UNIVERZA V LJUBLJANI

FAKULTETA ZA FARMACIJO

UROŠ BUZETI
MAGISTRSKA NALOGA
ENOVITI MAGISTRSKI ŠTUDIJSKI PROGRAM FARMACIJA

Ljubljana, 2019

UNIVERZA V LJUBLJANI
FAKULTETA ZA FARMACIJO

UROŠ BUZETI

DOLOČANJE HITROSTI PREPUŠČANJA VLAGE SKOZI PRIMARNO
OVOJNINO Z UPORABO RADIOFREKVENČNIH TRANSPONDERJEV

DETERMINATION OF WATER VAPOR TRANSMISSION RATE THROUGH
PRIMARY PACKAGING USING RADIO-FREQUENCY TRANSPONDERS

MAGISTRSKA NALOGA
ENOVITI MAGISTRSKI ŠTUDIJSKI PROGRAM FARMACIJA

Ljubljana, 2019

Master’s Thesis was completed at Hexal AG, Holzkirchen under the supervision of Dr.
Marco Marchesan, MScPharm, Uroš Markoja, MScPharm from Hexal AG, Holzkirchen and
Prof. Dr. Dr.h.c. Stanko Srčič, MScPharm from University of Ljubljana.

Acknowledgments/Zahvala
First and foremost, I would like to thank my main supervisors Prof. Dr. Dr.h.c. Stanko Srčič,
MScPharm and Dr. Marco Marchesan, MScPharm for all their support and guidance. I would
like to thank Frank Menzel-Zelnitschek, MScPharm and Uroš Markoja, MScPharm for their
suggestions and encouragement. I extend my gratitude to the whole Formulation Team 2 for
their help and kindness.
Rad bi se zahvalil vsem, ki so na kakršenkoli način vplivali na moj razvoj kot osebo in me
posledično pripeljali do te točke. Sosedom, učiteljem, sošolcem in vsem prijateljem, tako
sedanjim in tistim, s katerimi smo se odtujili.
Petim prijateljem in Žar crewu, ki so mi stali ob strani v dobrih in slabih trenutkih, pri dobrih
in slabih idejah ter vseskozi dokazovali kaj pomeni biti prijatelj.
Posebej pa bi se rad zahvalil družini za neomajno podporo, ljubezen in zaupanje vame.
Thank you. Danke. Hvala.

Declaration
I declare that this Master’s Thesis is the result of my own independent work under the
supervision of Dr. Marco Marchesan, MScPharm, Uroš Markoja, MScPharm. and Prof. Dr.
Dr.h.c. Stanko Srčič, MScPharm.

Ljubljana, 2019

The master’s thesis defense committee
Chair:

Assoc. Prof. Dr. Tomaž Vovk

Members:

Assist. Prof. Dr. Nace Zidar
Prof. Dr.Dr.h.c. Stanko Srčič, MScPharm
Uroš Markoja, MScPharm

Uroš Buzeti

TABLE OF CONTENTS
TABLE OF CONTENTS ....................................................................................................... I
LIST OF FIGURES ............................................................................................................. III
LIST OF TABLES .............................................................................................................. IV
ABSTRACT ......................................................................................................................... V
POVZETEK ........................................................................................................................ VI
LIST OF ABBREVIATIONS AND SYMBOLS ...............................................................VII
RAZŠIRJEN POVZETEK .................................................................................................. IX
1

INTRODUCTION ......................................................................................................... 1
1.1

Pharmaceutical packaging ...................................................................................... 1

1.1.1
1.2

Blister packs .................................................................................................... 3

Protection capabilities of containers against water vapor ....................................... 3

1.2.1

Steady state – container with a desiccant ........................................................ 5

1.2.2

Quasi-steady state (QSS) approximation – container with no desiccant ......... 6

1.2.3

Relative humidity ............................................................................................ 7

1.2.4

Temperature effect on permeability ................................................................ 8

1.2.5

Water vapor transmission rate (WVTR) .......................................................... 8

1.3

USP <671> Containers – performance testing ..................................................... 11

1.4

Radio-frequency identification ............................................................................. 12

1.4.1

RFID tags ....................................................................................................... 13

1.4.2

RFID interrogators ......................................................................................... 14

1.4.3

RFID controllers ............................................................................................ 14

1.5

Humidity sensors .................................................................................................. 14

1.6

Stability studies ..................................................................................................... 15

2

AIMS OF THE STUDY .............................................................................................. 17

3

MATERIALS AND METHODS ................................................................................ 18
3.1

Materials ............................................................................................................... 18

3.1.1

Blister films ................................................................................................... 18

3.1.2

Desiccant ....................................................................................................... 20

3.2

Equipment ............................................................................................................. 21

3.2.1
3.3

TELID® 235 – RFID transponder................................................................. 21

Methods ................................................................................................................ 22

3.3.1

Preparation of our test subjects ...................................................................... 22

3.3.2

Preparation of test subjects for the RFID test method ................................... 23

3.3.3

Preparation of test subjects for the USP <671> method................................ 25

3.3.4

Packaging - Thermoforming.......................................................................... 27
I

4

3.3.5

Blue-dye testing for sealing integrity ............................................................ 28

3.3.6

RFID measurements ...................................................................................... 28

3.3.7

Weighing of USP test subjects ...................................................................... 29

3.3.8

Micro-CT scanning ........................................................................................ 30

3.3.9

Statistical evaluation in Prism 8 GraphPad ................................................... 30

RESULTS AND DISCUSSION .................................................................................. 32
4.1

USP results ............................................................................................................ 32

4.1.1

30°C/75% RH conditions .............................................................................. 32

4.1.2

40°C/75% conditions ..................................................................................... 34

4.2

RFID results .......................................................................................................... 36

4.2.1

Statistical evaluation of RH increase before experimental climate exposure 40

4.2.2

Standard deviation of RFID measurements ................................................... 42

4.3

Influence of packaging material on water vapor barrier properties ...................... 42

4.4

Influence of thermoforming on water vapor barrier properties ............................ 44

4.5

Influence of temperature on water vapor barrier properties ................................. 50

4.6

Calculating the WVTR from RFID results ........................................................... 51

5

CONCLUSION ........................................................................................................... 54

6

LITERATURE ............................................................................................................ 55

II

LIST OF FIGURES
Figure 1: General mechanism of water vapor permeation through a polymer film; adapted
from (9) .................................................................................................................................. 4
Figure 2: RFID system; adapted from (24) ......................................................................... 12
Figure 3: PVC monomer ..................................................................................................... 18
Figure 4: PVDC monomer ................................................................................................... 19
Figure 5: PE monomer ......................................................................................................... 19
Figure 6: PCTFE monomer ................................................................................................. 20
Figure 7: TELID 231 (bigger) and TELID 235 (smaller) compared to a 1 cent Euro coin 22
Figure 8: Examples of finished TRI-2 configuration blisters for the RFID test with 4 blisters
for each blister ..................................................................................................................... 24
Figure 9: Example of a finished TRI-2 configuration blister for the USP <671> test ........ 26
Figure 10: Steps in the thermoforming process; adapted from (4) ...................................... 27
Figure 11: Schematic of X-ray imaging; adapted from (47) ............................................... 30
Figure 12: Average WVTR of P200-1 and P250-1 between each time point ..................... 32
Figure 13: Average WVTR of ACL-1 and TRI-1 between each time point ....................... 32
Figure 14: Graph representing the total moisture ingress over time in configurations TRI and
ACL in 40°C/75% RH ......................................................................................................... 35
Figure 15: WVTR of the USP <671> test for all tested configurations .............................. 36
Figure 16: RFID measurements of the increasing internal RH in all 30°C/75% RH
configurations ...................................................................................................................... 38
Figure 17: RFID measurements of the increasing internal RH in all 40°C/75% RH and
50°C/75% RH configurations .............................................................................................. 38
Figure 18: RFID measurements of increasing internal RH in ACL-2 at 30°C/75% RH and
different fits. ........................................................................................................................ 40
Figure 19: RFID measurements of increasing internal RH in ACL-3 at 30°C/75% RH and
different fits. ........................................................................................................................ 40
Figure 20: RH changes through the process of test subject preparation ............................. 41
Figure 21: RFID measurement of increasing internal RH in configurations sized 1 (9x5 mm)
at 30°C/75% RH .................................................................................................................. 44
Figure 22: µ-CT scans of ACL-2 and ACL-3 with different color thicknesses .................. 47
Figure 23: RFID measurements of increasing internal RH in ACL configurations of different
sizes at 30°C/75% RH ......................................................................................................... 49
Figure 24: RFID measurements of increasing internal RH in ACL and TRI configurations
size 2 at different temperatures ............................................................................................ 51

III

LIST OF TABLES
Table I: Variables affecting permeation through a polymer material (8) .............................. 4
Table II: Literature values of WVTR for polymer films ..................................................... 10
Table III: Calculations for absolute humidity at different conditions ................................. 10
Table IV: Zones for stability studies and their conditions (31) ........................................... 15
Table V: Conditions of accelerated climatic zones (31)...................................................... 16
Table VI: Legend of codes assigned to blister configurations ............................................ 23
Table VII: Temperature settings for the thermoforming procedure .................................... 23
Table VIII: List of the quantity of desiccant tablets used for each configuration for the USP
<671> test at 30°C/75% RH ................................................................................................ 25
Table IX: List of the quantity of desiccant tablets used for each configuration for the USP
<671> test at 40°C/75% RH ................................................................................................ 26
Table X: USP <671> WVTR results for configurations P200 and P250 in 30°C/75% RH
climate ................................................................................................................................. 33
Table XI: USP <671> WVTR results for configurations TRI and ACL in 30°C/75% RH
climate ................................................................................................................................. 34
Table XII: USP <671> WVTR results for configurations TRI and ACL in 40°C/75% RH
climate ................................................................................................................................. 34
Table XIII: Maximum amount of water that the head space of different cavity sizes can hold
in the tested conditions ........................................................................................................ 35
Table XIV: Fitted RFID results for all configurations ........................................................ 37
Table XV: Literature WVTR compared to USP WVTR and RFID time constants ............ 44
Table XVI: Effective surface area using different methods ................................................ 45
Table XVII: Comparison of our USP WVTR results divided by different effective surface
area to the literature data ..................................................................................................... 46
Table XVIII: USP WVTR and RFID time constants compared between different sizes of
ACL ..................................................................................................................................... 47
Table XIX: TRI and ACL configurations of the same size compared between different
temperatures......................................................................................................................... 50

IV

ABSTRACT
Choosing the right primary packaging is one of the most important steps in drug
development. Its role is to assure drug efficacy through the intended shelf life while
protecting it from all adverse external influences that can change its properties, an important
one being moisture. Radio-frequency identification (RFID) method offers a nondestructive
way of measuring internal changes of relative humidity directly in the primary packaging in our case inside a blister cavity. In this thesis, we explore the capabilities of the RFID
method to quantify the water vapor transmission rate and compare the results with the USP
<671> method.
We tested PVC 250, PVC/PVDC 200/60, PVC/PVDC 250/120, PVC/PE/PVDC
250/25/180 and PVC/Aclar® 254/76 formed in round blister cavity sizes of 9x5 mm, 10x5
mm, 11x6 mm, 13x5 mm and 15x6 mm. These configurations were exposed to climate
conditions of 30°C/75% RH, 40°C/75% RH and 50°C/75% RH. Each configuration was
represented with 4 RFID transponders, out of which a third was calibrated by the
Microsensys company. With this method we noticed statistically significant changes of RH
after the blistering procedure.
Through a fit of experimental relative humidity measurements, we extracted the time
constant. We compared the results between polymer films used and determined that PVC
250 has the worst water vapor barrier, whereas PVC/PE/PVDC 250/25/180 and PVC/Aclar®
254/76 the best. Size 9x5 mm expectedly had the highest time constant and size 15x6 mm
the lowest. Interestingly, the time constant was second highest with 13x5 mm followed by
10x5 mm, whereas 11x6 mm had the second lowest. The time constants decreased with
increasing temperature, as expected. All RFID results were compared to the results of the
USP <671> method and showed similar difference ratios in these comparisons. Subsequently
we tried to calculate the water vapor transmission rate through the extracted time constant.
This was not achieved, due to the unknowing wall thicknesses of the blister cavities and the
model not being complex enough to take this into account.
In summary, our results show that RFID method can be used as a supplement to the
stability studies. With additional experimentation and improvements to the model it has the
potential to become the method of choice for selection of primary packaging.
Keywords: radio-frequency identification, water vapor transmission rate, primary
packaging, permeability, time constant
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POVZETEK
Izbira prave primarne ovojnine je eden izmed ključnih korakov v razvoju zdravila. Njena
naloga je zagotoviti učinkovitost zdravila skozi celoten predviden rok uporabnosti, s tem da
ščiti zdravilo pred škodljivimi zunanjimi vplivi, ki lahko spremenijo njene lastnosti. Pri tem
ima pomemben vpliv vlaga. Metoda radiofrekvenčnega prepoznavanja (RFID) ponuja
nedestruktivni način merjenja sprememb notranje relativne vlage direktno v primarni
ovojnini, v našem primeru v pretisnem omotu. V tej nalogi smo raziskovali zmožnosti
metode radiofrekvenčnega prepoznavanja za kvantificiranje hitrosti prepuščanja vodne pare
in primerjali njene rezultate z USP <671> metodo.
Testirali smo PVC 250, PVC/PVDC 200/60, PVC/PVDC 250/120, PVC/PE/PVDC
250/25/180 in PVC/Aclar® 254/76 oblikovane v mehurčke z okroglim dnom velikosti 9x5
mm, 10x5 mm, 11x6 mm, 13x5 mm in 15x6 mm. Te konfiguracije so bile izpostavljene
klimatskim pogojem 30°C/75% RH, 40°C/75% RH in 50°C/75% RH. Vsaka konfiguracija
je bila zastopana s štirimi RFID transponderji, od katerih je bila ena tretjina kalibriranih s
certifikatom s strani Microsensys. S to metodo smo opazili statistično signifikantne razlike
notranje

relativne

vlažnosti

po

blistiranju

med

različnimi

polimernimi

filmi.

