MynTuBapHjaHTHaTa aHajaM3a BO KOMOMHAIMja CO CHEKTPOCKONHUjaTa BO OJMCKO M BO CPEIHO
1ojipayvje ce MOTBpAYyBa Kako KOpPHCHA ajaTkKa 3a KBaHTHUTaTHBHA aHalM3a Ha MEUIaBUHU KOU
COJpJKaT pa3jMYHM KOHLEHTPALlMM HA aKTUBHU KOMIOHEHTH. [IpenHocta Ha oBHE MeTOOM €
crocobHocTa 3a Op3a, HEMHBa3MBHA aHalM3a, CO IITO CE OBO3MOXYBAa KOHTpOJia Ha
MIPOU3BOJICTBEHUTE MPOLIECH NPEKY HaBPEMEHHU Mepema (3a BpeMe Ha (pa3aTa Ha IMPOU3BOJICTBO).

Bo pamku Ha oBaa cTyauja ce aHaJM3UpAaHU CTAaTUCTUYKA MOJENM 3a KBaHTHU(UKalM]a
pa3BUEHHM CO NPUMEHA Ha CIEKTPaJHUTE IOJATOLM TE€HEPHPAaHU CO aHalIW3a Ha TEpHApHHU
CTaHJApJHU MELIaBUHU CO pA3JIMYEH MpPOLEHTyaJleH yAeld Ha KOMIIOHEHTUTE HOymnpodeH,
nbynpodeH HaTpuyM M HaTpuyM kapOoHaT. CIEeKTpOCKOIICKaTa aHaJIn3a BKIy4dyBa IPUMEHa Ha
nBa pasnmuuHu crnektpodoromerpu, Thermo Scientific™ Antaris™ II FT-NIR craTtuyen
cnekrpodoTtomerap u Varian-660 FTIR cratuuen cnextpomerap. NIR u MIR monenure ce
reHepupanu npumeHyBajku PLS perpecuona ananusa 3a npeaBuyBambe Ha KOHLIEHTpalMjaTa Ha
aKTUBHHUTE KOMIIOHEHTH BO MELIABHHUTE, U UCTUTE MOKaXXyBaaT CIIOCOOHOCT 3a MPEIBUAYBaE
CO TPaHUIM Ha TOYHOCT o1 + 5 % u + 6 % 3a NIR u MIR Mozesnor, COOBETHO.

Jisete texnuku, NIR u MIR cnexktpodoromerpuja, mpercraByBaaT Aesl o BUOpalmoHaTa
CIEKTPOCKOMNHja YMjIITO (PU3NIKO-XEMUCKH METOJ] Ha aHajM3a Ce 3aCHOBAa Ha MHTEpakifja Ha
cBeTi0cHOTO 3paderme Bo NIR (o1 780 nm/12 800 cm™ ! 10 2 500 nm/4 000 cmfl), oxHocHO MIR
peruonot (2 500 nm/4 000 cm™ - 20 000 nm /400 cm™), co MosekynuTe Ha MIPUMEPOKOT. 3a
pasnmuka on MIR cnekrtpockonujara koja € HacoueHa KOH aHaiu3a Ha (QyHIaMEHTATHHUTE
BuOparuu Ha Mosiekynute, NIR cekTpockomnujaTa ru aHaTu3upa KOMOMHAIIMUTE HA OBUE PEKUMHU
Ha BuOparnuja. NIR ananmm3ara dyecto ce KapakTepuszupa CO CHEKTPH INTO HE CE€ MPEIH3HO
nepuHUpaHd CO MUKOBH KOM ce ci1abu u yecto ce mpenokpusaaT u NIR cmekrapor He ce
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MPUMEHYBa 3a JUPEKTHA eKCTpakiuja Ha uHbopManujata oa unrepec. Bo cnpotusno, npu MIR
CIIEKTPOCKOIHja CO €IHOCTaBHA aHAJIN3a Ha MO3UIMjaTa Ha MTUKOBUTE BO TEHEPUPAHUOT CIIEKTap
MOJKE Ja Ce HalpaBM MACHTU(MKAIMja HA MOIEKYJIapHUTE BPCKH IIPHCYTHH BO HPUMEPOKOT.>*
Cemnak, mnpu KBaHTUTAaTHBHATa aHajgW3a 3aCHOBAaHA Ha M3rPAZCHU XEMOMETPUCKH MOJEIH,
MOJIaTOLINTE OJT IBETE TEXHUKHU CE JOKAKAHU KaKO COOJIBETHHU 3a IPUMEHA, LITO € MMOTBPJICHO U BO
COTJIACHOCT CO 3aKJIyYOIIMTE OJ] CKpUHHHT-(a3aTa o] 0Baa CTyuja.

N3060poT Ha TeXHUKATA 32 aHAIK3a CE 3aCHOBA Ha ()MHATHATA IIeJ]T Ha Pa3BOjOT HA MOJIEIIOT
Y Ha JIOCTAITHOCTa Ha PECYpCH KOM K€ OBO3MOKAT KOHTPOJIA HA MPOIECHTE BO TEKOT HA CaMOTO
pOU3BOACTBO. Bo ckpuHUHTr-(a3aTa, yujamiTo 1meia € MOTBpAa Ha KOHLENTOT 33 MOXKHOCTA 3a
KBAaHTUTATUBHO CJICJICHE Ha peakiyjara Ha TpaHcpopMmanuja Ha uOynpodeH Bo uOympodeH
HATPUYM, C€ MPUMEHETH CTATHYHU CIIEKTPO(POTOMETPH 3a JOKaKyBame Ha KoHienTor. O oBaa
MpUYMHA BO ciieHaTa (ha3a mpu pa3BojoT Ha MOACIIOT 3a KBaHTH(HUKAIIH]a, KO OU ce TpUMEHYyBaj
3a KOHTpOJIa Ha TPOILECOT Ha MPOM3BOACTBO HAa HOympodeH HaTpuym TalleTH, € BKIy4eHa
KOMIIapaTHBHA aHaliu3a Ha cTatudeH co npeHoceH NIR cniekrpodoTomerap.

1.3.4. Komnapayuja na INAT moodenu pazsuenu co npumena Ha npeHocet u na cmamuyer NIR
cnekmpogomomemap

KamuOpannonuTe CHEKTpalHM T[OAATONM TeHEPHUpaHH CcO TpUMEHa Ha JBara
cnekrpodoTomerpu (ctatudeH u npeHoceH NIR criekTpodoTomeTap) ce mprKakaHu Ha ciauka 12
(a m B). IIpu pa3Boj u Ha oBUE MojnenH 3a KBaHTH(]HKaIHja, 0OpaboTKaTa HA CIIEKTPAITHHUTE
MO/IaTOIIM € BKJIIy4YeHa CO 1€l MUHUMU3Hpakhe Ha HeTOCaKyBaHUTE BUOpaluy BO HeoOpaboTeHHUTe
CIIEKTPAJIHU CUTHAIM M HUBHO YCOTJIaCyBame Ha 3aeJHMYKA 0a3Ha JIMHHUja MPEKY eITMMHUHUPAHE
Ha pa3IMYHHUTE MIPOMEHU BO 0a3HaTa JIMHU]ja KOM C€ CIIy4yBaaT Kako pe3yJTaT Ha HaJBOPEIIHU
BIIMjaHWja BO TEKOT Ha CIICKTpajHATa aHaIW3a, a JOIOJHHUTEIHO MOoJI00pyBaaT U poOyCHOCT Ha
MOJIETHTe KOH HEOUeKyBaHH MPOMEHH KOH Ce TI0jaByBaaT P! aHAIM3a Ha HOBH IPHMepoIH.>>
CrniopenieHO CO pa3IMyYHU TEXHHUKH 3a 00paboTka, U Bo oBaa (aza ox ctyaujata SNV nokaxysa
CYNIEpHOPHOCT BO KOPEKIMja Ha paceaHaTa CBETIMHA U BO OTCTpaHyBame Ha BapHjallMUTE BO
CTIEKTapOT KOM TOTEKHYBAAT 01 (GU3NIKUTE KapAKTEPUCTUKN Ha IPUMEPOIINTE 32 aHAIN3a KaKo U
o]l yciaoBuTe Ha Mepemwe. Criektpute noouenu mo SNV o0paboTka 3a [BaTa ceTa Ha CIIEKTPATHU
MIO/IaTOIM ce MPUKakaH! Ha ciuka 12 (6 ur).
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Cnuka 12. Heobpabomenu cnekmpantu nooamoyu 2enepuparu co a) Thermo Scientific™ Antaris™ I FT-NIR u 8)
MicroNIR 1700 ES cnekmpogomomempu,; SNV obpabomernu cnekmpu Ha meuiasunu 2enepuparu co 6) Thermo
Scientific™ Antaris™ II FT-NIR u 2) MicroNIR 1700 ES cnexmpogomomempu

PLS kanubOpanuonute monenu 3a kBaHTH(UKanuja Ha uOynpodeH u Ha ubynpoden
HAaTPUYM C€ Pa3BUEHU CO MPUMEHA Ha JBe JaTeHTHH Bapujadbmu (LVs). Moxenute mocraByBaar
Kopesianuja momer'y CHUMEHHMTE CHEeKTpalHM mojaTouu (co BkiyuyeHa SNV o6paboTka) co
KOHIICHTpaljaTa Ha AaKTUBHUTE KOMITOHEHTH 3a CeKOja O]l KaIMOpalMOHUTE MEIIaBUHH.
Kapaxrepuctukure Ha kanuOpauumonunor PLS monen ce eBamympaar npeky KoeUIIMEHTOT Ha
npensuayBame (R?X), koeHIMEHTOT Ha AeTepMUHAIMja Ha oncepparuute (R?Y), BammanocTa
Ha MojenoT (Q2) M MpeKy rpeuikuTe Bo mpeasuayBamara Ha moaenor (RMSEE, RMSEcv),
IpeTcTaBeHu Bo Tabemna 9.

Tabena 9. Cnopedba na xapakmepucmuxume Ha 08ama pazeuenu Mooenu

HucTpyMeHT Crarnuen FT-NIR IIpenocen MicroNIR
Bpoj Ha naTteHTHH Bapujadbin 2 2
2 0,99 0,99
R2X 0,95 0,93
Q2 0,99 0,99
RMSEE 3,83 2,65
RMSEcv 4,56 2,72

Cnopen PLS cratucTHukuTe WHIUKATOPH, JABaTa MOJEIM MOKa)XyBaaT CIOCOOHOCT 3a
o0jacHyBame Ha moBeke 01 90 % ox BapujabuiHOCTa BO puMeporuTe. JJoOneHnTe BpeIHOCTH 32
rpemkuTe Bo npensuayBameTo (RMSEE u RMSEcv) ja moTBpayBaar mpenu3HocTa Ha MOJIECTIOT
BO MPEIBHUIYBAKETO HA pe3yaTarute. [ padukoHnTe Ha MpeaBUAYBakE C€ MPUKAKAHU HA CIIMKA
13.
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Cnuka 13. I'pagpuxonu na npedsudysarve, a) moden — cmamuyer NIR cnekmpogomomemap, 6) mooen — npeHoceH
NIR cnekmpogpomomemap

Nako nBara MHCTPYMEHTH C€ Pa3IMKyBaar Mo MIMPUHATA HA CIICKTPATHOTO MOApadvje 3a
amanmu3a - MicroNIR 950 — 1 650 nm, (10 526 — 6 060 cm™) u Antaris II FT-NIR 1 000 — 2 500
nm (10 000 — 4 000 cm™), MozenuTe UITO Ce pa3BHeHHM 32 KBAHTUTATUBHA aHATN3A CO IPUMEHA Ha
OBHE CIIEKTPOPOTOMETPU MOKAXKYBaaT BUCOKH KOPENALUCKH KOe(UIIMEHTH M HHCKA Tpelka BO
npensuyBame (Hucku RMSEcv Bpegnoctu). OBue pe3yiTaTu yKa)kyBaaT COOIBETHOCT Ha JBaTa
MOJIETIH 3a KBaHTU(]UKAIMja HA COAPKUHATA HA aKTUBHUTE KOMIIOHEHTH BO TEKOT Ha MPOIECOT.
Nako npenocanor MicroNIR crekrpodoromeTap ce KapakTepu3upa cO MOTECHO CIIEKTPATHO
nojapadje Ha aHanu3a H mociaba pe3onynuja Bo cmnopenda co cratuuHuoT FT-NIR
crekTpooTOoMeTap, Pa3BHCHHOT MOJEN pe3yiITHpa CO IMOMAJIM WHICKCH HAa TPEIIKH BO
npensunyBamero (RMSEE u RMSEcv). OBa, HajBepojaTHO, ce JOKH Ha 3Ha4ajHO MorojemMara
nmoBpmuHa Ha aHanmm3a npu MicroNIR ananmmsa, mTo WCKIydyBa BIMjaHWE HA MHKPO-
HEXOMOTEHOCT Ha MMPUMEPOKOT, a JOMOJIHUTEIHO CO TPUMEHATa Ha aTOPUTMUTE 32 00paboTka Ha
CHEKTPAJHUTE MOJATOLM C€ KOMIIEH3UpaaT (HamaiayBaaT) BIMjaHUjaTa HA HAJBOPEIIHUTE
(dakTopu 0/ cCpeMHaTa Bp3 CTAOMIHOCTA Ha CUTHAJIOT.

I'padukoHOT Ha BapHMjaHCUTE OJ HHTEpeC MOBTOPHO € NPUMEHET 3a Kopejauuja Ha
PETMOHNTE 3HAYAjHU 32 KBAaHTH(HKAILIM]jA CO CTPYKTYPHHUTE KapaKTEPUCTUKU HA MOJICKYJIUTE KOH
ce aHalu3upaaTr, BO 0BOj ciyyaj ubynpodeH u ubynpopeH HaTpuym. CerMeHTHTE Ha OBHE
rpauKOHU CO HajrojemMa BPeJHOCT 3a ockaTa Y yKaKyBaaT Ha 3HA4ajHOCTAa HA UCTUTE PETUOHU
3a kBanTHuUKamuja.”’ TIpu mocTaByBambe Ha KpUBAaTa HA BApUjaHCUTE O] HHTEPEC HA 3a¢THUUYKH
rpagukoH co NIR cnekrtpute Ha akTuBHHTE cyncraHiuu (ciuka 14) ce OBO3MOXYyBa
uAeHTU(UKAIM]a Ha TIIaBHUTE perMoHu o]l cHuMeHuTe NIR criekTpu Ha KoM KpeupaHuoT MOJeNl
ja 3acHOBa TpeABUAyBaukata aHaiu3a. OBUE peruoHM Kopenupaar co perumonute oa NIR
CIIEKTPAJIIHOTO M0/Ipayje KOU Ce MOBP3aHU CO OCHOBHUTE KAapaKTEPUCTHKH HA MOJIEKyJaTa Ha
aKTUBHUTE CyINCTaHIIMN UOynpodeH U HOynpoPeH HaTPUyM.
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Cnuxa 14. NIR cnexmap na ubynpocghen (ypsen), ubynpoghen nampuym (3eiemn) nacnpema epagpukoHom Ha
sapujabaume 00 unmepec (ypn) a) Antaris II FT-NIR; b) MicroNIR 1700 ES

Bo corjmacHOCT co 3aKiIydyoKOT M OJf MHHMIMjalHaTa CKPUHHUHT-(a3za, JBETE aKTUBHU
CYNICTAaHLIMU HMMaaT CIMYHU MOJEKYyJapHU (parMeHTH ILITO TOCIEOBAaTEIHO YKakyBa M Ha
CHEeKTpajHu ciuyHOCTU. CrieKTpuTe ce 00raTu co JEHTH OUJejkU CTPYKTYpPUTE HAa OBUE aKTUBHU
KOMIIOHEHTH C€ M3BEJEHU O] OCH3€H CO BKIYYEHU CYNCTUTYEHTH KOM ja HamaldyBaaT BKyIlHaTa
MOJIEKyJIapHa CUMETPHja, IITO OBO3MOXKYBA I10jaBa Ha JOMOJHUTEITHN BUOPAIIIOHU MUKOBH. Bo
Cllyyaj Ha CYNCTHUTYLM]ja CO aJKWIHU I'PYNH MOBP3aHU HA apOMATUYHUOT (OEH3EHCKU) MPCTEH,
JeHTUTE O ucTerHyBameTo Ha C-H BpckuTe Ha ankuimHUTE TPynmu (METHI M METHIICH) Ce
nojasysaar Ha okoiy 1190 nm (8403 cm™) u 1210 nm (8264 cm™), noneka MakCUMyMOT Ha
BTOpHOT 0BepTOH Ha C-H ncTerHyBameTo 01 alKIIMpaHuTe OCH3EHH Ce M0jaByBa Ha okoiy 1 145
nm (8734 cm™).%8 ITokpaj permonor ox 1 100 10 1 250 nm (9 090 — 8 000 cm™)>°, unrTeH3MBHM
JICHTH OJ1 METHUJICH U METHJI TPYIHTE ce mojaByBaaT Bo peruonot ox 1 350 mo 1 420 nm (7 407 —
7 042 cm), xou notekHysaat o cexkynaapaute C—H xom6unanuu®® u ce mojaBysaar Bo NIR
CTIEKTapOT Ha JBETE aKTHBHH KOMIIOHEHTH.

3abenexnuBa pa3nuka Bo NIR criektpure Ha nbynpoden u Ha nuOynpoden HaTpuyMm, Kako
IITO € MPETCTABEHO M BO CKPHHMHT-(a3ata, ce mojaByBa Bo mojapadjero o 1 430 nm go 1 610 nm
(6 993 — 6 211 cm™), peruon koj e kapakTepucTHYEH 3a IPBUOT oBepToH Ha O—H HcTerHyBaukuTe
BUOpAIIMI S, TOBP3aHM CO BOJOPOJHA BpCKAa ITOMery aToOM O OEH3eHCKHOT NpPCTeH H
KUCENIMHCKAaTa Tpyla, BO OBOj Cilydyaj WHTepakija mnomely HarpuymoBuoT joH (Na') wu
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KapOOKCHIIHATA TpyIla Ha MoJieKyJsata Ha uoyrnpodeH. KoH moBHCOKUTE BPEJHOCTH Ha OpaHOBA
nomkuHa, Bo pernonute 1 688 — 1 870 nm (5 924 — 5 347 cm™) u 2 240 — 2 440 nm (4 464 — 4
098 cm™), ce mojaByBaar moromem 6poj deHTH. O6macTa CO MOHHCKH OPaHOBU JOKHHH €
KapaKTepUCTHYHA 3a T0jaBa Ha JICHTU Kou nmoTekHyBaat oa OH ucrernyBamara KOMOMHUPAHU CO
C=0 wucternyBame (mpB oBepToH Ha OH u npB oBepTon Ha C-H), mTo morexknyBa u ox OH
rpynara u og CHs rpynara®®®!, nomexa ancopmmure Bo permonor ox 2 240 no 2 440 nm (4 464
— 4 098 cm™) npunaraar Ha kom6unarmute Ha CH3 n C=0 rpynure (C-H pacrernysame n C=0
ucrernysame).”> *° 3nauajua nenta kaj ubynpoden HaTpUyM ce MojaByBa BO pernoHot of 1 900
nm o 2 070 nm (5 263 — 4 831 cm™), mwTo ro 03HaYyBa BTOPUOT OBEPTOH HA KapOOHMIHOTO
ucrernyBame. OBaa To0jaBa € KOH3UCTCHTHAa CO OYEKYBAaHHMOT OICET 3a II0jaBa Ha JICHTa
KapaKTepUCTUYHA 3a KapOOHUIIHOTO BP3yBame, 0MHOCHO perrnoHoT o 1 905 nm go 1 923 nm (5
249 — 5 200 cm™).2 Cenaxk, 3Hauajuo e 1a ce 3abenexu AeKa 0BOj OICET ce MPEKJIONyBa CO JIEHTa
KOja MOTEKHYBa OJ] alcopIiyjaTa Ha MoJieKyJara Ha Boja (ox 1 887 nm mo 2 000 nm (5 300 — 5
000 cm™)), mTo e KapaKTEpUCTHYHO 3a CTPYKTypaTa BO IIBPCTATa COCTOj6a HA MONIEKyJNaTa Ha
ubynpodeH HaTpUyM AUXUAPAT.

I'padmkoHOT HA BapHjaHCUTE OJT HHTEPEC 32 MOJICIIOT PA3BHEH CO IPUMEHA Ha CTATUYHHOT
NIR cnekTpodoTomeTap ykakyBa Ha 1Be BUCOKO kopenupanu NIR nozapauyja, o 1 430 nm (6 993
cm™) 10 1 610 nm (6 211 cm™) u moxpaujero ox 1 887 nm (5 300 cm™) g0 2 000 nm (5 000 cm-
1), xou ce mpumeHyBaaT oj MOJENOT NpPU KBAHTH(UKALMjATA HA AKTUBHUTE KOMIIOHEHTH
noynpoden u ndynpodeH HaTpuyM.
Kako nocneaniia Ha TOTECHOTO CIIEKTPATHO MO/ipayje 3a aHanu3a Ha mpeHocHuoT MicroNIR 1700
ES cniekrpodoromerap, 0BOj MOAET WHUITMjATHO M 3aCHOBA MIPEIBHUIyBambaTa HA CIICKTPATHUTE
PErnoHy KOH oMaiu 6paHoBH A0KuHM, okoty 1 100 — 1 250 nm (9 090 — 8 000 cm™), 1 430 nm
(6993 cm™) 1 1 610 nm (6 211 cm™?).

3emMajku ja TpeaBU] MOEAHOCTaBHATa (M3MUKA HMIUIEMEHTAIMja Ha MPEHOCHHUOT
crekTpodoTOMeTap 3a MEpema BO TEK Ha MPOIIEC U MOTBPAECHATA CIOCOOHOCT 32 KBAHTUTATUBHO
npenBuayBambe Ha PLS Momenor pasBueH co mpuMeHa Ha CIEKTPUTE TEHEPUPaHU CO OBO]
cnektpodotomerap, MicroNIR cniekTpodhoTOMETapOT € OLIEHET KaKo COOJIBETEH 3a TTOHATAMOIITHA
npumena kako [TAT anartka 3a cieneme Ha MPOIecOT Ha BlIaXKHA TPpaHyalldja.

1.3.5. Mooen 3a unmpazpanynrapna keanmugurayuja — paseoj u earuoayuja na MicroNIR
IIAT memoo 3a keanmuguxayuja

ITpu pa3BojoT Ha MOZENOT 3a MH CUTY KBaHTHU(HKaMja Ha uOynpodeH n Ha uOynpoden
HAaTPUYM BO TEKOT Ha MPOIIECOT HA BIIAYKHA TPaHyJallMja, IPUMEHETa € PerpecroHa aHalln3a Ha
napuujanHu Hajmanu kBagpatu (PLS) 3a kBanTH(UKaMja U UCTHOT € KpEHpaH CO MOCTaByBaHe
kopenarja Ha SNV o6padorenute NIR criekTpu Bo 0JIHOC Ha KOHIIEHTpalldjaTa Ha aKTHBHATA
KOMIIOHEHTa HHKOpIOpHpaHa BO CEKOja OJ CTaHIApJHUTE MEIIaBUHU coojBeTHO. Llenoto
CIEKTPATHO MOJpadje € MPUMEHETO BO Pa3BOjOT HA MOJIEIIOT.

Bammnanujata Ha MozenoT®> % BirydyBa /Be HMBOA: BHATpEIIHA BaTH/IAIN]a, BKPCTEHA

BaIMJAIMja CO OTCTPaHyBame Ha €JIeH MPUMEPOK CO TeK Ha BpeMe O] KaIMOpPAIMOHUOT CET, U
HaJBOpEIIIHA Bajujalvja, Mpu Koja € MPUMEHET NMoceOCH BaTUAAIlMOHEH CeT O] BKYIHO 23
HE3aBUCHO MOJATOTBEHM HpUMepolH 3a aHanu3za. Co BHATpelIHaTa Balujalyja ce MpoleHyBa
CIOCOOHOCTa HAa MOJENOT 3a NMpeABUAYBalkb€ Ha KOHIIEHTPAI[MUTE Ha aKTUBHUTE KOMIIOHEHTHU
IIPEKy BpeIHOCTA Ha KOS(HUIIMEHTOT Ha CTaHIap/iHa Ipellika 1o BkpcTeHa anuaanuja (RMSEcv).
Koedpunuentor Ha npeauktuBHa rpemka (RMSEP) npercraByBa KoepuIeHT Koj ce 100uBa 1o
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HaJBOpEIIHATA BaJlMJalija Ha MOJENIOT CO He3aBHUCEH ceT nmpumepouu. Pazsuenunor PLS mozxen
(kpeupan co mprMeHa Ha 2 TATEHTHU MPOMEHJIMBH) C€ KapaKTepHU3upa CO 3HAYNTETHA TUHEAPHOCT
(R2X = 0,99, R?Y = 0,94, Q2 = 0,94) u npeumssoct (RMSEE = 7,27, RMSEcv = 8,16, RMSEP =
6,78). CoonBeTHaTa KOpelnaiyja moMery MpeIBUICHUTE U BHECEHUTE BPEAHOCTH (ciuka 15) Ha
JIBETEe aKTUBHU KOMIIOHEHTHU T HCTaKHYBa poOycHOCTa 1 e()eKTUBHOCTA Ha MOJIEJIOT 3aCHOBAH Ha
MicroNIR nmonmaronure kako [TAT anaTtka 3a cielerme Ha MPOIecoT Ha BlIaKHA TPaHyIalnja.
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Cnuka 15. I'pagpuxon Ha unkopnopupanu Hacnpema nped8udeHu Konyenmpayuu co npumena na MicroNIR
Modenom; a) kKarubpayuoren cem, 6) 6arUOAYUOHEH cem.

1.3.6. hn cumy credere na mpanzuyujama Ha ubynpogen 80 1a60pamopucku yciosu

[Tpumenata Ha pa3BueHHoT MicroNIR Monen e moTBpeHa NpeKy MPOU3BOJICTBO U aHATIHM3a Ha
neT 7a00opaTopUCKH MPoOU BO YHJIITO COCTAB C€ MHKOPIIOPUPAHU CTaHAapAHA KOHIIEHTpaIja Ha
ubynpoden u BapujabuiIHA KOHIIEHTpalMja HAa HAaTPUyM KapOOHAT CO IeJ MOCTUTHYBambe
pa3iaMyeH CTENeH Ha KOHBep3Hja Ha ubynpodeH Bo nOynpodeH HaTpuyM 3a BpeMe Ha MPOLECOT
Ha BiIaxHa rpanyinanyja (taGema 10). NIR crnexTpanHuTe MojaTolM CHUMEHHM 3a BpeMe Ha
JI07IaBabETO Ha BOJIATA 3a IpaHyJIalrja BO ABa Jela U CIIEKTPUTE CHUMEHH BO TEKOT Ha MPOIECOT
Ha BJIaKHA IpaHyJalMja ce MPUMEHETH 3a TECTUPAE HAa KPEUPAHUOT MOJEN 3a KBAHTUTATUBHO
MpEIBUAYBAC W TIPEIBHIYBAE HA DPE3YJITATUTE 3a TapaMeTapoT COApPKWHA Ha aKTHUBHH
KOMIIOHEHTH BO T€K Ha pa3in4HM (a3u o] MPOLECOT.

AmHanm3zaTa BO peajTHO BpeMe TIOTBP/IM MOCTETNICHO 3roJIeMyBamkhe Ha COJIP)KUHATA Ha HOynpodeH
HaTpUYM 3a BpeMe Ha MpPOLECOT Ha BIaKHA IpaHyJalMja Kaj JabopaTOpUCKHUTE NMPOOH KOH
COJpKAT TOBOJHO KOJIMYECTBO HATPUYM KapOOHAT, CO NCTOBPEMEHO HaMalyBame Ha COJIPIKUHATA
Ha ubynpoden (ciauka 16). [Ipu u3paborka Ha mabopatopucka npoba 3 (JIII 3) co Hajronema
KOJMYMHA Ha HaTtpuyM KapoOoHnat (114,18 g), xommueTHa TpaHcopmaiuja ce 3al0enexyBa Ha
MIOYETOKOT Ha MPOLIECOT, BEHALI 10 J0aBamkbeTO Ha KOJIMYECTBOTO BOJIa HEONIXO/IHA 32 BIIaKHATA
rpanynamnuja. O npyra ctpaHa, 3a BpeMe Ha MpOoIecoT Ha rpaHyJialrja Ha jabopaTopucka mpooda
5 (JIIT 5), mpu mTO € J0JaJeHO HajMalo KOJIWYeCTBO Ha HaTpuyM KapOonat (7,14 g), ce
3a0enexxyBa Iociiaba mporpecuja Ha KOHBep3WjaTa Ha uOynpodeH Bo MOynpodeH HaTpuym 3a
BpeMe Ha BIIAXHOTO MeCeme, JOCTUTHYBajKH MaKCUMalTHO HUBO 071 20 % Ha KpajoT Ha MPOLECOT
(3a BpeMe 051 6 MUHYTH).
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Cnuxa 16. Coopoicuna na ubynpoghen (a) u ubynpoghen nampuym (6) 60 mek Ha npoyec Ha GIANCHA SPAHYIAYU]A
(JIIT — nabopamopucka npoba,; B — enasxcnerwe;, BM — enasicno mecerve)

CymupaHo, pe3ynTaTHUTEe OJl aHalW3aTa Ha MapaMeTapoT COApKUHA Ha AaKTUBHUTE
KOMITOHCHTH BO TIPOM3BEJICHUTE TPaHyIIH, ONPe/IeeHa CO MPUMEHa Ha pa3BueHnoT PLS monern,
MOKa)KyBaaT CHJIHA KOpeJalija co MHKOpIopupaHaTa KOJTHYMHA HA HATPUYM KapOOHAT BO ceKoja
nabopaTopucka mpooa.

Tabena 10. Konuyuna na ubynpogen u na nampuym xkapbornam 6o nabopamopuckume npoou u
PLS npeosuoenume speonocmu 3a coOpi#cuHa Ha aKMu8HU KOMHNOHEHMU HA KPAjom Ha npoyecom
HA 8IAJICHA 2paHyIayuja

Ji 3 JI 2 JI 1 JII 4 JI s JII 6
Maca na

H6ynpoden 111,11 g 111,11 g 111,11 ¢ 111,11 g 111,11 g 111,11 g
Na,CO3 114,18 g 57,09 g 38,92 ¢ 28,54 g 714 g 0,00 g
IIpenBueHa KOHIEHTPAIIMja HA KPAjoOT HA MPOLECOT HA IpaHyJanuja

Ho6ynpoden HaTpuyMm 99,65 % 93,91 % 85,12 % 81,77 % 17,97 % -0,10 %
Ubynpoden 0,35 % 6,09 % 14,88 % 18,23 % 82,03 % 100,10 %
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Co nen na ce uaeHtuukysa onHecyBameTo Ha NIR criekTpaimHUTe MOAaToNH Off CEKoja
cepuja, Oerie pa3BHeH MOJEJ 3a aHaIM3a Ha eBojyiujata Ha cepuure (batch evolution model
(BEM)), kane mro noouenute NIR criektpu (SNV 06paboTenn) o1 cexoja ceprja 6ea mpuMeHeTH
KaKO HE3aBHCHHU IPOMCHJIMBH, J0JICKa BPEMEHCKHTE TOYKH Ha MPOM3BOJHHOT Ipolec Oea
MOCTAaBEHH KaKO 3aBUCHH ITPOMEHIIUBH.