Eksperimentalne meritve relativne vlage smo prilegali krivulji iz katere smo
izpostavili časovne konstante konfiguracij. Rezultate med uporabljenimi polimernimi filmi
smo primerjali in določili, da ima PVC 250 najslabšo zaščito proti vodni pari, medtem ko
imata PVC/PE/PVDC 250/25/180 in PVC/Aclar® 254/76 najboljšo. Velikost 9x5 mm je
pričakovano imela najvišjo časovno konstanto, 15x6 mm pa najnižjo. Časovna konstanta je
zanimivo druga najvišja pri velikosti 13x5 mm, sledi ji 10x5 mm, medtem ko je pri 11x6
mm druga najnižja. Časovne konstante se nižajo z višanjem temperature. Vse rezultate
radiofrekvenčne metode smo primerjali z rezultati USP <671> metode, ki so pokazali
podobne razlike razmerij med posameznimi primerjavami. Zatem smo poskušali izračunati
hitrost prepuščanja vodne pare s pomočjo časovne konstante. To nam ni uspelo zaradi
nepoznavanja debeline stene mehurčka pretisnega omota in ker model ni upošteval njenega
postopnega zmanjševanja.
Rezultati kažejo potencial, da se metodo radiofrekvenčnega prepoznavanja uporabi
kot dodatek stabilnostnim študijam. Z dodatnimi eksperimentalnimi poskusi in z izboljšanim
modelom lahko postane primarna metoda pri izbiranju primarne ovojnine.
Ključne besede: radiofrekvenčno prepoznavanje, hitrost prepuščanja vodne pare, primarna
ovojnina, permeabilnost, časovna konstanta
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RAZŠIRJEN POVZETEK
Ob ideji razvoja zdravila redko kdo pomisli na enega izmed temeljnih delov tega procesa –
ovojnino. Farmacevtska ovojnina je ključna pri zaščiti farmacevtskega produkta pred
različnimi zunanjimi dejavniki, ki vplivajo na njegovo stabilnost in kakovost od časa
izdelave do uporabe. Če je ovojnina kakovostna, ščiti produkt pred dejavniki vlage, svetlobe,
kisika in nihanjem temperature. Zagotoviti mora zaščito pred biološko kontaminacijo,
zaščito pred fizičnimi poškodbami in nositi pravilne informacije o zdravilu, med katerimi
mora biti zagotovljena njegova razpoznavnost. Farmacevtsko ovojnino delimo na primarno,
sekundarno in terciarno. K primarni ovojnini spadajo tudi pretisni omoti, ki predstavljajo
85% vse primarne ovojnine za trdne farmacevtske oblike v Evropi. Najpogosteje sta glavna
sestavna dela pretisnega omota plastični, običajno prosojni in oblikovno značilni mehurčki,
v katerih so tablete ali kapsule, ki so zaprte z aluminijasto folijo. Obstajata dva osnovna
procesa oblikovanja pretisnih omotov - oblikovanje z visoko temperaturo in z nizko
temperaturo pod visokim tlakom.
Glavna zaščitna sposobnost primarne ovojnine je permeabilnost za pline in vodne
pare, ki vplivajo na razpad učinkovine. Permeabilnost je najbolj raziskana lastnost plastičnih
materialov, predvsem zaradi živilske industrije. Na permeabilnost vplivajo zlasti
temperatura, koncentracija (parcialni tlak) snovi, ki prehaja, podobnost med snovjo, ki
prehaja in plastičnim polimerom, velikost in oblika prostora v katerega snov prehaja in
debelina plastičnega polimera. Glavna gonilna sila prehajanja vodne pare je razlika v parnem
tlaku zunaj in znotraj ovojnine. Proces prehajanja vodne pare skozi plastično ovojnino je
izražen s 1. in 2. Fickovim zakonom. Tlak vodne pare se pogosto izraža kot relativna
vlažnost, ki predstavlja razmerje tlaka vodne pare v zraku z maksimalnim tlakom vodne
pare, ki jo zrak lahko obdrži pri določeni temperaturi (relativna vlažnost se nato lahko izraža
z absolutno vlažnostjo, ki je koncentracija vodne pare v zraku).
Prepustnost ovojnine za vlago se izraža kot hitrost prepuščanja vodne pare skozi
primarno ovojnino. Zaradi razlik v merskih enotah po svetu obstaja ogromno enot za hitrost
prepuščanja vodne pare, kar povzroča veliko zmede. V tej magistrski nalogi smo se odločili
uporabiti enoto mg na dan skozi enoto ovojnine (mg/(dan×enota ovojnine)). Hitrost
prepuščanja vodne pare je odvisna od permeabilnosti polimera, efektivne površine
pretisnega omota, debeline polimera in razlike med zunanjo in notranjo relativno vlažnostjo.
Hitrost prenosa vlage se ponavadi meri z gravimetrično z metodo, ki je opisana v Ameriški
farmakopeji v poglavju 671. V tej nalogi smo uporabili metodi 2 in 3, ki sta namenjeni za
IX

testiranje

eno

enotnih

ovojnin

z

visoko

in

nizko

zaščito

za

vodno

paro.

V raziskavi smo poleg metode iz poglavja 671 Ameriške farmakopeje uporabljali
metodo z radiofrekvenčnimi transponderji. Radiofrekvenčno prepoznavanje (RFID) je
sistem, ki uporablja brezžično komunikacijo radijskih valov. Sistem sestavljajo značka ali
transponder, čitalec in kontroler. Komunikacija z radiofrekvenco 13,56 MHz poteka med
transponderjem in čitalcem, ko prideta na razdaljo komuniciranja. V naši nalogi smo
uporabljali transponderje TELID 235 podjetja Microsenys (Nemčija). Gre za pasivni
transponder, ki sam po sebi nima vira energije, torej je brez baterije in dobi energijo za
delovanje preko indukcije iz elektromagnetnega polja, ki ga ustvari čitalec. V našem primeru
imamo transponder z integriranim senzorjem, ki izmeri vlažnost ko dobi energijo od čitalca
in jo po meritvi pošlje preko radiofrekvenčnih valov nazaj do čitalca. Ta informacijo
posreduje do kontrolerja, ki je bil v našem primeru računalnik z ustrezno programsko
opremo. Senzor vlažnosti, ki je integriran, je kapacitivni, kar pomeni, da ima v sebi
higroskopno dielektrično snov, ki po vezavi vode spremeni kapacitivnost senzorja - to
spremeni njegov električni tok, kar se nato pretvori v relativno vlažnost.
Za RFID metodo smo uporabili pet različnih polimernih filmov za oblikovanje
pretisnih omotov. Uporabili smo PVC 250, PVC/PVDC 200/60, PVC/PVDC 250/120,
PVC/PE/PVDC 250/25/18 in PVC/Aclar® 254/76. Te polimerne filme (folije) smo v sobnih
pogojih nizke vlažnosti na Pentrapack BP540 aparaturi s procesom oblikovanja z visoko
temperaturo oblikovali v okrogle mehurčke pretisnega omota petih različnih velikosti in
sicer 9x5 mm, 10x5 mm, 11x6 mm, 13x5 mm ter 15x6 mm. Po oblikovanju smo v
posamezne mehurčke pretisnih omotov položili RFID transponder, tako da je imela vsaka
konfiguracija po štiri. Nato smo proces zapiranja končali z zapečatenjem mehurčkov z
aluminijasto folijo. S pomočjo teh transponderjev smo relativno vlažnost izmerili pred
oblikovanjem, po oblikovanju in pred izpostavitvijo spremenjenim klimatskim pogojem.
Namen raziskave z RFID metodo je bil določitev hitrosti prehajanja vodnih par skozi naše
konfiguracije pretisnih omotov in opredeliti njihovo sposobnost zaščite v različnih
klimatskih pogojih. Po končanem oblikovanju smo naše konfiguracije pretisnih omotov
položili v komore pod pogoji 30°C/75%, 40°C/75% in 50°C/75% relativne vlažnosti. Nato
smo s pomočjo čitalca zbirali meritve transpoderja, dokler ni vlažnost v pretisnem omotu
narasla do vlažnosti prostora. Paralelno RFID metodi smo izvedli prirejeno metodo <671>.
poglavja Ameriške farmakopeje. Za to metodo smo z enakim procesom oblikovali enake
konfiguracije, smo pa v mehurčke pretisnih omotov položili sušilne tablete podjetja Clariant
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(Švica). Po oblikovanju smo te konfiguracije izpostavili pogojem 30°C/75% in 40°C/75%
relativne vlažnosti.
Z rezultati tehtanja USP vzorcev smo izvedli linearno regresijo, kjer je naklon
predstavljal hitrost prehajanja vode skozi pretisni omot, kar smo nato delili s številom
mehurčkov in dobili rezultat v mg/(dan*mehurček pretisnega omota). Z meritvami oziroma
branjem transponderjev v pretisnih omotih RFID metode smo dobili naraščanje relativne
vlažnosti v notranjosti mehurčkov. Te vrednosti smo nato prilagodili krivulji enačbe grafa
iz katerega smo izpostavili časovno konstanto. Časovna konstanta je čas, ki je potreben, da
notranja vlažnost naraste na faktor 0,63 razlike med zunanjo in notranjo vlažnostjo. Časovne
konstante so rezultati, ki so specifični za posamezne testirane konfiguracije pretisnih
omotov.
Z analizo vseh konfiguracij pretisnih omotov v vseh klimatskih pogojih smo nato
primerjali rezultate med seboj. Primerjali smo razlike med polimernimi folijami iz katerih
so bili vzorci pretisnih omotov oblikovani, vpliv velikost mehurčka pretisnega omota znotraj
iste plastične polimerne snovi in vpliv temperature med istimi konfiguracijami,
izpostavljenimi različnim pogojem. Med vsemi omenjenimi primerjavami smo vseskozi
primerjali tudi rezultate, ki so bili pridobljeni z gravimetrično USP metodo in RFID metodo.
Primerjava med polimernimi folijami je pokazala, da so naši rezultati podobni literaturnim
podatkom. PVC je pri 30°C/75% relativne vlažnosti najbolj prepusten za vlago, sledili so
mu PVC/PVDC 200/60, PVC/PVDC 250/120, PVC/Aclar® 254/76 in najmanj prepusten
PVC/PE/PVDC 250/25/180.
Iz primerjave prepustnosti glede na velikost mehurčka pretisnega omota smo prišli
do spoznanja, da je najmanj prepustna velikost 9x5 mm, sledijo ji 10x5 mm, 13x5 mm, 11x6
mm in najbolj prepustna velikost 15x6 mm. Tako smo ugotovili, da ima globina
oblikovanega mehurčka večji vpliv na zmanjšanje zaščitnih lastnosti pred vlago kot
povečanje radija. Rezultate USP metode smo nato primerjali z literaturnimi tako, da smo
enoto pretvorili v mg/(dan×m2) in ugotovili, da ima najvišjo prepustnost velikost 9x5 mm,
sledijo ji 11x6 mm, 10x5 mm, 15x6 mm in najmanjša pri 13x5 mm. To nam pove, da največ
vlage prepuščajo robovi mehurčka pretisnega omota, ki so najtanjši del njegove površine.
Primerjava rezultatov glede na vpliv temperature je pričakovano pokazala, da se
prepustnost za vlago viša z višanjem temperature. Pomembna ugotovitev je bila, da ima
temperatura večji vpliv na polimer PVC/PE/PVDC 250/25/180 kot na PVC/Aclar® 254/76.

XI

V zadnjem delu naloge smo poizkusili iz rezultatov metode RFID izračunati hitrost
prepuščanja vode. To nam ni uspelo, saj model, po katerem smo se zgledovali ne zajema
dejstva, da so stene mehurčka različno debele.
V nalogi smo pokazali, da lahko z RFID metodo nedestruktivno merimo relativno
vlažnost znotraj mehurčka pretisnega omota. Časovna konstanta, ki jo dobimo kvalitativno
dobro oceni razlike med polimeri z dobro zaščitno sposobnostjo za vlago, in slabše med
velikostmi mehurčka in različnimi temperaturami testiranja. S poznavanjem debeline stene
mehurčka in z dobrim modelom za izračunavanje hitrosti prepustnosti vode kaže RFID
metoda velik potencial. Metoda RFID lahko prispeva veliko dodatnih informacij za
stabilnostne študije, kar lahko posledično prihrani čas in sredstva.

XII

1 INTRODUCTION
1.1 Pharmaceutical packaging
The main goal of packaging for pharmaceutical products is providing protection from
various elements that influence medicinal products from the time of production until their
final use (1).
All medicinal products need to be protected within containers, which have to comply with
ISO standards. The quality assurance of the packaging also plays a very important role in
ensuring the quality of the product. This is why we must follow the WHO GMP guidelines.
The active pharmaceutical ingredient has to stay within the specification limits over the
entire shelf-life of the product. To meet the quality requirements the packaging has to:
•

Protect against all adverse external influences that can change the properties of the
product, e.g. moisture, light, oxygen and temperature variations;

•

Protect against biological contamination;

•

Protect against physical damage;

•

Contain the correct information and identification of the product (1).

Very important issues are the interactions between the packaging material and the product,
which is why we must use them in such a way that:
•

The packaging itself does not have an adverse effect on the product through chemical
reactions, leaching or absorption;

•

The product does not have an adverse effect on the packaging, changing its properties
or protection capabilities (1).

With the development of complex novel medicines, the packaging industry must keep up
and develop new complex ways to meet the standards. This is why the requirements
described in pharmacopeias and the ISO standards must be considered as minimal standards
only. The suitability of packaging material for any particular requirements and conditions
must be confirmed through stability studies of the product concerned.
There are different aspects of packaging to be considered:
•

The functions of packaging;

•

The selection of a packaging material and container;

•

The testing of the material and container selected;

•

Filling and assembling;

•

Sterilization;
1

•

Storage and stability (1).

There are three types of packaging: primary, secondary and tertiary packaging.
Primary packaging is packaging which is in direct contact with the pharmaceutical product.
This type of packaging is the most important one, since it contains the product and protects
it from the environment. It is important that it is inert (1).
Secondary packaging is on the external part of the primary packaging, providing additional
protection during warehousing and also providing information about the drug product. It is
very important in marketing aspects (1).
Tertiary packaging is on the outside of secondary packaging. Its function is used for bulk
handling and shipping (2).
The selection process has to take into account different elements and select according to
each materials advantages and disadvantages of a material and container. Things to consider
when selecting a packaging configuration:
•

Degree of protection required;

•

Compatibility with the contents;

•

Filling method;

•

Cost;

•

Presentation for OTC drugs;

•

Convenience (size, weight, method of opening, legibility of printing) (1).

Containers can be single-dose or multi-dose. They can be well-closed, tightly closed,
hermetically closed and light-protected (1).
Well-closed containers must protect the contents from outside matter or from loss of
contents under normal conditions of handling, shipment or storage (1).
Tightly closed containers must protect the contents from outside matter, from loss of
contents, and from efflorescence, deliquescence or evaporation under normal conditions of
handling, shipment or storage. If they can be opened then they have to be designed so they
are airtight after reclosure (1).
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Hermetically closed containers must protect the contents from outside matter and from loss
of contents, and be impassable to air or any other gas under normal conditions of handling,
shipment or storage (1).
Containers for pharmaceuticals are ampoules, bags, blisters, bottles, cartridges, gas
cylinders, injection needles, injection syringes, pressurized containers, single-dose
containers, strips, tubes and vials (1).
1.1.1 Blister packs
Blister pack is a form of primary packaging used in Europe for 85% of solid drug products.
Main components of a blister pack are the cavity, formed from a plastic foil, and the lidding
seal, usually aluminum foil. It is used for unit-dose packaging for pharmaceuticals, most
commonly for tablets, capsules and lozenges. This type of packaging is preferred because it
offers better product integrity, evidence of tampering, reduced possibility for misuse and an
increase in patient compliance (3, 4).
Two basic types of blister pack production exist. First one is thermoforming, which is a
process where the plastic film is heated to a forming temperature and is then formed to a
specific shape in a mold. When cooled the plastic becomes rigid and maintains the form of
the mold. This cavity is then heat-sealed with a lid. The second production type is cold
forming. In this case an aluminum-based film is pressed into a mold without heating, which
causes it to stretch, forming a cavity. These types of blisters have a significant advantage
compared to thermoformed ones, since they provide an almost 100% moisture and oxygen
protection. The main disadvantages are slower production speeds, lack of transparency, large
cavity sizes and higher costs (3, 4).

1.2 Protection capabilities of containers against water vapor
The main goal of pharmaceutical packaging is to preserve the packed product and to maintain
its original quality by protecting it from external conditions that cause its degradation. The
protection capacity of a packaging container mainly comes from its permeability to gases
and vapors, which affect the product. Permeability is the most extensively researched
transport property of polymeric materials, mostly because of the food industry. Factors that
affect permeability are mainly temperature, chemical structure of the packaging material and
coating, the degree of material’s crystallinity, additives, impurities and mechanical stress (57).
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Table I: Variables affecting permeation through a polymer material (8)

Factor

Change

Effect on permeation

Permeant concentration

+

+

Temperature

+

+

Pressure

+

+

Permeant/polymer chemical similarity

+

+

Voids in polymer

+

+

Permeant size/shape

+

-

Polymer thickness

+

-

Polymer crystallinity

+

-

Polymer chain stiffness

+

-

Polymer interchain forces

+

-

Figure 1: General mechanism of water vapor permeation through a polymer film; adapted from (9)

The driving force for moisture ingress into the container is the difference between the
external and internal water vapor pressure (or water activity or relative humidity). The
process of moisture diffusion is expressed by Fick’s diffusion laws which deal with
concentration gradients (7).
Fick’s first law:
Fick’s second law:

𝐹 = −𝐷 ×
𝜕𝑐
𝜕𝑡

=𝐷×
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𝜕𝑐
𝜕𝑥

𝜕2 𝑐
𝜕𝑥 2

Equation 1
Equation 2,

where c is absolute humidity or the water concentration in the material and F the amount of
water that is transported through the surface area per unit of time. If the experiments are
done under constant temperature then the RH and AH are interchangeable (7).

𝐹=

𝑄

Equation 3,

𝐴×𝑡

where Q is the total amount of water permeating, A the total permeating surface and t is time
(7).
1.2.1 Steady state – container with a desiccant
Let us imagine a container with a desiccant inside, which is absorbing all the water so that
the concentration in the air inside cint is constant and close to zero. This container has one
wall of thickness L and water diffusion coefficient D. The ambient water vapor concentration
cext is also constant, resulting in a steady state concentration gradient profile through the wall
(7).
𝜕𝑐
𝜕𝑡

=𝐷×
𝜕𝑐
𝜕𝑥

𝜕2 𝑐
𝜕𝑥 2

= 0 and therefore

= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =

′
′
𝑐𝑒𝑥𝑡
−𝑐𝑖𝑛𝑡

𝐿

Equation 4
Equation 5

This means that the first Fick’s law is applied. On both sides of the container an equilibrium
of water concentration in the air and in the plastic is established and can be described with
Henry’s law using a partition coefficient or solubility coefficient S (7).

𝐹=𝐷×

′
′
𝑐𝑒𝑥𝑡
−𝑐𝑖𝑛𝑡

𝐿

=𝑆×𝐷×

𝑐𝑒𝑥𝑡 −𝑐𝑖𝑛𝑡
𝐿

=𝑃×

𝑐𝑒𝑥𝑡 −𝑐𝑖𝑛𝑡
𝐿

Equation 6

where the P is permeability coefficient (7).
The total amount of water vapor Q diffused into the container over time t in steady state
conditions can be calculated as
𝑄 = 𝑃×𝐴×

𝑐𝑒𝑥𝑡 −𝑐𝑖𝑛𝑡
𝐿

×𝑡 =

𝑃
𝐿

× 𝐴 × (𝑝𝑒𝑥𝑡 − 𝑝𝑖𝑛𝑡 ) × 𝑡 = 𝐾 × (𝑝𝑒𝑥𝑡 − 𝑝𝑖𝑛𝑡 ) × 𝑡

Equation 7

and as seen in Equation 7 the packaging properties such as the permeability coefficient, the
total permeating surface area and thickness can be reduced to its water vapor permeation rate
K (7, 10).

5

Water vapor permeation rate K is a property that is specific for a specific packaging unit. It
is a convenient way of recording an important property because it can be used in packaging
simulations for specific blister cavities. It is a constant at a specific temperature and
practically independent of the driving force that is ∆p or ∆RH if the permeant does not
interact with the polymer. It can be expressed in simple units such as mg of water vapor per
day per packaging unit per ∆hPa (or ∆RH). The expression of water vapor permeation rate
is often confusing in literature because of differences in terminology, definitions and the
units in which it is expressed. Many prefer to use the effective permeability coefficient P
which is the intrinsic property of a material at a specific temperature, but can often be
problematic to use since we do not know the exact thickness and surface of a blister or a
different packaging unit (11, 12).
1.2.2 Quasi-steady state (QSS) approximation – container with no desiccant
Now the container does not have the desiccant, the inside humidity concentration is
increasing with time and therefore the concentration gradient is not constant. Fick’s first law
does not apply, which means the solution is in the second Fick’s law. Tencer (7) uses the
QSS model in his paper as a simplification for the full transient model. Tencer describes the
QSS approximation with non-absorbing walls and with absorbing walls (7).
1.2.2.1 Non-absorbing walls
Assuming a thin diffusive wall, the distribution of water inside is still almost linear, which
is why we can still use Fick’s first law. Even though this introduces an error, this approach
lets us introduce the time constant for water vapor ingress. In a container with volume V, a
plastic wall of thickness L and a surface A there is a constant ambient water vapor
concentration cext with the internal concentration cint (7). The change of internal
concentration can be described as:
𝑑𝑐𝑖𝑛𝑡
𝑑𝑡

𝐴

𝐴

𝑐𝑒𝑥𝑡 −𝑐𝑖𝑛𝑡

𝑉

𝑉

𝐿

= ×𝐹 = ×𝑃×

=

𝐴×𝑃
𝑉×𝐿

× (𝑐𝑒𝑥𝑡 − 𝑐𝑖𝑛𝑡 ) Equation 8

The solution of this equation for the initial water vapor concentration ci = c0i for t = 0 is:
𝐴𝑃

𝑡

𝑐𝑖𝑛𝑡 = 𝑐𝑒𝑥𝑡 − (𝑐𝑒𝑥𝑡 − 𝑐0𝑖𝑛𝑡 ) × exp (− 𝑉𝐿 × 𝑡) = 𝑐𝑒𝑥𝑡 − (𝑐𝑒𝑥𝑡 − 𝑐0𝑖𝑛𝑡 ) × exp (− 𝜏)
Equation 9

𝜏=

𝑉𝐿

Equation 10

𝐴𝑃
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Equation 10 defines the time constant τ. It is the time in which the inside water vapor
concentration will reach 63% of the difference to the ambient value (7).
1.2.2.2 Absorbing walls
The model with non-absorbing walls breaks down with thicker walls. This model takes into
account the water absorption of the container walls. The water concentration at the external
wall is S×cext, the internal S×cint so the average is S×(cext + cint)/2. As the ambient
concentration cext is constant the moisture increase will be due to increase of cint (7). The
differential Equation 8 will be modified to:
𝑑𝑐𝑖𝑛𝑡
𝑑𝑡

=

𝐴𝑃
𝑉𝐿+𝑉𝑤𝑎𝑙𝑙 𝐿𝑆/2

× (𝑐𝑒𝑥𝑡 − 𝑐𝑖𝑛𝑡 )

Equation 11

After integration the equation will be similar to Equation 9 and the time constant will be

𝜏=

𝐴𝑃
𝑉𝐿+𝑉𝑤𝑎𝑙𝑙 𝐿𝑆/2

=

𝑉𝐿
𝐴𝑃

+

𝐿2
2𝐷

Equation 12

because 𝑉𝑤𝑎𝑙𝑙 = AL and P = DS. This time constant is a generalized version of Equation 10.
From the equation we can see that large cavity volumes, thin walls and small surface areas
make the first term dominant and therefore making permeability the most important property
of the material. Whereas with very small volumes, and thick and absorbing walls the second
term dominates, which makes the diffusion coefficient the important property. In this
situation the time constant does not depend on the volume of the container or its surface area
(7).
1.2.3 Relative humidity
Relative humidity or RH is defined as the ratio of water vapor pressure to the saturation
water vapor pressure at the same air temperature. It is expressed in % RH with the equation:

𝑅𝐻 =

𝑝𝑤
𝑝𝑤𝑠

× 100%

Equation 13

where pw is water vapor pressure and pws is saturation water vapor pressure by definite
temperature. The following equation expresses the saturation water vapor pressure, pws in
hPa:
𝑚×𝑇

𝑝𝑤𝑠 = 𝐴 × 10𝑇+𝑇𝑛 Equation 14
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where A = 6,1164, m = 7,5914, Tn = 240,73 are constants and T is temperature in °C (13).
The saturation water vapor pressure is the highest possible water vapor pressure that the air
can hold at a specific temperature. When the saturated air gets colder, the amount of water
vapor pressure the air can hold gets smaller and the excess water vapor condenses to liquid
water (13).
The amount of water in a specific volume is defined by absolute humidity. If we can assume
ideal gas behavior, the absolute humidity can be calculated with the equation:

𝐴𝐻 = 𝐶 × 𝑝𝑤 /𝑇 Equation 15
where C is a constant 2,16679 gK/J and T is temperature in °K (13).
1.2.4 Temperature effect on permeability
Temperature changes have different effects on diffusivity and solubility. Because of
condensability of the permeant at lower temperatures the solubility decreases with raising
temperatures. Solubility dependence on temperature is written in term of the van ’t Hoff
relationship, whereas the temperature dependence on diffusivity is described as an Arrhenius
type relationship. The movement of the permeant through the polymer is a thermally
activated step and therefore the diffusivity increases with raising temperature. We see an
increase in permeability with increasing temperature, which is true in most cases, because
its effect on diffusivity is higher than on solubility. Combining both factors in one equation
we are given an Arrhenius-like-relationship (14):

𝑃 = 𝑃0 × 𝑒

𝐸𝑝
𝑅×𝑇

Equation 16

The increasing permeability also follows the laws of kinetics. As temperature increases,
molecules have more energy and will move more easily through a polymer matrix (15).
1.2.5 Water vapor transmission rate (WVTR)
Often also named moisture vapor transmission rate (MVTR), it represents the actual rate of
water migration through packaging material at given conditions. There are many different
ways to express this unit which can cause a lot of confusion and mistakes when dealing with
WVTR. Using different units for mass, length, area, time and pressure in different parts of
the world can lead up to 1000 different units for WVTR according to Abbott (16), which is
why he made a converter for units. The most useful way to express this unit for us was as
the amount of water which migrates through the packaging unit in a given time interval
8

(mg/(day×unit)). WVTR depends on the water permeation rate of our packaging unit and
the difference between the internal and external RH conditions, as shown in equation:

𝑊𝑉𝑇𝑅 =

𝑑𝑛
𝑑𝑡

=

𝑃×𝐴
𝐿

× ∆𝑝 = 𝐾 × ∆𝑝 = 𝐾 × ∆𝑅𝐻

Equation 17

where ∆RH is RHext – RHint and K is the water vapor permeation rate.
The importance of film thickness is directly visible in Equation 17. With an increasing
thickness the WVTR is decreasing, but at the same time the thermoforming properties of the
film get worse. The goal of manufacturers is to make the film as thin as possible with both
good mechanical and transient properties. This is of significance when we are dealing with
blisters. The film has to be thin enough to allow easy blister forming but thick enough that
after stretching and therefore thinning the film does not have pinholes or microvoids. Film
thickness does not have a direct effect on permeability, which means that if the thickness is
halved, the WVTR doubles (6).
A bigger RH difference means a higher driving force and a higher WVTR. WVTR data is
easily accessible for some polymer films on the internet, but the data slightly varies from
provider to provider. This may be because of different production methods or different
WVTR measurement methods. WVTR is usually measured using a gravimetric method
described in the USP <671> or with different specialized appliances as a modulated infrared
sensor described in ASTM F1249. In brochures the providers offer data for unformed films
and the units are therefore provided in g/m2/day. Finding MVTR data for formed blisters
with a specific film material was proven more difficult because sources did not provide all
the needed information that can affect the WVTR. When presenting results you have to
specify the amount of water that migrated, the area which it migrated to or in the case of
formed blisters the tool used for forming the blister and the sealing material, the external
humidity, temperature, the method used and its process description (12, 16).
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Table II: Literature values of WVTR for polymer films

Material

WVTR [g/m2/day]

Conditions

Reference

PVC Mono 250

3,10

40°C/75% RH

(17)

PVC/PVDC 200/60

0,55

38°C/90% RH

(18)

PVC/PVDC 250/120

0,25

38°C/90% RH

(19)

PVC/PE/PVDC 250/25/180

0,06

38°C/90% RH

(20)

PVC/Aclar 254/76

0,062

40°C/75% RH

(21)

*Method that was used to gain the WVTR values was ASTM F1249

The results above assume the RHint is kept constant at 0% RH and that RHext is 75% or 90%
RH, but in reality these are constantly slightly changing. WVTR is useful to calculate the
water permeation rate which is not affected by changes in RH and is a constant at a specific
temperature (12).
The WVTR results are mostly gained by 38°C/90% RH, but these conditions are quite
similar to 40°C/75% if we look at the absolute humidity:
Table III: Calculations for absolute humidity at different conditions

Conditions

30°C/75%

40°C/75%

50°C/75%

38°C/75%

Absolute humidity [g/m3]

22,74

38,31

62,17

41,55

It is difficult to simulate the performance of a specific packaging configuration at a specific
temperature, because of the lack of WVTR data at specific temperatures. WVTR data at
25°C/75% RH cannot be used in simulations for 40°C/75% RH. However, if the WVTR data
is available at two different temperatures there is a way to calculate it at any temperature and
humidity with the Arrhenius equation:

ln 𝐾 = ln 𝐴𝐾 −

𝐸𝑎,𝐾
𝑅

1

×( )
𝑇

Equation 18

where lnAK and Ea,K are coefficients that can be experimentally determined if we measure
the water vapor permeation rate (K) at two different temperatures, T is temperature in °K
and R is the gas constant (12).
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1.3 USP <671> Containers – performance testing
Chapter 671 of USP is used to provide standards for the functional properties of packaging
systems used for solid or liquid oral dosage forms. One of the tests described in this chapter
is the determination of moisture vapor transmission rate or water vapor transmission rate. It
describes test methods for multiple-unit containers (Method 1), high barrier single-unit and
unit-dose containers (Method 2), and low barrier single-unit and unit-dose containers
(Method 3) used in pharmaceutical industry. It is based on ASTM method D7709 and is used
to measure reliable and specific data to differentiate among barrier performances of
packaging systems. It specifies the equipment necessary for the correct execution of the test,
which are:
•

A weighing balance which sensitivity has to be adequate for measuring small
differences in weight. The weight gained between intervals has to be at least 60 times
the sensitivity of the balance;

•

A chamber capable of maintaining 40 ± 2°C and 75 ± 5% RH (22).

The suitable desiccants are anhydrous chloride, molecular sieve and silica gel. The desiccant
has to fit the size and shape of the cavity used when testing on blisters (22).
For the purposes of this thesis, we used Methods 2 and 3.
Method 2 – Test for high barrier single-unit containers: Use 10 test units, with at least
10 cavities for each test unit. This is required to make sure the weight gain is high enough to
comply with the requirements of the equipment. The cavities have to be filled with pre-dried
desiccant which has to fill the cavity. The desiccant weight has to be high enough to avoid
partial saturation before the test is finished. Weigh the test units at environment temperature
and humidity and mark this for time zero before you put them in the test chambers. Within
1 hour of weighing put the test units in the test chambers and weigh them at time intervals
of 7 days ± 1h until you have 5 steady state measurements. It has to be noted, that the time
between 0 and 7 days is the equilibration time therefore meaning that we do not use this
weight gain in our calculations. Before weighing at each time interval, equilibrate the units
for 30 ± 5 min at the environment of the weighing balance. In case of ultra-high barrier
blisters that do not have enough weight gain in said time interval test units should have more
than 10 cavities but not more than 30 (22).
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Method 3 – Test for low barrier single-unit containers: Test units should be prepared as
in Method 2. For this method the time interval is 2 days ± 1h. For this method 5 consecutive
measurements are not viable because of desiccant saturation.
The measurements at the end should be interpreted as water vapor transmission rate in
mg/blister/day (22).
The unit can sometimes cause some confusion so it is best to specify the exact number of
cavities you tested.