BEM-rpadukonute Ha pacripeaenda (cnuka 17a u cnuka 1760) ykaKyBaaT Ha MPUCYCTBOTO Ha JIBa
KapakTepUCTUYHH MPOLIECHH MHIUKATOPH (J0JaBambeTO BoJa M TpaHcopmalrja Ha HOynpoden
BO HOyIpodeH HaTpuyM), KOH, IJIaBHO, C€ 00jaCHETH CO MpBaTa KOMIIOHEHTA Ha MoaeoT. Kako
IITO HampeayBa MPOLECOT, MHIMKATOPUTE Ha IMpBaTa KOMIIOHEHTAa CE 3rojieMyBaaT c¢ [0
MMOCTUTHYBamkEe Ha KpajHaTa TOYKa Ha TpaHchopmanuja Ha HOynpodeHOT. Bo KOHTPOIHHUOT
nujarpaMm (cimka 17B) nmuHujata Ha eBonynuja Ha JIII 5 3HauMTenHO OTCTamyBa O] IMHUHUTE HA
ocTaHaTHTe JabopaTopucku podu (HaaBOp of rpaHuniaTa = 1 crangapaHa aesujanuja (SD) ox
IpoceyHaTa BpENHOCT JOOWEHa O]l aHaiu3aTa Ha CUTE cepuu). Toa ce JOKM camMo Ha
naplyjajiHaTa KOHBep3uja Ha HOynpoQeH MOCTUrHaTa 32 BpeMe Ha Ipou3BoacTBoTo Ha JIIT 5, miro
MIpHUJIOHECYBa 3a pa3inuuHOo cBojcTBO Ha NIR eBoyiujaTa Ha oBaa cepuja.

Il Cepvia NN 1
M Cepvjann 2 P Meluakse npen MellasuHa
a) M Cepvjanin 3 6) MiBnax+o mecerbe
A Cepvia NN 4 A
Cepuja N 5
10 = it 10 4 ® PY
L J e ®
54 59
g ) ®
0 4 ) 0__0‘—1_ |
. &
5 e A 7
-10 |~ T T T T T T T T -10 \~ T T T T T T T
-30 -25 20 -15 10 5 0 5 10 15 20 -30 -25 -20 15 -10 -5 0 5 10 1% 20
1] 1]
B) - )
— Cepuja il 1
51 — Cepurjan 2
0 — Cepuja il 3
Cepuja NN 4
-5 — Cepurjalli 5

1]

Bpewe

+1 Std.Dev
CpenHa BpegHoCT
- 1Std.Dev

Cnuka 17. BEM-ananusu: epaguxonu na pacnpedenba 3a npsume 0ée KomMnoHenmu 0boenu no cepuja (a) u gasa na
npou3eo00cmeo (0); KOHmMmpoaeH oujazpam Ha OOHeCY8arEemo HA cepuume (8) — 3ejleHama JUHUjA ja npemcmasyed
cpeonama epedHoCm 3a cume cepuu, 000exa ypeenume aunuu npememagysaam + 1 SD 00 cpeonama epednocm
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1.3.7. Awnanuza na pacmseopiusocm

Crenenot Ha TpanchopMmaiuja Ha ubynpodeH Bo uOynpodeH HaTpUyM OINpPENEICH MPEeKy
KBaHTUTATMBHA aHAlM3a Ha KPajoT Ha MpPOIECOT Ha BIIAXKHA TpaHyJlalyja co MpUMEHa Ha
pa3BueHuoT PLS Monen u nmpoduinte Ha pacTBOPJIMBOCT HA TAOJIETHTE O CEKOja Jaboparopucka
npo0a ce mpuKakaHu Ha ciuka 18a u Ha ciuka 180.

a)

M6EynpocbeH = 6ynpocher 8
HaTpUyM 100|

——nn1
N2
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—-nnN5
—-NN6

80

60

|
|
w

40

T 5 | 20

CoaprwHa (%)

0 10 20 30 40 5 60 70 80 90 100 0 5 15200 25 30 35 40 45
CoapxkuHa (%) Bpeme (MuH)
Cnuxa 18. Komnapamusen npuxas na npedguoeHama KOHYeHmpayuja Ha akmugHume KOMHOHEHMU HA KPajom Ha
npoyecom Ha panynayuja (a) 60 00Hoc Ha npoghurom Ha pacmeopaugocm (0) 3a cexoja rabopamopucka npooa

[TpodumnnTe Ha pacCTBOPIUBOCT MOKAKYBaaT coo/iBeTHA Kopenaiuja co NIR mpensuaenute
KOHILIEHTpaMu Ha HOynpodeH HaTpuyMm, OIHOCHO MPOOUTE CO TOrojieMa KOHIIGHTpalfja Ha
nOynpodeH HaTpUyM MOKa)KyBaaT TMOBHUCOKH CTallKd Ha pacTBopame Ha uOymnpodenor. OBue
pe3ynTaTH ja MOTBPAyBaaT COOABETHOCTA Ha pa3BueHHOT [IAT monen 3a cieneme Ha TPOLECOT
Ha TpaHchopMmaija Ha nOynpodeH Bo HeropaTta HATPHYMOBA COJ, 32 OINPeJIeITyBamkbe Ha KpajHaTa
TOYKA Ha peaklujaTa Ha TpaHc(hopMallija 1 3a MOCTUTHYBambe epeKTUBHA KOHTPOJIA Ha TPOIECOT
Ha BJIa)KHA TpaHyJaluja.

1.3.8. 3axayuok 00 ucmpasicysarve I

OBaa crynuja OTKpUBa 3HAYajHU AacleKTH 3a MOYKHOCTa 3a HUMIUIEMEHTalja Ha
nporiecHaTa aHanuTHuka TexHonoruja (ITAT) 3a cieneme Ha IPOILIECOT HA BIaKHA TpaHyJIallHja.
KomnaparuBHara ananm3a Ha aata NIR cnekrpodoTomeTpu, cTaTudeH M IPEHOCEH, ja
MOTBP/AYyBa COOJIBETHOCTA Ha OBUE AJIATKH 3a pa3Oupame U 3a KBaHTH(UKAIIM]a Ha IIBpCTO(azHaTa
KOHBep3Mja Ha uOynmpodeH Bo uOympodeH HaTpuyM 3a BpeMe Ha MpOLECOT Ha BIaXKHA
rpanynanyja. IIpenocnuuor NIR cnekrpodoromerap ja mMOTBpAM CBOjaTa MPUMEHJIMBOCT 3a
cliefielkha BO TEKOT Ha NpPOLECOT Ha peakuujata Ha TpaHchopmanuja u Op3o Jo0OHBame
nH(popMalrja 3a CTENEHOT Ha KOHBEpP3Uja Ha akTUBHATa komnoHeHTa. Ha toj Haunn NIR anarkara
OBO3MOJKYyBa ONpeEZeNyBalkbeé Ha KpajHaTa TOYKa Ha peakuujata Ha TpaHchopMmaluja Kora
MocaKyBaHaTa KOHIEHTpalyja Ha UOynpopeH HaTpUyM € TIOCTUTHATA.

Kako 3akmy4ok, pa3Buenata [TAT amaTka Moxe Ja JloBeJe /10 pa3Boj Ha MOETHOCTaBEeH
MIPOM3BOJICTBEH IPOIIeC Ha Ta0aeTH HOynpodeH HaTpUyM KOM UMaaT MmoJo0peHa pacTBOPIMBOCT,
npeky NIR crneneme Ha nmpouecoT Ha TpaHchopManrja Ha HOynpodeH Bo HOynpodeH HaTpuyM 3a
BpeMe Ha MPOIECOT Ha BIa)KHA TPpaHyJIalfja.
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2. ACTPAYKYBAIDBE ||

Hnoseamuesen pazeoj na iunuouu hopmyaayuu:
Ilooobpena xomocenocm u pacmeopau8ocm Ha
AKMUBHAMA KOMNOHEHMA 0803MONCEHO CO NPUMEHA HA
Xunepcnekmpaier UMUyUne 60 OJIUCKO UHPPAUpE8eHo
noopaduje
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2.1. lIEJIN HA UCTPAXKYBAIGE ||
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CnabaTa pacTBOPIMBOCT Ha JIGKOBUTE MTPETCTaBYBa 3HAUUTENICH MPEAU3BUK BO PA3BOjOT
Ha (apMaleBTCKUTE J03UpaHu GopMu 0COOEHO 3eMajKku ro npeasua GaktoT neka okory 40 % ox
HOBHTE JICKOBHTH CYICTAaHIMM C€ KapaKTepU3UpaaT cO JIMMUTHpPaHa PACTBOPJIMBOCT ILITO
3HAYMTEIIHO MOKE J1a ja KOMIPOMHTHPA HUBHATA TepaneBTcka edukacHoct.®% Bo mocnenunure
JICIEHUH C¢ TIOBEKE Ce MCTaKHYBa 3HAYajHOCTa HA Pa3BOjOT HA JHUMUIHHUTE (HOPMYIAIMHU KaKO
pe3yaTaT Ha HHMBHUOT NOTEHLMjall 3a MOAO0OpYyBame Ha OMOPACHOJOMNIIMBOCTa HAa AKTHBHUTE
KOMIIOHEHTH co cnaba pacteopamBoct.® ' Jlunmmuure ¢opmynamum  BiamjaaT  Bp3
arCoOPILUCKUOT NPOPUI U Bp3 UCHOpakKaTa Ha XUAPO(YOOHUTE JICKOBUTU CYICTAHLUH, NPEKY
(hIeKCUOMITHOCT BO COMyOMIM3aIjaTa Ha JICKOT BO JIMITHHATA MATPHUIIA CO IITO CE€ TIOCTUTHYBA
3rojIeMyBambe Ha PacTBOPJIMBOCTA M OJIECHYBam€ Ha arcoplilyjaTa of IacTPOMHTECTHUHAIHUOT
TPaKT, MTO (UHATHO PE3yiTHpa CO MOJoOpeHa OmopacmonoxMBOCT. Cemnak, JTUMUTHPAYKU
¢dakTop BO IMpUMEHATa HA JUIMUIAHUTE (GOpPMyJIAllUK NPETCTaByBa HUBHATA MaJla CIIOCOOHOCT 3a
HaBJIAXHYBambe, KOja BIMjae BP3 PECTPUKIHjaTa HA JUCIEPTUPABETO HA OBHE (HOpPMYyJIalld BO
BOJIEHA CpeIuHa, 3HAUYUTENIHO BIMjaejku Bp3 0CI0001yBambeTO M Bp3 alcopllujaTa Ha JEKOT.
XunpodoOHUTE CBOjCTBa Ha JUMHIHATA MAaTpPHUIIA MMaaT 3HA4ajHA yJIora BO peryjamnuja Ha
IIeHeTpalyjaTa Ha BOJEHATa Cpe/lMHa, KOja IMOCJEI0BATEIHO BIIMjae Bp3 OCIO00IYBamETO Ha
JIEKOT OJ] IIBPCTHUTE JIMMTUIHU (POPMYITaLIUH.

Ecrpure Ha momurammeposior co macHu kucenmnu (polyglycerol fatty acid esters
(PGFAS)) KaKko IUITHAHE eKCIMIIHEHTH CO IojleM OpOj pasIMuHK CBOjCTBA’2 Beke ce MOTBPACHH
eKCIIMITHEHTH CO 3HayajHa IIpHMeHa Bo (GopMysianujata Ha GapMaleBTCKUTE J03UpaHu Gopmu.”
4 PGFAs ce XHIpOKCHETEPH Ha IJIHIEPOJIOT, HEJOCHO U AETyMHO eCTepPH(pUIMPAHH CO MACHH
KHucenuHu. Bo 3aBUCHOCT o OpOjOT Ha INIMIEPOJIHHM €IUHHIM, ACIYMHO ecTepu(uuupaHuTe
PGFAs mocenyBaar KapakTepUCTHYHH CBOjCTBA MOpaayd HUBHAaTa aMmpudmina mpupoaa, kKoja
MOTEKHYBa 0]l KOMOMHAIMjaTa Ha JUIOPUIHUTE MAaCHU KHCEIMHU U XUAPO(PUIHOTO jaapo Ha
TIOJIUTIIHIIEPOTIOT CO CI0OOHY XHAPOKCHIIHH rpynu.’? OBHe IPyNH eKCIUITHEHTH IPETCTaByBaaT
MeIlIaBUHA Ha CIMYHU MOJIEKYJH, KoM noceyBaat cnenuduuen PGFA kako oCHOBHa KOMIIOHEHTa
1 MaJi (ppakIiy Ha TTOJUTIIMIIEPOITH MOHOECTEPH U Ha CI000AHM noaurmuieposd. OIHOCOT Ha
noMaiuTe (pakuMd MOXeE Jia BapHpa BO TEKOT Ha CHHTe3aTa CO LeJ MpUCIOocoOyBame Ha
xuapoduiHo-munoduiHuot 6ananc (HLB) na memasunara. Taka, munuaHuTe GopMyianuy IITO
coapxar napuujanio ecrepupunupanu PGFAs co npucnocodenu nomanu ¢ppakiuy noceayBaatr
moio0peHa CnocoOHOCT 3a HaBJIaXXHYBame BO criopenda co amiriunepoiaute. AMpuuiHuTe
CBOJCTBA HA OBHE EKCIMIMEHTH ja OJIECHyBaaT CONyOMIIM3alMjaTta Ha XUJIpo(OoOHUTE aKTHBHU
cyncraHiuuu kou npunaraat Ha BSC knacute II u IV Bo nunuanara maTtpuiia, UCTOBpEMEHO
PacKMHYBajKl TM HHTPAMOJIEKYJIapHUTE BOJOPOJHM BPCKM M Ha TO] HAUYMH OBO3MOXKYBajKU
c1000THM MecTa 3a BOJOPOJHO TOBP3yBame, CO MITO CE OJECHYBAa PAaCTBOPIMBOCTA BO BOJCHA
cpeauHa. Co 1en JOMOJHUTENHO IMOA00pYBamke Ha HAKBACyBAaHETO M Ha JUCIEPIUPAmEToO,
JOTIOTHUTETHA CIIO0OTHU TOJUTIIMIIEPOTH KaKO WHTPU3UYHM KOMIIOHEHTH MOXE Ja ce
MHKOPIOPHUPAAT BO JIMNHUIHUTE popmynauuu. [IpucycTBoro Ha c1o00IHU XUIPOKCHUIIHU TPYIIH O
OBHE MOJIEKYJIM ja MEHyBa TIOJapHOCTa HAa CHCTEMOT MW JOIOJHHUTEIHO TO Moa00pyBa
HAKBaCyBambeTO, €(PEeKTHUBHO BJMjaejku Ha cllabara MHXEPEHTHA JUCIEP3UOMUIHOCT BO BOJEHA
CpeArHa Ha KOHBEHIIMOHATHUTE JIMITUAHN SKCIIUTTACHTH.

[Ipomenara Ha MONAapHOCTa Ha JHUMHMIHUTE CUCTEMH MOXE Ja ja IMOJ0OpH MoJeKyjlapHara
nucrniep3uja Ha AIIM m nma ja crabunmsupa amopdHata dopma Ha JekoT. [locTUTHYBameTO
yaudopmHa amopdHa auctpubyuuja Ha xujapopodHa AIIM 3HaUMTENHO MOXKE Ja ja 1MmoaoOpH
Hej3WHaTa coMyOuau3anuja u Op3uHaTa Ha PacTBOpamEe BO criopenda co KpuctaiaHara (opma Ha
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JEKOT KOja C€ KapakTepu3Mpa CO CHJIHU HHTEPMOJIEKYJapHM BPCKM KOM ja HaMallyBaat
pacTBOpJIMBOCTA.

O06e30enyBameT0 YHH(OPMHA MOJIEKYIapHa TUCTPUOYIIMja HA aKTHBHATA KOMIIOHEHTA
BO TEKOT Ha MPOU3BOJAHUOT IIPOLIEC € O] CYLITUHCKO 3HAUEHE 3a OJp)KyBamhe Ha KBAJIMTETOT U Ha
KapaKTepUCTUKUTE Ha pa3BuUeHHTE (opMyjalMu. 3a Taa Led ce NOTpeOHM Op3u U Nperu3HU
AQHAJINTUYKU TEXHUKHU 3a KOHTpOJIa BO TEKOT Ha IPOLECOT 32 OBO3MOKYBamE€ KOH3UCTEHTEH
KBaJIUTET Ha (puHaNHMOT npou3Bol. CrHeKkTpockomnujata Bo OJIMCKOTO MH(paLpBEeHO Mojpayje
(NIR) kaxo anaTka 3a Op3a ¥ HeIECTPYKTHBHA aHAJIM3a HAaora IIMPOKa MPUMEHa ITPH OTIcepBalnja
HAa Pa3IMYHM Mpou3BoAHU mnponecu.’®’® Hejsunara mpuMeHa e JoKakaHa Kako KOpHMCHA 3a
aHaIN3a HA PA3IMYHH J032KHH (OPMH BKIydyBajKU JIMIHIHA HAHOYECTHUKK Y, THODUIM3UPAHH
manosomu®! u nepetu aucnepsun®. Cenak, nako NIR 06e30emyBa 3HAYMTETHH CHEKTPAIHHU
uHpOpMAaINY, HEAOCTUTOT OJ MPOCTOPHA PE30JdyIHja ja OHEBO3MOXKYyBa HEroBara MpHMEHa 3a
IIPOILIEHKA Ha IUCTpUOYyLMjaTa Ha KOMIOHEHTUTE BO XETEPOreH! MPUMEPOLIH.

Xunepcnektpanen wumupuar (HSI) mpercraByBa TexHHKa Koja KOMOWHHUpa
CIIEKTPOCKOIHMja CO TEXHHUKA 3a (popMUpame CIMKa M KaKO pe3yJsiTaT Ha Toa HyAH 3HAUYUTEITHH
MPETHOCTH MpH puMeHa. TexHuKaTa Ha XUIEePCIeKTPATHUOT UMHULIMHT BO Oyincka nHppampBeHa
obmact (NIR-HSI), crojyBajku T crieKTpocKomnujata BO OJMCKOTO MH(pPALPBEHO MOjapadje co
XUIIEPCIEKTPAJIEH UMMIMHI, I'M HaJMHMHYBa OrpaHM4YyBamara Ha craHaapaHara NIR anamumsa.
Komb6unupameto cnekrpannu u npoctopHu noaaronu co NIR-HSI oBo3moxxyBa renepupame
JeTalHa XEMHCKa Mara 3a pachpezendara Ha aKTUBHATa KOMITIOHEHTa Ha TOBPIIMHATA OJ
npuMepokoT.2® Toa 0Bo3MOKyBa ceonpaTHO HCTPAKyBame HA KOHIIEHTPALM]jaTa HAa XEMHUCKHTE
KOMITOHEHTU U HHUBHATA MPOCTOPHA pactpenenda Bo mpumeporute. Bo cormacuoct co Toa, NIR-
HSI npercraByBa MOKHa ajarka 3a BHM3yalM3alldja Ha XETEPOreHOCTa Ha KOMILJICKCHH
dbopMyianiui, OBO3MOXYBajKM ONTHMHU3alMja Ha QopMmylanyjatTa W  KOHTpoja Ha
IIPOU3BOICTBEHHOT Tporiec. BoenHo, kako Op3a 1 HeleCTPYKTUBHA TEXHUKA OBO3MOXKYBa aHAJIN3a
BO TEKOT Ha MPOLECOT Ha MPOU3BOACTBO Ha (papMalleBTCKU JO3UPaHU (HOPMHU.

Bo wucrpaxysamero |l on oBaa mokTtopcka aucepranuja € omdareH pa3BojoT Ha
nunuaHa GopMyianyja U 0Ba UCTpaKyBame ce (POKycHpa Ha OINpeseslyBambe Ha ONTUMATHUOT
COOJIHOC Ha €CTpUTE Ha noyuriauiepos co MacHu kucennHu (PGFAs), cno6oaHu noaurauueposu
(PGs) m axkTuBHaTa KOMIOHEHTa (eToIUNUH BO Hacoka Ha 00e30eqyBambe MOJIEKyJIapHa
Jucriep3vja 1 yHU(POPMHOCT Ha JIeKOT BO ¢uHanmHata (opmynanuja. lHOBaTHBHA MpUMeEHa Ha
XHUIEepCHeKTpalieH UMUIMHT BO O6Jucko nuHgpanpseHo nojapadje (NIR-HSI) kako nupexTHa anatka
3a KOHTpOJIa BO TEKOT Ha MPOIIECOT Ha XOMOoreHaTa aucnep3uja Ha AIIM Bo nunuaHata MaTpuua.
Kputnunure mnpomecHu mnapaMeTpu INTO BiAMjaaT Bp3 KBAJUTETOT Ha TMPOU3BOJOT C€
ONTUMH3UPAHN M BepuU(UIMPAaHH CO NMpHUMeHa Ha pa3BueH M BanuaupaH NIR-HSI meron 3a
KBaHTH(HKaIMja ¥ aHaiu3a Ha yHU(pOpMHaTa IUCTpUOylMja HAa aKTUBHAaTa KOMIIOHEHTa BO
¢dopmynanujarta.

WNuunyjannara ckpuHUHT-(ha3a Kako MoyeTHa (a3a Ha MUCTPaXKyBamETO € HAaCOYeHa KOH
pa3Boj Ha nunuaHa (popMmynanmja co HaAMHUHYBAamkE Ha MOTEHIUjANOT 3a PAciojyBame, IITO
MpeTcTaByBa HajuecTa (hopmMa Ha HECTAOWITHOCT Kaj JIMMUIHATE (HOPMYJIAIliy KOja BIIMjae HEe CaMo
Bp3 BH3YENHHMOT H3TIE[, TYKy M Bp3 TepameBTcKaTa edukacHOCT Ha nekoT.* MHTem3uBHa
npeadopmynanucka ¢aza € HeonmxoHa 3a WASCHTHU(UKAIM]a Ha ONTUMATHUOT KBATUTATHBEH U
KBaHTHTATUBEH COCTaB M 32 UJCHTU(HUKAIM]a Ha TPOU3BOJCTBEHUOT MPOIIEC KOM UMAaaT BIIMjaHHE
Bp3 cTaOMITHOCTA Ha (UHAHATA (PopMyIaimja.

3a Taa 11eJ1, BO CKpUHUHT-(azara 0j] OBa HCTPAKYBAE:
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OmnpeneneHa € WHHUIMjaTHATA CTA0MJIHOCT Ha OWHApHU (GOPMYJIAlMU HA TETPATIUICPOI
MapIyjaiHO ecTepU(UIMPaH CO TAIMUTHUHCKA U cTeapuHcka kucennHa (LipoGalen® 1684) u
HEKOJIKY pa3IMYHH KOHIICHTPAIMCKU HUBOA Ha CII000JIEH TU-, TPU-, TETPa- U XCKCATJIUIIEPOJT;
[ToTBpeHa e cTabMIHOCTA 110 JBE HEJIEIH Ha MOJArOTBEHUTE OMHAPHH (HOPMYJIallUi YyBaHU
Ha 3a0p3aHu ycioBH Ha uyBame (40 °C/75 % RH);

[To morBpma Ha HajcrabunHata OwHapHa (opMyanuja, OMpelneicHa € MaKchMaaHaTa
KOHIIEHTpAaIlMja Ha cII000ICH MOJIUTIIALIEPOI KOja Pe3yJNTUpa CO CTA0WICH JUMHICH CHCTEM
KOTa aKkTHBHATa KOMIIOHEHTa (eJIOIUIIHMH € BKIIy4eHa BO (opMyJianujaTa.

Co noTBpa Ha cTabMIIHOCTA HA CKPUHUHT-(QOPMYJIalluTe Ha (DEJIOUITHH € OTBPACHA U
¢unannara munuaHa popmynanyja. Bo cineqnara ¢aza ucTpaxyBameTO € HACOUYSHO KOH:

WNnentudukanuja Ha BIMjaHUETO HA COCTAaBOT Ha ¢opMylanyjara W Ha MPOIECHUTE
napaMeTpH Bp3 KapaKTepUCTHUKUTE Ha PuHamHaTa popmyranmja;

Pa3Boj u Bammpanuja Ha NIR-HSI meton 3a xBanTtudukanuja u ananuza Ha yHHUpOpMHATA
TUCTPUOYIIMja HA aKTUBHATA KOMIIOHEHTA BO (hOpMyJIalnjaTa;

[Ipumena na BanmumupanuoT NIR-HSI merox 3a ananuza Ha nunugHuTe GopMylanuu Ha
(denoaunuH J00MEeHH CO BapHpame Ha KBAIMTATUBHUOT COCTAB M MPOIECHUTE IMapaMeTpy Ha
MIPOM3BOJICTBO CO IITO CE€ OBO3MOXKYBa JETEKIIMja Ha KpUTUUHUTE (AKTOpU IITO BIMjaaT Ha
o0e30eayBameTo yHUGOPMHA TUCTpUOYyIHMja HA aKTHBHATA KOMIIOHGHTA (EIIOJHUIMH BO
nunuaHarta GopMynaiuja.
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2.2. EKCIIEPUMEHTAJIEH JIEJI
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2.2.1.

2.2.1.1. Mamepujanu

Hme
Terparnuieposn mapiujaiHo ecTepuuIEpa co
MaJIMHUTHHCKA U cTeapuHcKa kucennna (LipoGalen®
1684)
[Momurnuuepoiu (AUrIULEepost, TPHUIITHLIEPO,
TETParMIepol, XeKCarIuLepo)
®denonunuH
Terpaxunpodypan
Jumetnncynadorcun
2-TIpomaHo

Momnob6a3ndeH coauyM docdar
JubazudaeH comuym docdar
Hatpuywm naypun cyndar

Martepujanu 1 METOIM IPUMEHETH BO UCTpaKyBame 1|

Ilpoussooumen
10I Oleo GmbH, Witten, 'epmanuja

101 Oleo GmbH, Witten, T'epmanuja

AstraZeneca, Gothenburg, [1IBeicka

Fisher scientific, Loughborough, Aurmuja

Supelco Merck KgaA, Darmstadt, ['epmanuja

VWR International S.A.S., Rosny-sous-Bois,
®paHnnyja

VWR International byba, Leuven, benruja
Honeywell, Seelze, I'epmanuja

Carl Roth GmbH + Co. KG, Karlsruhe, I'epmanuja

2.2.1.2. Onpema npumenema npu eKcnepumenmainama paboma

Onpema
EnextpoHcka Bara

Enexrponcka Bara

[Tonmapu3upadky CBETIOCEH MUKPOCKOTI
CucreM 3a ONITHYKa KOXEpeHTHa ToMorpaduja

MarHeTHa Melanka
MesHu1a 3a yCUTHYBambhe Ha HUCKa TeMIIepaTypa
JudepeHnnjarHo ckeHupadyKa KalopuMeTpHja

SWAXD-kamepa

Jlacepcku qudpakTomerap

Amapart 3a onpeJienyBame Op3rHa Ha 0CTI0001yBakbe
Ha aKTHBHATa CyICTaHILUja

Mewmbpancku ¢punrpu 0,22 pm

XunepcrneKkTpaieH UMUMHT BO OJMCKa HHGpampBeHa
o6nact (NIR-HIS)

Bucokoedpukacuna teuna xpomatorpaduja (HPLC)
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IIpouszeooumen

Sartorius ED224S Extend Analytical Balance, Sartorius AG,
Germany; 4200g x 0.01g

Sartorius™ Secura™ Analytical Balance, Sartorius AG,
Germany; 2209 x 0.01g

Senterra (Bruker GmbH, I'epmanuja)

Ganymede Spectral Domain (GAN621) OCT cucrem
(Thorlabs, Newton, NJ, CAJT)

Retsch CryoMill (Retsch GmbH, Germany)

DSC 204 F1 Phoenix system, NETZSCH-Gerétebau GmbH,
Selb, 'epmanmja

Hecus S3-Micropix, Graz, ABcTpuja

HELOS Laser Diffractometer, Sympatec GmbH, I'epmanuja
Agilent dissolution apparatus 708-DS with an automated
sampling station 850-DS, Agilent Technologies, USA
Ministar RC25, Sartorius, Germany

EVK HELIOS EC32 push-broom hyperspectral imaging
camera (EVK DI Kerschhaggl GmbH, Austria)

High Performance Liquid Chromatograph (HPLC)

Acquity H-Class (Waters Corporation, CAJI)



2.2.1.3. Memoou

2.2.1.3.1. Uz60p na cocmasrume KOMNOHEHMU 3a PA360] HA TUNUOHA hopmyrayuja

Ckpununr-pazara 3a u300p Ha KBAaHTUTAaTHMBHHOT COCTaB Ha JHUMHIHATA (QopMmyranuja e
Haco4eHa KOH uaeHTU(UKaIM]ja Ha 1ojaBa Ha ¢da3Ha cemapanuja kora LipoGalen®1684 ce mema
CO CJIOOOTHU MONHTIANIeposu, kako aurimiepon (PG2), tpurmumepon (PG3), terpariumepon
(PG4) u xexcarnuiepon (PG6). Co npuMeHa Ha IPUCTANOT HA TONICHE U JTUEHE BO CHIIMKOHCKU
Kayanu u3paboreHu ce omHapHu Gopmynanuu Ha LipoGalen®1684 u pa3uyHu KOHIIEHTPAIUN
Ha cJ10001HH TToyUTuIepoin (Tadema 11). M3paboTkaTta Ha oBue GpopMynaliiy BKIydyBa TOICHE
Ha TemnepaTtypa oJ 85 °C 10 1el0CHO BT€UHYBaWkE, 10TOA MEIIAkE CO MarHETHA MEIIaJIKa BO
MepuoJ 011 2 MUHYTH TIpe]l Inewke Ha GopmymanuuTe Bo 3arpeanu (85 °C) CHIIMKOHCKH KajarH.
Baka moarorBeHuTe MpUMEpoOI ce YyBaHU 2 HEJENU BO YCIOBH Ha 3a0p3aHa crabuiHocT (40
°CI75 % RH) co 1en uaeHTHHKaLKja Ha TIOTSHIM]aJIHO MOBPIIMHCKO paciiojyBame. Hanpasena
€ KOMITapaTUBHA MAaKpPOCKOIICKA aHajan3a Ha OMHApHHUTE (HOPMYJIAIMK HETOCPEAHO MO0 HUBHATA
n3paboTKa, KaKo U 1O JABE HEJeIH CTAOMIHOCT Ha 3a0p3aHH YCIOBU.