1.4 Radio-frequency identification
RFID is a system that uses wireless radio communication technology. It is used to identify
uniquely tagged objects or people. The system has three parts to it:
•

A tag or transponder;

•

An interrogator or reader;

•

A controller or host.

The transponder and reader communicate information between one another via radiofrequency waves. This communication happens when the reader sends information to the
tag, which is then processed and sent back as data stored on the tag. This stored data can be
simple identification data that was pre-written on the tag to a measurement from an
integrated sensor chip. Once the reader has received the information from the tag, that
information is sent to the host via a standard network interface like ethernet LAN or internet.
A RFID system can consist of many readers across for example a warehouse and still be
connected to one host. At the same time, one reader could read as much as 1000 transponders
per second (23).

Figure 2: RFID system; adapted from (24)
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1.4.1 RFID tags
The basic function of a tag is to store data that was pre-written on it or collected for example
through an integrated sensor chip and send this data to the reader. Tags are mainly formed
from three basic components:
•

An integrated circuit, used to store and process data;

•

An antenna that receives/sends radio-frequency waves;

•

A mean for internal generation of power (25).

Many different tags exist but they are mainly categorized by:
•

The type of memory: read-only, write-once-read-many, fully rewritable;

•

The source of power: active, semi-active, semi-passive, passive (26).

Active tags have a battery that is used to power the integrated circuit and the antenna.
Because of this they can work in higher read and transmit ranges and read weaker signals
than passive tags. Active tags usually use Ultra-high frequency (UHF) and microwaves.
However, they are more expensive, their lifespan is shorter and they are bigger than passive
tags (23, 26).
Semi-active tags remain dormant until the read signal comes from the reader. For this reason
they have a longer lifespan than the active ones, but can still rely on the battery to transmit
the data in long ranges (26).
Semi-passive tags use a battery to power the microchip, but use the electromagnetic waves
received from the reader as an energy source and as an activation signal to activate it to
transmit data. Passive tags usually use Low-frequencies (LF) and High-Frequencies (HF).
These tags are used when the microchip has an integrated sensor chip (23, 26, 27).
Passive tags do not have a battery and do not actively measure or send data. This means that
they rely completely on the energy provided from the reader to receive and send data. These
transponders do not actively measure data, but in instances with an integrated sensor chip,
they can transmit the real time data when supplied with energy. Due to power restrictions
they can only be used in low ranges, but they are significantly cheaper and smaller than the
active tags (23, 26).
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1.4.2 RFID interrogators
The RFID interrogator acts as a bridge between the tag and the controller. They are
composed out of three parts: an antenna, a radio-frequency electronics module that
communicates with the tag and a controller electronics module that communicates with the
controller. There are 4 basic functions to a RFID reader:
•

Read the data contents of a RFID tag;

•

Write data on the tag (if it is a rewritable “smart”);

•

Transfer data to and from the controller;

•

Provide the tag with power (if it is a passive tag) (23).

1.4.3 RFID controllers
RFID controllers are used to network multiple RFID readers together and to centralize the
data processing, which is sent to and received from the tags. These controllers are most
commonly personal computers, a server running a data base, an application software or a
network of all mentioned (23).

1.5 Humidity sensors
The humidity sensor senses, measures and reports the amount of moisture in the air and the
current temperature. Humidity sensors operate by detecting changes in the air which then
change their internal electrical current corresponding to the relative humidity and
temperature in the air. There are three types of humidity sensors:
•

Thermal;

•

Resistive;

•

Capacitive (28).

Thermal humidity sensors actually need 2 sensors to operate. These 2 sensors conduct
electricity based upon the ambient humidity. One of them is placed in a dry nitrogen
environment while the other measures the surrounding air. The difference of measurements
equals the humidity (28).
Resistive humidity sensors utilize ions in salts to measure the electrical counteraction
between atoms. With changing humidity, the resistance of the electrodes on both sides of the
medium changes as well (28).
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Capacitive humidity sensor is essentially a small capacitor, which consists of a hygroscopic
dielectric material placed between electrodes. The dielectric constant of this material is
usually very small so that water has a much larger dielectric constant than the material itself.
With increasing humidity more water is absorbed, which leads to a change in sensor
capacitance, which corresponds to the humidity (29).

1.6 Stability studies
Supporting stability data is supplementary data such as data on products in containers, not
necessarily on the same as those proposed for marketing and specific scientific rationales
that support the existing analytical procedures, the proposed shelf life, storage conditions or
actual shelf life (30).
Semi-permeable containers allow passage of water while preventing solute loss. The
mechanism of water transport occurs by adsorption on the container surface, diffusion
through the material and desorption in to the container atmosphere. The transport is driven
by a partial-pressure gradient of water (30).
Climatic zones are the zones into which the world is divided to, depending on climate. These
are important because of the differences in humidity and temperature in different parts of the
world (30, 31).
Table IV: Zones for stability studies and their conditions (31)

Zone

Type of Climate

Long term testing conditions (12 months)

Zone I

Temperate zone

21°C ± 2°C/45% RH ± 5% RH

Zone II

Mediterranean/subtropical

25°C ± 2°C/60% RH ± 5% RH

Zone III

Hot zone
dry zone

30°C ± 2°C/35% RH ± 5% RH

Zone IVa

Hot humid/tropical zone

30°C ± 2°C/65% RH ± 5% RH

Zone IVb

Hot/higher humidity

30°C ± 2°C/75% RH ± 5% RH

Accelerated testing studies are created to boost the rate of chemical degradation or physical
changes of a drug product. In these studies, we are using exaggerated storage conditions
following the ICH Q1A guidelines. Results of such studies do not always predict the accurate
degree of chemical degradation or physical changes observed at long-term storage
conditions. The product is tested at the start, after 3 months and then after 6 months. To pass
the testing it has to stay within 5% change compared to the initial value (30, 32).
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Intermediate testing is carried out at less severe conditions than accelerated testing and
more severe than long term testing. This testing is necessary only when there is a significant
change of 5% or more at accelerated testing (30, 32).
Table V: Conditions of accelerated climatic zones (31)

Climatic zone

Conditions (6 months)

Accelerated ambient

40°C ± 2°C/75% RH ± 5% RH

Accelerated refrigerated 25°C ± 2°C/60% RH ± 5% RH
Accelerated frozen

5°C ± 3°C/no humidity

Intermediate

30°C ± 2°C/65% RH ± 5% RH

Shelf life is established through statistical evaluation of the stability studies. It can also be
unnecessary if the drug product stays within the acceptance criteria at long term studies for
the entirety of the 12 months that it is tested. Then the proposed shelf life is 12 + 12 months
and this can be done without statistical support (30, 32).
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2 AIMS OF THE STUDY
The main aim of this thesis is to investigate the capabilities of the RFID method to determine
the water vapor barrier properties of the primary packaging. More specifically, the focus of
our thesis is to:
•

Determine the WVTR of blister cavities produced from different polymer materials
and different sizes using RFID transponders;

•

Use the RFID method to investigate and determine the differences between blister
configurations at different temperatures;

•

Compare the RFID method to the USP <671> method, as a potential way of using
the method when characterizing primary packaging.
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3 MATERIALS AND METHODS
3.1 Materials
3.1.1 Blister films
Two basic types of pharmaceutical blister packaging exist. In one variety the cavity is
constructed of clear, thermoformed plastic, and the lid is formed of clear plastic or a
combination of plastic, paper, and/or foil. The second type of packaging contains foil as an
essential component of both webs and its cavity is created by cold stretching (4).
Packaging films are divided into three main groups according to their moisture barrier
capabilities:
•

Low barrier films; PVC;

•

Medium barrier films; PVC/PVDC;

•

High barrier films; PVC/PCTFE and Alu/Alu (4).

3.1.1.1 Polyvinylchloride – PVC
Polyvinylchloride is a widely used plastic in thermoforming. It is formed with
polymerization of monomers of vinyl chloride. Monomers are part ethylene, which is
obtained from oils, and part chlorine, which is produced from salt water electrolysis. PVC is
a very versatile polymer and is compatible with many additives. The main advantages of
PVC are the easy thermoforming and low cost, whereas the disadvantages are bad protection
against moisture and oxygen ingress and a negative impact on the environment due to its
chlorine part. With an addition of plasticizers, it is possible to make PVC flexible but this is
generally not used in blister sheet production - this is why it is often called rigid PVC.
Because of this it is most often used as a structural backbone in the blister but it still has to
offer the push-through effect while not collapsing when pushed too hard. Considering this,
the most common thickness of PVC is between 200 µm – 300 µm, which corresponds with
the 250 µm PVC we used (33, 34).

Cl
H3C

CH
n 3

Figure 3: PVC monomer
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3.1.1.2 Polyvinylidene chloride – PVC/PVDC
Multi-layer blister films based on PVC are used more commonly than the monolayer, where
the PVC provides easier thermoforming and the rigid structure for the cavity. Although the
overall volume of PVDC production is small it has a critical role in blister packaging. PVDC
is the most common coating or lamination on PVC. It reduces gas and moisture ingress of
PVC at a factor of 5-10. The coating applied is usually on the side of the product and the
lidding material (4). We used PVC/PVDC 200/60 and PVC/PVDC 250/120, referred to as
Duplex, which means PVC part is 200(250) µm and 60(120) g/m2 of PVDC. There is a
common misconception when viewing this number since it often does not specify that the
PVDC is written as density.

H3C

Cl
CH3
Cl

n

Figure 4: PVDC monomer

3.1.1.3 Polyethylene – PE – PVC/PE/PVDC
PE is created through polymerization of ethylene and it is the most commonly used plastic
in the world, also in pharmaceuticals. It can differ in density and therefore has a lot of
different characteristics depending on the polymerization process. Less chain branching
means the polymers are closer together, which corresponds to the density. Depending on the
density, PE is divided into two main groups: Low-density polyethylene and High-density
polyethylene (35).
In our case we used the blister film PVC/PE/PVDC 250/25/180, referred to as Triplex. In
this case the PE is 25 µm and forms a soft middle layer where it is used to assist the
thermoforming process at forming deeper cavities (36).

CH3

H3C

n

Figure 5: PE monomer
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3.1.1.4 Polychlorotrifluoroethylene – PVC/Aclar®
PCTFE is a clear, bio-chemically inert, chemically resistant film. It is plasticizer and
stabilizer free and processes within the same range as other thermoformable films. PCTFE
can be laminated to PVC to obtain very high moisture barrier capabilities. The moisture
barrier is actually the highest out of all used plastic materials but is also the most expensive
one. There is only one configuration used in pharmaceutical blister packaging that has a
better barrier and that is aluminum/aluminum, where the moisture permeability is almost
nonexistent. The configuration we used is PVC/PCTFE 254/76. We could have also used
PVC/PE/PCFTE when drawing deeper cavities, but we decided to use the film on stock (33,
37).

F

Cl

H3C
F

F

CH3
n

Figure 6: PCTFE monomer

3.1.1.5 Aluminum
Aluminum is the most abundant metal in the earth’s surface, but it is one of the costliest
parts in a laminate. Because of the high costs it is not the go-to material for blister packaging
but is still widely used as a lidding material in thermoforming plastics. It is a very suitable
material for the push-through effect of blister packs. Since the aluminum is only the lid of
the plastic cavities, the whole moisture and gas exchanges happen through the plastic. We
used a 20 µm thick aluminum foil for all configurations (38).
3.1.2 Desiccant
Desiccants are used to remove moisture from air in containers in order to lower the relative
humidity of the atmosphere where the drug product is and protect it from chemical
degradation or physical changes. They are mostly used for solid oral dosage form. Most
common types of commercial desiccants are calcium chloride, calcium oxide, bentonite,
molecular sieves and silica gel (39).
We used a commercial desiccant in the form of tablets called Tri-Sorb to perform the USP
<671> permeability test for blister packs, for which this particular product was developed
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(40). Tri-Sorb is chemically a 4A molecular sieve. The 4A stands for a pore size of 4
angström (41).
4A Molecular sieves are synthetic porous crystalline alkali-metal aluminosilicates in a
beaded form that have strictly controlled pore size. The water molecules fit in the pores and
get adsorbed. Molecular sieves are one of the most effective desiccant choices, because they
have a high adsorption capacity at low humidity levels which remains almost constant as the
relative humidity increases (42). The weight of our tablets was 0.125 g, with a diameter of 7
mm and thickness of 3 mm. Adsorption capacity at 25°C and 80% RH is around 25% of total
weight.

3.2 Equipment
•

Climate Chamber in GdevP – RuMed Type 2001 (Germany) [Tested internally on
02.11.2017: RH set to 57%, averaged 56,9%, minimum 55,4%, maximum 59,1%, T
set to 25,5°C, averaged 25,5°C, minimum 25,1°C, maximum 25,9°C]

•

Analytical balance – Mettler Toledo (Switzerland), Type XS204SX; 220 g capacity,
0,1 mg readability

•

Laboratory Humidity sensor – Testo 635 (Germany)

•

Climate room in GMP – Weiss Technik Type WK 20`/+20-50 (Germany)

•

Blister machine – Pentapack BP540 (Belgium)

•

Micro-CT scanner – SKYSCAN 1272 (Germany)

3.2.1 TELID® 235 – RFID transponder
TELID® 235 is a passive RFID humidity and temperature transponder. It operates on a
radio-frequency of 13,56 MHz, has a built-in capacitive CMOS humidity sensor and a
semiconductor CMOS temperature sensor. It is 9 mm long, 4 mm wide and 2 mm high with
its outer packaging made of epoxy glass fiber (Figure 7). It is a read and write type of sensor
of which the static memory are parameters and calibration data. It is an approach to develop
our practical understanding of the actual time dependent humidity that is in the
pharmaceutical packaging and to which the product itself is exposed to. Communication
distance is 0 to 20 mm depending on the reader and environmental conditions. Working
ranges for the humidity sensor are 0% to 100% RH with an accuracy of ± 3% RH and 0°C
to 85°C with an accuracy of ± 0,5°C. Its appropriate RFID reader is M30-HEAD reader. (43)
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Figure 7: TELID 231 (bigger) and TELID 235 (smaller) compared to a 1 cent Euro coin

3.3 Methods
3.3.1 Preparation of our test subjects
We prepared 27 test subjects with different test configurations. We had a total supply of 110
of TELID® 235 RFID transponders, but only 36 of these have a Certificate of Calibration,
which is why there was at least one of them in each of the configurations for 30°C/75% and
40°C/75%. The calibration was made externally by the company MicroSensys GmbH which
produces the transponders.
The blister materials used were the most commonly used by the company and therefore ideal
for our experiment, except for the Alu/Alu configuration, which we did not use because the
RFID measurements through this material are not possible.
Following the data from some initial pretesting and the materials provided we constructed
our experiment so that the biggest cavity size was 15x6 mm. Experiments on bigger cavity
sizes made no sense because we had a limited supply of transponders and the WVTR would
be too high to get reasonable data in some cases. The smallest cavity was 9x5 mm because
the transponder does not fit in smaller ones.
To make things simpler for the reader we gave each of the configurations a code as seen in
the table below. Configurations that were put in conditions 40°C/75% RH and 50°C/75%
RH had that marked in the code itself. For example, ACL-2 40/75 is PVC/Aclar® 254/76
thermoformed in a mold the size of 10x5 mm and put in 40°C/75% RH conditions.
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Table VI: Legend of codes assigned to blister configurations