Tabena 11. Cocmas na noocomeenume ounapuu ghopmynayuu 00 cKpunune-gasama

LipOGalfn®1684 KoHuenTpanuja Ha noJIUIIMLEPoOJIHTE
PG2 25% 5%  10% 15 % / / /
PG3 2,5 % / 10 % 15 % 20 % 25% /
PG4 25% 5% 10% 15 % 20 % 25% 30 %
PG6 25% 5%  10% 15 % 20 % 25% 30 %

Bo Hacoka Ha ompenenyBame Ha CTa0MIIHOCTA HAa (YOpMyJAIIMUTE CO aKTHBHA KOMIIOHEHTA
(esnounuH, TOBTOPHO CO IPUMEHA HA MPUCTAIOT HA TOTIEHE U HA JINEHE BO CUJIMKOHCKHU KaJlamH,
M3paboTeHU ce pasuIHu Gopmyianuu (Tadena 12) co mpeTXoaHO CeNeKTHPAHN KOMITOHEHTH Ha
munuaHata Matpuna u co 10 % denoaunus. CocTaBHUTE KOMIIOHEHTH C€ BTEUHETH CO MEIlamhe
BO nepuoa o 30 MuHyTH Ha Temnepatypa ox 95 °C, mo 1mTo cieayBa JUeHhe Ha CTOIeHaTa Maca
o]l cekoja Gopmynaija Bo 3arpeanu (95 °C) CHIMKOHCKY KaJlamH.

Tabena 12. Cocmag na tunuonama Mampuya Ha cKpunune-gopmyrayuume co ghenoounum

CocraB Ha JUNHAIHATA MaTpuna

Excrepument PG6 LipoGalen®1684
P1 25 % 75 %
P2 15 % 85 %
P3 10 % 90 %
P4 0% 100 %

Co men nmerekyja Ha MOTEHIHUjalOT 3a (pa3Ha cemapaluja, CUTe MPUMEPOIH Ce YyBaHU 2
HEeJIeNI BO yCIIOBH Ha 3a0p3ana ctadmiHocT (40 °C/75 % RH). Busyanu3anuja Ha OBpIIMHATA HA
IPUMEPOLNTE, KaKO MIPUCTAI 3a JeTeKIMja Ha (a3Ha cenapaiyja, € OBO3MOXKEHa CO IMPUMEHa Ha
MOJIAPU3UPAYKU CBETIIOCEH MUKPOCKOII U CO CUCTEM 3a ONTHYKa kKoxepeHTHa Tomorpaduja (OCT).

2.2.1.3.2. Ionapuzupauxu ceemnocen MUKPOCKON

[Tonapusupauku cetiiocen mukpockon Senterra (Bruker GmbH, I'epmanuja) onpemen co
Lumenera Infinity 1-2CB 2 Megapixel CMOS nururanna xamepa (Teledyne Lumenera, ON,
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Kananma) e mpuMmeHer 3a Bu3yelHa aHalIM3a Ha MOBPIIMHATA O MHTEPEC HAa IPUMEPOLHTE.
JIBOAMMEH3HOHATHM MHUKporpaduu CcOo TOJapu3upaHa CBETIMHA Oea HampaBeHH IIpH
sroiemyBame o1 4 natu. [Ipumeporure 6ea MoCTaBeHH Ha CTAaKJIEHA MPEIMETHA IUI0Ya 32 BpeMe
Ha CHUMAmeTo. 3a BU3yaln3alnyja u 3a 00paboTka Ha cimkute Oemnre npumenet codreep Infinity
Analyze (Teledyne Lumenera, ON, Kanana).

2.2.1.3.3. Onmuuxa xoxepenmua momoepaguja (OCT)

JIBOIMMEH3HOHAIHA TOMOTPaMH CO NIPUMEHA Ha ONTHYKAa KOXEpPEHTHa ToMorpadwuja Oea
nobuenn co Ganymede Spectral Domain (GAN621) OCT cuctem (Thorlabs, Newton, NJ, CAJ).
OCT mnpercraByBa HEIECTPYKTHBHA M Op3a TEXHUKA 3a CHHMAame KOja HYJAH MUKPOMETPHCKA
pe3oaylirja 3a CTpyKTYpHA aHAIM3a Ha pETMOHUTE 110/ TIOBPIIMHATA Ha TpuMeporuTe. ['osiem 6poj
cryauu ja norBpayBaar OCT TexHukaTa Kako 3HayajHa ajaTKa 3a aHaIU3a Ha (apMaleBTCKUTE
no3upanu HopMu BO pasnuunK ammmkarmmu.S>® Opoj cucTeM mpuMeHyBa IeHTpanHa OpaHOBa
nomkuaa 011 900 nm, co akcujaaHa pe3oaynuja o 3 wm (BO BO3AYX) U €O Ta00YMHA HA CHUMAE
on 1,9 nm (Bo Bo3ayx). Bo TekoT Ha aHanm3aTa, MOJATOTBEHUTE MPUMEPONH Oea MOCTaBEHH Ha
npeunsHa mno3unmonupauka miatgopma (OCT-XYRI(/M)), obe30emyBajku onTHMaiHa H
penpoayKTHBHA ToMOrpadcka akpu3unuja. Cure ToMorpamu 0ea CHUMEHH CO PEJIATHBHO HUCKA
crarnka Ha ckeHupame o1 50 kHz, nmpu mto 6erre mpuMeHeT nprctan Ha A-CKEHHPAYKO TOOUBaE
Ha CpeleH MOJATOK cO IeN mojoOpyBame Ha omHocoT curHan-mym. Cure OCT mogaromnu ce
nobuenu co npumena Ha Thorlmage codTsep, Bep3uja 5.4.1.

2.2.1.3.4. Onpeodenysare na meopemcxkama pacmeopausocm Ha Gero0unut 60
JUNUOHUOM CUCMeEM CO NpUMeHa Ha ougepenyujanrta ckenupadxa kanopumempuja (DSC)

Co men ompenenyBamke Ha PacTBOPIMBOCTa Ha (DEJIOAMIIMH BO TPETXOJHO H30OpaHara
JMIUIHA MAaTpHIIa, Koja ce coctou o LipoGalen®1684 u o1 10 % PG6ww, 6emie mpumenera DSC
ananmza (DSC 204 F1 Phoenix, NETZSCH GmbH, I'epmanuja). 3a ananusza 6ea moAroTBeHu
MPUMEPOIH IITO colpkaT KoHmeHtpamnuja ox 10 %, 25 %, 50 % u ox 75 % denonunuu BoO
nunuaHata 6aza u 100 % ¢enogunun. [pubdmmkao 10 mg ox cexoj MPUMEPOK € U3MEPEH BO
neppopupaHu aTyMUHUYMCKH CaJioBU. MepemaTa ce u3BeAyBaar co 3arpeBame Bo orcer of 20
10 160 °C co Op3una Ha 3arpeBame o 2 K/min, Bo nuntepHa atmocdepa Ha a30T co IpoTok o1 50
mL/min. JlononHUTENHO, BO MepemaTa ce BKIYYEHH U MOBTOPEHU MEpema O/ CEKOj MPUMEPOK.
3a ananu3ara Ha noo6ueHuotT Tepmorpam e npumeHeT NETZSCH Proteus® 80 codrrep, Bep3uja
8.0.1. IlocTaBeHa e kopenayja noMery JoOMEHUTE BPETHOCTH 3a eHTannujata Ha ¢y3uja (AHf)
HacIpeMa KOHIIeHTpaIlijaTa Ha (eToAUITIH BO CEKOja o1 GopMyIalliuTe U CO EKCTparioiaiuja Ha
Kopenamuckara nunuja g0 AHf = 0 ce onpenenyBa MakcuMaliHaTa paCTBOPIMBOCT Ha JIEKOT BO
mumganoT cuctem. s 9091

2.2.1.3.5. Iloozomoska na nunuonu ghopmynrayuu Ha Geroounun

Co mpuMeHa Ha MPUCTANOT HA TOICHE U Ha JHEHE ce U3paboTeHU 6 pasIMYHU JIUITHTHH
dopmynanuu Ha (QETOTUNNH, CO NMPUMEHA Ha pa3jMyHa TeMIlepaTypa M pa3iM4HO BpEeME Ha
MeIamke CO IeJT aHAT3a Ha BJIMjaHHEeTO Ha IPOMEHETHTE MPOIIECHH apaMeTPH BP3 XOMOI'€HOCTA
Ha MIPUMEPOIUTE, aHATM3a Ha KaPAKTEPUCTUKUTE BO IIBPCTA COCTOj0A HA JIMITUOT U Ha aKTHBHATA
KOMITIOHCHTA, NPOYYYBAKLC HA HHTCPAKIMUTE LITO CE€ ClIydyBaat HOMefy HHB, KaKO MW Ha
MIPOMEHHUTE BO MOJICKYyJIapHATa CTPYKTypa HAacTaHATH TOJ| BIMjaHUE HA PA3JIUYHUTE YCIIOBH Ha
npou3BocTBO. Bo Tabena 13 ce mpuka)kaHu IETaTHUOT COCTAB U MPOU3BOJICTBEHUTE TApaMETPH
3a cekoja o1 hopMyJIaluuTe.
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Tabena 13. Cocmas u napamempu Ha n0020MoO8KA HA TUnUOHUmMe hopmyrayuu Ha gheroounun

Excnepument CocrtaB Tewneparypa Bpeme na
Ha Mellambe Meluame
10 % Pemogunun + 90 % JInnuau ° .
El (10 % PG6 + 90 % LipoGalen®1684) 95°C 60 min
10 % Demogumnua + 90 % JInnmuau ° .
E2 (10 % PG6 + 90 % LipoGalen®1684) 50-60 °C 60 min
10 % Demoaunus + 90 % LipoGalen®1684 o .
E3 (0 % PGH) 95 °C 60 min
0, + 0, 1 A
E4 10 % (Deno;mrm?o o/(?(I)DGA)GI)_IpOGalen®1684 5060 °C 60 min
10 % Penogumnun + 90 % JIunugu ° .
ES (10 % PG6 + 90 % LipoGalen®1684) 50-60 °C 15 min
5 — YR
E6 10 % Felodipine + 90 % LipoGalen®1684 50 - 60 °C 15 min

(0 % PG6)

YHudopMHOCTa Ha COJpPKUHATA HA aKTUBHATA KOMIIOHEHTa (PENIOJUIUH BO MPOU3BEICHUTE
mumuaHu Gopmynanuu e aHanuzupana co NIR-HSI meroa. Iloroa, moarorseHnTe mpumeponu ce
YCUTHETH CO MPUMEHA Ha METO]] 32 YCHTHyBame Ha HUCKa Temmeparypa (cryomilling) co men
nobuBame mpamrecta Gopma o1 cekoja dopmyramuja 3a IMMOHATAMOIIHA KapaKTepU3allwja.
YcuTHyBameTO Ha HUCKa TemIeparypa € u3BefeHo co mpuMeHa Ha Retsch CryoMill (Retsch
GmbH, I'epmanmja) ompemen co 5 mL cax 3a ycuTHyBame M 7 mm TONMYE 33 YCHTHYBAmbE.
[Ipouecor e 3amovHar co (asza Ha JIaJeHe BO BPEMETPACHE 01 5 MUHYTH CO 1€ IOCTUTHYBAHe
oNTUMaJTHA TEMIIEpaTypa Ha yCUTHYBame. [10 1afeme Ha IPUMEPOKOT ce MPUMEHETH 3 WHTEPBAIN
Ha MeJIee BO BpeMeTpaeHke Ha CEKOj MHTepBal o1 1| MuHyTa co uHTeH3uTeT 041 25 Hz. [ToBTOpHO
Janeme BO Bpemerpaewe o1 30 CeKyHAHM € BKIyYeHO NOMery CeKOj MHTEpBAJI HA YCHUTHYBAmbE.
JIoGuEeHNOT Mpamiok Mo yCUTHYBame Oelle mpoceaH HU3 CUTO CO rojieMuHa Ha mopu o 250 pm
co men naa ce nao6ujaT YHHUGPOPMHHM HYECTHYKHM OJl cekoja ¢opMmysaija COOJIBETHHU 3a
rocjeloBaTeIHa aHajdn3a Ha TEPMAIHOTO OJTHECYBAmE€ U Ha OJJHECYBAHETO BO LIBPCTA COCTOjOa
co npumena Ha DSC, audpakuuja Ha peHATeHCKH 3pany moa Manu u rojgemu ariud (SWAXD),
aHajaM3a Ha AUCTpUOYLMjaTa MO TOJIEMHUHA HA YECTMYKUTE U TECT Ha PAcTBOPJIMBOCT, KOM Ce
OTUIIIAHU BO TIPOJIOJKECHHUE.

2.2.1.3.6. Ananusza na aunuonu ghopmynayuu Ha Genoounun
2.2.1.3.6.1 Jugpepenyujanna ckenupauxa xanopumempuja (DSC)

TepmanHoTO oHECYBamk-€ Ha popMynanuuTe Oemne eBanyupano co npuMena Ha DSC 204 F1
Phoenix cucrem (NETZSCH-Gerdtebau GmbH, Selb, I'epmanmja). Cekoja dopmynaimja e
aHaJIM3MpaHa CO TPUKPATHO MOBTOPYBaWkE Ha MOCTANKaTa Ha Baramke Ha MPUMEPOK OJ 5 mg of
JTOOMEHHOT TMPAIIOK OJ ceKkoja (GopMmynaluja U MOCIEAOBATEIHO XEPMETUYKO 3aTBOPAHE BO
ATYMHUHHYMCKH caj 3a Mepewe. DSC ananuzara BkiyuyBa TemneparypHo moayiupana (TM) u
JMHAMUYKa TEPMUYKa Iporpama, CocTaBeHa O J1Ba IIUKIycH Ha 3arpeBame 10 180 °C co 6p3uHa
Ha 3arpeBame o 2 K/min u temneparypuun ocumnanuu on =+ 0,2 °C cexon 40 cekyHIU 3a Bpeme
Ha MOJYJMpaHUTE LIMKIYCH Ha 3arpeBame. [lomely IUKIycUTe Ha 3arpeBame U Jajeme Oerle
BKJIYYEHO H30TE€pMaIHO 3aapxyBamwe on 3 muHyth Ha 180 °C. Ilpexn BTOpHOT HMKIyC Ha
3arpeBame, MPUMEPOKOT Oellle TMHAMUYKU H3iajeH 7o Temreparypa of -20 °C u 6p3uHa of 2
K/min. Bo TekoT Ha ananu3ara 6eliie oJip>kyBaH KOHCTAaHTEH MPOTOK Ha a30T BO KojaudrHa o1 50
mL/min. Anann3arta Ha TepMorpamure Oelre HanpaBeHa co mpuMeHa Ha Netzsch Proteus codtsep,
Bep3uja 8.0.3 (NETZSCH-Geridtebau GmbH, Selb, ['epmanmnja).
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2.2.1.3.6.2 Jluppakyuja na pendzencku 3payu noo maiu u nod 2oaemu aziu (SWAXD)

HcroBpemeHna ananmsa co audpakiipja Ha PeHAreHCKH 3paly MoJl Maji U 10 TOJIEMHU ariiu
(SWAXD) Oeme HampaBeHa co mpuMmeHa Ha Jiabopatopucka SWAXD kamepa (Hecus S3-
Micropix, Graz, ABCTpHja) cO BUCOK (DIIYKC M CO CUCTEM 3a UCIIOpaKa Ha MUKPO3pPaK KOj paboTH
co MokHocT 071 50 W (50 kV u 1 mA). Ilpumenern ce X-3pamw co gomkuna o 1,542 A, a SAXD
n WAXD crnekrpure 6ea cHuMmenu co nsa He3aBucHu 1] merexropu (PSD-50, Hecus X-ray
Systems, Graz, ABctpuja) Bo arosien omcer ox 0,06° <20 < 8° SAXS u 17° <20 <27° WAXS.
[Ipamectnor mpuMepoK oIl cekoja on ¢GopMysanuuTe TOOMEH IO YCHTHYBame Ha HHCKA
TEMIIepaTypa M MO MpPOCEjyBambe € IMOCTABEH JAWPEKTHO BO JIENOT 3a MOCTaBYBambe MPUMEPOK.
TpurumkaTHr Mepera ce CIPOBEICHU Ha COOHA TeMIIepaTypa IMPeKy U3JI0KYBamke Ha IPUMEPOKOT
Bo niepuog o1 1 200 cexynnu Ha X-3paru co nujamerap o 200 um. JudpakinckoTo ogHECyBambe
Oemie aHanM3MpaHO cO MpuMeHa Ha ['aycoBa (yHKIHMja CO CTaHIApAHO IMPHCIIOCOOYBamke Ha
napuujanHu HajManu kBagpatu Bo Origin Pro codrep (OriginLab, Northampton, MA, CAJ).

2.2.1.3.6.3 Jlucmpubyyuja no cornemuna Ha yecmuuKume

[To ycutHyBame Ha HUCKA TEMIIEpaTypa U 10 IpocejyBambe, AUCTpHOyHjaTa 1o rojJeMHHa Ha
NOoOMEHUTE YeCTHUKH Of] cekoja (opMynairja Oemre aHanuzupana co npumena Ha HELOS Laser
Diffractometer (Sympatec GmbH, I'epmanuja). Cekoja dopmynamnuja Oemre aHaIM3WpaHa BO
TPUILIMKAT HA TOJIEMHUHA HA MPUMEPOK oA 1 rpaM co mpUMEHa Ha KelucKa KOMOpa 3a BIIAXKHO
Mepeme U BOJIa KaKo TUCIIeprupadku MeanyM. berre noctaBeHa MarHeTHa MeIIajika BO KHBETaTa
co BOJa, Koja potupaitie co 6p3una ox 1 000 rpm. Kymynarunara auctpuoyiyja Ha YECTUUKHUTE
o ronemuHa (PSD) Gemre onpenenena co npuMena Ha Sympatec Windows codTsep (Sympatec
GmbH, I'epmanuja), a BpegHoctute cpeaeH BoimyMeHcku aujamerap (VMD) d10, d50, d90 u
[IMpUHATA HA TUCTpHOyIHjaTa Ha YecTuukuTe 1o roixemuHa (SPAN BpenHocT) 6ea mpuMEeHETH BO
KOMIIapaTHBHA aHAJIN3a Ha IPUMEPOLIHTE.

2.2.1.3.6.4 Onpeoenysarve na un umpo Op3uHaAmMa Ha pAcmMeoPIUBOCH U AHAIUZA HA
KUHEMUKama Ha 0ci0600y6are Ha 1eKom

PacTBopiuBocTa Ha aKTUBHATa KOMIIOHEHTA (heToMUMKH o1 unuaauTe Gopmytanuu (E1
- E4) u pacTBOpsiMBOCTa Ha 1IBpcTaTa (hopMa Ha camara aKTHMBHAa KOMIIOHEHTa 0ea aHaJIM3UpaHu
CO MpPUMEHA Ha MEINYM 3a pacTBopame coctaBeH on1 pH 6.5 docharen nydep u 1 % Harpuym
naypun cyngar (SLS). Agilent 708-DS Oeme mpuMeHeT Kako amapaT 3a OIpeJeslyBambe Ha
Op3uHaTa Ha OCJIO0O/IyBamke Ha aKTHBHATa CyICTaHIMja, ompeMeH co 850-DS aBromarcka
enuHuIla 3a 3emame Ha mpumepok (Agilent Technologies, CAJ]). CooaBeTHa KOIWYMHA Ha
MIPUMEPOK 0J1 cekoja (hopMyIainnja, ekBuBajieHTHA Ha 10 mg ¢denoaunul, Oelie HaMoOJIHETa BO
xunpokcunponun merunuenyno3iu (HPMC VCaps®) kancynu co ronemuna 00 (Lonza Group
AG, Basel, Switzerland). Kancynure ox cexoja hpopmynanmja 6ea 1o1a1eHl BO Ipikad 3a KarcyJind
IIPU CIIPOBEYBAKETO HAa TECTUPAHETO HAa Op3MHATa HA PACTBOPALE, a TECTOT Oellle CIPOBEICH CO
puMeHa Ha Op3uHa Ha poTUpame Ha BecaoTo oA S0 rpm. Konmnunnarta Ha pacTBopeH GenoIunuH
Ha 0,5 ygaca, 0,75 yaca, 1 gac, 2 yaca, 6 yaca u 10 yaca e onpeneneHa co npuMeHa Ha 6 KarcyJau
o1 cekoja ¢opmymnanuja. Yarpaedukacua teuna xpomarorpaduja (UPLC) Acquity H-Class
(Waters Corporation, CA/]) e nmpuMeHeTa 3a aHaIKu3a, a TOAATOLUTE ce TOOMeHN CO MPUMEHa Ha
Empower® 3 codtrep (Waters Corporation, CAJl). Meronor 3a kBanTu(ukaiyja Ha (heao Ui

BO TCKOT Ha TCCTUPAKLETO HA PACTBOPJIMBOCTA € ICTAJTHO OIHIIAH BO IPECTXOAHO I/ICTpEl)KyBaH)e.92
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Kunernkara Ha 0ci1000/IyBame Ha JIGKOT 0J1 CeKoja oJ1 popmMyianuure Oerie aHaTu3upanHa
co mpumena Ha DDSolver coptsep (momatok 3a Microsoft® Excel™ , Microsoft Cooperation,
Redmond, Washington, CAJI).*® OcnoBHuTe Mojenu Ha 0CI00OIyBame HAa JIGKOBUTE, KAKO
KMHETHKA O]l HYITH peJl, KWHETHKA Of1 NpB pex, Xurydes u Kopcemajep-Ilenacos monemute®2°,
ce MpUMEHeTH Bo aHaIm3aTa. KoedumuenToT Ha nerepmuHanuja (R?) Gelre mpuMeHeT Kako Mepka
3a MPOIIEHKA Ha YCOTJIaCeHOCTa Ha 0CI000/1yBa-eTO Ha (PETIOJUIHH O] JIMIUAHUTE (popMynauu
CO HAaBEJICHUTE KHHETUKHU Ha 0CI000ayBame. LlenocHNTe moIaToIu 0/1 TECTUPAKETO Ha Op3uHaTa
Ha 0ciIo00ayBamke ce MPUMEHETH BO aHaJlM3aTa Ha KMHETHMKaTa Ha Oclo00yBame, OCBEH 3a
Kopcmajep-IlenacoB Mozen, BO KOj, BO COIJIACHOCT CO TPEMOPAKUTE 32 MOECIIOT, IPU aHAJIn3aTa

ce oTpebHu nogaromuTe 10 60 % o ocnoboxyBame Ha nekoT.>> %

2.2.1.3.7. Passoj u samuoayuja na NIR-HSI xarubpayuonen mooden 3a ananuza ma
coOparcuHama Ha genoounun 80 TUNUOHU popmyrayuu

2.2.2.1.3.7.1 Kanubpayuonu npumepoyu

KanuOpanunoHHOT ceT Ha mpuMepolu Oelie COCTaBeH OJ] aKTHBHATAa KOMITOHEHTA
¢denoqunuH Bo KoHIEHTpanmoHeH panr ox 0 mo 14 % (co 2 % 3rojseMyBauku HHTEPBAI)
MOJIEKYJIAPHO TUCTIEPTHPaH BO MK ICH cucteM usrpaaeH oxa 10 % PG6 u 90 % LipoGalen®1684.
[IpumeponTe ce MOATOTBEHU CO TOMEHE Ha CUTE KOMIIOHEHTH Ha Temrieparypa ox 95 °C co
MOCTOjaHO MEIIAkEe CO MarHeTHa Melaika. BpemeTo Ha Meniame € mpucrocoOeHO BO COTNIACHOCT
CO KOHIEHTpamujata Ha (ETOJUNHUH BO NPUMEPOIMTE, OJHOCHO CO 3rOJEMyBame Ha
KOHIIEHTpalrjaTa Ha (HeJoJUINH ce 3rojieMyBa 1 MOTpeOHOTO BpeMe Ha Melame (Tadena 14) 3a
no0MBamke KOMIUIETHA MOJIEKyJapHa AWCIep3Hja Ha aKTUBHATa KOMITOHEHTA BO JIMIUJHATA
Mmatpuna. KomruietHa conyOnin3aiyja € HeOmxo/iHa 3a JI0OMBamke XOMOTCHU TPUMEPOIIH KaKO
JIeTT O] KAJIMOPAIIMOHUOT CET 3a Pa3BOj Ha MOJEIHTE 3a KBaHTHHKanuja. [lo Toneme n Memame,
cienyBa ¢aza Ha TUEHE HA CEKOj OJ MPUMEPOLMTE BO CHIIMKOHCKH Kajamu cO el JOOUBame
KpYy>KHHU Tabsietu co nujaMerap 33 mm, BUCHMHA 5 mm u cpeana maca oxa 4,5 g. [lpumepouure ce
MOATOTBEHH KaKO TPHUILTUKATH.

Tab6ena 14. Bpeme Ha mewarve 80 mex Ha nodzomoska Ha NIR-HS| xarubpayuonuom cem na
npumepoyu

Konnentpauuja Ha denoaunun Bpeme Ha Memame
0% 10 MmuHyTH
2% 10 MuHyTH
4% 15 munryTH
6 % 20 MUHYTH
8 % 25 MUHYTH
10 % 60 MuHYTH
12 % 75 MUHYTH
14 % 90 muHYyTH

2.2.2.1.3.7.2 NIR-HSI umuyune u pazsoj na mooenom 3a KeaHmu@uxayuja

XuTepcreKTpaTHUTe IMOAATOIM Ha IpuMepornuTe ce qoduenu co npumena Ha EVK HELIOS
EC32 xamepa 3a xumepcrnekTpaieH UMHIUHT co ,,pushbroom® texnuka (EVK DI Kerschhaggl
GmbH, Asctpuja). Cnekrpure Bo OMCKO MH(DpaIpBeHO Moapadje ce JOOMEHH CO MEpPEHE CO
pediiekcuja Bo criekTpaieH peruoH o1 992 nm 1o 1 677 nm nojeneHo Bo 274 cekTpaaiHu KaHaIu
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CO creKTpasiHa pe3oayuuja oa 2,5 nm. [TorpeOHaTa unymuHanyja € IOCTUTHATA CO TpUMeHa Ha 4
XaJIOTE€HU JIaMOU KOH MCIIopavdyBaaT BKymHa ocBeTieHOCT o 850 W. CramnkaTta Ha akBU3UIMja HA
NIR-HSI cenzopor Oeme mocraBeHa Ha 497 fps. Kako pesynarar Ha Toa ImTO Kamepara €
CTallMOHApHA, CO IIeJl J00MBame NOBPIIMHCKA ,,Mana“ Ha NPUMEpPOLMTE, NPUMEPOLUTE ce
MIOCTaBeHU Ha XOPH3OHTaJHAa MOJBMXHA mojuiora. CIuMKuTe ce CHUMEHHU co 2,8 ameprypa Ha
00jeKTMBOT Ha KamepaTa. Bo TEKOT Ha CHHMameTO, JBIKCHETO Ha Tojjiorara oOerie
CTaHJIapAU3UpPaHo Ha 8,6 cm/s 3a CUTe EeKCIIEPUMEHTH CO LieJ JoOMBambe KBapaTHa MOBPUIMHA HA
nukcenute. Cexoj JoOMEH KBaIpaTeH MOAATOK CE€ KapaKTepu3mpalie co qumeH3uu oxa 220 x 312
MUKCENH o TojieMruHa Ha nukces o 30 um X 30 um. CoOupameTo Ha moaaTonuTe, oopadboTkara
Ha CIHMKHTE, aHAIM3aTa Ha TMPUMEPOIIUTE 3a Pa3BOjOT HA MOJEJIOT, BaIUJaNKjaTa Ha MOJCIOT U
eKcIiepuMeHTanHaTa anainu3a 6ea cuposenenu co EVK SQALAR codTsep.

Cekoj mpuMepoK 0J1 KaTMOPAIMOHUOT CET € aHAIM3UPAH BO TPUILUIMKAT CO aHAIM3a Ha JIBETE
MOBPIIMHUA OJ] TPUMEPOKOT, INTO PE3yJTHpAlle CO TeHepUpame Ha 48 XUIepCIeKTpaTHU
KBaJ[paTHU IOJATOLM KaKO JeNl OJf KaJuOpalMOHHOT ceT Ha npumeponu. CeKoj MUKCEN O
JI0OMEHNTE CITMKH NPETCTaByBa MHAMBHIyasIeH ClieKTap Ha qajeHaTa gokamuja. % Co nen anammsa
Ha XUINEPCIEKTPATHUTE TOAATOIH, TOTpeOHa € 00paboTKa Ha JOOMEHUTE MYJITHAMMEH3UOHATHH
nomaroru.’”! Bo TekoT Ha HCTpaKXyBameTo € NMpHMEHET MOAYI 3a KOpeKIHja Ha AedeKTHH
NMKceny U npocTopHa auctop3njal®®1% srpanen Bo cammor censop. Jlpa MeToam 3a 06paboTKa
Ha CHCKTPaJIHHUTE IMOJATOIM, HOpMaiu3anuja (MUHUMYM/MakCUMyM) W TIpB H3BOJ, C€
WHJIUBHUIyaTHO TIPUMEHETH HA TEHEPUPAHHUTE TIOAATOIM, a JOOUCHUTE MOJICIHU Ce CIIOPEICHHU CO
uen ga ce u3bepe coolBeTHaTa mocTtamnka Ha oOpaboTka. bpojor Ha naTeHTHH Bapujabimu e
ONTUMH3UPAH BpP3 OCHOBA Ha OpOjOT HAa MOJATOIM OOjacHETH O] ceKoja Bapwjadia co IIeln
00e30eIyBame COOJIBETHA CIIOCOOHOCT 32 MPE/IBUYyBab-E Ha MOJICIIOT U 33/Ip)KyBarkhe Ha HEroBara
pobOycHocT. KapakTepucTukuTe Ha MOJieuTe Oea eBallyMpaHy CO IPUMEHA Ha KOS(HUIIMEHTUTE Ha
npensuayBame u aerepmuHamdja (RZX u R?Y), rpemkuTe BOo NpEeaBHAYBamETO HA MOJIETIOT
(RMSEC), xamubpauuckoro otcranyBame (BIAS) m cranpapnnata rpemka Ha kxanuOpanuja
(SEC).

2.2.2.1.3.7.3 Bamoayuja na pazeuenuom NIR-HSI mooen

Tpu He3aBUCHU BanuIallMOHU pUMepoLu Kou cojpxkaT 10 % ¢enoaunuH ce NoAroTBeH! Co
MpUMEHA Ha WJSHTHYHA NIOCTaIlKa Ha MMOAT0TOBKA, KaKo U MpHU u3paboTKaTa Ha KaluOpaloHuOT
ceT Ha npumepouu. Ha temnepatypa ox 95 °C mpu KOHTHHYHpPAHO Mellame BO mepuona ox 60
MUHYTH aKTHBHaTa KOMIIOHEHTa (EJIOJUIIMH € MHKOPHIOpUpPAaHA /10 KOMIUIETHA MOJEKyJapHa
AWCIIep3Hja BO JHIHIHATA MaTpulla coctaBeHa ox 10 % PG6 u 90 % LipoGalen®1684. Cekoj
BaJIMIALIMOHEH NPUMEPOK € aHaJIM3upaH BO TPUIUIMKAT CO aHAJIMW3a O]l JBETE MOBPIIMHU Ha
npuMepokoT co npumeHa Ha NIR-HSI censopor. BucokoedukacHa Tteuna xpomarorpaduja
(HPLC) Oeme mnpumeHeTa Kako pedepeHTeH METOJ 3a KOoMIlapaluja Ha OIpeJeseHara
KOHIIGHTpallMja Ha AaKTHUBHATa KOMIIOHEHTAa BO BaJHMJAIMOHUTE MPUMEPOLM BO OJHOC Ha
KOHIICHTpanujara npeasuaeHa co pazsueHnoT NIR-HSI monen.

[TogroroBkara Ha npumepounrte 3a HPLC anamms3a ce coctom o OTCTpaHyBame€ Ha
npuOmmkHO 1 rpaM o7 JABETe MOBPIIMHU Ha BAIMJAIIMOHUTE MPUMEPOIM CO MPHUMEHa Ha
1ab0paTopuCKN HOXK. AKTHBHAaTa KOMIIOHEHTa Oellle eKCTpaxupaHa O] JIMMHUJHUOT CHUCTEM CO
pacTtBopame Ha ¢popmynaiijata Bo Terpaxunpodypan (THF) u nonaBame Ha qumetuncynhokcu
(DMSO) 3a npenunuTaiyja Ha ITUMUI0T. PacTBOpOT moToa € paspeseH 10 KOHIeHTparuja o 1
mg/1 ml co memraBuna 50 : 50 Ha 2-mpomaHoia U MOHOOa3eH HaTpuyM ¢ochaTeH mydepcku
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pactBop. MatuunroT pactBop Oemre ¢unarpupan Hu3 0,22 um Hajnoncku ¢untep npex HPLC
aHaJIM3ara.

KBantudukanujara Ha ¢enoaunuH BO corjiacHocT co crapaapaHata USP mocramka 3a
oIpejieiTyBarhe Ha COIp)KHHA € HallpaBeHa co npuMena Ha cucremot Agilent 1260 Infinity 11 LC
(Agilent Technologies, California, CAJ]). BomymeHOT Ha HHjeKTHpamke € mpucrnocodex Ha 2 pl,
CO YJITPaBHOJIETOBA JCTECKIIMja HA aHAJTUTOT HA 254 nm.
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2.3.PE3YJITATU U IUCKYCHUJA
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2.3.1. U300p na komnonenmume Ha aunuoHama opmyrayuja

LipoGalen®1684 (co Temrepatypa Ha Tornewe o1 54,6 °C) Oemre n30paH Kako JUIHIEH HOCAd.
OBoj anunrauiepost GopMUpaH co MapiujaiHa ecTepuuKalrja Ha TIALIEPOTIOT CO MAIMUTHHCKA
M CTeapHHCKa MacHA KHMCEIIMHA ce KapaKTepusupa co 3royemena yunoduanoct® (HLB = 5,9).
Cnoboguure mnonurauueponnu (PG) Monekynanm ce BKIy4eHH BO pa3BOjOT HA JIUMHIHATA
dopMynanuja Bo oBaa CTyaMja co ILiel TOAOOpYBame Ha TonapHOcTa Ha cucTeMor,'® kaxo
pe3yJiTaT Ha IPUCYTHUTE CIIOOO0IHN XUIPOKCHIIHH IPYIIH KOU MPHIOHECYBAAT 3a 3roJIEMyBarbhe Ha
BOJIOPOJIHUTE BP3yBayKM MeECTa NPUCYTHU BO (opmynanujara. XWIAPOKCUIHHTE TPYIH
(dbopMupaaT BOJOPOIAHU BPCKH CO BOJOPOTHHUTE aKIEIITOPCKH IPYIH IPUCYTHH BO MOJICKYJIaTa Ha
akTHBHATa KoMroHenTa. % OBHe BOOpOIHN BPCKH ce KIy4dHH 332 MOJIEKy/IapHaTa AUCIep3uja Ha
denomunuH BO JNHWMNHIHATA MaTpHUIla, 00e30emyBajku HUBHA coojaBeTHa uHTepakiuja. Co
noo0pyBame Ha TUCIIEP3UOMITHOCTA, BOSTHO CE OBO3MOXKYBa U MOJ00PYBamke HA CTAOMIHOCTA
Ha CHCTEMOT U CIIpeuyBamke Ha T0jaBaTa Ha (pa3Ho pa3BojyBame U pekpucTamianuja. PasHoTo
pa3aBoOjyBame € KIy4eH ()EHOMEH KOj ce T0jaByBa IPHU MENIamhe Ha KOMIIOHEHTH CO pa3jnyHa
nonaprHocT'®® ¥ 3HauMTENHO MOXe Ma BIOMjac Bp3 CTAOMIHOCTA M Bp3 e(UKACHOCTA HA

(bapmaiieBTckuTe POpMyIaIiy.

Bo oBaa cryamja co mpuMeHa Ha MakKpOCKOINcCKa aHanmu3a (ciuka 19) kxaj OmHapHHTE
¢dopmynauun e uaeHTH(UKyBaHa (pa3Ha cemapanuja MpH 3rojeMyBamkbe Ha KOHILIEHTpalujaTa
(macena) Ha PG2 u Ha PG3 nHan 10 % u nan 20 %, cooasetHo. [IpuToa, noTBpAcHa € MakCUMallHa
koHleHTpanuja oxa 25 % Ha PG4 u na PG6 Bo cucremot 6e3 (hazHa cenapaiuja npu WHUIUjATHA
ananu3a. [lo aBe Henmenu craOMIHOCT Ha 3a0p3aHu ycioBu Ha crapeewe (40 °C/75 % RH),
MakcUMajHaTa cTa0WJIHAa KOHIIEHTpalMja € 3HauuTenHo HamaieHa 3a PG2 u PG3 na 2,5 %.
JlomoJTHUTETHO, 3HAYUTETHA pa3liuka e 3abenexkana u 3a PG4 — 10 %, noneka momana pasiivka e
NOTBp/ieHa Kaj OMHapHHUTEe MemmaBuHU co PG6 Kou mMOCTUrHyBaaT CTAOMIIHOCT U CO KOHLIEHTpaIHja
Ha cnoboaeH momurauiepoa oa 15 %. OBoj nen ox npeadopmynanuckara ¢asza moTBpyBa JeKa
koMOuHHpameTo Ha PG6 u Ha LipoGalen®1684 dopmupa HajcTabmiHa opMmyraiuja Koja ce
KapakTepH3upa co OTCYCTBO Ha (pa3Ha cemapaliyja Ha HajBUCOKAa KOHIEHTpaluja Ha ciao000/eH
MOJUTIMLEPON BO cucTeMoT. Kako pesynraT Ha 3aKiydyollMTe OJf OBaa CKPUHUHT-(a3a,
LipoGalen®1684 u PG6 ce n30paHu kako KOMIIOHEHTH Ha JIMIIUIHUOT CUCTEM 3a TOHATAMOIIIEH
pa3Boj Ha JunuaAHaTa (popMynaiuja Ha (enoUIHH.

LSRR
Cruxa 19. Buzyenna oncepsayuja na ¢pasna cenapayuja co 3abeneicysarbe u3080eHU Kanku Ha NOBPUIUHAMA Ha
ounapnama aunuona popmyarayuja

BkiydyBameTo Ha (ENOAMIMH Kako XuapodobHa akTuBHa cyncTanmmjal®’ ja sacumyBa
MOXHOCTA 32 (a3HO pa3AenyBame HOPaaH 3roJeMeHaTa KOHIICHTPAIHja Ha HEMOJIApHU TPYIH BO
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cucremMoT. Kako mocieuiia Ha Toa HaCTaHyBa JJUMHTHPAkE HA MAKCHMalTHAaTa KOHIICHTpAaIlja Ha
CJI000JICH TOJUTIIUIEPOIT, KOja MOKe Jla Ouje BKIydeHa BO CUCTEMOT 0e3 Ja mpeau3Buka ¢azHa
cenapanuja. Unentudukaiuja Ha ¢pasHara cenapaiyja Ha CKpUHUHT-IIPUMEPOITUTE CO (eI0TUITHH
U pa3nn4Ha KoHIeHTpanyrja Ha PG6 e HanpaBeHa co BkiryuyBame Ha PLM ananuza u OCT ananusa
Ha TPUMEPOIIUTE 10 TOATrOTOBKA (MHUIMjaIHA aHajdM3a) W HUBHA aHaJIW3a [0 JIBE HEICIH
crabumHOCT Ha 3a0p3aHU ycJIoBH Ha crapeeme (Ttabenma 15 um rtabema 16). IlorBpaeno e
pasnBojyBame Ha PG6 Ha moBpimHata Ha npumepouute P1 u P2, xou conpxar 25 % u 15 % PG6,
cooasetHo. Ox apyra crpana, popmynanuute co 10 % PG6 (P3) u 6e3 PG6 (P4) ce morBpayBaar
KaKO CTa0MIJIHM MHUIIHM]aJTHO U 10 JIBE HEJENIM YyBaHH Ha 3a0p3aHH yCIIOBH Ha CTapeeHe.

Tabena 15. PLM unuyujanno u ananuza no oge nedenu Ha CKpUHUHS-POPMYIAYUUMeE COCMABEHU
00 10 % gpenoounun u 90 % runuona 6asza co sapujabuier cocmag 60 00HOC HA KOHYermpayujama
Ha unkopnopupan PG6

Excnepument Nuuuujanna anaausa AHaJn3a no 2 Hegeaun

P1

P2

P3

P4
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Tabena 16. OCT unuyujanno u ananusa no 06e Heoenu Ha CKPUHUHS-(POpMYIayUUme COCmaseHu
00 10 % gpenoounun u 90 % runuona 6aza co sapujabuier cocmas 60 00HOC HA KOHYeHRmpayujama

Ha unkopnopupar PG6

ExcnepumeHT

Nuuuujanna ananausa

AHaJn3a no 2 Heaeaun

P1

P2

P3

P4

Kako pe3ynTaT Ha NOTBPIE€HOTO OTCYCTBO Ha (pa3Ha cenapalivja, HHUIM]aJTHO U 110 JIBE€ HEleTU
CTaOMIIHOCT Ha 3a0p3aHM YCJIOBU Ha cTapeeme, TunuaHaTa 6a3a coctaseHa oa 10% PG6 u 90%
LipoGalen®1684 xaxo munuana O6a3a (P3) Oeme wu30paHa Kako JMMHACH CHCTEM 3a
MHKOPIOpPHPAke Ha (EJIOUTTUH.



2.3.2. Pacmeopnusocm na ¢ghenoounun o usbpanama aunuona 6aza onpeoeneHa co
DSC

Hudepennujanao ckenmpadkata kajgopumerpuja (DSC) kako 100po BocmocraBeHa
aHAJTMTHYKAa TEXHUKAa o00e30emyBa BpeJaHM HWHPOpPMAIMM 33 TEPMUYKUTE CBOjCTBA Ha
CYIICTaHLIMUTE, OBO3MOXKYBAjKH MPELIU3HO ONpE/IeTyBamke Ha PACTBOPJIMBOCTA U HA CIIOCOOHOCTA
3a Memame rojem 0poj Gpopmymanuu. [Ipumenara na DSC 3a onpenenyBame Ha pacTBOPIIMBOCTA
€ IPeTXOHO MOTBpAeHa Bo ToneM 0poj cryauu.t 18111 [Tpexy anammsa na onHecyBamero mpu
TOICHE U NMPU TEPMUYKHUTE TPAH3UIMK Ha KoMmnoHeHTHTe, DSC nomara Bo ujaeHTH(UKaIMja HA
IrpaHULMTC Ha paCTBOPJMBOCT HAa CYINCTAHIOUMWUTC W HHWBHATA KOMHaTI/I6I/IJIHOCT CO JMnuaHarta

MaTtpuua.
L [/—/ denoganuH

| NvnugHa baza

DSC (mW/mg) exo up

| T T T T T T T T T T T T T T
20 40 60 80 100 120 140 160
Temnepatrypa (°C)

Cnuka 20. I[Tooamoyu 00 OugheperyujanHo ckeHupauKka Karopumempuja 3a: Geroounut, Gopmyrayuu co cO0OHOC
75 %, 50 %, 25 %, 10 % ¢henoounun: runuona mampuya, u 1wnudna basza bes genoounun (LipoGalen®1684:PG6
(9:1wlw))

Anamusata Ha DSC (cnmka 20) Ha nunuaHata 0a3za uaeHTH(UKYyBa MPHUCYCTBO Ha
nBo(azeH CUCTEM CO JIBa EHAOTEpMHH MHKa Ha TONEHE, IIoMaJl MUK CO MOYETOK Ha MojaBa Ha 45
°C, 3aeJTHO €O TVIaBHUOT €HA0TEpPM Ha Toneme co nouerok Ha 52 °C. IIpBHOT muMK Ha TONEme
npurmnara Ha Manute ¢ppaxiuu Ha LipoGalen®1684, nogeka BTOPHOT UK C€ OJTHECYBA Ha IJlaBHATa
dpaxrmja LipoGalen®1684.11? [lsata enoTepMHN NMKa Ha TUIHAHATA 6a3a ce MACHTHOHUKYBAAT
U BO €KCIIEPUMEHTHUTE CO Pa3IMuHU KOHLEHTpauu Ha ¢enoaunuy, 10 %, 25 %, 50 %, 75 %, Bo
munuaHata Marpuna. OBue MpUMEpOlM MMaaT KOH3UCTEHTHa Oa3Ha JMHHja 0e3 TepMalHH
IPOMEHM TpU 3rojeMyBame Ha Temmeparypara. CHpoTHBHO Ha Toa, LBpcrata (opma Ha
aKTHUBHATA KOMIIOHEHTa (EJIOAUNUH TOKaXKyBa JaCHO H3pa3eH CHJOTEPM Ha TONEHE KOj
3anouHyBa Ha 141 °C, co eHTannuja Ha Toneme o 287,65 J/g (BpeaqHOCT Koja ce pa3iiuKyBa O
TIIPETXOJIHO OMpesieTIeHNTe BPEIHOCTH BO JUTEepaTypaTa ’ ! kako pe3ylTaT Ha BapHjalldH BO
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ycioBuTe Ha Mepeme). Co 3rojeMyBame Ha KOHIIGHTpalujara Ha (DeJoauIuH BO JIMITUJHHOT
CHCTEM, C€ 3rojeMyBa M WHTCH3UTETOT Ha TOIUIMHCKHMOT €HIOTEPM, KaKO pe3yiTaT Ha
HaMallyBalke¢ Ha KOHIICHTpanujaTa Ha (enogunuH pacTBOpeH Bo mnumnuaHara 0Oaza. Co
MOCTaByBalke KopeJjalnuja Ha eHraiamnujata Ha Tomewme (AHf) nHacmpema cooxBerHara
KOHIIEHTpAIlKja Ha JIEKOT BO MPUMEPOKOT M ekcrpamnoiamuja 10 BpeaHoct AHf = 0 (ciuka 21),
orpezelieHa € MaKCHMalHaTa PaCTBOPJIMBOCT Ha (PEJIOAMITMH BO JMmuaHaTa Matpuma ox 14 %.
OBaa KOHIICHTpaIlMja € u30paHa Kako MaKCHMaIHa KOHIIEHTpAIFja Ha JICKOT BO KaJTHOPAallMOHUOT
ceT mpuMepoIH puMeHeTH mpu pa3poj Ha NIR-HSI monenot 3a kBanTuuKanyja.

300 -
y=318.48x - 45.109 *

200
150 -

100 -

Entanmuja va ¢y3uja [J/g]

Lh
(=]
!

O T T T T 1
0% I 20% 40% 60% 80% 100%

Konuenrpatiuja vHa denoaunus [Yow/w]

Cnuxa 21. 'paguxon na enmannujama na monere (AHf) 60 oonoc na konyenmpayujama na genroounum,
excmpanoaupana 00 epeonocm AHf = 0; maxcumanna pacmeopausocm na gpenoounun (14 %) 6o iunuonuom
cucmem (LipoGalen®1684:PG6 (9:1 wiw))

2.3.3. Paseoj u eanuoayuja na NIR-HSI moden 3a keanmumamuena anaiusa Ha
Genoounun

KanubpanmoHnoT cer Ha MNoJaTolM COCTaBeH o7 48 WHAMBUAYAIHU XHUIEPCHEKTPaIHU
MOJIATOIU O] IPUMEPOLIMTE OATOTBEHN BO KOHIIEHTPALUCKH oncer Ha ¢enoaunut ox 0 1o 14 %
e npumeHer Bo pa3BojoT Ha NIR-HSI monenor 3a xBantudukanuja. CenekTupaH € peruoH oj
uHTepec coctaBeH oJ okony 10 000 mukcenu ox JBeTe MOBPLUIMHM Ha CEKOj MPUMEPOK U
MIOCJIEZIOBATEIHO € TeHEPUpPaH CpelieH CIeKTap oA cekoj pernoH. Cimka 22a ro mnpercraByBa
HEoOpabOTEeHUOT KalnMOpalMoHeH ceT Ha mojaarouu. OOpaboTka Ha CHEKTPaJHUTE MOAATOLHU
HajyecTo € MmoTpedHa co el moo0pyBame Ha CIIOCOOHOCTA 3a MPEABHIYBamke Ha KPEUPAHUOT
MOJIeNI U HaMaJlyBame Ha IOMeCTyBamaTa Ha 0a3HaTa JIMHUja TToMel'y TeHepUpaHUuTe CIIEKTPaTHU
M0/IaTOIM KO MOTEKHYBAAaT O] HaJBOPEIIHU (aKTOpH, KaKO pacejyBame Ha CBETINHATA, IPOMEHA
BO JIOJKMHATA HA ONTHYKATA MATeKa M CIydaeH IIyM BO TEeKOT Ha cHEMameTo.!!® Bo Texor Ha
CTyaujaTa MpHUMEHAaTa Ha MHUH./MakC. HOpMaiM3alyja OBO3MOXXyBa HOpMaJu3Upame Ha
CIEKTPAIHUTE MOJIATOLM MIPEKY ONpeIeNyBakbe HA MUHUMAIHUTE U HA MAaKCUMAITHUTE BPEHOCTH
Ha UHTEH3UTET BO ceKoj criektap. [locnenoBarenHo, CieKTpUTe c€ HOpMaIU3UPAHU BO COTJIACHOCT
CO OTpe/IeTICHUTE AMHAMUYKH TUMHUTH. OBOj IPUCTAI TY 3aJ{p>KyBa MHUIU]aTHUTE OJTHOCH ITOMETy
noxarormre. 41 Crmka 226 o mpeTcTaByBa KanMOPAIMOHKOT CET HA MOJATOLHM MO ATLTHKAIH]a
Ha QUATEpOT 32 HOPMAJIHM3AIH]a.
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CnexTapoT Ha IPBUOT M3BOJ HajUECTO CE MPUMEHYBA 32 KBAHTUTATHBEH XEMHUCKU UMHUIIMHT CO
11eJ1 J1a Ce WITyCTpHUpa CIICKTPATHUOT HAKJIOH (CTalKaTa Ha IPOMEHa Ha aricopbaHmaTa co mpoMeHa
Ha OpaHOBaTa JIOJDKHMHA) U C€ U3pa3yBa BO €MHUIM HA aricopOaHIia Ha HAaHOMETap BO OJHOC Ha
6panoBara nomxuna.'’® Co mpumena Ha mHpB M3BOA Ce OBO3MOXKYyBa OTCTpaHyBame Ha
NOMeCTyBamaTa Ha 0a3HaTa JIMHMja U HAa e(eKTHTE HAa HAKIIOHYBAamEe Ha CIIEKTPUTE CO el
noo0pyBame Ha HACHTU(UKAIMjaTa Ha JIOKAIM3UPAHUTE CIICKTPATHA KapaKTEPUCTUKU 3HAYAJHU
BO KBaHTHTaTHBHATa aHanu3a. Co IprMeHa Ha U3BOJI, ToJbKUHATA Ha jaaporto (kernel length — 6poj
Ha TIOCIEOBATeJIHM IIOATOIM KOM CE YCpEeIHyBaaT 3a TI'CHEpUpame Ha CeKoja TOYKa O
(GUATPUPAHUOT CUTHAT) O 7 TOYKH € COO/ABETHO M30paHa CO el M30erHyBame NMpeKyMepHa
06paboTka Ha crekTpanuute kapakrepuctuku.'’® Ha cnuka 22B ce mpeTcTaBeHM CIEKTPATHH
noJaTonyu 100MeHH 1Mo 00paboTKa CO BKIyUyBame Ha IPB H3BO/.
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Cnuka 22. I'paguron na NIR-HSI kanubpayuonen cem (2open 0en) u oujazpam Ha 3Ha4ajHocma Ha
Kapakmepucmuxume u cooogemuuom NIR cnexmap Ha ¢henoounun (0onen den) 00: Heobpabomenume CHeKmpaiHu
nooamoyu Ha Mooeiom (a), CneKmpaiHume HOOAMOYY No ANJUKAYUja Ha uamep 3a MUH./mMaKc. Hopmaiusayuja (0)
u nodamoyume obpabomeH co BKIYYY8aArbe HA NP8 U3800 (8)

Bo cormacHOCT co HajBUCOKMTE MUKOBH Ha AMjarpaMOT Ha 3HA4YajHU KapaKTepUCTHKH
(03HaYeH CO I[pHA JIMHHWja Ha JOJHUOT Jei of ciuka 22), peruonute 1 120 —1 140 nm, 1 320 -1
350 nm u reHTara Ha OpaHoBa qopkKMHA o 1 650 nm MmokaxyBaaT 3HAUYMTENTHA BapHjaOMIIHOCT BO
3aBHCHOCT OJ] KOHIIEHTpalnujata Ha ¢enoaunuH Bo npumepokot. Perronor ox 1 120 go 1 140 nm
T'O IPETCTaByBa BTOPHOT OBEPTOH HA WH(panpBeHo akTuBHO CH pacterHyBame Ha OEH3EHCKHOT
TIPCTEH MPUCYTeH BO MoJleKynaTa Ha denomunun.?’ Permonor oxomy 1 300 nm e crnenududen
3a C-H moBp3yBamaTa Ha apOMAaTUYHHUTE jarJIeBOJOPOIM, JOJeKa JieHTara okoimy 1 650 nm
oArosapa Ha pBHOT oBepToH Ha C-H pacternypauxu subparuu.t?! Taka, IujarpaMoT Ha 3HAYAHH
KapaKTepUCTUKH TH O3HadyBa MpeTXomHo crioMeHatuTe NIR pernoHm Kako pernoHW BHCOKO
KOpeJIMpaHu cO COApKMHAaTa Ha (PeIoJUNMH, HM3ABOjyBajKM TH KaKO KIYyYHM PETHOHU 32
MpeANKTHBHATA aHAJIM3a Ha MOJICJINTE 3a KBaHTHU(HUKAITH]a.

KOMHapaTI/IBHaTa aHaJIM3a Ha UHAUKATOPUTE 34 KAPAKTCPUCTUKUTEC HA MOACIIUTE YKaXKyBa
Ha CYHCpUOPHOCT Ha MOICJIOT 3a KBaHTI/I(l)I/IKaLII/Ija u3rpa€H CO INpHMCHA Ha IIpB MU3BOA Ha
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crekTpanHute noaaronu. OBOj Mojen, BO cropeada co MOJAETIOT U3rpajeH co MpuMeHa Ha
HOPMAJM3UPAHUTE CICKTPATHH TIOJATOLH, C€ KapakTepusmpa co momobpa CHocoOHOCT 3a
MpeABUYBakE U YMEPEHO MOBUCOKH KoehuiineHTn Ha AetepmuHaiyja (R?X and R?*Y), a monucku
BpPEIHOCTH Ha rpemkute Bo npeasuayBamara (RMSEC and SEC), kako mTo € mpukaxaHo BO
tabena 17. Bpennocra Ha R? ox 0,99 ykaxyBa Ha coonBeTHa npeasuayBauka Mok, RMSEC ox
0,09 ja oTcnukyBa BHUCOKaTa MPEAMKTUBHA TOYHOCT, OJIEKa HUCKUOT KanuOpanunoneH BIAS u
SEC ja moTBpayBa Mpenu3HOCTa Ha Pa3BUEHUOT MOJICII.

Tabena 171. Hnouxamopu na xapaxmepucmuxume Ha NIR-HSI kanubpayuonume mooenu co
npUMeHa Ha Pa3IuyHu Memoou Ha obpabomxka

Mogen 1 Mogen 2

CTaTHCTHYKH HHIMKATOPH M"H'/Mam'. Ips

HOpMaJIu3aluja H3BOJ
Bpoj Ha 1aTeHTHH Bapujadau 2 2
R2X 0,99 0,99
R2Y 0,99 0,99
RMSEC 0,39 0,08
BIAS 0,0002 0,0016
SEC 0,391 0,085

Co npercraByBame Ha cerubuyHuTe OpaHoBu AOKUHU 011 NIR ciekTapoT Kako pBeH,
3eneH U cuH kaHan (RGB channels), KoMIUIeKCHHUTE CHEKTpaJHHM IMOAATOIM MOXKE Ja Oujar
KOHBEPTHPAHH BO CIMKH cO cooxaBeTHa 00ja.!’® Xemuckure ciuky Ha KanmuOpamuOHMOT CET HA
MOJIAaTOIM Cce MpeTcTaBeHu Ha ciuka 23. CerMeHranujaTta Ha 3aJHHHATa O] CEKOja CIUKa €
MMOCTHTHATA CO OTCTPAaHyBamke HA IIYMOBUTE BO CIEKTPAIHUTE CHUTHAIM KOU C€ IMOCIA0U O]
3amazneH npar ox 800 a.u.

TorumHckaTa Mama Bo OBa CTylMja IpUMEHYBa 00ja 3a ofjpeayBame Ha KOHIIEHTpalyjaTa
Ha (enoaunuH BO TpuMepouute. ['pagueHTOT OJ CHHA KOH IIpBeHa 0oja ja TpeTcTaByBa
nuctpulynyjaTta Ha akTMBHaTa kKomrnoHeHTa oa 0 mo 14 %. OBaa Bu3yainzaliyja OBO3MOXYBa
MOJIECHO pa3Oupame Ha KOHIIGHTpalKMcKaTa pacmipenenda Ha (elogunuH Ha MOBpIIMHATA HA
npUMeponuTe. AHATU3UPAjJKU T CIMKUTE Ha KOHILIEHTpaIMcKaTa pacrpeenda reHepupaHu oj
MOJIETIOT KpEeHpaH CO INPHUMEHa Ha NpB M3BOJ Ha CHEKTpaJHUTE mnojartouu (ciauka 230), ce
3abenexxyBa yHU(POpPMHA AUCTpUOyLHja Ha 000jyBameTO Ha CEKOj MPHUMEPOK, IITO jaCHO ja
MOTBp/yBa CHOCOOHOCTAa Ha TPBHOT HM3BOJ 3a YCIEIIHO OTCTpaHyBamke Ha EPEKTHTE Of
pacejyBameTo Ha cBeTiMHaTa. OBa pacejyBame NpUIOHECYBa 3a M0jaBa Ha CIIEKTPH CO MOroJieM
IIyM KaKo pe3yiTar Ha GU3NIKUTE H300JIUIyBamha KO MOTEKHYBAAT O CTPAHUYHOTO 3aKPBYBAhE
Ha paboBUTE Ha MPUMEPOLIUTE ILITO, AK, IPUIOHECYBA 32 U3/IBOjYBab-€ HA PETMOHHUTE CO pa3inyeH
WHTEH3UTET Ha 000jyBame, KOM MOXE Ja ce 3a0eexar Kaj CIMKUTE Ha MOJIEJOT KpEeupaH Co
IpUMEHa Ha HOPMAaJM3UpPAHUTE CIEKTpaTHM moaarouu (ciauka 23a). MoaenoTr KpeupaH co
MpUMEHAa Ha MPBHOT M3BOJ YCIIELIHO TH yOJiaxXyBa oBUe JlehopMaliii, 0BO3MOKYBajKku oJo0pa
TOYHOCT U KOH3UCTEHTHOCT BO IIPETCTABYBAHETO HA KOHIICHTPALIMUTE HA aKTUBHUTE KOMIIOHEHTH
HU3 TOBpIIMHATA HAa TMPHUMEPOKOT CIIOPEICHO CO MOJENOT Ha HOPMAaIM3HpPAHH CIIEKTPATHH
MOJIATOLIH.

69



denoannuH %
14.00

B
12.60
120
980 W i Y AT
@000 " 00

-7.00

(‘\r\/ﬁ

4.20

2.80 — —
1.40 .
0.00

Cnuka 23. CJzuKu Ha KOHYEeHmMpayuckama pacnpeoenda na geioounun: cnopedba Ha Hopmanuzupanu (A) 6o ooHoc
HA CNeKMpPAnHy nO0amoyu no uHmezpuparee Ha npeuom u3o0 (b)

/

Co uen omnpenenyBame Ha MPEAUKTUBHATA TOUHOCT HA KPEUPAHUTE MOJIENH, UCTUTE Oea
BaJIMIMPAHU CO MPUMEHA Ha IIeJIOCHO HE3aBUCEH CET Ha HaJBOpEelIHH TpuMepou. [Ipeasuaenure
KOHIICHTPALMU Ha (PEeTOJUIMH Of ABaTa MOJAETH Oea CIIOPEACHN CO KOHICHTPAUUTE OJIPEICHH
co mpumena Ha HPLC anammuza (cimka 24). McTpakyBameTo MOTBpAyBa JIeKa MOJEIOT Ha
MOJIATOIIUTE CO MPB M3BOJ MOCEAyBa MOMaja peJaThBHA CTaHAapHA JCBHjalrja i OBO3MOXKYBa
MOTPEM3HO OIpeeNyBambe Ha KOHIIEHTpalnMjata Ha (EJOJUMHH CO BPEIHOCTH CIWYHHU Ha
Bpeanoctute goorern co HPLC anammza. Co oBa Oerie mOTBpACHA CYIIEPHOPHOCTA HA MOJEIIOT
KpeupaH co MpUMeHa Ha CIEKTPATHUTE oJaToluu o0paboTeHH CO MPB U3BO/I.