Materials\Cavity sizes

9x5 mm

10x5 mm

11x6 mm

13x5 mm

15x6 mm

PVC 250

PVC-1

/

/

/

/

PVC/PVDC 200/60

P200-1

P200-2

P200-3

P200-4

P200-5

PVC/PVDC 250/120

P250-1

P250-2

P250-3

P250-4

P250-5

PVC/PE/PVDC 250/25/180

TRI-1

TRI-2

TRI-3

TRI-4

TRI-5

PVC/Aclar® 254/76

ACL-1

ACL-2

ACL-3

ACL-4

ACL-5

3.3.2 Preparation of test subjects for the RFID test method
All the test subjects were prepared in a GDevP laboratory under low humidity conditions
and room temperature with the thermoforming procedure on a Pentapack BP540 blister
machine using the mold sizes and polymer film materials as seen in Table VI. Within the
procedure we adjusted the heating temperatures depending on the mold size, thickness of the
foil and its physical and chemical properties. These temperatures were pretested and used on
different projects and chosen as the most suitable.
Table VII: Temperature settings for the thermoforming procedure

Configuration

Temperature for forming

Temperature for sealing

PVC-1

the115
cavity

155

P200-(1,2,3,4,5)

105

135

P250-(1,2,3)

110

150

P250-(4,5)

105

150

TRI-(1,2,3)

110

140

TRI-(4,5)

110

135

ACL-(1,2,3)

120

135

ACL-(4,5)

110

135

Since we only had 36 transponders with a Certificate of calibration and 27 different
configurations, we decided to split them to 1 or 2 in each of the configurations. Based on the
literature and our own pretesting we apprehended that configurations PVC, P200 and P250
have a high WVTR and will therefore achieve 75% RH relatively fast compared to TRI and
ACL. This is why only the TRI and ACL configurations have been exposed to 40°C/75%
and 50°C/75%.
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After producing the blisters with the transponders sealed in the cavity, we put them in an
aluminum pouch and sealed it with heated clamps in the laboratory. This way we assured
they would stay in the same climate as they were while being produced, since aluminums
WVTR is almost nonexistent.
3.3.2.1 Preparation for the 30°C/75% RH conditions
As mentioned, this is the chamber that we had the most access to and did most of pretesting
on. Because of this we prepared most of our test subjects for these conditions. All
configurations from Table VI were represented with 4 transponders each. Out of these 4, 1
transponder was calibrated in each of them, with an exception of PVC that had 0 calibrated
and TRI-2, TRI-3, TRI-4, ACL-2, ACL-3, ACL-4 that had 2 calibrated each.

Figure 8: Examples of finished TRI-2 configuration blisters for the RFID test with 4 blisters for each blister

3.3.2.2 Preparation for the 40°C/75% and 50°C/75% RH conditions
The 40°C/75% RH and 50°C/75% RH climate walk-in chambers were kept in GMP
conditions. As mentioned earlier, only TRI and ACL configurations were produced for these
conditions. Because of the lack of transponders, we decided to produce only TRI-2, TRI-3,
TRI-4, ACL-2, ACL-3 and ACL-4 configurations. The experiment in the 40°C/75% RH
chamber was made with 3 transponders in each configuration, 2 of these calibrated. The
experiment in 50°C/75% RH chamber was made with 1 regular transponder for each of the
6 configurations.
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3.3.3 Preparation of test subjects for the USP <671> method
We decided to use the USP <671> method as a validated method of determining the WVTR
as a comparison to the RFID method. Because of a limiting factor in supply of desiccant
tablets we modified the method to get as much data out of the experiment as possible. Our
supply was 1300 desiccant tablets, which we divided in the same configurations as we used
for the RFID preparation of test subjects. The experiment was divided into two different
climate zones. The 50°C/75% RH was excluded because of logistic reasons.
Preparation for the 30°C/75% RH chamber
The chamber used was kept in GDevP conditions and was the only chamber we could use
on our own and as frequent as possible. Because of that we decided to do the majority of the
USP tests here.
We prepared the following configurations for the experiment:
Table VIII: List of the quantity of desiccant tablets used for each configuration for the USP <671> test at 30°C/75% RH
Blister code

Number of
blisters

Number of cavities
filled per blister

Blister code

Number of
blisters

Number of cavities
filled per blister

P200-1

7

10 or 5

P250-1

4

10

P200-2

6

10 or 5

P250-2

4

10

P200-3

5

10

P250-3

4

10

P200-4

5

8

P250-4

5

8

P200-5

5

8

P250-5

5

8

Blister code

Number of
blisters

Number of cavities
filled per blister

Blister code

Number of
blisters

Number of cavities
filled per blister

TRI-1

8

10

ACL-1

8

10

TRI-2

7

10

ACL-2

7

10

TRI-3

7

10

ACL-3

7

10

TRI-4

8

8

ACL-4

8

8

TRI-5

8

8

ACL-5

8

8

Number of

Number of cavities

Blister code
PVC-1

blisters

filled

2

10 and 15

25

Figure 9: Example of a finished TRI-2 configuration blister for the USP <671> test

The test subjects were prepared following the same packaging procedure and specifications
as used for the RFID test method. At the end of blistering we put all test subjects in aluminum
bags and sealed the bags with heat clamps, where they were kept until we put them in the
climate chamber.
Preparation for the 40°C/75% RH chamber
The preparation of test subjects for this chamber was done in a smaller volume to match the
configurations we prepared for the 40°C/75% RH RFID experiment. We also compromised
with not testing all the configurations with a smaller amount of desiccant with testing less
configurations with more measured data to work with.
We prepared the following configurations for the experiment:
Table IX: List of the quantity of desiccant tablets used for each configuration for the USP <671> test at 40°C/75% RH

Blister code

Number of blisters

Number of cavities filled per blister

TRI-2 40/75

4

10

TRI-3 40/75

4

10

TRI-4 40/75

5

8

ACL-2 40/75

4

10

ACL-3 40/75

4

10

ACL-4 40/75

5

8
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3.3.4 Packaging - Thermoforming
There are two basic types of pharmaceutical blister packaging - thermoforming and coldforming. In our project we used thermoforming, because of the unavailability of RFID
measurements through the cold-forming material aluminum (4).
Important steps are:
•

Heating of the plastic; The plastic foil is attached to the spinning rod which
unwinds the foil before it is pre-heated. When the foil is in position it is heated to
around 100°C – 150°C depending on the material and mold size.

•

Forming of cavities; After the foil is preheated it moves along the production line
of the machine and gets to the forming station. There the cavity is formed using
compressed air which blows on the foil until it fits the mold under it.

•

Filling; At this point you fill the cavity with the product, or in our case the
transponder, either manually or automatically if possible.

•

Heat-sealing; Here the lidding material is squeezed together with the formed foil.
While it is squeezed the machine heats up the surfaces to ranges between 140°C –
340°C, depending on the materials used.

•

Cutting the strips; The redundant material gets cut off, the blister packs are formed
and cut to sizes with number of cavities we want in a pack. A part of this step can
also be perforation, so the patient can further divide the packs (4).

Figure 10: Steps in the thermoforming process; adapted from (4)

All the steps happen periodically. The line moves with timed stops in-between so all the
steps can be executed correctly – the foil should not get too cold between heating and

27

forming and at the same time it has to get cold enough after forming in the mold so it stays
in that rigid shape.
All of the packaging procedures happened in a dry air climate and at room temperature.
3.3.5 Blue-dye testing for sealing integrity
This test was used on blister packs to see if the sealing is tight enough and not leaking. It
was performed with a 1% solution of methylene blue before the RFID transponders were put
inside the cavity and sealed and after we put them in. The blister machine was first adjusted
to a cavity size and plastic foil with specific temperatures during thermoforming. It was
important to check before and after to confirm the sealing integrity. The 1% solution of
methylene blue was prepared from 10 g of solid methylene blue which was dissolved in 1000
ml of distilled water. Other equipment used was an evaporating dish, a vacuum desiccator
with a perforated plate, a vacuum pump, a manometer, a protective hood for the desiccator
and a stopwatch. The evaporating dish was filled with 1% methylene blue solution so that
the blister pack submerged and was then placed in the desiccator. Then the desiccator was
sealed with the hood and vacuum was applied with the vacuum pump. At 300 mbar the tap
of the pump was closed and the submerged blister pack was kept in that environment for 10
minutes. After 10 minutes the pressure was safely normalized, the blister pack taken out and
rinsed with water so that there was no residual methylene blue solution on the surface. After
drying the blister pack was visually observed and the lidding cut open to check if the cavity
was filled with the solution. The test passed if no solution was visible on the inside of the
cavity.
3.3.6 RFID measurements
The tag that we used is called TELID 235. It is an RFID humidity and temperature
transponder that operates at a frequency of 13,56 MHz. It is a passive tag, which means it
gets its energy directly from the reader via induction. The humidity sensor within the tag is
a capacitive type sensor. The measuring principle is based on a capacitor that has a dielectric
medium which is made from hygroscopic polymer layers. This polymer will, depending on
the humidity of the environment, absorb or desorb moisture. Consequently, the dielectric
constant of the material changes, which changes the capacity and allows us to read the
change and convert it to a measurement of relative humidity. The temperature sensor is a
semiconductor, which means that when the temperature changes, the internal resistance
changes. A change in internal resistance causes a change in conductivity and voltage, which
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allows us to deviate the shift and get a value of the temperature (29, 44). The interrogator
used for reading and providing the energy is called M30 RFID head. It is connected to a PC
via USB where the software provided by the company Microsensys decoded the information
of the humidity and temperature values.
3.3.6.1 RFID measurement frequency and procedure
When planning measurements or readings for the experiment in 30°C/75% RH chamber, we
decided that in the first 3 days they happened twice per day, next two weeks once per day
and then at least once per week until the RH inside reached 75%. The reason for not
measuring more often was that every time we opened the chamber, the constant climate was
destroyed and the temperature and humidity normalized inside it. After that the chamber
needed around an hour to restore to experiment conditions. This could have potentially
influenced the data we collected.
The measurements for the experiments in 40°C/75% RH and 50°C/75% RH happened twice
per week in the first 3 weeks and later once per week until 75% was reached inside. This
was the highest frequency possible, since we needed to be accompanied by a technician in
the chamber because of the GMP environment.
3.3.6.2 Measurement procedure
Microsensys, a company that produces the transponders developed a software that allowes
the data collected by the RFID reader to be converted into relative humidity and temperature.
The readings are simple and take around 5 second for each measurement. For a measurement
in our case we need a computer with a suitable software, a RFID reader and the TELID 235
RFID tag. We need to start the software so it starts saving the data when the RFID reader
comes in the radius of the tag, which in our case was the surface of the cavity. When in
radius, the computer receives the data and shows us a timestamp, relative humidity and
temperature and saves it in a data file on the computer, which we later convert to an excel
file to gather all the data.
3.3.7 Weighing of USP test subjects
The USP chapter <671> specifies that at each weighing time point the difference has to be
at least 60 times the sensitivity of the weight. With the sensitivity of 0,1 mg in our case this
means at least 6 mg. Our first weighing point for the 30°C/75% RH chamber was after 1
day, to determine how often we would have to weigh our test subjects. The following
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weighing time points were decided after reviewing the initial weight gain or moisture
ingress. For the 40°C/75% RH chamber the weighing time points were predetermined since
we only had access to that chamber once a week. First weighing point would be after 5 days,
others would then follow weekly.
3.3.8 Micro-CT scanning
Micro-CT scanning is an imaging technique that takes advantage of X-rays to see an object
in 3D (Figure 11). The method is similar to hospital CT scans but on a smaller scale with
increased resolution. The scanner generates X-rays, transmits them through the sample
object and captures the 2D images, then rotates the object to get a series of projections which
later get processed into virtual slices and a 3D model. Materials absorb the X-rays that are
transmitted through the samples differently. Depending on the absorption capabilities of the
material, differences are visible as different levels of the color gray (45–47).
In this thesis we used this method to make a 3D model of a blister cavity, which could have
potentially showed any imperfections invisible to the naked eye, calculated the thickness of
the blister cavity walls after it was stretched, calculated the surface of the blister and
calculated the volume of the cavity.

Figure 11: Schematic of X-ray imaging; adapted from (47)

3.3.9 Statistical evaluation in Prism 8 GraphPad
The data collected for the USP <671> method was evaluated in the program Prism 8
GraphPad with the help of Microsoft Excel. First, we recorded the time points and the
corresponding mass of each test subject. At each time point for each test subject we
calculated the mass differences, which showed us the moisture ingress of each test subject
between our time points. This result was divided by the number of cavities so it showed the
moisture ingress of each cavity. The time points and the moisture ingress data were then put
30

into Prism 8 GraphPad, which analyzed that data. The analysis we used for USP
measurement are linear regression of all points of the configurations and means and standard
deviations or SD for each time point of each configuration. The linear regression analysis
gave us a slope which represents the WVTR of the configuration. It also provided us with
the goodness of the fit and the 95% confidence intervals of our slopes. The means and SD
of each time point of each configuration showed us how much the moisture ingress values
differentiated, which helped us with detecting data that needed to be excluded.
The RFID measurements gave us data of the rising internal RH. We fitted our data to a
modified Equation 9:
t

RHint = RHext − (RHext − RH0int ) ∗ exp(−τ)

Equation 19

using Prism 8 GraphPad where RH0int and τ were fitted. This modification is possible as
mentioned in paragraph 1.2. AH and RH are interchangeable when experimenting under
constant temperature (7).
The results were then compared to the literature data, compared between different sizes of
the same material and between material at 30°C/75% RH. After that we evaluated the
influence of temperature on WVTR and the time constant τ. Then the results of variations
between different sizes and materials at 40°C and 50°C were compared to those at 30°C.
Finally, the WVTR results of the USP were compared to the calculations of WVTR using
the RFID results to determine the viability of the method.
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4 RESULTS AND DISCUSSION
4.1 USP results
4.1.1 30°C/75% RH conditions
We weighed our 30°C/75% RH USP configurations after 1 day of putting them in the climate
chamber. This was to see approximately how much ingress happened in the first day of
exposure to the mentioned conditions. As specified in the USP <671> the weight gain in the
time period between 0 and 7 days has to be excluded from the calculations. This is the
equilibration period and as visible in the Figures 12 and 13 it does not demonstrate the real

Blister WVTR [mg/day/blister]

WVTR, which is represented by several steady state data points.
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Figure 12: Average WVTR of P200-1 and P250-1 between each time point
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Figure 13: Average WVTR of ACL-1 and TRI-1 between each time point

We excluded the first two data points in configurations P200 and P250 and the first in TRI
and ACL. Using the linear regression analysis and dividing the slope with the number of
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cavities per blister we got the results presented in the table below. The divided slope directly
represents the WVTR as moisture gained in mg per cavity per day.
Table X: USP <671> WVTR results for configurations P200 and P250 in 30°C/75% RH climate

Configuration

P200-1

P200-2

P200-3

P200-4

P200-5

WVTR [mg/day/cavity]

0,1125

0,1153

0,1582

0,1447

0,2224

Std Dev [mg/day/cavity]