MepvjaHa CpepHa + lMopaToun
10.6 BpeOHoCT
~10.5 1
X
T 10.4 *
cC
é *
g 10.3 4
|
'g' 10.2 .
g
T 10.1 1 ~—— !
§ .
5 10.0 .
S 4ol 1
[P —
9.8
1 T T
Mun/Makc Mpe gepnsatve HPLC

Cauxa 24. Cnopedba na xonyenmpayuume Ha genoounun npedsudenu 00 NIR-HSI mooerume pazeuenu co
NpUMeHa Ha MUH./MAKC. HOPMAIU3AYUja u npe uze00 80 00Hoc Ha pezyrimamume dobuenu co HPLC onpedenysarve.
3a cexoj memood e npemcmasen unmepksapmannuom oncez (IQR —25™ oo 75™ npoyenmun), dodexa 6aposume Ha

epewika npodonxcysaam + 1,5 x IOR

2.3.4. Ananuza na nabopamopuckume eKcCnepumesmu

Pazpuennor NIR-HSI monen 3a xkBanTH(UKanuja Ha (ENOIUNUH, Pa3BHEH CO NMPUMEHA Ha
CIEKTpaJTHUTE TMOAATOLM JOOMEHU MO 00paboTKa CO MPB M3BOJ, € MPHUMEHET 3a aHalIW3a Ha
COJpKMHATA Ha aKTHBHAaTa KOMIIOHEHTa BO pa3in4yHu (opmynanuu. OBaa cTyauja BKIy4dyBa
JUTIAIHU cCUCTeMU Ha (pemoaunuH coctaBenn o 10 % aktuBHa cyncrannuja u 90 % mumuau (Kou
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cogprkatr 10 % PG6 u 90 % LipoGalen®1684) u cuctemu usrpagenu ox 10 % akTtuBHa
cyncrannudja u 90 % LipoGalen®1684 (6e3 PG6). [IpumeporuTe ce aHaTU3UPaHU CO PUMEHA Ha
pazBuennoT NIR-HSI mozen, a Bo Tabena 18 ce npukakaHu KoHIeHTpanucku manupanute NIR-
HSI momarorm Ha cexoj MPUMEPOK NPETCTaBYBajKM ja MPOMEHATa BO JTUCTpUOylHMjaTa HA
(benoaUnuH BO JIUIMUIHUOT CUCTEM IO/ BIIMjaHUE Ha PA3IMYHU €KCIIEPUMEHTAIHU (PaKTOpH.

[lomonro Bpeme Ha Meliame, T'€HEpPAIHO, JOBedyBa 10 YHU(OpPMHA AUCTPUOyIHja Ha
(denoaunuH, MTO € EBHJISHTHO BO COIVIACHOCT CO 000jyBameTO HAa XEMHUCKHTE CIIUKH Ha
MIPUMEPOIIMTE MOATOTBEHU cO Bpeme Ha Memame oj 60 munytu (E1 m E3) macnpema onme
IIPUMEPOLM MOATOTBEHH cO BpeMme Ha Mewame o 15 munytu (E2, E4, ES u E6). [lononaurenHo
3HAYUTEIIHA Pa3lInKa Ha KOHIEHTpalrjaTa Ha (eTOqUIHNH O/l ABETE MOBPUIMHH HA IIPUMEPOKOT ce
3a0enekyBa KOra MEMIAmeTO IMPU IMOATOTOBKA HA MPUMEPOIUTE C€ OJBMBA HA IOHHUCKA
temmneparypa (E5 u E6). [Ipu memame Ha Temneparypa og 95 °C (E1 u E3) ce oBo3mMoxxyBa
MoOJIeKyJIapHa TUCTprOyIHja Ha (PEIOANITHH BO JIMITUAHATA MAaTPHUIIA, BO CIIOpeI0a cO MEIIamke Ha
temmeparypa on 50 go 60 °C. OBa nonoOpyBame Ha MOJIEKyJIapHaTa TUCTpUOYIIHMja TOTEKHYBa O]
3roJieMeHaTa PacTBOPIMBOCT Ha (ermoauIuH co MpuOIKyBamke Ha TeMIlepaTypara JIo HeroBara
TOYKA HA TOTICH-E.

CrpoTHBHO Ha OBa, NMPHU aHAIM3A HA TIPUMEPOIIUTE TIOJTOTBEHU CO MEMIamke 011 15 MHUHYTH Ha
50—60 °C ce 3abenexxyBaaT JOKAIM3UPAHU 00JIACTH CO 3TOJIEMEHAa KOHLIEHTpallKja Ha (PeJIOAUTTUH
(MHTEeH3UBHO LPBEHO NpedojyBame). IlojaBaTa Ha OBHE 001aCTH Ce TOJDKH HAa HEJJOBOJIHO BpeMe
Ha MEIIamke 33 MOCTUTHYBabe YHH(POPMHA AUCTPUOYIHja HA (DETOAMIIUH BO JIUITUIHHOT CUCTEM,
IITO JIOBEAyBa JI0 KOHICHTpUpame Ha aKTHBHATA KOMIIOHEHTA BO OJIPSIICHU CETMEHTH O]
npuMmeponure. J(onomHUTENHO, pelaTUBHO HUCKaTa Temiieparypa Ha memame (50 — 60 °C) e
HECOOBETHA 32 [IEJIOCHO PACTBOPALE WIIN JUCIICPTHPAhEe HA (DETIOJUITUH BO JIMITHIHUOT CUCTEM,
JIOTIOTHUTEITHO BIIMjaejKku Bp3 M0jaBaTa Ha JTOKAIM3HPakhEe Ha aKTUBHATAa KOMIIOHEHTA BO PAa3TUYHU
30HU O] MPUMEPOKOT. Bo corimacHOCT co oBa, KOMOMHAIHjaTa Ha IIOKPATKO BpeMe Ha MeIamke Ha
MOHKCKA TeMIIepaTypa MOXKe Jia TOBE/Ie 0 HECOOABETHO MEIIame U A0 JIOKATU3UPAHU MoApadja
CO 3roJieMeHa KOHIICHTpaIija Ha (heIoIuITIH.
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Tabena 18. NIR-HSI ananuza na oucmpubyyujama na genoounun 60 IURUOHUME CUCMEMU.:
eKCnepumMeHmanHu pe3yimamu

ExcnepumMent El E2 E5 E3 E4 E6
Bpeme Ha
MOILIAC 60 MuHyTH 60 MuHyTH 15 munyTH 60 MuHyTH 60 MuryTH 15 munyTH
Tennepatypa 95 °C 50-60°C | 50-60°C 95 °C 50-60°C | 50-60°C
Ha MeIIame
Cocran 10 % denomumnun + 90 nunuau 10 % denomurnuu + 90 % LipoGalen®1684
ocra (10 % PG6 + 90 % Li

poGalen®1684)

(0 % PG6)
P s

IIpumepox 1

IIpumepoxk 2

IIpumepox 3

Konnenrpanujata Ha (eloaunuH BO €KCIIEPUMEHTATHUTE MPHUMEPOIH ONpeaesieHa CO
paszBuenuoT NIR-HSI mozgen e cnopeaena co koHIeHTpalyjaTa Ha GETOAUIHUH OMpeieleHa co
HPLC anammza (cnuka 25). PesynraTtuTe mokakyBaaT Jieka CoJIp)KMHATa Ha (DEJIOUTTUH Bapupa
BO 3aBHCHOCT OJI METOJOT Ha TOJArOTOBKAa M BO 3aBUCHOCT OJ COCTaBOT Ha IWIUIHATA
dbopmymanuja. [Ipu Bpeme Ha Memame o 60 MuHyTH Ha Temreparypa on 95 °C, co NIR-HSI
MOJIETIOT C€ ONpeleleHH CpedHH KoHIeHTparuu Ha ¢(emonunuu ox 10,15 % 3a mpBara
dopmymanuja (E1) u 10,49 % 3a Bropara dopmynamuja (E3), nomeka HPLC pesynrarure
n3HecyBaa 11,56 % u 11,24 % 3a ucture nmpumepouu, cooaBeTHO. PenaruBHara craHaapaHa
nesujarmja Ha NIR-HSI pesynrature e 3HaunTenHo noxucka 3a remnepatypa oa 95 °C (1,45 % u
0,61 %) BO cmopenba co MOHUCKA TeMIiepaTypa U MOKPAaTKO BpeMe Ha Mellame, MpU IITO ce
3a0enexyBa 3rojieMyBambe Ha BapujadbumiiHocta 10 16,58 % 3a ES u 9,73 % 3a E6. JlononxuTtento,
3HAYMTEIHA pa3JiiKa BO KOHLIEHTpaljaTta Ha (eToJUIHMH Ha JABETE CTPaHHU Of MPUMEPOKOT ce
3a0erexyBa Kora MEIIameTo € U3BeIeHO Ha Temmeparypa ox S0 1o 60 °C.

Kako 3axmydox, NIR-HSI pesynrarure ykaxyBaaT Ha yHHUGOPMHA TUCTPUOyIHMja HA
aKTMBHAaTa KOMIIOHEHTa (EIOAWIIMH BO YCIOBH Ha MPOAOHKEHO MeEIIame MpU MOBHCOKA
temmneparypa Ha Memame (E1 u E3), ykaxyBajku 1exa 1 BpeMETO U TeMIlepaTypara Ha Mellambe
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Ce KPUTUYHU MPOIECHH MapaMeTPH IMPU MOArOTOBKA HA JMITUIAHUTE CUCTEMH KOW 3HAYUTEITHO
MOJKE JIa BIIMjaaT Ha XOMOT'€HATa JUCTPUOYIHja Ha PEeIOTUITUH BO (OPMYJIAITUUTE.

MeawvjaHa CpenHa BpegHocT MopaToum
] *

NIR-HSI HPLC

15 4
14 4

2] u

11; ? * * :
o] *@ B :
9; * T

1
E1 E2 E3 E4 E5 E6 E1 E2 E3 E4 E5 E

*

CoppuiHa Ha doenoguniuH (%)

Mprmepok
Cnuka 25. Komnapamusna NIR-HSI u HPLC ananusza na coopacunama Ha ¢henoounut 60 TUNUOHUMe Cucmemu
NO020MBeH U CO NPUMEHA HA paziuyHu Memoou Ha nodzomoeka (E1-E6). 3a cexoja popmynayuja e npemcmasen
UHMEPKBAPMATHUOM ONcee, 000eKa baposume Ha epewka npodoaxcysaam + 1,5 x IOR

Kako pesynrar Ha 3HauuTenHa BapHjaOWIIHOCT Ha AUCTpUOyIMjaTa Ha AaKTHUBHATA
KOMIIOHEHTA Ha JBe€Te NOBPIIUHM o npumeporute ES u E6, oBue n1Ba mpumeponu ce UCKITyYeH!
0J1 TIOCIICJIOBATEIHM aHajdu3u W enuHcTBeHO mpumeporute o El nmo E4 ce 3emenum kako
pENEeBAaHTHU 3a CIIPOBEYBakE HA OCTAHATUTE TECTUPAHA OJ1 0BA UCTPAXKYBAHE.

2.3.4.1 Tepmanuo oonecysare u Kapakmepuzayuja 60 Yspcma cocmojoa Ha noO2omeeHume
JUNUOHU cucmemu

DSC tepmorpamMoT npeTcTaBeH Ha ClIMKa 26 TO MPUKaKyBa TEPMUUKOTO OJIHECYBam€ Ha
uBpcrara (opMa Ha aKTUBHATa KOMIIOHEHTa (PEJIOAMIHH BO CIOpEda CO pa3IMYHUTE JTUIHUIHU
¢dopmynauuu (E1-E4) u komnoHeHTHTe Ha IunuaHaTa 6a3a. Kako mTo e u mpeTxoaHo 0CoYeHo,
Ka] TunuAHuTe (GopMysTallud M KOMIIOHEHTHUTE Ha JunuAHata 0a3a ce 3abenexyBa JBo¢azeH
CHCTEM CO JBa €HIOTEPMHHU IHKa Ha Toneme. OcTtap €IHOTEPMEH UK HA TOINEHE CO MTOYETOK Ha
141 °C ce 3abenexyBa Bo DSC tepmorpamor Ha (emoaunuH KOj € jaceH HWHAMKATOp Ha
KpHUCTaJHaTa CTPYKTYypa Ha akTUBHaTa KomnoHeHTa. Bo ¢popmynanuute E1-E4 He e 3a0enexano
MIPUCYCTBO HAa OBOj €IHOTepMeH NHUK Ha (enoaunuH. Temmeparypara Ha 3acTakiyBame Ha
amopnaTta (opma Ha (enoaunuH u3HecyBa 45 °C (mperxomHO TOTBpaeHal??) mTo He ce
JETeKTUpa Ha 100MEeHNUTe TepMorpamiu (ciauka 26), HajBepojaTHO OPaaH MOKJIOMYBAKkE CO TUKOT
Ha Toneme Ha Manute Gpakuuu Ha LipoGalen® 1684 Ha ucrara remmneparypa.
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Cnuxa 26. DSC mepmozpam Ha akmueHama KOMROHeHma genoounun, 1unuonume gopmyrayuu (E1-E4),
KomnoHenmume Ha aunuonama 6asa (LipoGalen 1684 u LipoGalen 1684+PG6). H3080enuom pezuon oxony 50° 2o
OMCIUKYBA NPEUONT eHOOMEPM HA MONerbe HA TUNUOHUME KOMIOHEHMU

Co men nmoTBpaa Ha moxaronute goouenu co DSC ananm3ara, nudpakiyja Ha peHATCHCKU
3pany noj Maiau U moxa ronemu arm (SWAXD) e J0moJHUTETHO NMPUMEHETa 3a aHaju3a Ha
noaroreernte popmynanun. [Ipu ananmza co nmpuMeHa Ha qudpakirja Ha PSHATCHCKUTE 3pallu
nox ronemu arnu (WAXD) 3a cute hopmynanuu (cnuka 27) ce 3abenexyBa JOMUHAHTEH MUK KOj
€ BO COTJIACHOCT CO XEKCAroHATHHOT MoJseKynapeH pacropen (H, a-dpopma) na PG4-C16/C18."
OBoj pacniopell OcTaHyBa cTaOWUJIEH M IIPHU MPOMEHA Ha YCIOBUTE Ha MOJArOTOBKA (Bapupame Ha
TeMIlepaTypara U Ha BPEMETPAaeHhETO Ha MPOLIECOT Ha Melllabe) Kako U npucycTBoto Ha PG6 Bo
¢dopmynanujaTa, MTO YKaKyBa Ha OTCYCTBO Ha BJIMjaHUE HA OBHE (POPMYIAIMCKH U MPOLECHU
MPOMEHU BpP3 MOJIEKyJapHaTa CTa0WIHOCT Ha JunuaHute Gopmynanuu. CTaOUIHUOT
MosekyiapeH pacropen Ha PGFAs e geranno omwmman Bo cratmjata Novel approach for
overcoming the stability challenges of lipid-based excipients. Part 1: Screening of solid-state and

physical properties of polyglycerol esters of fatty acids as advanced pharmaceutical excipients
(BueTe 1MOJT TOYKA 72 BO HHICKCOT).

Naxo co DSC ananmzarta BO TeHEpHpaHUTE TEPMOTPAMH HE CE TIOTBP/IyBa IMPUCYCTBO Ha
kpuctaneH denogunun (cauka 26), WAXD ananuzara Ha ¢popmynanuute E2 u E4 morepaysa
JOTIOJTHUTEJICH MUK KOj € KapaKTePUCTHUYEH 33 KpHCTaIHATa (hopMa Ha (eSTOTUTIHH, IITO YKaKyBa
Ha MPHUCYCTBO Ha pe3uayaliHa KpUcTajiHa popMa Ha aKTUBHATa CYIICTaHI[Mja BO OBHE IPUMEPOIIH
nmoaroTBeHu Ha Temiieparypa o S0 no 60 °C. HeycormaceHocTa Ha pe3yyITaTUTe OJ1 IBETE TEXHUKH
(DSC nacnpema WAXD), HajBepojaTHO, c€ JODKM Ha JMMUTHpaHaTa ceH3uTuBHOCT Ha DSC
TEeXHHKAaTa ¥ Ha MOTCHIHWjATHUTE TePMaHU €(PEeKTH ITO ce CIlydyBaaT BO TEKOT Ha camara
aHaJM3a W KOUIITO MOXE Ja TMpEeAU3BHKAAT JOMOJHUTEIHO PACTBOpamE€ Ha PE3UAYATTHUOT
KpHUCTaJeH (ENOAUTTUH TIPUCYTEH BO (opMyanunte. JJONOTHATEIHO, BUCOKATa CIIOCOOHOCT 32
3aCTaK/IyBame U CTa0MIIHATA CTakjeHa (hopMa Ha (eIOAUIINH, BO COTTIACHOCT CO UCTPAKyBambETO
Ha bupn u 1p.1%, ro cnipeuyBaaT pacToT Ha KpHcTanrHaTa GopMa 3a BpeMe Ha (a3uTe Ha Jafemhe U
Ha rpeewse npu DSC ananuzara. Kako pe3ynraTt Ha Toa, IPUCYCTBOTO HA pe3ulyajHa KpUCTalHa
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¢dopma He oBeyBa 10 MojaBa Ha TEpPMaJICH IHK, PE3YJITHPAJKU CO HECOOABETHO OINPEICTyBahe
Ha MPHUCYCTBOTO Ha KpucTaineH ¢enoaunun npu DSC ananmsza.

ITpu WAXD ananusata Ha ¢popmynauuute E1 u E3, xou ce moarorsenu Ha temmneparypa
Ha Memame o1 95 °C, He ce 3abenexyBaar AOMOJHUTEIHH MMUKOBU O] KpucTanHara ¢opMa Ha
aKTWBHara cyncranuuja. OBHE pe3yiTatd ce BO corjacHocT co 3akimydorurte onx NIR-HSI
aHaiu3ata 3a BapujabUIHOCT BO JuCTpuOylMjaTa Ha aKTHUBHaTa KOMIIOHEHTa BO OBHUE
dopmynanuu, a HCTO Taka Ceé W BO COTJACHOCT CO MPETXOAHO MOTBPJAEHHU JIUTEpaTypHU
MO/IaTOIIH.
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dakTop Ha Kopekuuja (2 _ (rad))
Cnuxa 27. WAXD oonecysarve Ha ¢enodunun u noocomsenume gopmynayuu E1-E4

Bo cornacHocT co aupakicKoTo pacTojaHue ONpeAeIeHo Co MPUMEHa Ha TudpakuujaTa
Ha peHAreHcku 3paiu noj manu ariu (SAXD), ce moTBpayBa JiamenapHaTa KOH(pUTypaluja Ha
LipoGalen®1684 Bo cute mpumepolr, Bp3 OCHOBA Ha PACTOjaHUETO HA XapMOHUYHUTE MUKOBH
BO OJIHOC Ha TJIaBHHOT NHK. OBaa KOH(HUTypanHja € KapaKTepUCTUYHA 32 AllMITIUIEPOIUTE H €
npeTxoaHo moTBpeHa 32 PFGAs.’? JlamenapHata U KpucTanHaTa 1eOeIHHa ce IPecMETaHH CO
npumMeHa Ha bperosuot 3akoH u co IllepepoBara paBeHKa, Kako IITO € ONHUIIAHO BO CTaTHjaTa MO
0poj 72 BO MHJEKCOT U KaKo IITO € MpHKakaHo Bo Tabena 19. Bo coryacHoCT co nmpuka)xaHoTo,
He ¢ 3a0eJIeKaH0 U3I0JDKYBakhe Ha JTJaMelTuTe Kaj JIMmuaHuTe popmynanuu Ha LipoGalen®1684
o noaasame Ha AITU u/unm Ha PG6 6unejku nebenvnara Ha namenure (d) Ha YUCTUOT TUTU U
noarorsenure npumeponu El u E4 e konsucrentHa, co Bpeanoct okoiry 6 nm. Toa ykaxkyBa Ha
¢daktor nexka HuTY (enoaunuH HuTy PG6 He ce pacmopenyBa BO KpHCTalHaTa pELIETKAa Ha
mumuaoT. bpojoT Ha mameny Bo KOH(UTYpalyjaTa Ha JIUMTUAOT U TOCIIe0BaTeTHATA TOJIEMITHA Ha
kpucraiot (D), cemak, ce agexTupaHH Off TeMmmepaTypara Ha MOATOTOBKAa M O]l JI0JaBamETO
denomumua w1 PG6. OmmTo € MOo3HATO JeKa MOAAJCHHUTE JUMO(PWIHN agUTHBU IITO HEMaaT
XEMHUCKa CIIMYHOCT CO JIMMUJOT Ce MOTSHIMjaIHU KaHAUAaTH 32 OJUI0’KEeHa HyKJlealrja 1 3a pacT
Ha kpuctamure.'?> 126 Criopen Taa Teopuja, ako ce 3emat denomunun u PG6 kako aauTHBH, MOXKE
Jla ce OueKyBa JieKa (PeToTUNMHOT MMa MOroJieM MOTEHIUjall 1a ejCTBYBa KaKo MHXHOUTOP Ha
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KpucTanu3anujaTta Bo copeada co PG6. Hamanena kpucranna rojnemMuHa kaj mpuMeporute o El
no E4, Bo ciope0a co YUCTHOT JIUIK], HaJBEPOJaTHO CE IOJDKU Ha MPUCYCTBOTO HA (PEIIOIUTIHH.
Herosara u3pasena yiora kako HHXUOUTOP Ha pacT Ha KPUCTAJIUTE HA JIUIUAOT € TI0jacHa Kora ce
3eMa HpeaBH M eeKTOT Ha TeMIlepaTypata Kako crpec-hakrop.t?’ 'ojeMUHNTE HA KPHCTAIIUTE
Bo npumepouute E2 u E4, noarorBenu Ha temmeparypa on 55 °C, ce CIMYHU U 3HAYUTEIIHO
MOMaJIM O] KpUCTaJIHATA rojieMuHa Ha yuctrot aunug (15,71 u 15,16 nm 3a E2 u E4, cooaseTHo,
KaKo MOCJIeIuIa Ha PUCYCTBOTO Ha JIBE MOCIIEIOBATEIIHY JIaMeJIN BO CTpyKTypara). [Ipumenara
Ha [OBUCOKa TemIepaTypa Ha Memame of 95 °C 3a npousBonacTBo Ha npumepouure E1 u E3
pe3ysTHpa co BUCOKA CTallKa Ha HyKJealllja U pacT Ha KpucTainHaTa roiemuHa Ha E1 co pasnuka
O]l caMO eJHa Jlamenia BO JeOenuHaTa Ha KPHCTAIOT BO CHOpeada CO YUCTUOT JHMUJ (LIecT
MOCJIEIOBATEIHN JIaMEIH IITO pe3yJTHpaaT co KpucTtaiHa roiemuHa on 33,91 nm kaj El,
HACTIPOTH CEIyM JIaMeJH Kaj YMUCTHOT JIMIU). 3a pa3jivka oJ1 oBa, mpuMepokoT E3 moarorsex Ha
UCTa TEMIEpaTypa, HO KOj COIPKU camo (PEeJIOAMIHMH U JUMHJ, IMOCeayBa MOHUCKA CTalka Ha
Hykieanuja. Kpucrannara ronemuna Ha munuaoT kaj npumepornmre ox E1 1o E4 e Bo cormacuoct
CO CTamKaTa Ha 0cJI000yBame Ha (GENOAUIHIH O JUMHIHATA MATPUIIA.

Tab6ena 19. Cpeona conemuna na kpucmanom, oebenuna Ha iamena u 6poj Ha iamenu, onpeoeeHu

co npumena na SAXD ananuzama na excnepumenmume (E1 — E4)
CpenHa rojieMuHa Ha

Jebenuna Ha Jamesa bpoj na

IIpumepox KPHCTAJIOT —
D [nm] [nm] JIaMeJIu
LipoGalen®1684 43,63 + 3,29 6,28 + 0,07 7
El 339129 6,15+ 0,01 6
E2 15,71 +0,22 6,29+0,0 2
E3 7,82+0,28 6,21 +0,10 1
E4 15,16 + 0,42 6,22+0,0 2

2.3.4.2 Ananusza na pacmsopaugocm

AHanmu3ata Ha pPacTBOPJIMBOCT BKIy4yBa KOMITAPATHBHO TECTHpAmE€ HA YCHUTHETHUTE
exciepumenT E1 - E4 1 Ha akTMBHaTa KOMIOHEHTA (DETOAMIINH, IO HUBHO JI03UPA-E BO KaTCyJIH
co ronemuHa 00. [Tox ncTH yCcIIOBH HAa YCUTHYBakhE Ha HICKA TEMIIEPATypa, JOOMEHUOT MPHUMEPOK
0]l cexkoja opMyIialrja NOKaKyBa TECEH PAHT Ha AUCTPUOYIIMja MO TOJIEMUHA HAa YECTHUKUTE CO
BpeaHocTH 3a d90 ox 140 pm 1o 191 pm, mTo oBo3MOXKyBa MpUMeHa Ha oOueHuTe (popmyanuu
BO JIUPEKTHAa KOMIIapaTMBHA aHalIM3a Ha KapaKTePUCTUKUTE Ha pacTBOpiMBOCT. JloOueHuTe
pe3yaTaTd O] aHaIW3aTa Ha JAUCTPUOYIHMjaTa Mo TroJieMHHA Ha YECTUYKHUTE C€ MPETCTaBEHU BO
tabena 20.

Tabenra 20. Komnapamuena ananuza Ha OucmpudOyyujama no 2oieMuHa Ha pasiudHume

eKcnepumermu
ExcnepumenTt El E2 E3 E4

Bpoj Ha oncepaiyu 3
ITapamerap CpenHa BpeiHOCT
VMD 89 um + 13 pm 82 um + 12 um 75 um £ 4 pum 80 um + 3 pm
d10 7 pm + 2 pm 6 um £ 3 pm 10 pum £+ 7 pum 7 um =+ 1 pm
d50 74 pm £ 12 um 69 um £ 11 um 68 um £ 3 um 57 um =+ 7 um
doo 191 pm £ 22 pm 179 um £ 22 um 140 pm + 13 um 190 um =+ 15 um
SPAN 25+0.1 25+0.3 20+0.3 3.3+0.38
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[Ipodunor Ha pacTBOPAMBOCT HA YHMCTAa aKTHUBHA CYICTaHUWja (ENOoAUNUH U
dbopMynanuuTe T0OMEHU 0 HHKOPIOPUPAkE Ha (PETTOIUITMH BO JIMIHIHATA MATPHIIA BO TEKOT HA
12-yacoBHa aHanK3a Ha OCI000YBAkHETO CE IPUKAXKAHH Ha CuKa 28.
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Cnuxa 28. Ipoghunu na pacmeopausocm na ghenoounun 6o pH 6,5 gpocgpamen nygep co 1 % SLS: cnopedba na
npogunume na pacmeopausocm Ha aunuonume gopmynayuu (E1-E4) u na akmusnama KomnoneHma ¢enoounu;
H3060€eHUOM pecuoH 20 NPUKANCY8a HAKIOHOM HA RPOGUIOM HA PACMEOPAUBOCH HA (PeNOOURUH 60 MEKOM HA
npsume 08a 4aca 00 Mmecmuparbemo

CDCJ'IO,I[I/IHI/IH, KaKO MNpHUIIaJHUK HAa AKTUBHUTC KOMIIOHCHTU BSC knaca leg nopaau

HEeroBaTa XMI'POCKOIHA MPHPOJAa U HUCKATa CIIOCOOHOCT 3a BIAXHEHE, Ce KapaKTephU3upa co
HICKa BOJIEHA pAacTBOPIMBOCT (MpubmmsxHO 2 mg/L Bo pH 6.8 Ha 37 °C12%122),

N360pot Ha 10 mg dpenonunuH, 0AHOCHO KOJMYMHA HA IPUMEPOK eKBUBaJIeHTHA co 10 mg
¢enonunuH, ce 3acHOBa Ha moTpedaTa 3a MOTBPAYBAamkE HAa PAcTBOPIMBOCTA HA aKTHBHATA
CYIICTAaHIIMja BO CHHK-YCIIOBU Ha PacTBOPJIMBOCT M M300p Ha GopMyJaluu KOU COApKAT HCTa
KOJIMYMHA Ha aKTHBHA CYICTaHIMja Kako U (GOpPMYJIALIMUTE CO MPOJOIKEHO 0CI0001yBambe KOU
ce JOCTAIlHM Ha Ma3apor.

AKTUBHAaTa KOMIIOHEHTa (EJIOAMIMH TOKaXXyBa IIOCTENEHO 3rojieMyBame Ha
PacTBOPIMBOCTA CO TEKOT Ha BPEMETO MOCTUTHYBAjKM MaKCHMaiHa pacTBopiuBocT o1 70 % 3a
nepuoa o 10 gaca Bo mpucyctBo Ha SLS. O apyra cTpana, cute TUIUAHN GOpMYyJIalliy MoKakaa
3HAYUTEIHO MM0100pYyBamke Ha pacTBOPIUBOCTA MOCTUTHYBajku o1 90 10 100 % pacTBOpAMBOCT
Ha (esIoIUIKH MO UCTUTE YCIOBH BO BpeMEHCKHU nepuos of 12 daca. Bo Tekot Ha npBuTe aBa
yaca Ha pacTBOPIMBOCT cHUTe (opMyNalMyd MOKaKyBaaT 3HAUYMTENHA JIMHEAPHOCT BO
0CII000TyBamkETO, TIPOCIIEICHA CO TTOCTENEHO MM KOHTPOJIUPAHO 0CI000IyBamke Ha (eloIUITUH
on nunuaHata 6a3a. OBa Op30 MHMLMjaNHO ocioboxyBame Ha AlIIM e kapakTepHUCTUYHO 3a
MaTpPUKC-CUCTEMH CO TojieMa IOBpIIMHA KOja ja oJiecHyBa audys3ujata HA MEAUYMOT HU3
matpuara, 129 130 131
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Co men omnmiyBame HAa KHHETHKATa Ha OCIO00/IyBame Ha JIEKOT, KyMYJIATUBHOTO
ocnobomyBame Ha (DEJTOTUIUH BO TEKOT Ha BPEMETO Oellle CIOPEACHO CO HEKOJIKY KMHETHUYKU
MOJIENIN Ha 0CJI000/1yBamkhe, KAKO KWHETHKA OJ1 HYJITH U Of IPB pea, Xuryde Moen 1 Kopcmajep-
[lenacoB moxen. TabGena 21 ru cymupa napaMeTpuTe Ha CEKOj OJ] MOJCIHUTE Ha PACTBOPIUBOCT
3aeJJHO €O Koe(UIHeHTUTe Ha neTepMuHanuja (R?) 3a cexoj Mozen.

Tabena 2. llapamempu na KuHemuxama Ha pacnmeopiugocm u Koeguyuenmume na demepmunayuja (R?)

Zero order First order Higuchi model Korsmeyer-Peppas

CI)opMy.Jlaunja ko Rz k1 RZ kH R2 ka n RZ
El 8,77 0,87 0,20 0,99 25,78 0,93 16,70 1,19 0,91
E2 10,69 0,42 0,51 0,97 33,95 0,80 4043 1,79 1,00
E3 9,49 0,66 0,32 0,99 29,20 091 25,14 1,09 0,97
E4 10,06 0,78 0,29 0,98 30,08 0,90 1850 1,43 0,99
De1oUNIH 7,21 0,21 0,19 0,65 23,20 0,79 30,52 0,37 0,89

Kunerukara on nps pen u Kopcmajep-IlenacoBuor mojnen mnokaxysaaT mojo0pa
Kopenanuja co cute munuanu popmynamuu (E1-E4), ciopeseno co KWHETHKATa 01 HYJITH pell U
XwuryudeBuot mozen. ExkcrionenTor (N) Ha ocnoboayBame o1 Kopemajep-IlenacoBara kankynamnuja
(n>0.89) ykaxyBa Ha He(uKoBa Tudy3uja Ha 0cI0001yBamke. OBHE pE3yJITaTH CE BO COITIACHOCT
co ocinoboayBameTo Ha AIIN ox koMIIeKCHU TUNUIHU MaTpuli. Ocino00ayBambeTo Ha JIEKOT 0J1
¢dbopMynanuuTe, TIIABHO, € YIPaBYyBaHO OJI KOHIICHTPALMCKUOT T'PAJHEHT Ha Op3ojocTamHara
AIIM Bo MeauyMOT M OJf epo3ujaTa Ha JUNMAHaTa Marpuua. Judysujata Ha MeAUYMOT 3a
PacTBOPIMBOCT HU3 JIMIIUAHATA MaTpHLa U Op3MHATa Ha €po3Hja Ce MOBP3aHM CO CTENEHOT Ha
KpUCTajJM3alMja Ha JHUMUJOT, KaKO M CO MOBpPIIMHATA U CIIOCOOHOCTA 3a HaBJIAXXHYBame Ha
CHCTEMOT.