0,001773

0,001727

0,0004829

0,001019

0,001188

RSD [%]

1,576

1,498

0,305

0,704

0,534

R2

0,9957

0,9986

0,9996

0,9976

0,9986

95% confidence interval of

0,1089-

0,1118-

0,1573-

0,1472-

0,2201-

WVTR [mg/day/cavity]

0,1160

0,1187

0,1592

0,1468

0,2248

Configuration

P250-1

P250-2

P250-3

P250-4

P250-5

WVTR [mg/day/cavity]

0,05964

0,06343

0,08729

0,06791

0,1038

Std Dev [mg/day/cavity]

0,000356

0,000581

0,000775

0,000644

0,000525

RSD [%]

0,597

0,915

0,887

0,948

0,506

R2

0,9988

0,9972

0,9973

0,9941

0,9988

95% confidence interval of

0,05892-

0,06224-

0,08571-

0,06632-

0,1027-

WVTR [mg/day/cavity]

0,06036

0,06461

0,08886

0,06951

0,1049

As is visible from Figure 13, there is a significant difference at the weigh point between the
21st and 28th day at TRI configurations. Its weight gain from the 21st day to the 28th was only
0,04 mg per day per blister, which is too small according to the trend shown before. There
were also significant differences in P250-3, P250-4, P250-5 configurations but there the
weight gain was recorded too high to follow the trend. There were no significant differences
in the weight recorded with other configurations at this time point. Because this occurred
only once during the experiment it was flagged as a weighing error or an error with
documentation of the weights. The TRI and P250 data points from the 21st to the 28th day
were excluded from the linear regression.
As seen in Table X and XI the experiment has a very high R2 which indicates that the USP
experiment was accurate.
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Table XI: USP <671> WVTR results for configurations TRI and ACL in 30°C/75% RH climate

Configuration

TRI-1

TRI-2

TRI-3

TRI-4

TRI-5

WVTR [mg/day/cavity]

0,01902

0,01978

0,02562

0,02353

0,03380

Std Dev [mg/day/cavity]

0,000517

0,000548

0,000539

0,000757

0,00059

RSD [%]

2,719

2,768

2,105

3,217

1,746

R2

0,9727

0,9753

0,9856

0,9622

0,9886

95% confidence interval of

0,01797-

0,01866-

0,02452-

0,02200-

0,03261-

WVTR [mg/day/cavity]

0,02006

0,02089

0,02672

0,02506

0,03500

Configuration

ACL-1

ACL-2

ACL-3

ACL-4

ACL-5

WVTR [mg/day/cavity]

0,02174

0,02267

0,02955

0,02664

0,03832

Std Dev [mg/day/cavity]

0,000246

0,000309

0,000246

0,000475

0,000643

RSD [%]

1,132

1,364

0,833

1,784

1,678

R2

0,9941

0,9926

0,9974

0,9859

0,9938

95% confidence interval of

0,02124-

0,02204-

0,02905-

0,02568-

0,03698-

WVTR [mg/day/cavity]

0,02223

0,02330

0,03005

0,02760

0,03965

4.1.2 40°C/75% conditions
The 40°C/75% RH USP tests went as planned and the first weigh point was after 5 days. We
excluded the first point since it was in the equilibration period. The results of the linear
regression analysis are shown in the Table XII.
Table XII: USP <671> WVTR results for configurations TRI and ACL in 40°C/75% RH climate

Configuration

TRI-2 40/75

TRI-3 40/75

TRI-4 40/75

WVTR [mg/day/cavity]

0,06076

0,07977

0,07093

Std Dev [mg/day/cavity]

0,001239

0,001664

0,002057

RSD [%]

2,039

2,0392

2,900

R2

0,9926

0,9922

0,9810

0,05816-0,06337

0,07627-0,08327

0,06668-0,07519

Configuration

ACL-2 40/75

ACL-3 40/75

ACL-4 40/75

WVTR [mg/day/cavity]

0,05704

0,07384

0,06491

Std Dev [mg/day/cavity]

0,000947

0,000395

0,000917

RSD [%]

1,66

0,535

1,413

R2

0,9951

0,9995

0,9954

0,05505-0,05903

0,07301-0,07467

0,06301-0,06680

95% confidence interval of
WVTR [mg/day/cavity]

95% confidence interval of
WVTR [mg/day/cavity]
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Table XIII: Maximum amount of water that the head space of different cavity sizes can hold in the tested conditions

Tool size

10x5 mm [-2]

11x6 mm [-3]

13x5 mm [-4]

Volume [m3]

4,83×10-07

7,08×10-07

7,37×10-07

Maximum mass at 30°C/75% RH

0,0110 mg

0,0161 mg

0,0167 mg

Maximum mass at 40°C/75% RH

0,0185 mg

0,0271 mg

0,0282 mg

Maximum mass at 50°C/75% RH

0,0300 mg

0,0440 mg

0,0458 mg

To put the WVTR results in perspective we calculated the maximum mass of water vapor a
blister cavity can hold. These masses were calculated from the volume we got from µ-CT
scan results and the absolute humidity of the corresponding conditions.

Figure 14: Graph representing the total moisture ingress over time in configurations TRI and ACL in 40°C/75% RH
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Configurations

P200-1
P200-2
P200-3
P200-4
P200-5
P250-1
P250-2
P250-3
P250-4
P250-5
TRI-1
TRI-2
TRI-3
TRI-4
TRI-5
ACL-1
ACL-2
ACL-3
ACL-4
ACL-5
ACL-2 40/75
ACL-3 40/75
ACL-4 40/75
TRI-2 40/75
TRI-3 40/75
TRI-4 40/75

0,1125
0,1153
0,1582
0,1447
0,2224
0,05964
0,06343
0,08729
0,06791
0,1038

0,01902
0,01978
0,02562
0,02353
0,0338
0,02174
0,02267
0,02955
0,02664
0,03832
0,05704
0,07384
0,06491
0,06076
0,07977
0,07093
0

0,025

0,05

0,075

0,1

0,125

0,15

0,175

0,2

0,225

0,25

WVTR [mg/day/cavity]

Figure 15: WVTR of the USP <671> test for all tested configurations

4.2 RFID results
The result of our RFID experiment was the actual RH in the blister cavity at the moment of
the measurement. With a known and constant ambient RH, we could fit these results to the
Equation 19 and get the time constant 𝜏, which represents the time it takes for the internal
RH to reach 63% of the difference to the ambient RH. The results are presented in Table
XIV with R2, a fitted starting RH and the times it took for the configurations to reach 60%
RH and time to reach 70% RH.

36

Table XIV: Fitted RFID results for all configurations

Configuration

τ [days]

R

2

Fitted

Time to reach

Time to

starting RH

60% RH

reach 70%

[%]

[days]

RH [days]

56,5

0,10

0,63

PVC-1

0,48

P200-1

4,84

0,9929

52,45

1,97

7,29

P200-2

7,15

0,9784

56,34

1,56

9,41

P200-3

6,03

0,9872

56,61

1,23

7,85

P200-4

6,01

0,9928

52,85

2,34

8,94

P200-5

3,86

0,9797

57,14

0,68

4,93

P250-1

14,10

0,9853

42,77

10,79

26,28

P250-2

12,93

0,9814

42,01

10,19

24,39

P250-3

11,29

0,9866

45,07

7,80

20,21

P250-4

13,66

0,9740

42,72

10,47

25,47

P250-5

8,16

0,9824

43,03

6,17

15,13

TRI-1

50,53

0,9722

38,69

44,67

100,18

TRI-2

48,66

0,9710

39,94

41,31

94,77

TRI-3

39,92

0,9741

40,05

33,77

77,62

TRI-4

50,03

0,9688

37,14

46,32

101,27

TRI-5

28,35

0,9764

33,82

28,63

59,78

ACL-1

46,38

0,9881

39,56

39,88

90,84

ACL-2

40,27

0,9904

39,58

34,60

78,85

ACL-3

31,78

0,9930

41,05

25,96

60,86

ACL-4

42,34

0,9929

36,39

40,03

86,54

ACL-5

30,53

0,9872

38,34

27,28

60,81

ACL-2 40/75

23,75

0,9761

42,79

18,14

44,24

ACL-3 40/75

19,09

0,9673

43,95

13,89

34,86

ACL-4 40/75

21,40

0,9848

39,12

18,66

42,17

TRI-2 40/75

20,78

0,9928

43,07

15,70

38,52

TRI-3 40/75

16,38

0,9784

43,41

12,20

30,20

TRI-4 40/75

23,16

0,9765

41,16

18,85

44,29

ACL-2 50/75

6,76

0,9618

32,71

7,00

14,43

ACL-3 50/75

5,03

0,9686

31,6

5,35

10,86

ACL-4 50/75

6,49

0,9621

29,82

7,16

14,28

TRI-2 50/75

5,39

0,9817

36,05

5,14

11,05

TRI-3 50/75

4,25

0,9838

33,29

4,35

9,02

TRI-4 50/75

5,42

0,9593

31,9

5,72

11,68
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Figure 16: RFID measurements of the increasing internal RH in all 30°C/75% RH configurations
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Figure 17: RFID measurements of the increasing internal RH in all 40°C/75% RH and 50°C/75% RH configurations

Figure 16 shows all the configurations that we exposed to the 30°C/75% RH climate. The
fastest to reach 75% was PVC, the second P200 and the third P250. We ended the experiment
around the time P250 reached 75% RH because we got enough measurements to get a good
fit for ACL and TRI. The PVC result for the time constant is the least reliable since we only
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used 4 measurements for the fit. That is why we used all the measurements for the PVC fit
but not in other cases. With P200 and P250 we excluded the first 3 measurements and the
measurements after it reached 75% RH. Interestingly the RH went up to 77% RH at some
P200 configurations and up to 79% RH at P250 configurations. This was probably due to
measurement errors of RFID transponders combined with the allowed deviation of the
climate chamber. With TRI we excluded the first 2 measurements and with ACL excluded
the first 7. In Figure 17 we can see that configurations in 50°C/75% RH would reach the
75% RH very fast and we therefore do not have a lot of measurements for the fit, since we
could only measure twice per week, so we used all of them, including the measurement after
10 min of putting the test subjects in the climate. For the fit of 40/75 configurations we
excluded only the measurement after 10 min, because it did not fit well with the start of the
experiment. All of the fit adjustments were made for the purpose of predicting the long-term
increase of RH inside the packaging.
In Figures 18 and 19 we can observe the difference of two fits. In both figures on the left we
included the first measurement and assumed it is the RH at time 0. The ambient RH was
75% so we fitted only the time constant. In both figures on the right we did not take the first
measurement as RH at time 0 and excluded the first 7 from the fit. We can see the fit where
we excluded the first 7 measurements is better from the 20th day forward in Figure 18 and
from the 10th day forward in Figure 19. We decided to use the fit represented on the right of
both figures, to more accurately predict the internal RH after we ended our experiment. The
other fits of experiments that did not end in our experiment time frame (did not reach
75%RH), where the amount of measurements allowed it, followed the same logic. For the
fits of P200 and P250 configurations we used the one with the best R2 without excluding too
much data points. The time constants for the left fits on Figures 18 and 19 are 27,3 and 20,3
days, respectively. This is a big difference compared to the fits on the right - 40,3 and 31,8
days.
On Figure 16 we can observe an unusual drop in the increasing of the internal RH between
the 21st and 23rd day. The drop is better visible on Figure 18. Since it happened to all the
configurations at the same time point, we can only assume an error in the measurement
procedure or an error of the climate chamber. We suggest additional experiments in the
30°C/75% RH conditions to avoid this error and with that a better understanding of the
increasing internal RH and with this a better fit. It is worth mentioning that the climate
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chamber used for 30°C/75% RH had to be opened for each measurement. This caused the
climate to equalize with the room climate relatively fast. Because of this the measurements
were made at different temperatures inside the blister cavity. The average temperature of all
measurements was 29,1°C with a SD of 0,86°C. This could have potentially influenced the
RH measurements and might be the reason for the unusually high RH in P200 and P250 after
it reached 75% RH. We tried transforming all the RH measurements to AH and fit it that
way but then some measurements did not make sense and we concluded that the transponder
does not make the adjustments fast enough. The temperature sensor has a faster response
time, so when confronted with fast changing environment conditions we cannot transform
the RH to AH values. Additional testing of these situations is required to make the right
adjustments if this occurs again.

Figure 18: RFID measurements of increasing internal RH in ACL-2 at 30°C/75% RH and different fits.

Figure 19: RFID measurements of increasing internal RH in ACL-3 at 30°C/75% RH and different fits.

4.2.1 Statistical evaluation of RH increase before experimental climate exposure
During the preparation of our test subjects we measured RH at 3 timepoints before putting
them in the climate conditions. We noticed an unusual increase in RH (Figure 20) compared
to the room conditions so we decided to statistically analyze the measurements. The first
measurements were performed before putting the transponder inside the blister cavity and
sealing it off - room condition measurements at the time of blistering. The second were done
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immediately after the thermoforming procedure. After the thermoforming procedure we put
the finished test subjects inside an aluminum pouch, to protect them from the ambient
climate. The third measurements were done after taking them out of the pouch and right
before putting them in the experimental climate. After reviewing these measurements, we
noticed an increase of RH compared to the room conditions. The first increase happened
directly after the thermoforming procedure and the second was after taking them out of the
aluminum pouch. We statistically analyzed the RH increase with the influence factors being
the material and cavity size. Statistical analyses are presented in Attachment 1.

Figure 20: RH changes through the process of test subject preparation

Our baseline, the variable component, was the increase of RH during thermoforming, the
difference between before blistering and after blistering. This is because the laboratory
humidity changed over the time of blistering of all the configuration and is not constant and
is therefore not suitable for being a baseline. First, we tested the normality of the variable
distribution with the Shapiro-Wilk test. We found that the distribution statistically
significantly deviates from the normal distribution (P-value < 0,001), which means that we
had to use a nonparametric method of analysis.
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Influence of material and cavity size on the RH change before versus after blistering
Attachment Table I shows the biggest change in the measured RH happened with the
material P250 (M = 9,28; SD = 4,258), where also the biggest dispersion existed. The
smallest change in measured RH happened with TRI (M = 3,28; SD = 1,662).
The existence of statistically significant deviation changes in RH, which happened during
the blistering procedure, because of the material, was tested with the Kruskal-Wallis test.
The test shows, that the RH change during the blistering procedure is statistically different
between materials (χ2 = 47,894; DF = 4; p < 0,001).
Upon learning this we performed the Mann-Whitney test, which expresses statistically
significant differences between pairs of materials. We found out that the change in RH
during the blistering procedure that happened with material ACL is statistically smaller than
the changes that happened with materials P200 (U = 59; p < 0,001) and P250 (U = 106,5; p
< 0,001). The other statistically different change was found to be between TRI – this change
is statistically smaller than the changes that happened with materials P200 (U = 17; p <
0,001), P250 (U = 97; p < 0,001) and PVC (U = 4, p = 0,003).
We tested the influence of cavity size with Kruskal-Wallis test. The test shows, as seen in
Attachment Table III, that the RH change during the blistering procedure is not statistically
different between cavity sizes (χ2 = 5,234; DF = 4; p = 0,264). There are some differences
in the means of the RH increase but we cannot say this did not happen randomly.
4.2.2 Standard deviation of RFID measurements
The results for each configuration presented are its mean of the 4 transponder responses.
Since the method is quite new in the usage of measurement inside the blister cavity, we are
presenting the mean data of measurements and their SD at each timepoint in Attachment 2.
As we can see from the Tables IV-VIII the SD is always below 1, except in TRI-4 where it
was above 1 only 3 times. With this we can say that the transponder measurements are
accurate. SD increases with higher RH, which is also acceptable since it is also presented in
the TELID certificate and the brochure of the older TELID 231 brochure.