WAXD, NIR-HSI u ananusure Ha coap’uHaTa Ha IPUMEPOLIUTE MMOKAXKYBAaT KOMIUIETHO
ycorjacyBame Ha 110100pyBamkEeTO Ha pacTBOPJIMBOCTA M HAa XoMoreHocTta Ha AIIN Bo nunuaHara
Matpuna kaj gopmynamuute E1 u E3. Mako peuncu nenocHo ocnobonyBame Ha AIIN ce
MIOCTUTHYBA 10 12 yaca 3a cuTe NpUMEPOIH, HajpaMeH HaKJIOH Ha Op3uHaTa Ha 0CI000IyBambe Cce
3abenexyBa Kaj nmpuMeponuTe oj excriepuMeHToT El. OBaa mojaBa ce moBp3yBa cO TOa IITO
KPHUCTAJOT € MOroJieM Kaj OBOj €KCIIEPHUMEHT, 3a€HO CO CoiMyOmin3alnujata U co XOMOIreHara
muctpubyuurja Ha AIIW Bo nunuaHata matpuna koja coapxku PG6, mTo 0BO3MOXKyBa IIEIOCHO
OINKpY>KyBame Ha conyOmnusupanara AIIM Bo nmununot. Ilocnenuna Ha oBa € 0I0XKyBamke Ha
mudysnjata HA MEIUYMOT 3a PACTBOPJIIMBOCT BO MAaTpHIaTa W IMOCHUTHYBAmbE MOJEKyJIapHa
mucnepsuja Ha AITM. OBoj (eHOMeH, MCTO Taka, € TOTBpAeH Bo apyru cryaum.’®t Kaj
dopmynanujara E2, koja ce cocTtonm o0J MeNIaBMHA Ha CONYOMJIM3UpaHa W KPUCTATHO
mucnieprupana AIIM Bo nunuaHata MaTpuiia co Maja rojieMHUHA Ha KpUCTAlIOT U npucyTteH PGoO,
ce TOTBpAyBa HajOp3a cramka Ha ociobonyBame. Bo oBoj mpumepox PG6 nejctByBa Kako
CPEeACTBO 3a HaBJIAXHYBame U ja 3a0p3yBa Audy3ujaTta Ha MEIUYMOT BO JIMIIUIHATA MAaTpHIIA CO
Majia ToJIeMHHa Ha KpucTad. [IpW KOHTaKT CO AMCONYIHMOHHOT MEINyM, HEyHH(DOPMHO
nuctpuOyrdpaHaTa aKTHBHA CYICTaHIMja, KpHCTalHa JaucHep3Ha ¢opma, ce ociao001yBa
WHUIIMJAJIHO CO pacTBOpYyBame, Jonaeka (pakmujata Ha JIeK, Koja OwmiIa MOJIEKYJIapHO
JHCTIeprupaHa Bo JIUIHUIHATAa MaTPULIA BO TEKOT Ha TIOJTOTOBKATA, € MOCIEA0BATETHO 0CI000/1eHa
on hopmyraiyjara mo nar Ha audys3uja HU3 TUNUIHAaTa MaTpuia. bp3unara Ha ocino0oayBame Ha
¢denonunun ox npumepouute E3 u E4 (co mana kpucraigHa rojeMuHa Ha JIMIIUIOT) € ToMaia BO
cropenda co mpumepokotr E2, mto, HajBepojaTHO, C€ JOJKM Ha mpucyctBoto Ha PG6 kako
CPEeACTBO 3a BIaXKHEHE U KOMIUIeTHaTa conyounuzanuja Ha AIIN Bo numuaHata MaTpuia Kora
cTaHyBa 300p 3a nmpumepokot E3.
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2.3.5. 3axnyuok 00 ucmpasicysarve 11

HctpaxyBamero Il o7 oBaa TOKTOpcKa aAucepraiyja ro NOTBPAyBa KOHLENTOT HA MPUMEHA
Ha XUIIEPCIIeKTpajieH UMHIIMHT BO Oyrcka nHdppamnpeHa mukpockomnuja (NIR-HSI) kako amatka
3a OIpe/eNyBambe Ha XOMOTEHOCTa Ha aKTUBHATa KOMIIOHEHTA BO NTUMHUIHHU (hopmynanmu. OBaa
CTyAMja TIOTBpAyBa METOJ KOj Moke na ce mnpumeHu kako I[TAT amatka mnpu pa3Boj Ha
(apManeBTCKi TPOM3BOIM, OCOOEHO BO KOHTpOJA HAa KOH3UCTEHTHOCTa Ha KBAJUTET Ha
JUMHIHUTE cucTeMHu. [IpeTHoCTUTE, BKITYy4yBajKH ja HEIECTPYKTHBHATA PUPOJIA, €THOCTABHOCTA
Ha MPUMEHA U CIOCOOHOCTA 3a JOOMBamkE Op3W PE3yNTaTH W Pe3yiTaTd BO TEK Ha Ipollec, ja
noctaByBaaT NIR-HSI xako ocoGeHo 3HauajHa ajaTka 3a OICEpBallja M 3a ONTHMHU3AIMja HA
MPOIIECUTE HA IPOU3BOJICTBO.

Bo oBaa cTyamja ce MOCTUTHYBAa M CYIITHHCKO pa3OMpame 3a OJHECYBAHETO HA JIMIHIHUTE
MAaTpHIIHY, 3a yJIoraTa Ha CpeJICTBaTa 3a HaBJIAXKHYBambE, 3a IPOLIECHUTE TapaMeTPH BO XOMOIeHaTa
TUCTPUOYIIMja Ha aKTUBHATa KOMIIOHEHTA BO JIMIIMIHATA MATPHUIlA W 3a KapakTepu3aljara BO
1Bpcra coctojoa u Ha aunuaoT ¥ Ha AITH. OBa 3Haewe noHaraMmy Moxe Jja ce IPUMEHH 3a pa3Boj
Ha JIMNUAHU (HOpMyJaliiK, CO MPHUCTIOCOO0eHO ociobomyBame Ha AIIM mpeky MOCTUTHYBambe
L[BpPCTA JUCIIEep3Hja WIK IPOMEHA Ha CTENIEHOT Ha KpUCTaIu3allja U HaBJa)KHYBabe Ha CUCTEMOT.
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3. 3AKJIYUOK
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HpI/IMeHaTa Ha IIpol€eCHaTa aHaJluTH4YKa TCXHOHOFHja BO pPa3JIM4YHU CCIMCHTH OJ

MIPOU3BOJICTBOTO HA KOHBEHIIMOHATHUTE (hapMaIeBTCKU J03UPaHU (POPMU OBO3MOXKYBA MPEMHUH
OJl TIpHCTaIl HAa TECTUpAmkE Ha KBAJIMTETOT HA MPOU3BOAUTE KOH MPHUCTAIl Ha BrpaayBame Ha
KBAJIUTETOT BO TEKOT Ha MPOU3BOJCTBOTO. CO BOCIIOCTABYBAamHETO HA OCHOBATA 3a pa3Oupame Ha
MpoLecuTe Ha MPOU3BOACTBO, MpuMeHara Ha [TAT anarkuTe npu mocrojaHa mpolecHa KOHTpoJia
0co0eHO MPUOHECYBa 3a POU3BOJICTBO Ha MTPOU3BOIU CO MO00ap M KOHTPOJIUPAH KBAIUTET.

WuTerpupajku v co3HaHujaTa 3a MOTEHLHMjaJOT HAa IMPHUMEHATa Ha CIHEKTPOCKOIICKHUTE

aJIaTKU U 3HAYCHETO Ha OP3MOT M HEAECTPYKTHBEH THUIl HAa aHAIM3a KOj TO OBO3MOXKYBaaT BO
CIIEICHETO Ha IPOM3BOJCTBEHUTE IMPOLECH, BO OBOj JOKTOPCKHU TPYyH AETAIHO CE€ NPUKAXKAHU
pa3BojoT u npumMenara Ha IIAT amarkure 3a omncepBalja BO peaJHO BpeME U 3a KOHTPOJIA Ha
KPUTHUYHHUTE aTpUOYTH Ha KBAJIUTET BO KPUTHUHUTE IIPOLIECH HA IPOU3BOACTBO.

v

Bo cornacHoCT o 3a/1aieHUTE 1IeIM BO OBaa JIOKTOPCKaA JMcepTaluja:

Bo ucrpaxysamero | e onuiana u norBpeHa TpaHcdopMalujaTa Ha aKTHBHATa
KoMIOHeHTa HOympodeH 3a Bpeme Ha MPOIecOT Ha MPOU3BOICTBO KAKO MPOIEC KOj € 0cOO0EHO
KPUTHYEH HE CaMO 3a KBAIUTETOT Ha MPOU3BOJIOT, TYKY U 3a 6e30eAHOCTa U 3a ePUKACHOCTA
Ha camuoT JieK. Co pa3Bojot Ha cooxBeTHa NIR crieKTpockomncka TeXHHKA BO paMKH Ha OBaa
JOKTOpPCKa JMcepTaluja, MpouecoT Ha TpaHchopmanuja Ha uOynpoden Bo uOymnpodeH
HAaTPUYM CE€ OBO3MOJKYBa Ja OWJe HACOYEH M KOHTPOJHMPAH CO IEJN MOCTUTHYBamke (hrHAICH
IIPOM3BOJI CO IOCAaKyBaHM KapakrepucTuku. PasBuenata IIAT amaTka co mpumeHa Ha
CIIEKTPOCKOMHja BO OJIMCKO HMH(]paIpBEeHO MOjApadje OBO3MOXKYyBa Cieleme Ha (asara Ha
TpaHchopMalja Ha akTUBHATa KOMIIOHEHTa UOYNpodeH BO Herosa cojl BO TEKOT Ha (a3ara
Ha BIIQKHA rpanynanyja. imeno, nubynpoden Bo mpucycTBO Ha HATPHYM KapOOHAT U BOAA, BO
3aBUCHOCT OJ1 YCJIOBUTE Ha paboTa, MOCTENEHO C€ KOHBEPTHpa BO HATPUYMOBa COJ —
noynpoden HarpuyM. [Tocouenara Tpanchopmaiija € o1 MO3UTUBEH KapaKTep, OJHOCHO CO
N00HMBamke HaTpUyMOBa coJl Ha UOyTIpodeH ce 0BO3MOKYyBa MOA00pYBamke Ha PACTBOPJIMBOCTA,
a co Toa 1 Ha OMOPACTIONOAKIINBOCTA Ha JIeKOT. CTeneHoT Ha TpaHchopMallija, BO COTJIACHOCT
CO MOTBPACHOTO, € 3aBUCEH M OJ] KOJIMYECTBOTO HATPUYM KapOOHAT MPUCYTHO BO CpeJUHATA
BO TEKOT Ha TMpPOIECOT Ha BIaXHA TpaHynanuja. Pa3BueHata amarka OBO3MOXYBa
oIpeJieNlyBambe Ha MOTPEOHOTO KOJMYECTBO U Ha MOTPEOHOTO BpeMe HEOIMXOAHHM 3a IEJIOCHA
KOHBep3H1ja Ha uOynpodeH Bo nOynpodeH HaTpuyM.

HctpaxyBamero |l e HacoueHO KOH HAjuUeCTHOT MPEIU3BHK CO KOj C€ COOYyBa
¢dapmarieBTCcKaTa HMHJIYCTpHja, OJHOCHO IpouecoT Ha o00e30enyBambe XOMOTEHOCT Ha
(UHATHUOT MTPOU3BOJI MPEKY KOHTPOJIA Ha MPOIECHTE HA TPOU3BOJICTBO M IPEKY JAePHHUPAHE
Ha KpUTUYHUTE NTPOLIECHH NTapaMeTPH KO MOKa)KyBaaT JUPEKTHO BIIMjaHHE BP3 XOMOI'€HOCTA.
OB0j mpenu3BHK OCOOEHO ce TMOTeHIHpa Kaj JUNUAHUTE (QOpMyJalui YHEIlTOo
MIPOM3BOJICTBOTO BKIIyUyBa HHKOPIOPUpaHkE Ha aKTUBHATa KOMIIOHEHTA BO JIUIHJIEH HOCAY 3a
MTO € TMOTpeOHO AepUHUpaAEmkE COOJBETEH MPOIEC Ha IMPOM3BOJCTBO KOj O 00e30emmt
COOJIBETEH KBaIUTET Ha (PUHATHUOT mpousBoi. Co men Ja ce MOTBPAM MOTEHIHMjalIoT 3a
npuMmeHa Ha [IAT amatkute BO CleeHm€ HAa MPOLECUTE HA MPOM3BOJCTBO HA JUMHUIHU
¢dopmynanuu, n30paHa e akTUBHA KOMIIOHEHTA (DeTOAUINNH, OJIOKATOP Ha KAJIIUYM KaHAIUTE,
CO 0COOEHO 3HaUeHE BO TPETMaH Ha XUIEPTCH3Mja. XUTIEPCIEKTPATHHOT UMHUIIMHT BO OJIMCKa
uHopaupsena obmact (NIR-HSI) ce moTBpayBa kako TexXHHMKa 3a BH3yalM3alMja Ha
MOBpIIMHATA HA JIMMHUIHATA TabJera co MTO ce OBO3MOXKYBa JIOKAU3allfja Ha PETHOHU CO
HeyHu(popMHa AucTpuOyLrja/pacnpeaenda Ha akTUBHATa KOMIIOHEHTa. Co KOMOMHUPAKETO
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CHeKTpaaHu W mnpoctopHu uHpopmanuu, paszBueHnor NIR-HSI meron Bo oBaa ¢aza
OBO3MOKyBa TOJETAlHA aHAIMW3a CO BH3yalM3alldja HAa HPUMEPOKOT M CO COOJABETHA
KBaHTU(UKAIH]a HA COAPKMHATA HAa aKTHBHATA KOMIIOHEHTA ()EIIOTUITHH.

JlomoyTHUTETHO, BO OBaa (pa3a e OmuIliaH u IpoIecoT Ha pa3Boj Ha THMHIHA (hopMyamnmja Koja
KaKo OCHOBHA KOMIIOHEHTa BO CBOjaTa CTpykTypa coapxku LipoGalen®1684 (amwiriauieposn
(dbopMupaH co napiujaaHa ectepudUKanmja Ha TETPATIUIEPOI CO TAIMUTHHCKA M CTEAPUHCKA
MacHa KUCeJIMHA), KaKo U IoTpedara 1 3HauajHOCTa Ha J0aBambeTo CII000/ICH XeKCarIUIEPOT
(PG6) Bo dopmynanujata BO HacOKa Ha MOAOOpPYBamke Ha HAKBACYBAKETO M XOMOTEHATa
aucTpuOylivja Ha aKTHBHATa KOMIIOHEHTa BO JUNHMIHATa Marpuia. OnpenenyBameTo Ha
MaKcHMajHaTa KOHIIGHTpAIlMja Ha OBOj CIIO0OJCH XEKCATrJUIEPOs € 3HA4ajHO O] aCIeKT Ha
3aJ]p)KyBamke Ha TIO3UTUBHOTO BJIMjaHHE HA HETOBOTO MPUCYCTBO BO (hopMyJialmjara, mpuToa
SIIMMUHHUPAJKU TO PU3MKOT O]l TeHepUpame HecTabmiHa (Gopmynanuja. Bo pamku Ha oBaa
CTyauja e nmoTBpaeHo aeka nmpucyctBo Ha 10 % PG6 co LipoGalen®1684 u 10 % denogunun
pe3yJsIThpa co reHepupame cTradmiHa Gopmynanyja. 3a pa3ara Ha pa3Boj U ONTUMHU3AIM]a HA
dbopmyanujaTa U Ha IPOU3BOJCTBEHUOT NPOIIEC € IPUMEHETa pa3BueHaTa u norepacHa NIR-
HSI anatka.

[Ipodwmnure Ha pacTBOpyBamke Ha HM3PaOOTEHHUTE JIMIUIAHU (OPMYJIALMU ja TOTBPIyBaatr
npeaHocTa Ha opmynaiujara coctaBeHa ox LipoGalen®1684 u on PG6 Bo nocTUrHYBameTO
nonobpyBame Ha comybunmzanujata co 90 — 100 % pacTBOpAMBOCT Ha (PENIOAUIIUH BO
KOMIIapanmja co nBpcrara (opMa Ha akTHBHaTa KOMIIOHEHTa KOja IMOKa)KyBa MaKCHMallHa
pactBopauBocT 01 70 % BO UCTHTE YCIOBH.

OBa wucTpaxkyBame ja TOTBpAyBa NPUMEHIMBOCTA HA JHMIUAHUTE (OPMYIAIUH BO
noI00pyBamke Ha PaCTBOPIMBOCTA HA XUIPOPOOHUTE AKTUBHU CYIICTAHIIMHU M JTOTIOJIHUTEITHO
ro NOTBpAyBa MoTeHuujanoT 3a npumena Ha NIR-HSI kako poOycHa anaTtka Ha aHamu3aTa BO
tek Ha nipouec (ITAT anatka) Ha yHHOpMHaTa AUCTPUOYIMja HA AKTUBHATa KOMIIOHEHTA IIPU
pa3IMYHU yCIIOBH Ha IPOW3BOJCTBO, CO IIeNl TOCTHTHYBAaHE KOH3MCTEHTEH KBAJIMTET Ha
TUMUIHATE HOPMYITalluU

HctpaxyBamara of 0Baa JOKTOPCKA IUcepTalrja MpHI0HECYBaar 3a MposiabouyBambe Ha
CO3HaHMjaTa 3a IPUMEHA Ha CIIEKTPOCKOIICKUTE TEXHUKH BO PAa3BOjOT Ha aJlaTKHU 3a KOHTUHYHPAHO
ClIeIeh€e Ha MPOLIECUTE Ha MPOM3BOJICTBO Ha (papMalleBTCKU J03UPAHU (POPMH.
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ABSTRACT

The aim of this research was to develop a process analytical technology (PAT) tool for monitoring the trans-
formation of the active ingredient ibuprofen into the fast-dissolving salt ibuprofen sodium during the wet
granulation process. Two near-infrared (NIR) spectrophotometers, portable and benchtop spectrophotometer,
were compared. During the analysis with the built models, both demonstrated comparable accuracy and pre-
cision (R2X = 0.995, R2Y = 0.927, Q2 = 0.995, and R2X = 0.990, R2Y = 0.948, Q2 = 0.992, respectively).
Considering the applicability, a model based on the portable NIR spectroscopic data was chosen for further
development and application as a PAT tool for monitoring different steps during the wet granulation process. The
evaluation of the model’s predictive capability involved analyzing laboratory trial batches with varying amounts
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of sodium carbonate, resulting in different concentrations of ibuprofen sodium at the end of the wet granulation
process. Subsequently, tablets were manufactured from each trial batch, followed by dissolution analysis. The
dissolution rate assays were in good agreement with the NIR-predicted concentrations of ibuprofen sodium at the
end of the wet granulation process. Based on the results, the proposed model provides an excellent tool to
monitor the ibuprofen acid-salt transformation, to determine the end-point of the reaction, and to efficiently
control the wet granulation process.

1. Introduction

Ibuprofen, a widely used nonsteroidal anti-inflammatory drug for
treating mild to moderate pain [1], belongs to class 2 drugs in the Bio-
pharmaceutical Drug Classification System (BCS). This classification of
the drug signifies its high permeability but low solubility. However,
solubility is a crucial factor that determines the drug absorption and the
speed of onset of its pharmacological action. Numerous studies [2,3,4]
have confirmed that ibuprofen salts, such as ibuprofen lysine and
ibuprofen arginate, exhibit faster solubility compared to the acidic free
form. Consequently, these salt forms are absorbed more rapidly into the
central circulation. Another type of ibuprofen salt, sodium ibuprofen
dihydrate (ibuprofen sodium), has been confirmed to be bioequivalent
to the lysinate and arginate forms [5].

Ibuprofen sodium solid dosage forms, demonstrating improved
dissolution rates and rapid pharmacological response are already on the
market. However, those formulations employ pure ibuprofen sodium as
an active pharmaceutical ingredient (API) which markedly increases the
price of the final product, relative to the ibuprofen solid dosage forms.
The simplest and most cost-effective process of in-situ synthesis of
ibuprofen sodium is wet granulation of ibuprofen with a sodium-
containing base such as sodium hydroxide or sodium carbonate [6]. In
this manner the process of synthesis of ibuprofen sodium and production
of its solid dosage form could be merged together thus lowering the
overall cost of the final product. Having this in mind, the monitoring of
this transition and the ability to quantify the conversion of ibuprofen to
ibuprofen sodium during the production of a solid dosage form are
crucial for determining the endpoint of the reaction and therefore the
quality of the final product.

Process Analytical Technology (PAT) is a system developed for the
analysis and control of production processes. It involves real-time
measurements taken during production, of both process performance
and critical quality attributes. The goal is to ensure the quality of the end
product. Utilizing non-invasive spectroscopic techniques and the inclu-
sion of chemometric analyses (MVA) during the production process
allow for fast and effective control of the manufacturing process [7].

Spectroscopy is a field that deals with the study of the interaction
between materials and electromagnetic radiation. Infrared spectroscopy
enables both qualitative and quantitative analyzes. In recent years, near-
infrared spectroscopy (NIRS) has proven to be highly effective [8],
particularly in real-time analysis in the context of PAT. NIRS is recog-
nized as a non-destructive tool for the rapid analysis of granular samples
and offers the advantage of direct analysis without sample preparation
[9]. Numerous studies within the scientific literature have harnessed the
power of NIR spectroscopy to conduct diverse analyses of ibuprofen,
encompassing quantification, particle size determination, water content
assessment, and other applications [10,11,12,13].

The objective of this study was to develop a statistical model for the
quantification of ibuprofen and ibuprofen sodium content, focusing on
the evaluation of the conversion process of ibuprofen to its ibuprofen
sodium salt during wet granulation phase of the production of solid
dosage forms. The model was developed using a step-wise approach,
starting with the comparison of two NIR spectrophotometers: portable
NIR device covering the spectral range from 950 to 1650 nm
(10526-6060 cm 1) versus benchtop NIR device operating in the region
from 1000 to 2500 nm (10000-4000 cm™!). After identifying the most
suitable equipment, the model was further developed to create a tool

applicable in the wet granulation process.

In the final phase of the study, the real-time application of the
developed model was tested in laboratory trials, and proof of concept
was provided by a dissolution analysis of the end product.

2. Materials and methods
2.1. Materials

Ibuprofen (grade 50) and ibuprofen sodium dihydrate were procured
from BASF Corporation in Bishop, Texas, while sodium carbonate (fine
powder) was sourced from Dr. Paul Lohmann GmbH & Co. KGaA in
Emmerthal, Germany. Microcrystalline cellulose, specifically Avicel®
PH 101 and Avicel® PH 102, along with croscarmellose sodium (Ac-Di-
Sol), were acquired from DuPont Nutrition in Cork, Ireland. Lactose
monohydrate 100 was purchased from MEGGLE GmbH & Co. KG in
Germany. Colloidal silicon dioxide (Aerosil® 200) was obtained from
Pharma Evonik Corporation in Rheinfelden, Germany, and partially
pregelatinized maize starch (Starch 1500) from Colorcon in the United
States. Glyceryl behenate (Compritol 888 ATO) was sourced from
Gattefossé in Saint-Priest, France.

2.2. Methods

2.2.1. Preparation of samples for the calibration set

With the intention of creating a reliable sample set to develop a
model for the quantification of the active ingredients, 35 standard
mixtures were prepared. These mixtures were prepared by weighing and
physically combining intragranular ingredients, mainly used for pro-
duction of solid dosage forms, including Avicel® PH 101, Starch 1500,
Aerosil® 200, lactose monohydrate 100, and the active ingredients
ibuprofen and ibuprofen sodium, with concentrations ranging from 0 %
to 100 %. As an extragranular components Avicel® PH 102 and Com-
pritol 888 ATO were included. Compritol 888 ATO was selected over the
most widely used lubricant magnesium stearate due to the confirmed
interaction of this excipient with ibuprofen [12]. The prepared sample
set was used to compare the NIR spectrophotometers. Various amounts
of water in the range appropriate for the wet granulation process were
then added to the standard mixtures for real-time analysis of the wet
granulation process.

Details of the composition of these mixtures, which were essential for
the creation of the calibration set for the models, can be found in
Table 1.

2.2.2. Near-infrared spectroscopy

The quantification models were developed using data obtained with
two distinct NIR spectrophotometers: a benchtop NIR instrument
(Antaris II FT-NIR Analyzer, Thermo Fisher Scientific, USA) and a
portable MicroNIR Pro v2.5 device (MicroNIR 1700 ES, VIAVI, Santa
Rosa, CA, USA).

The Antaris II FT-NIR analyzer offers a high degree of accuracy and
reproducibility and is therefore ideally suited for method development
purposes. The near-infrared (NIR) spectral data of the prepared final
product standard mixtures were collected in duplicate, measuring
different areas of the powder each time. The instrument was operated in
reflectance mode and spectra were acquired between 1000 and 2500 nm
(10000-4000 cm ’1) as the average of 18 scans (resolution of 8 cm’l) [14].
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Table 1
Quantity of variable components of the standard mixtures.
Raw material Ibuprofen Ibuprofen Na Water* Raw material Ibuprofen Ibuprofen Na Water*
Mix no. Quantity (g) Mix no. Quantity (g)

1 4.44 0.00 0.34 19 1.78 2.67 1.20
2 4.40 0.04 0.42 20 1.56 2.89 1.25
3 4.36 0.09 0.49 21 1.33 3.11 1.29
4 4.31 0.13 0.57 22 1.11 3.33 1.34
5 4.27 0.18 0.61 23 0.89 3.56 1.39
6 4.22 0.22 0.65 24 0.67 3.78 1.44
7 4.13 0.31 0.69 25 0.44 4.00 1.48
8 4.09 0.36 0.73 26 0.40 4.04 1.53
9 4.00 0.44 0.77 27 0.36 4.09 1.58
10 3.78 0.67 0.81 28 0.31 4.13 1.64
11 3.56 0.89 0.85 29 0.27 4.18 1.69
12 3.33 1.11 0.89 30 0.22 4.22 1.74
13 3.11 1.33 0.93 31 0.18 4.27 1.79
14 2.89 1.56 0.98 32 0.13 4.31 1.84
15 2.67 1.78 1.02 33 0.09 4.36 1.90
16 2.44 2.00 1.06 34 0.04 4.40 1.95
17 2.22 2.22 1.11 35 0.00 4.44 2.01
18 2.00 2.44 1.15

" used only for development of the final model for real time analysis.

The MicroNIR 1700 ES spectrophotometer is an instrument designed
to measure diffuse reflectance in the NIR region of the electromagnetic
spectrum. The development of the model was based on the intragranular
and extragranular spectral data of the prepared standard mixtures
collected using the MicroNIR 1700 ES spectrometer with a windowed
collar equipped with a 128-pixel detector array coupled with a linear
variable filter (LVF) as a wavelength selector, covering a spectral range
of 950-1650 nm (10526-6060 cm™1). The properly homogenized sam-
ples were placed on the spectrometer and to minimize sampling errors,
each mixture was scanned at least twice. The MicroNIR 1700 ES was
connected directly to a USB port of the laptop and the spectra were
recorded using the MicroNIR Pro v.2.2 instrument acquisition software.
The diffuse reflectance signal of the NIR spectrum is referred to as
reflectance (R), where log (1/R) values are used to perform chemometric
analysis [15,16]. The MicroNIR 1700 ES spectrophotometer was further
used to record the NIR spectral data of laboratory trials.

2.2.3. Multivariate statistical analysis

The development of the APIs quantification models was performed
using SIMCA (Version 14.1.0, Umetrics, Umed, Sweden) software.

Since the API concentration is a chemical feature, the SNV pre-
processing method was applied without losing any information. Partial
Least Squares (PLS) regression, a statistical multivariate technique, was
employed to create regression models. These models correlated a
dependent process variable (the concentration of active ingredients in
the prepared standard mixtures) with a number of independent process-
derived variables (spectral data). Model validation was performed using
the cross-validation method, leaving out one sample at a time. The
predicted concentrations were then compared with the known

concentrations of the active ingredients in each mixture. The Root Mean
Square Error of Cross-Validation (RMSEcv) served as a diagnostic test
that evaluates both the precision and accuracy of the predictions.

In this study, two PLS models were developed to compare benchtop
and portable NIR instruments. Subsequently, the MicroNIR model was
upgraded by incorporating spectral data obtained from the analysis of
standard mixtures with different amounts of water to fit the model for
the prediction of ibuprofen sodium during wet granulation.

Furthermore, a multivariate analysis was performed in batch mode
to monitor the laboratory trials. Batch evolution models from the
collected MicroNIR spectra at different time points during the wet
granulation process were used.

2.2.4. Production of laboratory trials (method validation)

Laboratory trials were carried out to produce a solid dosage form of
ibuprofen with enhanced dissolution rate capabilities. This was achieved
by using high-shear mixer granulation technology and conducting trials
under conditions that facilitated the in situ conversion of ibuprofen to its
salt form. The formulation, consisting of ibuprofen, Nay,COs3, lactose
monohydrate 100, Avicel pH 101, starch 1500, and Aerosil 200, was
granulated using a Diosna P1/6 laboratory-scale mixer and 2L bowl. The
amount of sodium carbonate was varied from O to 2 mol per mole of
ibuprofen during the experiments to monitor the API conversion
(Table 2). Correspondingly, adjustments were made to the water used
for granulation according to the levels of NapCO3 added. As a result,
minor adjustments to the process parameters were required due to the
differing quantities of NaCO3 and water used in the experimental trials
(Table 3). The overall objective was to obtain granules of the necessary
quality for subsequent compression into tablets.