4.3 Influence of packaging material on water vapor barrier properties
In Figure 21 we can observe how the values of RH change over time inside blister cavities
of the same size under the same conditions. The results of our experiments matched the data
we acquired in the literature in the way that the PVC blister is the most permeable and TRI
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and ACL are the least. The introduction of 60 g/m2 PVDC on the rigid PVC blister structure
improves the water permeation protection properties so that the WVTR is smaller for a factor
of 6 in the literature values at 38°C/90%. This factor is around 9 from our USP WVTR
experiment at 30°C/75% and the increase in the time constant a factor of 10 in the RFID
experiment at the same conditions. An additional 60 g/m2 of PVDC and 50 µm of PVC in
P250 has an even greater impact. It lowers the WVTR compared to the P200 for about a
factor of 2 in literature, a little under 2 in our WVTR experiment and increases the time
constant for a factor of around 3 in the RFID experiment. The next step in the evolution of
the upgraded PVC with PVDC is the 180 g/m2 PVDC, which requires PE laminate to
improve the thermoforming properties of the film. TRI improves the values compared to
P250 for an additional factor of 4 in the literature, a factor of 3 in our WVTR experiment
and a factor of 3,6 in the RFID experiment. Additional PVDC coating does not improve the
protection properties for a significant margin. The improvement is only for a factor of 2
when dealing with 360 g/m2 of PVDC as seen in (48). Apart from PVDC being the improving
factor of barrier properties, we also observed PCTFE in Aclar®. Even a small thickness of
PCTFE improves the water vapor barrier significantly. In our case 76 µm of PCTFE on PVC
improves the WVTR values for a factor of 44 compared to the mono layer of PVC in
literature, a factor of 45 in our WVTR experiment and for a factor of 96 in the RFID
experiment. It shows similar water vapor barrier properties as the TRI configuration but the
latter has a significant factor of 140 better oxygen barrier properties as seen in literature (48).
With increasing PCTFE thickness the water vapor barrier property increases, but similar as
with increasing PVDC the endless increase of thickness is not preferred. Comparing to a
PCFTE thickness of 23 µm the WVTR is 3 times higher in this case and comparing the 76
µm to the 152 µm PCFTE coating the WVTR decreases for a factor of 2. With increasing
thickness of the film, the thermoforming properties get worse so it is important to consider
the cost and benefit of greater water vapor barrier properties.
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Table XV: Literature WVTR compared to USP WVTR and RFID time constants

WVTR
Configuration

literature at
38°C/90% RH

WVTR

Factor

experimental at

decrease

decrease

30°C/75% RH

**

[g/m2/day]

Factor
**

[mg/cavity/day]

τ at
30°C/75
%RH

Factor
increase
**

[days]

PVC-1

3,1

1

0,9827

1

0,48

1

P200-1

0,55

5,6

0,1125

8,7

4,84

10,1

P250-1

0,25

12,4

0,0596

16,5

14,1

29,4

TRI-1

0,06

51,7

0,0190

51,7

50,53

105,3

ACL-1

0,07*

44,3

0,0217

45,3

46,38

96,6

*(21),
**Factor decrease/increase compared to PVC

Comparing the factor increases from literature and our experiments we can see that the
differences are bigger when observing the RFID τ results. This is due to the fact that the time
constant of PVC is the result of a fit of only 4 values and therefore the error is probably
significant. It could be an error of the way we fitted our data. Despite this the time constant
is still a useful way of determining the differences between configurations. It clearly divides
the high barrier (TRI and ACL), the low barrier (P200 and P250) and the extremely low
barrier (PVC) containers.
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Figure 21: RFID measurement of increasing internal RH in configurations sized 1 (9x5 mm) at 30°C/75% RH

4.4 Influence of thermoforming on water vapor barrier properties
A part of the results was gained through a slight modification of the USP <671> because of
the lack of desiccant and has the unit mg/cavity/day. To compare our results to the results
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acquired from literature we have to know the area of our blister cavities without the top
aluminum part. That area represents the effective surface area, which is the surface through
which the water vapor permeates. We did this because the results in literature are presented
in g/m2/day because tests are made on flat films and therefore these units make the most
sense.
The effective surface area of our cavities was measured with the µ-CT scanner but was only
done for ACL-2, ACL-3 and ACL-4 because the measurements were time consuming and
the machine was in high demand for other projects. Since we used the same tool when
forming other materials, we assumed that the sizes of different configurations where we used
the same tool are the same. The effective surface area of configurations was also calculated
manually, assuming the blister cavity is the form of a cylinder, using the equation:

𝐴𝑒𝑓𝑓 = 𝜋 × 𝑟 2 + 2 × 𝜋 × 𝑟 × ℎ

Equation 19

where Aeff is the effective surface area of the blister cavity, r is half the diameter and h is the
depth. The effective area is the area of the cylinder without the top aluminum part.
There were 2 different µ-CT results. The result Aeff µ-CT comes from the total surface of the
blister, which means both sides of the blister and also some remaining unformed film, which
could not be cut away. We divided the primary result by 2 to get the area of the outer side
assuming it is half the total and subtracted the area of the aluminum sealing. The result A’eff
µ-CT is the surface of the inside object in the blister and was directly calculated by the
program. The selected object for this was the air inside the blister which could be easily
isolated since it had a completely different absorption density than the blister. As seen in
Table XVI the different effective surface areas differ a lot from each other.
Table XVI: Effective surface area using different methods

Tool size

Aeff -1 µ-CT [m2]

A’eff -2 µ-CT [m2]

Aeff-3 calculated [m2]

9x5 mm [-1]

/

/

0,000205

10x5 mm [-2]

0,000395

0,000346

0,000236

11x6 mm [-3]

0,000597

0,000740

0,000302

13x5 mm [-4]

0,000528

0,000473

0,000337

15x6 mm [-5]

/

/

0,000459
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Table XVII: Comparison of our USP WVTR results divided by different effective surface area to the literature data
WVTR

WVTR

WVTR

literature

experimental

flat-1

[g/m2/day]

[mg/cavity/day]

[g/m2/day]

ACL-1

0,027*

0,0217

/

/

/

/

0,1061

3,93

ACL-2

0,027*

0,0227

0,0574

2,13

0,0654

2,43

0,0962

3,56

ACL-3

0,027*

0,0296

0,0495

1,83

0,0400

1,48

0,0977

3,61

ACL-4

0,027*

0,0266

0,505

1,87

0,0562

2,08

0,0791

2,92

ACL-5

0,027*

0,0383

/

/

/

/

0,0834

3,08

ACL-2 40/75

0,062

0,0570

0,1444

2,33

0,1647

2,65

0,2421

3,90

ACL-3 40/75

0,062

0,0738

0,1237

2,00

0,0999

1,61

0,2442

3,93

ACL-4 40/75

0,062

0,0649

0,1230

1,98

0,1370

2,21

0,1926

3,11

TRI-2 40/75

0,06

0,0608

0,1538

2,56

0,1754

2,92

0,2579

4,29

TRI-3 40/75

0,06

0,0798

0,1336

2,23

0,1079

1,80

0,2638

4,39

TRI-4 40/75

0,06

0,0709

0,1344

2,24

0,1497

2,50

0,2105

3,51

Configuration

Ratio
1

WVTR
flat-2
[g/m2/day]

Ratio
2

WVTR
flat-3
[g/m2/day]

Ratio
3

*(21)
As seen in the Table XVII when thermoforming a flat polymer film, the water vapor barrier
properties get weaker. This can be observed from the ratio between the different calculated
WVTRflat and the WVTR literature. The ratio between the literature WVTR and the
experimental WVTRflat is between 1,6-4,4. This is due to the fact that the film stretches so
the effective surface area which we average out is thinner compared to the starting flat circle
of the actual polymer film from which the blister is formed. Thinner film equals higher
WVTR. The ratio is higher with some materials which means that the thermoforming process
has a different effect on each material as can also be seen in the paper from K. Paisley (49),
where the figure shows that the % of the original thickness is different between materials.
Differences in the ratio values can also be observed within the same material but different
tooling size. This means that each of the tools stretches the film differently, resulting in
different film thicknesses when the cavity is formed. We could not find all the literature
WVTR data for the 30°C conditions so we only compared the configurations from the ones
we found.
Figure 22 is a µ-CT scan of 2 empty blisters that we used for our experiments on which it is
directly visible with different coloring how the blisters gradually get thinner the farther we
stretch the film. The figure is not per scale so the ACL-2 only appears bigger than ACL-3
but each of the gradually lower thicknesses are represented with the same color to each of
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the thicknesses. It gets the thinnest at the bottom edge of the blister cavity where in our case
there is also a difference in coloring, which means a difference in thickness. The thinnest
parts are visible in ACL-3 and are the same color as the aluminum sealing which means it is
in the range of 20-50 µm, according to the µ-CT scan results. The thickest parts measured
were in the range of 390-430 µm which is probably the sealed unformed film that was not
cut away before the scan.

Figure 22: µ-CT scans of ACL-2 and ACL-3 with different color thicknesses
Table XVIII: USP WVTR and RFID time constants compared between different sizes of ACL

WVTR experimental at

Ratio

τ at

Inverse ratio

30°C/75% RH

compared to

30°C/75%

compared to

[mg/cavity/day]

ACL-1*

RH [days]

ACL-1**

ACL flat

0,027 g/m2/day

0,25

/

/

ACL-1 (9x5 mm)

0,0217

1

46,38

1

ACL-2 (10x5 mm)

0,0227

1,04

40,27

1,15

ACL-3 (11x6 mm)

0,0296

1,36

31,78

1,46

ACL-4 (13x5 mm)

0,0266

1,23

42,34

1,10

ACL-5 (15x6 mm)

0,0383

1,76

30,53

1,52

Configurations
and mold size

*A factor of how much bigger the WVTR is compared to ACL-1
**A factor of how much less days it takes to reach 63% of the ambient RH compared to ACL-1

From Table XVIII we can see the direct comparison between different sizes of PVC/Aclar
blisters. As expected, the smallest blister cavity had the smallest WVTR per cavity and the
highest time constant. The 1 mm increase in the diameter of the blister cavity did not have a
significant impact on the water vapor barrier properties compared to the smallest cavity with
factors of 1,04 for WVTR and 1,15 for the time constant at 10x5 mm. Interestingly the 11x6
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mm cavity had the second highest WVTR per cavity and time constant, higher than the 13x5
mm cavity which has a 2 mm bigger diameter but was stretched 1 mm less in depth. The
highest WVTR had, as expected, 15x6 mm cavity which was the cavity that was most
stretched and with the biggest effective surface area. These results point to the fact that the
depth of the blister cavity has a greater direct impact on the water vapor barrier properties
than the diameter. This is because with greater depth the film stretches more at the bottom
edges of the cavity, making the film extremely thin with possible micro holes in extreme
cases. More water vapor can permeate through a small area of the thinnest part of the cavity
surface vapor compared to the bigger surface area of thicker film which is shown in Equation
8.
In Table XVII if we observe the WVTRflat of ACL-1 to ACL-5 we can see that the largest
WVTR per m2 was actually for the smallest cavity, ACL-1. It then decreases for 10% with
ACL-2 and around 25% with ACL-4, with the cavities of the same depth of 5 mm. ACL-3
still has a lower per m2 WVTR than ACL-1 but at the same time is higher than ACL-5 which
also has 6 mm depth.
The WVTR results show that the WVTR of the cavity increases with increasing the size of
the thermoforming mold. They show that the diameter has a smaller impact than the depth
of the mold, which is due to the fact that an increase in the diameter increases only a smaller
portion of the thinnest area of the blister cavity, which has the biggest impact on the increase
of WVTR. On the other hand, with increasing depth the thinnest areas of the blister cavity
get thinner and therefore increase the overall WVTR more. The WVTR per m2 is the highest
with ACL-1 because the thinnest area represents a bigger portion of the total effective surface
of the blister cavity which in the results of per m2 gets averaged, which directly points to the
fact that the thinnest parts are the most permeable parts.
The RFID results show the highest time constant in the smallest blister cavity, ACL-1. If we
observe Table XIV, we can see that blister sizes 4 in most cases present a higher time
constant than the smaller sizes 2, which means it takes longer for the RH to increase in the
bigger blister cavity. The sizes 3 and 5 with deeper blister cavities show meaningful drops
in time constant which points to the importance of cavity depth. Such results were not
expected and are not supported by the simplified transient theory in literature which we
studied. This can be explained with the lack of knowledge of the actual thickness of specific
areas of the blister cavities and the lack of transient model theories which directly consider
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the gradually decreasing blister wall thicknesses and the form of the blister cavity. The QSS
theories are based on a single wall or in some cases boxes with specified known wall
thicknesses with specific and again known dimensions. The dimensions of the thermoformed
cavities are in our case only an approximate to the mold used. The most important factors of
the gradually decreasing wall thicknesses are still unknown. The best we could do in our
case was a µ-CT scan which could color different thicknesses on the image of the blister,
but could only present the result of thickness for the % of overall volume. With the right
programming it could potentially present the results with areas of specific thickness. This
could be used in calculations to isolate the permeability from the equation and with some
additional tests allow us to get more accurate results.
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Figure 23: RFID measurements of increasing internal RH in ACL configurations of different sizes at 30°C/75% RH
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4.5 Influence of temperature on water vapor barrier properties
Table XIX: TRI and ACL configurations of the same size compared between different temperatures

WVTR

τ

Inverse

[days]

ratio**

1

48,66

1

0,0608

3,1

20,78

2,3

9,2

0,174*

8,8

5,39

9,0

0,027 (30°C/75%RH)

1

0,0227

1

40,27

1

ACL-2 40/75

0,062 (40°C/75%RH)

2,3

0,0570

2,5

23,75

1,7

ACL-2 50/75

0,135*

5,0

0,135*

6,0

6,76

6,0

WVTR literature

Ratio

[g/m2/day]

**

TRI-2

0,019*

1

0,0198

TRI-2 40/75

0,06 (38°C/90%RH)

3,2

TRI-2 50/75

0,174*

ACL-2

Configuration

experimental

Ratio**

[mg/cavity/day]

* Values are calculated using equation x
**The ratios in Table XIX are factors for which the values in the column on the left of it increased comparing to the
values at 30°C/75% RH, except for the inverse ratio where it decreased for that factor.

Since we had at least 2 different temperatures for TRI and ACL and missing literature data
we decided to calculate the theoretical increase of the water vapor permeation rate (K) using
Equation 18 and with K we calculated the WVTR.
If we observe the AH values from Table III, we can see that the AH at 40°C/75% RH and
AH at 50°C/75% RH are bigger for a factor of 1,7 and 2,7 than AH at 30°C/75% RH,
respectively. If we compare these factors to the ratios between our configurations at different
conditions, we can see that the increase from 30°C to 40°C is always higher than 1,7, except
the inverse ratio of the ACL time constants. The expected result was that the time constant
decreases for more than a factor of 1,7 because of the theory that permeability increases with
increasing temperature and with that the higher WVTR and a lower time constant. The factor
did not increase more, which could be due to an error either of fitting our data, experimental
error or an error in the measuring method. It could also be explained with an advanced
transient theory specific for our case of gradually thinner cavity walls.
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Figure 24: RFID measurements of increasing internal RH in ACL and TRI configurations size 2 at different temperatures

With observing the time constants in Table XIX and the increasing internal RH in Figure 24,
we can see that the increasing temperature affects the TRI configurations water vapor barrier
properties more than the ACL. The inverse ratio in Table XIX shows that the time constant
at 50°C/75% RH is lower for a factor of 9 at TRI and a factor of 6 at ACL compared to the
30°C/75% RH values. The results in Tables XI and XIV show that the TRI configuration
had slightly better water vapor barrier properties than ACL at 30°C, but this balance tips to
the favor of ACL with increasing temperature. If we assume the trend of the results this
discrepancy gets bigger with even higher temperatures. This should be kept in mind when
we are faced with stability studies, especially when considering accelerated intermediate
testing.