Table 2
Composition of experimental trials.
LT1 LT 2 LT3 LT 4 LTS5 LT 6

Granules: Quantity (g)
Ibuprofen 111.11 111.11 111.11 111.11 111.11 111.11
NayCO3 38.92 57.09 114.18 28.54 7.14 0.00
Lactose monohydrate 100 17.50 17.50 17.50 17.50 17.50 17.50
Avicel pH 101 17.50 17.50 17.50 17.50 17.50 17.50
Starch 1500 16.25 16.25 16.25 16.25 16.25 16.25
Aerosil 200 1.25 1.25 1.25 1.25 1.25 1.25
Final blend:
Avicel pH 102 18.05 18.05 18.05 18.05 18.05 18.05
AC-DI-Sol 7.50 7.50 7.50 7.50 7.50 7.50
Compritol 888 ATO 3.75 3.75 3.75 3.75 3.75 3.75

LT - Laboratory trial.
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Table 3
Process parameters of wet granulation and drying process steps.

LT1 LT 2 LT3 LT 4 LT 5 LT 6
Step I: Mixing pre-blend
Impeller speed 200 rpm 300 rpm 300 rpm 300 rpm 300 rpm 300 rpm
Chopper speed 1000 rpm 1500 rpm 1500 rpm 1500 rpm 1500 rpm 1500 rpm
Mixing time 2 min 3 min 3 min 3 min 3 min 3 min
Step II: Wetting
Impeller speed 150 rpm 200 rpm 200 rpm 200 rpm 200 rpm 200 rpm
Chopper speed 1000 rpm 2000 rpm 2000 rpm 2000 rpm 2000 rpm 2000 rpm
Wetting time 3.5 min 3 min 4 min 2.5 min 1.5 min 2.5 min
Peristaltic pump speed 15 rpm 15 rpm 15 rpm 10 rpm 15 rpm 20 rpm
Step III: Wet massing
Impeller speed 200 rpm 300 rpm 300 rpm 300 rpm 300 rpm 300 rpm
Chopper speed 2000 rpm 2000 rpm 2000 rpm 2000 rpm 2000 rpm 2000 rpm
Wet massing time 4 min 5 min 6 min 6 min 6 min 6 min
Step IV: Wet screening
Impeller speed 1400 rpm 1400 rpm 1400 rpm 1400 rpm 1400 rpm 1400 rpm
Step V: Drying
Inlet airflow rate 10 m*/h 10 m*/h 10 m*/h 10 m*h 10 m*h 10 m*/h
Inlet air temperature 65°C 65°C 65°C 65°C 50°C 50°C
Step VI: Dry Screening
Impeller speed 1400 rpm 1400 rpm 1000 rpm 1000 rpm 1000 rpm 1000 rpm

The wet granulation process commenced with the direct addition of
water into the granulation bowl through a spray lance connected to a
peristaltic pump. The amount of water varied depending on the amount of
NapCO3 added. This wetting process was followed by a 4-6 min wet
massaging phase to distribute the liquid and allow the granules to grow.
The two main phases were in-line NIR monitored using MicroNIR 1700 ES
sensor system as presented on Fig. 1. A laboratory trial was conducted to
establish a control batch by excluding NayCOs3 (LT 6), thereby preventing
any salt conversion. This was undertaken to elucidate the impact of
ibuprofen salt formation on the dissolution profile. Given the absence of
conversion, continuous monitoring of LT 6 was unnecessary; instead, solely
the endpoint was scanned and quantified using the pre-existing PLS model.

The quantitative composition of the processed formulations is pre-
sented in Table 2, while the process parameters for each batch are given
on Table 3.

To prepare the final mixture for tableting, the granules were first
blended with Avicel pH 102 and AC-DI-Sol in an ERWEKA AR 403 drum
mixer. This blending was carried out for 30 min at 15 revolutions per
minute (rpm). Compritol 888 ATO was then added to the blend and

mixed for a further 10 min at 15 rpm. The resulting final blends were
then compacted into round 11 mm tablets using a laboratory tablet press
(Korsch XL 100 PRO).

2.2.5. In vitro dissolution testing

The determination of the ibuprofen dissolution rate from the pre-
pared tablets was carried out in a type II dissolution apparatus (paddle)
at a speed of 75 rpm and a temperature of 37 & 0.2 °C. The dissolution
medium used was 900 mL acetate buffer solution pH = 4.5. Six tablets
from each laboratory trial containing 200 mg API were analyzed. During
dissolution analysis, 10 mL of the sample was removed from the disso-
lution vessel after 5, 10, 15, 30, and 45 min and an equal volume of fresh
medium maintained at 37 + 0.2 °C was replaced.

The samples were then filtered through 0.45 pm filters with regen-
erated cellulose membrane and 2 mL of the resulting solution was
transferred to a 50 mL volumetric flask and diluted with medium. To
calculate the dissolved ibuprofen content, the UV absorbances of the test
and standard solutions were measured using a Cary 50 UV-Vis spec-
trophotometer at a detection wavelength of 221 nm.

Manufacturing process flow chart

Mixing pre-blend

Wetting and wet . . .
massing C}.{ Wet screening ]»»[ Drying H Dry screenlng@H final blend

Mixing

Tablet
compressing

NIR analysis during wet granulation process

NIR analysis of granules

\/\/> NIR probe <\/\/

T~

Impeller

Powder bed

Chopper
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Granules

J

Fig. 1. Scheme for NIR in-line monitoring of the wet granulation process.
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3. Results and discussion

3.1. Comparing the PAT models developed using benchtop and portable
near-infrared spectrometers

The analysis of each test mixture was repeated twice using both the
Antaris II FT-NIR analyzer (benchtop NIR spectrophotometer) and the
MicroNIR 1700 ES Sensor System (portable NIR spectrophotometer), so
that a total of 70 spectral data were collected for the calibration dataset
for model development.

Fig. 2(a) and Fig. 2(c) show the raw near-infrared (NIR) spectra of
the 70 mixture samples obtained using Antaris II FT-NIR and MicroNIR
1700 ES spectrophotometers. The pre-processing of the data plays a
crucial role in the calibration process. It includes the implementation of
techniques to minimize unwanted signal variations, to align the spectra
by removing variations in the offset or different linear baselines, and to
improve the robustness of the model to unexpected perturbations in new
samples [17,18].

When compared, SNV proved superior in this study in correcting
scattered light and removing slope variations as effects of the physical
properties of the mixture samples and the measurement conditions. The
SNV-preprocessed spectra are presented in Fig. 2(b) and Fig. 2(d).

Partial Least Squares (PLS) calibration models for the quantification
of ibuprofen and ibuprofen sodium were constructed using two latent
variables (LVs). The models correlated the obtained near-infrared (NIR)
spectra with the concentration of the active ingredients in each standard
mixture. The performance of the PLS models was evaluated by the co-
efficient of determination of predictions (R2X), coefficient of determi-
nation of observations (R2Y), model validity (Q2) and prediction errors
(RMSEE, RMSEcy), which are presented in Table 4.
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Table 4
Comparison of calibration and prediction errors for different methods.

Instrument Benchtop FT-NIR Portable MicroNIR
Number of LVs 2 2

R2Y 0.99 0.99

R2X 0.95 0.93

Q2 0.99 0.99
RMSEE 3.83 2.65
RMSEcv 4.56 2.72

According to the PLS metrics, both models demonstrated an ability to
explain more than 90 % of the sample variability. The obtained values
for RMSEE and RMSEcv confirm the accuracy of the models in predicting
the results. The prediction plot is depicted in Fig. 3. Although the in-
struments cover different optical frequency ranges — the second and
first overtone for Viavi’s MicroNIR (950-1650 nm; 10526-6060 em ™)
and the first, second, and combination bands region for Thermo Fisher’s
Antaris II FT-NIR analyzer (1000-2500 nm; 10000-4000 em™ 1) — both
models exhibited strong prediction correlation coefficients and low
RMSEcy values. These results indicate robust fitting outcomes and low
prediction errors.

While the MicroNIR apparatus features a narrower spectral scanning
range and lower resolution compared to the benchtop FT-NIR, it dem-
onstrates lower RMSEE and RMSEcy. This is likely attributable to its
significantly larger scanning area, which compensates for sample ho-
mogeneity issues, and the utilization of signal processing algorithms that
mitigate the impact of environmental factors on signal stability.

Loading plots are used to visualize the correlation structure of vari-
ables. X variables with large w*c values that are either positive or

b)
|

80
60
-2 T T T T T T —
1000 1200 1400 1600 1800 2000 2200 2400
40 Wavelength (nm)
A
20
2,5
2 -
0
1,54
‘I -
0,5

-1.5 T T T T T T T >
900 1000 1100 1200 1300 1400 1500 1600
Wavelength (nm)

Fig. 2. Raw spectra generated by a) Antaris II FT-NIR spectrophotometer and ¢) MicroNIR 1700 ES spectrophotometer; SNV preprocessed spectra of all mixtures — b)

Antaris II FT-NIR spectrophotometer and d) MicroNIR 1700 ES spectrophotometer.
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Fig. 3. Observed vs. predicted plot — Antaris II FT-NIR model (a), MicroNIR model (b).

negative indicate a high correlation with Y variables [19]. When plotted
together with the raw material NIR spectra (Fig. 4), the main features of
the collected NIR spectral data can be recognized.

Spectral analysis of the pure active ingredients, ibuprofen and
ibuprofen sodium dihydrate, revealed several distinct features across the
spectral range. Both substances contain similar molecular fragments and
are therefore expected to have spectral similarities. The spectra are rich
in bands because their structures could be derived from benzene
comprising several substitutions that reduce the overall molecular
symmetry so that additional vibrational peaks to appear. In the case of
substitutions of alkyl groups attached to the aromatic (benzene) moiety,
the bands from the alkyl CH stretch absorptions (of methyl and meth-
ylene groups) occurred around 1190 nm (8403 cm ™)) and 1210 nm
(8264 cm 1) and the maxima of the second overtone of the aromatic CH
stretch in alkylated benzenes occurred around 1145 nm (8734 em™ D)
[20]. In addition to the 1100-1250 nm (9090-8000 cm’l) range [21],
strong bands of methylene and methyl groups at 1350-1420 nm
(7407-7042 cm’l), which are assigned to the second C-H combinations
[20], also appear in both NIR spectra.

A discernible contrast in the NIR spectra of ibuprofen and ibuprofen
sodium becomes evident in the range from 1430 nm to 1610 nm
(6993-6211 cm’l), which is dominated by the 1st overtone of the O-H
stretching vibrations [20] associated with the hydrogen-bonding inter-
action between an acidic group and another basic atom - in this case, the
interaction between the sodium ion (Na™) and the carboxylate group of
the ibuprofen molecule.

Towards higher wavenumbers, the 1688-1870 nm (5924-5347
cm ') and 2240-2440 nm (4464-4098 cm 1) regions displays rich
bands behavior. The lower wavenumber region is typical for occurrence
of the bands of the OH stretch combined with C = O stretch (1st overtone
of OH and 1st overtone of C-H), which correspond to both the OH group
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and the CHs group [22,23], while the absorptions at 2240-2440 nm
(4464-4098 cm™!) correspond to the CHjz group and C = O group
combinations (C-H stretch and C = O stretch) [16,17].

A notable band in ibuprofen sodium emerges in the range from 1900
nm to 2070 nm (5263 to 4831 cm’l), indicating the second overtone of
carbonyl stretching. This occurrence is consistent with the anticipated
range of 1905 nm to 1923 nm (5249 to 5200 cm’l) [24]. However, it is
noteworthy that this range overlaps with the broader spectrum of the
water band from 1887 nm to 2000 nm (5300-5000 cm ™), typically
associated with the solid-state structure of ibuprofen sodium dihydrate.

The loading plot for the benchtop NIR model indicates two highly
correlated NIR regions, around 1430 nm (6993 ecm™!) and 1610 nm
(6211 cm’l), and the region from 1887 nm (5300 cm 1) to 2000 nm
(5000 cm™!), that are used by the model to quantify ibuprofen and
ibuprofen sodium. Due to the narrower working region of the MicroNIR
1700 ES handheld spectrometer, this model primarily relies on the lower
wavelength regions around 1100-1250 nm (9090-8000 cm_l), 1430
nm (6993 cm’l), and 1610 nm (6211 cm ™ !) for the prediction analysis.

Considering the compact physical implementation of the portable
MicroNIR spectrophotometer for in-line measurements and its proven
prediction capability in the created PLS model, the MicroNIR probe was
deemed more convenient for further application as a PAT tool for wet
granulation analysis.

3.2. PAT model for intragranular quantification — Development and
validation of the MicroNIR based PAT method

To develop an in-line calibration model, intragranular calibration
mixture samples were meticulously prepared with varying API contents
ranging from 0 % to 100 % w/w, along with variable water amounts
ranging from 0 % to 23.5 % - a quantity predicted for use during the wet
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Fig. 4. Single NIR spectra of ibuprofen (red), ibuprofen sodium (green) versus the models’ loading plot (black) — a) Antaris II FT-NIR model; b) MicroNIR 1700

ES model.
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Fig. 5. Observed vs. predicted plot — MicroNIR’s model — calibration set (a) and validation set (b).

granulation process. Each standard mixture underwent double scanning,
and different locations within the same mixture were analyzed to miti-
gate the effects of sampling error. A comprehensive total of 191 spectral
data points were collected as calibration dataset.

A partial Least Square (PLS) calibration model for ibuprofen and
ibuprofen sodium (%) was established by correlating the SNV pre-
processed NIR spectra with the concentration of APIs in each mixture.
The entire spectral range was selected for the model development.

Two levels of validation were considered: internal (cross-validation,
removing one sample at a time from the calibration set) and external
validation, using a separate validation set of 23 independently prepared
samples [25,26].

The developed PLS calibration model (2 latent variables used) clearly
demonstrates an excellent linearity (R2X = 0.99, R2Y = 0.94, Q2 =
0.94) and accuracy (RMSEE = 7.27, RMSEcv = 8.16, RMSEP = 6.78).
The appropriate correlation among the predicted and observed values
(Fig. 5) of ibuprofen and ibuprofen sodium point out the robustness and
effectiveness of the MicroNIR-based Process Analytical Technology
(PAT) model as a credible tool for monitoring of the wet granulation

process.
3.3. In situ monitoring of ibuprofen transition in laboratory trials

The model application was confirmed through the production and
analysis of five laboratory trials (LT1 - LT5, Table 2). These trials
involved standard concentrations of ibuprofen and varying amounts of
sodium carbonate to achieve different degrees of ibuprofen conversion
during the wet granulation process. NIR spectral data, recorded during
the addition of water in two parts (as a liquid for granulation), and
throughout the wet granulation process, were utilized for model testing
and predicting the results of the parameter assay for active ingredients at
different process steps. Real-time analysis revealed a gradual increase in
the assay of ibuprofen sodium during the wet granulation process for
trials with the appropriate quantity of sodium carbonate, concomitant
with a decrease in ibuprofen quantity (see Fig. 6). In LT 3, with the
highest quantity of sodium carbonate (114.18 g), the complete conver-
sion could be detected at the beginning of the process, immediately after
the addition of the water required for granulation. Conversely, during
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Fig. 6. Assay of ibuprofen (a) and ibuprofen sodium (b) during the wet granulation process (PW — powder wetting; WG — wet granulation).
Table 5
Quantity of ibuprofen and sodium carbonate and PLS model predictions of the API assay at the end of the granulation.
LT3 LT 2 LT1 LT 4 LTS5 LT6
Mass of
Ibuprofen 111.11g 11111 ¢ 111.11 g 11111 ¢ 111.11 g 111.11g
NayCO3 11418 g 57.09 g 38.92 g 2854 g 7.14g 0.00 g
Predicted content at the end of the granulation
Ibuprofen sodium 99.65 % 93.91 % 85.12 % 81.77 % 17.97 % -0.10 %
Ibuprofen 0.35 % 6.09 % 14.88 % 18.23 % 82.03 % 100.10 %
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the wet granulation of LT 5, where the lowest quantity of sodium car-
bonate was added (7.14 g), the conversion process occurred with slow
progress during the wet massing (WM) time, reaching a maximum level
of 20 % at the end of the process (6 min).

In summary, the results of the parameter assay of active ingredients
in produced granules determined by the developed PLS model, exhibit a
strong correlation with the incorporated quantity of sodium carbonate
for each laboratory trial (Table 5).

In order to analyze the specific NIR spectral output batchwise, a
separate batch evolution model (BEM) was developed where the ac-
quired NIR spectra (SNV transformed) where employed as independent
variables, while the time points were considered as dependent variables.

The BEM score scatter plot reveals (Fig. 7 a and b) the distinctive
process benchmarks (addition of water and ibuprofen to ibuprofen so-
dium conversion) as mainly described by the first component. As the
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process evolves, the first component scores are increasing, up to the
point of the end of the ibuprofen conversion. The batch evolution line of
LT 5 noticeably diverges (out of £1 SD boundary of the average t1 score
for all batches) from the rest of the lines describing the laboratory trials
in the scores batch control chart (Fig. 7c). This is because only partial
ibuprofen conversion was achieved in LT 5, thus giving specific NIR
signature.

After drying and mixing with the extragranular components, tablets
were produced from each laboratory trial. Subsequently, the experi-
mental tablets underwent dissolution analysis, serving as an external
test for the calibration model.

3.3.1. Dissolution analysis
The degree of transformation of ibuprofen into ibuprofen sodium at
the end of the wet granulation process, predicted by the PLS model, and
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Fig. 8. Predicted quantity of each API form at the end of the granulation process (a) and the dissolution profile (b) of each laboratory trial.
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the dissolution profiles of the tablets prepared from the appropriate
batches are presented in Fig. 8a and Fig. 8b.

The dissolution profiles are in good agreement with the NIR-
predicted concentrations of ibuprofen sodium (the trials with larger
concentrations of ibuprofen sodium presented higher ibuprofen disso-
lution rates). These findings indicate that the proposed model serves as
an excellent tool for monitoring the ibuprofen acid-salt transformation,
determining the end-point of the reaction, and effectively controlling the
wet granulation process.

4. Conclusion

The present study provides valuable insight into the potential
implementation of process analytical technology for monitoring the wet
granulation process. Both benchtop and portable NIR spectrophotome-
ters were found suitable to understand and quantify the solid-state
conversion of ibuprofen to ibuprofen sodium in the presence of so-
dium carbonate during the wet granulation process. In particular, the
portable NIR probe demonstrated its suitability for in-line measure-
ments during the transformation reaction when water is introduced into
the process, as identified during model development. This method for
quantitative, in situ monitoring of wet granulation processes with NIR
enables collection of information on the extent of active pharmaceutical
ingredient conversion in real time. Furthermore, it proves to be an in-
dicator for target concentration and process end-point determination. In
conclusion, such PAT tool could lead to a development of a simplified
production process of ibuprofen sodium tablets with improved dissolu-
tion characteristics, achieved through the NIR monitoring of the trans-
formation process of ibuprofen into ibuprofen sodium throughout the
wet granulation production process.
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ARTICLE INFO ABSTRACT

Keywords: Lipid-based formulations have been successfully applied to improve the aqueous solubility of active pharma-
Lipid-based formulation ceutical ingredients (APIs), however, with the bottleneck of limited wettability of the system.
Wettability

In this study, a lipid-based system was developed using polyglycerol ester of fatty acids (PGFA) as the main
component and hexaglycerol (PG6) as a wetting agent. Felodipine, a BCS class II compound was selected as a
model APL. Two different temperatures (95 °C and 55 °C) were used to produce API loaded melt-casted samples,
with and without PG6. Near-infrared hyperspectral imaging (NIR-HSI) was used as an advanced tool to evaluate
and optimize felodipine dispersion in the lipid-based system.

The established NIR-HSI model demonstrated excellent linearity and accuracy (R%Y = 80.999, RMSEC =
0.084) and acted as a powerful tool for screening and optimizing the API dispersibility. Applying 95 °C for
producing melt-casted samples enhanced the molecular distribution of felodipine, drug amorphization and
uniform dispersion within the matrix. Felodipine inhibited the crystal growth of the lipid. A concentration
dependent API release (first order kinetics) was observed from all lipid-based formulations. The API release rate
was affected by the lipid crystalline size, the wettability of the system and the type of solid dispersion of API in
the lipid-based matrix.

Deep understanding of these parameters combined with the application of the novel and robust analytical tools
such as NIR-HSI is necessary to pave the way of developing advanced lipid-based formulations with tailored API
release.

Near-infrared hyperspectral imaging (NIR-HSI)
Chemometric modeling
Homogeneity analysis

1. Introduction

Over recent decades, the development of lipid-based formulations
has garnered significant attention due to their potential to enhance the
bioavailability of poorly soluble drugs [1-3]. Poor aqueous solubility is
a challenge in pharmaceutical development, with nearly 40 % of new
chemical entities exhibiting limited solubility, which hampers their
therapeutic efficacy [4-6,7]. Lipid-based formulations offer flexibility in
solubilizing of hydrophobic active pharmaceutical ingredients (APIs)
within the lipid matrix, leading to increased apparent drug solubility

and absorption from gastrointestinal tract (GIT), ultimately enhancing
bioavailability.

However, a major limitation of lipid-based formulations is the poor
inherent wettability, which can restrict the dispersion of the formulation
in aqueous environments, affecting drug release and absorption. The
hydrophobicity of the lipid matrix plays a crucial role in regulating
water penetration, which in turn influence the drug release from such
solid lipid formulations [8-10].

Previously, we introduced polyglycerol fatty acid esters (PGFAs) as a
group of lipid-based excipients with versatile properties [11] and
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reported on strong case studies for their application in pharmaceutical
formulations [12,13]. PGFAs are hydroxyethers of glycerol, fully or
partially esterified with fatty acids. Depending on the number of glyc-
erol moieties, the partially esterified PGFAs exhibit characteristic
interfacial properties due to their amphiphilic nature, which arises from
combination of lipophilic fatty acid moieties and the hydrophilic poly-
glycerol backbone with free hydroxyl groups [11]. This group of ex-
cipients are a mixture of similar molecules, having the specific PGFA as
the main component and minor fractions of polyglycerol monoesters and
free polyglycerols. The ratio of minor fractions can be varied during the
synthesis to fine-tune the hydrophilic-lipophilic balance (HLB) of the
mixture. Thus, lipid-based formulations containing partially esterified
PGFAs with tailored ratios of minor fractions possess better wettability
compared to acylglycerols. The amphiphilic property facilitates the
solubilization of hydrophobic APIs belonging to BCS class II and IV
within the lipid matrix, while simultaneously disrupting intra-drug
hydrogen bonds and providing hydrogen-bonding sites necessary for
improving their water-solubility. To further improve wettability and
dispersion, additional free polyglycerols as intrinsic compounds may be
incorporated into the formulation. The presence of free hydroxyl groups
changes the system polarity and further enhances wettability, effectively
addressing the inherent poor aqueous dispersibility associated with
conventional lipid excipients.

Modifying the polarity of the lipid system can improve molecular
dispersion of the API and stabilize the amorphous state. Achieving a
uniform amorphous distribution of hydrophobic API can significantly
enhance solubility and dissolution rates compared to their crystalline
counterparts, which exhibit a strong intermolecular interaction that
hinder dissolution [14].

Ensuring uniform molecular distribution of API within the lipid-
based matrix is essential for maintaining quality and performance of
developed formulations. Hence, rapid and precise in-process analytical
techniques are needed to ensure consistent product quality. Near-
infrared spectroscopy (NIR), a fast and non-destructive analytical tool,
has been widely employed across various pharmaceutical processes
[15-18] and seems an ideal candidate for monitoring content unifor-
mity. Its application has already proven beneficial in various dosage
forms, including lipid nanoparticles [19], lyophilized liposomes [20],
and solid dispersions [21]. However, while NIR provides valuable
spectral information, it lacks the spatial resolution required to assess the
distribution of components within heterogeneous samples.

Hyperspectral imaging (HSI), an emerging technology that combines
spectroscopy and image formation, offers considerable advantages in
this regard. The NIR-HSI technique merges the strengths of near-infrared
spectroscopy with hyperspectral imaging, surpassing the capabilities of
standard NIR. By integrating spectral and spatial data, NIR-HSI creates
detailed chemical maps of a product’s surface composition [22]. This
enables a more comprehensive investigation of chemical components’
concentration and spatial distribution within a sample. Thus, NIR-HSI is
a powerful tool for visualizing heterogeneity in complex formulations,
enhancing both in-process control and formulation optimization.
Simultaneously, as a rapid and non-destructive method, it can provide
real-time quality monitoring of pharmaceutical production processes.

The current study deals with the development of lipid-based for-
mulations and focuses on determining the optimal ratio of polyglycerol
esters of fatty acids (PGFAs), free polyglycerols (PGs), and the active
pharmaceutical ingredient (API, i.e., felodipine) to achieve enhanced
molecular dispersion and drug uniformity. A novel application of near-
infrared hyperspectral imaging (NIR-HSI) is introduced as a direct in-
process control technique to screen the homogeneity of API dispersed
in the lipid matrix. The critical process parameters affecting product
quality were optimized and verified using the developed and validated
NIR-HSI method for API quantification and homogeneity analysis.

European Journal of Pharmaceutics and Biopharmaceutics 216 (2025) 114864

2. Material and methods
2.1. Materials

Tetraglycerol partial ester of palmitic and stearic acids with a
melting onset at 50.4 + 0.2 °C and hydrophilic-lipophilic balance (HLB)
of 5.6 was used as lipid-based excipient. This molecule belongs to the
polyglycerol fatty acid esters (PGFAs), is synthesized by IOI Oleo GmbH
(Witten, Germany) and available as LipoGalen 1684. Polyglycerols
(PGs) were externally added to the system to improve the wettability of
lipid-based formulation. Di-, tri-, tertra, and hexaglycerol were used,
which were also synthesized and provided by IOI Oleo GmbH. These
polyglycerols will be termed in this work as PG2, PG3, PG4, and PG®6,
respectively. The active ingredient felodipine (C;gH;9ClosNO4) was pro-
vided by AstraZeneca (Gothenburg, Sweden). Tetrahydrofuran (THF)
was sourced from Fisher scientific (Loughborough, England), Dime-
thylsulfoxide (DMSO) from Supelco Merck KGaA (Darmstadt, Germany),
2-propanol — VWR International S.A.S. (Rosny-sous-Bois, France),
Monobasic sodium phosphate — VWR International (Leuven, Belgium),
Sodium phosphate dibasic — Honeywell (Seelze, Germany) and Sodium
lauryl sulphate from Carl Roth GmbH + Co. KG (Karlsruhe, Germany).
All reagents and materials used for analysis were of analytical grade and
used as received.

2.2. Methods

2.2.1. Selection of lipid-based composition for loading felodipine
Different concentrations of PG2, PG3, PG4, and PG6 were added to
the molten LipoGalen® 1684 to improve the hydrophilicity and hence
the wettability of the composition. The miscibility was visually evalu-
ated after preparation of the mixtures and potential phase separation
was screened after storage under accelerated conditions (40 °C, 75 %
relative humidity) for two weeks. In the presence of 10 %y, felodipine,
only formulations with PG6 remained stable during accelerated storage,
whereas formulations with the other PGs exhibited phase separation at
lower concentrations. Therefore, the mixture of LipoGalen 1684 with 10
%w,w PG6 was selected as a lipid-based system for loading felodipine.

2.2.2. Determination of the theoretical solubility of felodipine in lipid-based
system via differential scanning calorimetry (DSC)

To quantify the solubility of felodipine in the lipid-based system of
LipoGalen 1684 and 10 % PG6, DSC (DSC 204 F1 Phoenix, NETZSCH
GmbH, Germany) was used. Concentrations of 10 %, 25 %, 50 %, 75 % of
felodipine in lipid-based system, and 100 % of pure API were prepared.
Approximately 10 mg of each sample was weighed into the pans and
sealed with pierced lids. Samples were heated from 20 °C to 160 °C at a
constant nitrogen flow rate of 50 mL/min and a heating rate of 2 K/min.
Duplicate analyses were performed for each concentration. Thermogram
analysis was carried out using NETZSCH Proteus® 80 software, version
8.0.1. Enthalpy of fusion (AHf) values against drug concentrations were
plotted and extrapolated to AHf = 0 to estimate the drug’s solubility in
the lipid-based system [23-25].

2.2.3. Preparation of felodipine loaded lipid-based systems

Melt-casted samples of six different compositions were prepared by
applying different temperatures and mixing time intervals, to investi-
gate the homogeneity of mixtures, the solid state of lipid and API, and
drug-lipid interactions as well as the changes of molecular state under
different processing conditions. Mixing temperatures and exposure
times were selected based on preliminary studies to avoid temperatures
higher than 100 °C, with potential cause of API-lipid interactions and
API degradation. Table 1 outlines detailed composition and preparation
parameters.

Drug content uniformity of the melt-casted samples was analyzed via
NIR-HSI analysis. Afterwards, samples were cryomilled to produce
powder for further characterization. Cryo-milling was performed using a
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Table 1
Composition and preparation parameters of felodipine formulations.

Experiment Composition Mixing Mixing time
no. temperature [°C] [min]

E1l 10 % Felodipine + 90 % 95 60
Lipids
(10 % PG6 + 90 %
LipoGalen 1684)

E2 10 % Felodipine + 90 %
Lipids
(10 % PG6 + 90 %
LipoGalen 1684)

E3 10 % Felodipine + 90 % 95 60
LipoGalen 1684
(0 % PG6)

E4 10 % Felodipine + 90 %
LipoGalen 1684
(0 % PG6)

E5 10 % Felodipine + 90 %
Lipids
(10 % PG6 + 90 %
LipoGalen 1684)

E6 10 % Felodipine + 90 %
LipoGalen 1684
(0 % PG6)

50-60 60

50-60 60

50-60 15

50-60 15

Retsch CryoMill (Retsch GmbH, Germany) equipped with a 5 mL
grinding jar and a 7 mm grinding ball. The process began with a 5-min-
ute precooling phase to achieve the optimal grinding temperature, fol-
lowed by three milling cycles of 1 min each at 25 Hz. A 30-second re-
cooling interval with liquid nitrogen was applied between each mill-
ing cycle. The resulting powder was then sieved through a 250 um sieve
to obtain uniform particles from each sample for subsequent analysis of
thermal behaviour and solid state via DSC and small- and wide-angle X-
ray diffraction (SWAXD), particle size distribution analysis, and disso-
lution testing, as described below.

2.2.4. Analysis of felodipine loaded lipid-based systems

2.2.4.1. Differential scanning calorimetry (DSC). The thermal behaviour
of the formulations was evaluated using a DSC 204 F1 Phoenix system
(NETZSCH-Geratebau GmbH, Selb, Germany). Each formulation was
analysed in triplicate by weighing approximately 5 mg of formulation
powder into aluminium pans, which were then sealed with pierced lids.
The DSC analysis involved a temperature-modulated (TM) and dynamic
thermal program, consisting of two heating cycles from 20 °C to 180 °C
at a heating rate of 2 K/min, with temperature oscillations of +0.2 °C
every 40 s during the modulated heating segments. A 3-minute
isothermal hold at 180 °C was included between the heating and cool-
ing cycles. Before the second heating curve, the sample was cooled
dynamically to —20 °C at a rate of 2 K/min. Throughout the analysis the
constant nitrogen flow of 50 mL/min was maintained. Thermogram
analysis was performed using Netzsch Proteus software version 8.0.3
(NETZSCH-Geratebau GmbH, Selb, Germany).

2.2.4.2. Small and wide-angle X-ray diffraction (SWAXD). Simultaneous
small and wide-angle X-ray diffraction (SWAXD) analysis was performed
using a high-flux laboratory SWAXS camera (Hecus S3-Micropix, Graz,
Austria) equipped with a point-focus optics (FOX3D) and high-brilliance
micro-beam delivery system operated at the power of 50 W (50 kV and 1
mA). The X-ray wavelength used was 1.542 A, and the SAXD and WAXD
spectra were recorded with two independent 1D-detectors (PSD-50,
Hecus X-ray Systems, Graz, Austria) in the angular range of 0.06° < 820
< 88° SAXS and 17° < 820 < 827° WAXS. Powders obtained after the
cryo-milling and sieving procedure were placed directly into the sample
holder. Triplicates were performed at room temperature by exposing the
samples for 1200 s to X-ray beam with a diameter of 200 pm. The
diffraction pattern was analysed using a Gaussian function through
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classical least squares fitting in Origin Pro software (OriginLab, North-
ampton, MA).

2.2.4.3. Particle size distribution. Particle size distribution after cryo-
milling and sieving was determined using the HELOS Laser Diffrac-
tometer (Sympatec GmbH, Germany). Each formulation was analyzed in
triplicate using 1 g of each sample, employing a wet cell chamber with
50 mL volume and water as a dispersing media. A magnetic stirrer was
placed in the water-filled cuvette and set to rotate at 1000 rpm. The
cumulative particle size distribution (PSD) was obtained using Sympatec
Windows software (Sympatec GmbH, Germany), and the volume mean
diameter (VMD) d10, d50, d90, and SPAN values were used for
comparison.

2.2.4.4. In vitro dissolution rate and drug release kinetics analysis. The
dissolution behavior of the API from felodipine loaded lipid-based sys-
tems (E1 — E4), along with pure felodipine, was investigated using a pH
6.5 phosphate buffer with 1 % sodium lauryl sulfate (SLS), 500 mL as a
dissolution medium as suggested in USP monography of felodipine
extended-release tablets [26]. The dissolution apparatus 708-DS (USP
Apparatus II with capsule sinker) with an automated sampling station
850-DS (Agilent Technologies, USA) was operated at a paddle stirring
speed of 50 rpm. The appropriate quantity of powder from test formu-
lations no. E1, E2, E3, and E4, equivalent to 10 mg of felodipine, and 10
mg pure felodipine powder, were encapsulated in HPMC VCaps® cap-
sules, size 00, (Lonza Group AG, Basel, Switzerland). The amount of
felodipine dissolved at 0.5, 0.75, 1, 2, 6, and 10 h was determined using
six powder-filled capsules. An Ultra Performance Liquid Chromatograph
(UPLC) Acquity H-Class (Waters Corporation, USA) was employed for
the analysis, and the data were acquired using Empower® 3 software
(Waters Corporation, USA). The exact method for quantifying felodipine
content after dissolution is described in previous work by Afonso Urich
et al. [27].

The dissolution data were further analysed for release kinetics using
DDSolver software (a freely available add-in for Microsoft® ExcelTM,
Microsoft Cooperation, Redmond, Washington, USA) [28]. The main-
release kinetics models were applied, including Zero-order, First-
order, Higuchi and Korsmeyer-Peppas models [29-31]. As a goodness-
of-fit criterion coefficient of determination (Rz) of all models was
used. The entire dissolution dataset for each formulation was used for
the model fitting analysis, except for the Korsmeyer-Peppas model,
where only the initial 60 % of the drug release was considered, as per
model assumptions [30-34].

2.2.5. Development and validation of NIR-HSI calibration model for
felodipine content analysis

2.2.5.1. Calibration samples. The calibration set of samples was
composed of felodipine ranging from 0 % to 14 % (in 2 % steps),
molecularly dispersed in the lipid-based system containing 10 % PG6
and 90 % LipoGalen 1684. The preparation involved melting the in-
gredients at 95 °C while continuously mixing with a magnetic stirrer.
The mixing time was adjusted according to the amount of felodipine in
each sample, with longer mixing times required for higher concentra-
tions to ensure complete molecular dispersion within the matrix, as
listed in Table 2. Complete solubilization is crucial for obtaining uniform
samples for model development. Following the melting and mixing
phases, samples were cast into silicon molds to form uniform round
tablets with a diameter of 33 mm, a height of 5 mm, and an average mass
of 4.5 g. Samples prepared in triplicates.

2.2.5.2. NIR-HSI image acquisition and model development. The hyper-
spectral data from the samples was acquired using the EVK HELIOS
EC32 push-broom hyperspectral imaging camera (EVK DI Kerschhaggl
GmbH, Austria). Near-infrared (NIR) spectra were collected via
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Table 2
Mixing time of molten composition for preparing NIR-HSI cali-
bration samples.

Concentration of felodipine Mixing time

0 % 10 min
2% 10 min
4 % 15 min
6 % 20 min
8 % 25 min
10 % 60 min
12 % 75 min
14 % 90 min

reflectance measurement in a spectral range of 992 nm to 1677 nm
divided into 274 spectral channels with a 2.5 nm spectral resolution.
Four halogen lamps provided the required broad-band illumination
(focused on the line of sight), delivering a total illumination power of
850 W. The NIR-HSI sensor’s acquisition rate was set to 497 fps. As the
camera operates as a line-scan camera, the samples were placed on a
movable horizontal linear stage and were moved to acquire spatially
resolved surface maps. The images were captured with a lens aperture of
2.8. During image acquisition, the stage’s movement speed was main-
tained at 8.6 cm/s for all experiments to guarantee quadratic pixel
surfaces acquired. Each resulting data cube had spatial dimensions of
220 x 312 pixels with a pixel size of 30 pm x 30 pm. Data acquisition,
image pre-processing, sample analysis for model development, valida-
tion, and experimental analysis were conducted using EVK SQALAR
software.

Each sample of the calibration set was analyzed in triplicate and on
both sides, resulting in a total of 48 hyperspectral data cubes used as the
calibration dataset. Each pixel in these images represents an individual
spectrum at a defined location [35]. To analyze the hyperspectral data,
processing of the acquired multi-dimensional raw data is required [36].
A module for correcting defective pixels and spatial distortion inherently
built into the sensor was used throughout the study [37,38]. Two pre-
processing methods, normalization (min/max) and 1st derivative, were
applied separately to the acquired data, and the resulting models were
compared to select the most suitable pre-treatment procedure. The
number of latent variables was optimized for each scenario, based on the
amount of data explained by each variable to ensure the model’s
appropriate predictive ability and to maintain robustness. The perfor-
mances of the models were evaluated using coefficients of determination
(RZX and RzY), the root mean square error of calibration (RMSEC), the
calibration BIAS, and the standard error of calibration (SEC).

2.2.5.3. Model validation. Three independent validation samples con-
taining 10 % felodipine were prepared using the same procedure
employed for producing the calibration samples. Felodipine was molten
at 95 °C and continuously stirred for 60 min until fully dissolved in the
lipid matrix composed of 10 % PG6 and 90 % LipoGalen 1684. Each
sample underwent a double-sided analysis using the NIR-HSI sensor.
High-performance liquid chromatography (HPLC) was employed as a
reference to compare the concentrations predicted by the NIR-HSI
model with the actual felodipine concentrations in the validation
samples.

Samples for HPLC analysis were prepared by removing 1 g of ma-
terial from both the upper and lower surfaces of each melt-casted form
using a laboratory knife. The API was extracted from the lipid-based
system by dissolving the formulation in tetrahydrofuran (THF) and
adding dimethylsulfoxide (DMSO) to precipitate the lipid. The solution
was then diluted to 1 mg/ml with a 50:50 mixture of 2-propanol and
monobasic sodium phosphate buffer solution. The supernatant was
filtered through a 0.22 um nylon filter before HPLC analysis.

Quantification was performed using an Agilent 1260 Infinity II LC
System equipped with a Diode Array Detector (DAD) according to USP
procedure for assay determination. The injection volume was adjusted
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to 2 pL, with UV detection of the analyte at 254 nm.
3. Results and discussion

3.1. Theoretical solubility of felodipine in pre-selected lipid-based
formulation determined via DSC

Differential Scanning Calorimetry (DSC) is a well-established
analytical technique that provides valuable insights into the thermal
properties of compounds, allowing the precise determination of solu-
bility and miscibility of components in various formulations. The use of
DSC for solubility determination has been previously confirmed in
multiple studies [23,39-42]. By analyzing the melting behaviour and
thermal transitions of the components, DSC helps identify the solubility
limits and compatibility within the lipid matrix.

The DSC analysis (Fig. 1) of the blank lipid-based system revealed a
biphasic system with two endothermic melting peaks, a minor melting
peak with an onset at approximately 45 °C, followed by the main
melting endotherm with an onset at around 52 °C. The first melting peak
corresponds to the intrinsic minor fractions of LipoGalen1684, while the
second major peak corresponds to the main fraction, which is LipoGalen
1684 [43]. Both endothermic melting peaks were observed while
heating the blank lipid as well as for experiments with concentrations of
10 %, 25 %, 50 %, 75 % of felodipine in the lipid-based system. These
samples have a consistent baseline with no significant thermal events
upon increasing temperature. In contrast, pure felodipine showed a
distinct melting endotherm with an onset at 141 °C, accompanied by an
enthalpy of fusion of 287.65 J/g, a value that differs from other studies
[44-46] due to variations in measurement conditions.

The maximum solubility of felodipine in the lipid matrix was
determined following the methodology first described by Theeuwes
et al. [42]. This approach is a thermal method that measures the dy-
namic relationship between temperature and enthalpy, and it relies on
the principle that the fraction of drug fully solubilized in the lipid matrix
does not contribute to the melting endotherm of the remaining crys-
talline drug. By measuring the enthalpy of fusion (AHf) across blends
with varying drug loadings and extrapolating to zero AHf, the theoret-
ical maximum solubility of felodipine in the lipid matrix above its
melting point was estimated. Please note that the estimated solubility
reflects the fraction of drug that dissolves in the matrix during melting,
since only the undissolved fraction contributes to the melting endo-
therm. The solubility corresponds to the melting temperature, as the
relatively slow heating rates in standard DSC protocols allow drug
molecules to detach from the crystalline lattice and dissolve into the
lipid. While this temperature is higher than typical production condi-
tions, it provides a reliable upper limit for API incorporation.

As the concentration of felodipine in the lipid-based system
increased, the magnitude of the melting endotherm also grew, because
of decreased concentration of dissolved felodipine in the lipid base. By
plotting the enthalpy of fusion (AHf) against drug concentration and
extrapolating to where AHf is zero (Fig. 2), the maximum solubility of
felodipine above its melting temperature in the lipid matrix was deter-
mined to be 14 %, which was then selected as the upper concentration
limit for formulation and NIR-HSI model development.

3.2. Development and validation of NIR-HSI calibration model for
felodipine content analysis

The calibration dataset consisting of 48 individual hyperspectral
images of samples prepared with a concentration of felodipine in the
range from 0 % to 14 % was used for NIR-HSI model development, as
described in the Methods section. Regions of interest of approximately
10,000 pixels from each tablet surface were selected, and average
spectra were obtained from each image. Fig. 3a represents the original
spectral profiles of the calibration data set. Spectral data pre-treatment
is often necessary to enhance prediction performance and minimize
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baseline offset differences between spectra, which can arise from light
scattering, path length variations, and random noise during data
acquisition [47]. Two spectral preprocessing techniques, min-max
normalization, and first derivative transformation, were applied inde-
pendently to the calibration dataset. Using a min-max normalization,
the spectral data is normalized by first determining the 'maximum’ and
’minimum’ intensity values within each spectrum. Subsequently, the
spectra are scaled, fitting the determined dynamic boundaries. This

approach preserves the original relationships between the data values
[48,49]. Fig. 3b shows the result of applying a normalization filter to the
calibration data set.

A first-derivative spectrum is often used for quantitative chemical
imaging to illustrate the spectral slope (the rate of change of absorbance
with respect to wavelength), represented in units of absorbance per
nanometer, against the wavelength [50]. Applying derivative spectra
enables the removing of baseline offset and slope effects in spectra to
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enhance localized spectral features. Using this preprocessing feature, the
kernel length (i.e., the number of consecutive data points averaged to
produce each point in the filtered signal) was properly selected in order
to avoid “smoothing over” finer spectral band features [51]. In this
study, 1st derivative with a kernel length of 7 was used. Fig. 3c repre-
sents the 1st derivative pre-processed spectra.

According to the highest peaks of the feature curve (black line, lower
panel in Fig. 3), the regions 1120-140 nm, 1320-1350 nm and the band
at 1650 nm showed significant differences between the obtained spec-
tral data depending upon the concentration of felodipine in the sample.
The range between 1120-1140 nm represents the second overtone of the
infrared active CH stretch of the benzene ring present in the felodipine
molecule [52]. The range around 1300 nm is as well specific for C-H
from aromatic hydrocarbons, while the band ~1650 nm corresponds to
the first overtone of C-H stretching vibrations [53]. Thus, the feature
importance curve highlights the previously mentioned NIR regions as a
highly correlated with the felodipine content, making them crucial for
the predictive performance of the models.

Comparing the models’ performance metrics, revealed that 1st de-
rivative provided superior results. The model developed using derivat-
ized spectral data exhibited better predictive performance and slightly
higher coefficients of determination (R2X and R2Y), along with lower
RMSEC and SEC values as summarized in Table 3. The R2 value of 0.99
indicates excellent explanatory power, and the RMSEC of 0.09 reflects
the model’s high predictive accuracy, while the low calibration BIAS

Table 3
Performance metrics of NIR-HSI calibration models using different preprocess-
ing methods.

Model 1 Model 2
Preprocessing Min/Max normalization 1st derivative
Number of LVs 2 2
R*X 0.993 0.999
R%Y 0.993 0.999
RMSEC 0.386 0.084
BIAS 0.0002 0.0016
SEC 0.391 0.085

and SEC values underscore its precision.

By assigning specific wavelength ranges from the near-infrared
spectrum to the red, green, and blue (RGB) channels, complex spectral
information can be converted into colour images [36]. The chemical
images of the calibration data set are presented in Fig. 4. Background
segmentation was achieved using a threshold-based approach, which
removed noise spectral signals weaker than the set threshold of 800 a.u.

The heat map presented in the study uses a colour code to indicate
the concentration of felodipine within the samples. A gradient from blue
to red represents the API distribution from 0 % to 14 %. This visual tool
facilitates an intuitive understanding of API concentration across the
sample surface. In the concentration-mapped images generated by the
model using derivatized spectral data (Fig. 4b), the uniform colour
distribution confirms the effective elimination of light scattering effects.
These scattering effects resulted in nosier spectra as the result of the
physical distortions induced by slight curvature at the sample edges and
typically observed as different colour regions in images produced by the
model utilizing a normalization filter (Fig. 4a). The derivatized spectral
data model successfully mitigates these distortions, providing a more
accurate and consistent representation of API concentration across the
sample surface compared to the normalization filter approach.

To evaluate the predictive accuracy, the models were validated by
analyzing a completely independent external validation set of samples.
The predicted felodipine concentrations by both models were compared
to the practically measured concentrations via HPLC analysis (see
Fig. 5). The findings reveal that the model employing the first derivative
preprocessing method achieved a lower relative standard deviation and
provided more accurate determinations that closely matched the HPLC
results. These results underscore the superiority of the first derivative
model.

3.3. NIR-HSI analysis of laboratory experiments

The developed NIR-HSI felodipine quantification model based on the
1st derivative pre-processed spectral data was implemented to analyse
felodipine content in different formulations. The study included the
developed lipid-base felodipine formulation composed of 10 %
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Fig. 4. Concentration-mapped images of felodipine: comparison of the normalized (a) and derivatized (b) calibration data set.
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Fig. 5. Comparison of felodipine concentrations predicted by NIR-HSI models developed with min/max normalization and 1st derivative filters versus values ob-
tained HPLC measurements. The box represents the interquartile range (IQR — 25th to 75th percentile) of the data, while the error bars extend + 1.5 times the IQR.

felodipine and 90 % lipids (containing 10 % PG6 and 90 % LipoGalen
1684) and formulation with 10 % felodipine and 90 % LipoGalen 1684
(without PG6). Table 4 shows the concentration-mapped NIR-HSI im-
ages of each sample representing the distribution of the felodipine
within the lipid-based formulations under different experimental con-
ditions. These visual representations allow assessing the dispersion of
felodipine within the lipid matrix under different conditions. A longer
mixing time generally leads to a more uniform distribution of felodipine,
as evidenced by the more consistent colour patterns in the heat maps for
experiments mixed for 60 min compared to those mixed for only 15 min.
Additionally, there is a more evident difference between the felodipine
concentration in both sample sides when mixing is performed at lower
temperatures. The higher mixing temperature of 95 °C, as used in

experiments E1 and E3, enhances the molecular distribution of felodi-
pine compared to the 50-60 °C used in the other experiments. This
improvement in distribution is due to the increased solubility of felo-
dipine at higher temperatures, which facilitates the uniform dispersion
of the active ingredient within the melted lipid matrix.

In contrast, when samples prepared by mixing for only 15 min at
50-60 °C, localized areas of higher felodipine concentration (intensive
red colour) can be observed. These hotspots result from insufficient
mixing time, which does not allow enough time for felodipine to be
evenly dispersed and dissolved within the lipid matrix, leading to areas
where the API remains concentrated. Consequently, combining a shorter
mixing time and lower temperature can lead to inadequate mixing and
the formation of localized areas with higher API concentrations.
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Table 4
NIR-HSI analysis of felodipine distribution in lipid-based formulations: experimental results.
Experiment El E2 E5 E3 E4 E6
Mixing time 60 min 60 min 15 min 60 min 60 min 15 min
Mixing temperature 95°C 50-60 °C 50-60 °C 95°C 50-60 °C 50-60 °C
Composition 10 % Felodipine + 90 Lipids 10 % Felodipine + 90 % LipoGalen 1684
(10 % PG6 + 90 % LipoGalen 1684) (0 % PG6)
Sample 1
P =
{ }
Sample 2
Sample 3

The concentration of felodipine within the samples predicted by the
NIR-HSI-developed model were compared with those determined by the
HPLC analysis (Fig. 6). The results indicate that the felodipine homo-
geneous distribution varies depending on the preparation method and
the lipid composition. Specifically, under the 60-minute mixing at 95 °C
condition, NIR-HSI yielded an average felodipine content of 10.15 % for
the formulation with PG6 and 10.49 % for the formulation without PG6,
while HPLC reported 11.56 % and 11.24 %, respectively. The relative
standard deviation of NIR-HSI results was notably lower at 95 °C (1.45
% and 0.61 %) compared to lower temperatures and shorter mixing
times, where variability increased to 16.58 % for the formulation with
PG6 and 9.73 % for the formulation without PG6. Additionally, the
evident difference in the concentration of felodipine in both sample
sides is observed when the mixing is performed at 50-60 °C.

In conclusion, the NIR-HSI results indicated improved uniformity of
felodipine distribution under prolonged and higher-temperature mixing
conditions (E1 and E3), suggesting that both the mixing temperature and
mixing duration significantly influence the homogeneity of felodipine
within the formulations.

Due to pronounced variability in API distribution across both sides of
the sample in experiments E5 and E6, only the samples exhibiting
consistent API variation (E1-E4) were considered relevant for further
studies. Those samples were cryomilled to obtain a powder and subse-
quently filled into capsules to investigate API release from the lipid-
based matrix, as well as its correlation with sample preparation and
API solubilization within the matrix. Thermal behaviour and solid-state
of samples were screened after cryo-milling, to consider any potential

impact of the cryomilling on API crystallinity.

3.4. Thermal behaviour and solid-state of cryomilled samples

The DSC thermogram presented in Fig. 7 provides valuable insights
into the thermal behaviour of pure felodipine compared to various lipid-
based formulations (E1-E4). As previously described, the biphasic
melting behaviour of the lipid-base components and the resulting ex-
periments, could be observed. The sharp endothermic peak with an
onset at 141 °C in DSC thermogram of pure felodipine, is a clear indi-
cator of the pure drug’s crystalline structure. The DSC curves for the
lipid-based formulations (E1-E4) exhibit a complete absence of this
endothermic peak, due to solubilizing of felodipine in the system. The
Glass transition temperature of amorphous felodipine is reported at
approximately 45 °C [54], which was not detectable in the thermograms
(Fig. 7), most probably due to overlapping with melting signal of lipid
minor fractions at the same range of temperature.

To confirm the observations of the DSC analysis, small- and wide-
angle X-ray diffraction (SWAXD) was employed to analyse the cryo-
milled formulations.

The wide-angle X-ray diffraction (WAXD) patterns for all experi-
ments (Fig. 8) revealed a dominant peak corresponding to the hexagonal
subcellular arrangement (H, a-form) of PG4-C16/C18 [11]. Notably, no
changes were associated with different mixing temperatures across the
experiments, indicating that the lipids maintained a stable sub-cell
arrangement even after higher production temperatures. The stable
sub-cell arrangement of PGFAs is extensively described in [11].
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Although no signs of residual crystallinity were visible in any ther-
mograms (Fig. 7), WAXD analysis of experiments E2 and E4 revealed an
additional peak characteristic of crystalline felodipine. This indicates
the presence of residual crystalline drug in those samples prepared at
50-60 °C. The discrepancy between DSC and SWAXD data may be
attributed to the limited sensitivity of the DSC technique and potential
thermal effects during the heating cycle, which can induce solubilization
of trace amount of residual crystalline API. Furthermore, the high glass

forming ability and the glass stability of felodipine, as reported by Baird
etal. [12], inhibit crystal growth during both cooling and heating phases
of DSC analysis. As a result, small crystalline domains, if present, may
not produce detectable thermal signal, leading to an underestimation of
crystallinity by DSC.

WAXD analysis of experiments E1 and E3, which were prepared at a
mixing temperature of 95 °C, showed no additional peaks (E3) or peaks
with very low intensity (E1) associated with the drug’s crystalline form.
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Fig. 8. WAXD pattern of felodipine active ingredient and experiments E1-E4.

This suggests that a significant portion of felodipine underwent
amorphization in these formulations. The finding aligns with the NIR-
HSI analysis, which indicated different drug distribution within these
samples, and is also consistent with literature reports [55].

The lipid crystal long-spacing was determined in the small region
and revealed the lamellar configuration of LipoGalen 1684 in all sam-
ples, based on the harmonic peaks at integer ratios to the main peak.
This configuration is typical for acylglycerols and it was also previously
reported for PGFAs [11]. Lamella and crystalline thicknesses were
calculated by applying Bragg’s law and Scherrer equation, respectively,
as described in [11] and listed in Table 5.

As shown in this table, no lamella elongation was observed in melt
casted LipoGalen 1684 by adding API and/or PG6, for the lamella
thickness (d) of melt casted pure lipid and samples E1 to E4 were
consistent around 6 nm. This indicates that neither PG6 nor felodipine
molecules were deposited in the crystal lattice of lipid. The number of
stacked lamellae and resulted crystalline size (D), however, was affected
by both applied temperature and adding felodipine and PG6. It is
generally claimed that lipophilic additives with chemical dissimilarity
with the lipid are potentially good candidates for delayed nucleation and
crystal growth of the lipid [56,57]. According to this theory, considering
felodipine and PG6 as additives, it can be expected that felodipine has a
higher potential for acting as crystallization inhibitor compared to PG6.
Generally, the reduced crystalline size of E1 to E4 samples compared to
pure lipid can be due to the existence of felodipine. Its prominent role as
crystal growth inhibitor is clearer by considering the effect of temper-
ature as a stress factor [58]. The crystallite sizes of E2 and E4 samples
prepared at 55 °C were similar and significantly lower than the crys-
tallize size of pure melt-casted lipid (15.71 and 15.16 nm, for E2 and E4,
respectively, resulted by stacking of two lamellae). Applying higher
temperature of 95 °C for producing E1 and E3 samples, resulted in a
higher nucleation rate and crystallite size of E1 sample with a difference

Table 5
Mean crystallite size, thickness of lamellae and number of lamellas determined
by SAXD analysis of the melt casted (MC) LipoGalen 1684 and samples E1 — E4.

Sample Mean crystallite size — Thickness of No. of lamella

D [nm] lamellae [nm]
MC LipoGalen 1684 43.63 £ 3.29 6.28 + 0.07 7
El 3391 £ 2.9 6.15 £ 0.01 6
E2 15.71 + 0.22 6.29 + 0.0 2
E3 7.82 +0.28 6.21 + 0.10 1
E4 15.16 + 0.42 6.22 +£ 0.0 2
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of just one lamella in crystallite thickness compared to pure lipid (six
stacked lamellae resulting in the crystallite size of 33.91 nm for E1
compared to 7 stacked lamellae for pure lipid). In contrast, E3 sample
which was prepared at same temperature but consisted of just felodipine
and lipid had a significantly slower nucleation rate. Crystallite size of
lipid in E1 to E4 samples was aligned with the rate of felodipine release
from matrix.

3.5. API release from lipid-based matrix

A comparative dissolution study was conducted on encapsulated
cryo-milled felodipine powder from experiments E1-E4 and pure felo-
dipine, filled into size 00 capsules. Overall, under same cryomilling
conditions, obtained powders exhibited a narrow range of size distri-
bution between a d90 of 140 um to 191 um, allowing a straightforward
comparison of dissolution performance.

The obtained particle size distributions of samples E1-E4 after
cryomilling are listed in Table 6.

Release profile of pure felodipine and the embedded felodipine in
lipid matrix during 12 h of dissolution testing are shown in Fig. 9.

Felodipine, a BCS class II drug, due to its hydrophobic nature and
poor wettability, exhibits poor aqueous solubility (approximately 2 mg/
L in pH 6.8 at 37 °C) [54,59].

Selection of 10 mg pure felodipine or amounts of cyomilled powder
equivalent to 10 mg of felodipine was based on providing the dissolution
test for pure API under sink conditions, and selecting the API loaded
powder equivalent to available extended release felodipine tablets in the
market.

The dissolution of pure felodipine in sink condition, showed a
gradual increase, reaching only a maximum of 70 % after 10 h despite
the presence of SLS in dissolution medium. In contrast, all lipid-based
formulations demonstrated significantly improved dissolution perfor-
mance, presenting a steep slop of API release rate after one hour and
achieving 90 % to 100 % dissolution of felodipine in the same conditions
at 12 h. During the first two hours, all formulations exhibited two sig-
nificant linear drug release (after 30 min and 2 h), followed by a gradual
or controlled release from the lipid-base. This burst release of API is
typical for pulverized matrices with high surface area, resulting in easier
diffusion of medium through the matrix [54,60,61].

Further, to describe the drug release kinetics, cumulative percentage
drug release data were fitted to several models, including Zero and First
order, Higuchi, Korsmeyer-Peppas models. Table 7 summarize the
models’ parameters and their coefficients of determination (R?).

The first order and Korsmeyer-Peppas models provided a better fit
for all lipid-based formulations (E1-E4), compared to zero-order and
Higuchi models. The release exponent (n) from the Korsmeyer-Peppas
equation was >0.89, indicating a non-Fickian diffusion model. These
results are aligned with the API release from the complex lipid-based
matrices. The drug release from the cryomilled powder could be
mainly governed by the concentration gradient by the fast exposing of
not embedded API to the medium and erosion of the lipid matrix.

Table 6
Comparative particle size metrics across the experiments.
Experiment El E2 E3 E4
No of 3
observations
Parameter Results
VMD 89 ym + 13 82 ym + 12 75 pm + 4 80 pm + 3
pm pm pm pm
d10 7 pm £ 2 pm 6 pm =+ 3 pm 10 pm £ 7 7pm =+ 1 pm
pm
d50 74 pm + 12 69 pm + 11 68 pm + 3 57 pm + 7
pm pm pm pm
d9o 191 pm + 179 pm + 140 pm + 190 pm +
22 pm 22 pm 13 pm 15 pm
SPAN 25+0.1 25+0.3 2.0+0.3 3.3+08

10
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Fig. 9. Dissolution of felodipine in pH 6.5 phosphate buffer with 1% SLS: comparison of cryo-milled formulations (E1-E4) and pure felodipine; The zoomed region

depicts the slope of felodipine dissolution during the first two hours.

Table 7
Models’ parameters with Coefficients of determination (R?).

Formulation Zero order First order Higuchi model Korsmeyer-Peppas

ko R? k; R? ke R? kip n R?
El 8.77 0.87 0.20 0.99 25.78 0.93 16.70 1.19 0.91
E2 10.69 0.42 0.51 0.97 33.95 0.80 40.43 1.79 1.00
E3 9.49 0.66 0.32 0.99 29.20 0.91 25.14 1.09 0.97
E4 10.06 0.78 0.29 0.98 30.08 0.90 18.50 1.43 0.99
Felodipine 7.21 0.21 0.19 0.65 23.20 0.79 30.52 0.37 0.89

Diffusion of dissolution medium through the lipid matrix and erosion are
governed by the degree of lipid crystallinity, the surface area and the
wettability of the system among others.

WAXD, NIR-HSI and content assay results showed in complete
alignment the better API solubilization and its homogeneous distribu-
tion in the matrix of samples E1 and E3. Although almost a complete API
release was achieved after 12 h for all samples, the flattest slope of
release rate was observed for sample E1. This can be explained by larger
lipid crystallite size in this sample, together with the solubilization and
homogeneous distribution of API in the lipid- PG6 matrix, resulting in
complete surrounding of solubilized API in the lipid. The consequent is
retarding the diffusion of medium through the matrix and reaching the
molecularly dispersed API. This phenomenon has been also reported by
others [61]. In contrast, sample E2 consisting of a mixture of solubilized
and crystal disperse API embedded in the matrix of lipid with small
crystallite size and PG6 showed the fastest API release rate. In this
sample, PG6 can easier act as wetting agent and accelerate the diffusion
of medium in the matrix of lipid with small crystallite size. The non-
uniformly distributed API, probably in crystalline disperse form,
released primarily by dissolution, while the fraction of drug molecularly
dispersed into the lipid-base is subsequently released through erosion of
lipid. API release rates from sample E3 & E4 (both with small lipid
crystallite size) were slower than sample E2, maybe due to the absence
of PG6 as wetting agent and the complete embedding of solubilized API
in lipid in the case of sample E3.

11

4. Conclusions

This study provides a deep understanding on the behaviour of lipid-
based matrices, the effect of wetting agents and process conditions on
the homogeneous distribution of API in the lipid-matrix and the solid-
states of lipid and API. The knowledge can be used to develop
advanced lipid-based formulations, with tailored API release by
providing solid dispersions and design the degree of lipid crystallinity
and wettability.

Near-infrared hyperspectral imaging (NIR-HSI) was implemented for
the first time as a novel tool to assess drug content homogeneity within
lipidic formulations. We have shown that the method can be successfully
used as a robust process analytical technology (PAT) tool for pharma-
ceutical development, particularly in ensuring consistent product qual-
ity of lipid-based systems. Its advantages, including cost-effectiveness,
non-destructive nature, operational simplicity, and the ability to deliver
rapid, real-time insights, position NIR-HSI as a valuable tool for process
monitoring and optimization.
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