4.6 Calculating the WVTR from RFID results
We tried calculating the WVTR of our configurations using the measurements from our
RFID method and comparing the results to the USP method.
We acquired the time constant from a fit of Equation 19, a modification of Equation 9 which
is a QSS model. For our calculations we used Equation 12. It combines both the terms of the
QSS model, the non-absorbing walls term (Equation 10) and the absorbing walls term L2/2D.

𝜏=

𝑉𝐿

Equation 10

𝐴𝑃
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𝜏 = 𝑉𝐿+𝑉

𝐴𝑃

𝑤𝑎𝑙𝑙

𝑉𝐿

𝐿2

= 𝐴𝑃 + 2𝐷
𝐿𝑆/2

Equation 12

In both factors we can see that we lack the knowledge of the wall thickness which is critical
for the calculations. We also do not have the diffusion coefficient but the factor can be
determined from sorption studies described by Tencer (7).
Since we know that in theory the diffusion coefficient and permeability are not influenced
by wall thickness, we decided to calculate the wall thickness change with the knowledge of
the time constant, calculated volume assuming the cavity is a cylinder and calculated surface
area assuming the cavity is a cylinder. For the thickness we decided to take an example of
250 µm for ACL-2 40/75.
Since we now had a thickness to work with, we calculated the permeability from the steady
state experiment (USP test) for ACL-2 40/75, ACL-3 40/75 and ACL-4 40/75 with the
modification of Equation 7:

𝑃=

𝑊𝑉𝑇𝑅×𝐿

Equation 20

𝐴×∆𝐴𝐻

because the experiment was performed under constant temperature the relative changes of
RH and AH are directly equivalent.
The calculated P is 1,57×0-6 µm2/day and the diffusion coefficient D from Equation 12 is
1330 µm2/day.
Using these 2 results we calculated the thicknesses for ACL-3 40/75 and ACL-4 40/75 from
Equation 12 and got the thicknesses L = 223 µm and L = 238 µm, respectively.
If we assume that the volume and surface calculation and the permeability and diffusion
coefficient in fact stay the same then these thickness results suggest that the average
thickness gets smaller with bigger molds. This result is not surprising, since we already had
the other results pointing this out. The problem with these results is that we cannot know
what the distribution of thinner wall surfaces is when calculating thickness in this way. If we
split up both the term for the time constant and calculate them separately, we see that the
first term VL/AP gives the result 0,26 days for ACL-2 40/75 and 23,5 for the second. The
second term is dominant in our case and Tencer (7) characterizes systems with the dominant
second term as systems with negligible cavity volume and/or thick and/or absorbing walls.
This concludes that the diffusion coefficient is the dominant material property in the QSS
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study. This fact is problematic in our case, because we have a changing wall thickness. For
example, if the majority of the cavity wall thickness is 300 µm but the edges are 30 µm the
model breaks down. We know that the majority of the water will permeate through the thin
surface area but we do not know how big this area is or its exact thickness and therefore we
cannot calculate the time constant this way.
If we observe the increasing RH graphs in the paper by Tencer (7) we notice that the graphs
resemble the graphs with a small hole more than the graphs of increasing RH in a plastic
container of size 56 cm x 19 cm x 12,5 cm and a wall thickness of 0,6 cm. We know there
were no holes in our case, because of the blue-dye test, so we can exclude that assumption.
This resemblance points to the fact that the thinnest parts of the cavity have a very high
WVTR and resemble the diffusion model more through openings than the actual model with
an intact cavity chamber. From these observations we conclude that we are dealing with a
more complex system than the models we found in literature and believe a more specific
model needs to be developed for more accurate calculations.
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5 CONCLUSION
The water vapor barrier properties of different polymer blister configurations were studied
using the RFID method. Twenty-one different blister configurations with RFID transponders
in the cavity were prepared for climate exposure at 30°C/75% RH, 40°C/75% RH and
50°C/75% RH. An USP <671> test was made for the results of the RFID method to be
compared against.
The RFID method was able to directly measure the increase of RH inside the blister cavity
in a nondestructive way. These measurements were fitted to extract the time constant which
is a specific property of a configuration. Through time constant values we were able to
differentiate between different materials and cavity sizes. This allowed us to study the
influence of the thermoforming procedure and the decrease of barrier properties with
increasing temperature. The method also proved useful in logging the RH values after the
blister thermoforming procedure and the RH before climate exposure. We were unable to
directly calculate the WVTR from the increasing internal RH values. For that to be viable
we would have to know the cavity wall thicknesses, effective surface area and volume after
forming. A major obstacle in calculations was the model we used, which did not take into
account the gradually decreasing thickness.
With the right model and with further experimentation we could characterize blister
configurations that would be used for the primary packaging of solid drug forms. With the
knowledge of the sorption isotherm of the drug and the characteristics of the blister we could
develop a model of the internal headspace RH and the drug water activity. We could
potentially put the transponder next to the drug and because the RFID method enables direct
RH measurements, we could make easy adjustments to the model and provide more accurate
preliminary estimations before the end of the stability study, which would save time and
resources.
All things considered, this method can be a useful addition to all drug development stages,
especially in stability studies.

54

6 LITERATURE
1.

World Health Organization: Guidelines on Packaging for Pharmaceutical Products.
WHO Technical Report Series, No. 902., 2002: http://academy.gmpcompliance.org/guidemgr/files/WHO_TRS_902_ANNEX9.PDF (1.4.2019)

2.

Das PS, Saha P, Krishan, Das R. Pharmaceutical Packaging Technology: A Brief
Outline. Research Journal of Pharmaceutical Dosage Forms and Technology 2018;
2(1): 16–21

3.

Yam KL. The Wiley Encyclopedia of Packaging Technology. John Wiley & Sons,
2009: 3(1): 71-181

4.

Pilchik R. Pharmaceutical Blister Packaging, Part I: Rationale and Materials. Pharm
Technol 2000; 24(11): 68–78.

5.

Comyn J. Polymer Permeability, Chapman & Hall, London, 1985: 269-309

6.

Jasse B, Seuvre AM, Mathlouthi M. Permeability and structure in polymeric
packaging materials. Pp. 1–22 in Food Packaging and Preservation. Boston, MA:
Springer US, 1994: 1-22

7.

Tencer M. Moisture ingress into nonhermetic enclosures and packages. A quasisteady state model for diffusion and attenuation of ambient humidity variations.
2002: 196–209

8.

Ebnesajjad S, Khaladkar PR. Properties of Neat (Unfilled) and Filled
Fluoropolymers. Fluoropolymers Applications in the Chemical Processing
Industries. 2005: 27

9.

Siracusa V. Food Packaging Permeability Behaviour: A Report. International
Journal of Polymer Science 2012; 2012: 1–11

10.

Nelson ED, Huang H. Practical considerations in the measurement of the internal
relative humidity of pharmaceutical packages with data loggers. AAPS
PharmSciTech 2011; 12(1): 331–335

11.

Barry J, Bergum J, Chen Y, Chern R, Hollander R, Klein D. Basis for Using

55

Moisture Vapor Transmission Rate Per Unit Product in The Evaluation of MoistureBarrier Equivalence of Primary Packages for Solid Oral Dosage Forms., 2004:
available at http://pqri.org/wp-content/uploads/2015/08/pdf/WhitePaper.pdf
(14.6.2019)
12.

Qiu F, Scrivens G. Accelerated Predictive Stability (APS) : Fundamentals and
Pharmaceutical Industry Practices, Elsevier, London, 2018: 3-146

13.

Vaisala. Humidity Conversion Formulas. Calculation Formulas for Humidity., 2013
: https://www.hatchability.com/Vaisala.pdf (7.10.2019)

14.

Chapter 4. Permeability, Diffusivity, and Solubility of Gas and Solute Through
Polymers. 2002:
https://vtechworks.lib.vt.edu/bitstream/handle/10919/29917/chapter4.pdf?sequence=
5&isAllowed=y (17.7.2019)

15.

Cooksey K. Important factors for selecting food packaging materials based on
permeability. Pp. 519–530 in Flexible Packaging Conference 2004:
http://www.burchamintl.com/papers/petpapers/62.pdf (7.11.2019)

16.

Abbott S. Permeability Calculations | Practical Coatings Science | Prof Steven
Abbott: https://www.stevenabbott.co.uk/practical-coatings/permeability.php
(7.11.2019)

17.

Aluminium Foil Converters (PTY) LTD:
http://www.foilpackaging.co.za/Content/Documents/PVC%20Mono%20Film%20Cl
ear%20250%20(H).pdf (6.7.2019)

18.

Flexapharm®PVDC Duplex. : https://www.tekni-plex.com/docs/teknifilms/EUFL1731%20Flexapharm%20PVDC%20Duplex.pdf (7.6.2019)

19.

Tekniplex. Product Sheet Barrier Films for Pharmaceutical Packaging:
https://www.tekni-plex.com/docs/teknifilms/EUFL1731%20Flexapharm%20PVDC%20Duplex.pdf (7.6.2019)

20.

Tekniplex. Product Overview:
http://www.pharmafilmfrance.fr/Acces_FTP/Brochure_2017_1.pdf (7.6.2019)

21.

Honeywell. Aclar ® Films Honeywell Aclar ® UltRx 3000., 2010:

56

https://www.packagingcomposites-honeywell.com/aclar/wpcontent/uploads/2016/06/Honeywell-Aclar-UltRx3000-datasheet.pdf (7.6.2019)
22.

United States Pharmacopeia and National Formulary (USP 41-NF 36). Rockville,
MD: United States Pharmacopeial Convention; 2016. : 1–8, <671> ContainersPerformance Testing:
http://www.uspbpep.com/usp31/v31261/usp31nf26s1_c671.asp (3.6.2018)

23.

Hunt VD, Puglia A, Puglia M. An Overview Of RFID Technology. RFID-A Guide
to Radio Frequency Identification. Wiley-Interscience, 2006: 5-24

24.

RFID Resonance Frequency Measurement: https://www.omicronlab.com/applications/detail/news/rfid-resonance-frequency-measurement/
(19.9.2019)

25.

Cardullo M. Genesis of the Versatile RFID Tag:
https://www.rfidjournal.com/articles/view?392 (2.4.2019)

26.

Pandian MP. RFID for Libraries : A Practical Guide. Chandos, 2010: 1-41

27.

Duroc Y, Tedjini S. RFID: A key technology for Humanity. Comptes Rendus
Physique. 2018; 19(1): 64–71

28.

Humidity Sensor: Basics, Usage, Parameters and Applications:
https://electronicsforu.com/resources/electronics-components/humidity-sensorbasic-usage-parameter (7.10.2019)

29.

Rotronic. The Capacitive Humidity Sensor – How it Works &amp; Attributes of the
Uncertainty Budget Principle of Operation:
https://www.rotronic.com/media/productattachments/files/c/a/capacitive_humidity_s
ensor_final.pdf (10.7.2019)

30.

WHO. Annex 10. Stability testing of active pharmaceutical ingredients and finished
pharmaceutical products. 2018: 309–352:
http://apps.who.int/medicinedocs/documents/s23498en/s23498en.pdf (3.4.2019)

31.

Choudhary A. Climatic Zones for Stability Studies : Pharmaceutical Guidelines:
https://www.pharmaguideline.com/2010/12/different-climatic-zones-forstability.html (3.4.2019)

57

32.

International Conference On Harmonisation Of Technical Requirements For
Registration Of Pharmaceuticals For Human Use. ICH Harmonised Tripartite.
Guideline Stability Testing Of New Drug Substances And Products Q1A(R2).,
2003: https://ichguideline.weebly.com/q1-stability.html (3.4.2019)

33.

Pethe MA. Blister & Strip Packaging: https://www.slideshare.net/AnilPethe/blisterstrip-packaging (18.4.2019)

34.

Polyvinyl Chloride (PVC) | Chemical Composition & Properties:
http://www.plasticmoulding.ca/polymers/pvc.htm (18.4.2019)

35.

Polyethylene | Chemical Composition and Properties:
http://www.plasticmoulding.ca/polymers/polyethylene.htm (18.4.2019)

36.

Lockhart H, Paine FA. Packaging of healthcare products. Packaging of
Pharmaceuticals and Healthcare Products. Blackie Academic & Professional, 1996:
188-205

37.

Honeywell Aclar® UltRx 3000: https://www.packagingcompositeshoneywell.com/aclar/wp-content/uploads/2016/06/Honeywell-Aclar-UltRx3000datasheet.pdf (18.4.2019)

38.

Aluminum: https://en.wikipedia.org/wiki/Aluminium (18.4.2019)

39.

Calciumchloride-vs-silicagel-the-most-important-differences:
https://www.praxas.com/en-gb/About-Praxas/News/ID/82/Calciumchloride-vssilicagel-the-most-important-differences (3.4.2019)

40.

Clariant Introduces Tri-Sorb® Desiccant Tablets for USP Moisture Testing of
Blister Packs: https://www.clariant.com/en/Corporate/News/2017/10/ClariantIntroduces-TriSorb-Desiccant-Tablets-for-USP-Moisture-Testing-of-Blister-Packs
(3.4.2019)

41.

Molecular sieve: https://en.wikipedia.org/wiki/Molecular_sieve (3.4.2019)

42.

Desiccant types:
https://www.clariant.com/en/Solutions/Products/2014/09/10/00/28/DESICCANTTYPES (10.9.2019)

43.

Microsensys. Product Datasheet. :
58

https://www.microsensys.de/fileadmin/user_upload/pdf-dateien/ds_sensortranspond/TELID231-03.pdf (10.9.2019)
44.

Sensirion - The sensor company. SHT2x (RH/T) - Digital Humidity Sensor |
Sensirion: https://www.sensirion.com/en/environmental-sensors/humiditysensors/humidity-temperature-sensor-sht2x-digital-i2c-accurate/ (2.4.2019)

45.

X-ray Micro-CT - SKYSCAN 1272 | Bruker Overview:
https://www.bruker.com/products/microtomography/micro-ct-for-samplescanning/skyscan-1272/overview.html (9.9.2019)

46.

What is Micro-CT? An Introduction | Micro Photonics:
https://www.microphotonics.com/what-is-micro-ct-an-introduction/ (9.9.2019)

47.

How does a micro-CT scanner work? | Micro Photonics:
https://www.microphotonics.com/how-does-a-microct-scanner-work/ (9.9.2019)

48.

PERLALUX ®-Ultra Protect:
https://www.perlenpackaging.com/fileadmin/av_perlen/4_Downloads/Flyer/PP_Ultr
a_protect.pdf (23.8.2019)

49.

Solvin KP. PVDC-New Developments, New Opportunities:
https://www.tappi.org/content/events/07place/papers/paisley.pdf (7.6.2019)

59

