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A B S T R A C T   

During the filling process of a biopharmaceutical drug product (DP), a liquid DP film might creep up the inner 
vial wall which is barely discernible, appears as milky-white haze after lyophilisation and is known as fogging. 
Creeping and fogging are mainly dependent on the primary packaging material surface and its hydration, vial 
preparation process as well as DP composition. The occurrence of both can impede visual inspection and might 
lead to DP rejection. Hence, our studies focused on the early detection of liquid solution and glass vial surface 
interaction directly after filling. For a fast and highly sensitive evaluation a novel video-based analysis was used. 
To our knowledge, this is the first time a MATLAB®-algorithm-based video analysis was applied to quantitatively 
determine creeping time-resolved. Furthermore, creeping in dependence of vial processing sites, surfactant type 
and concentration, filling temperature, and vial format were investigated. The results were verified using 
orthogonal conventional methods such as surface tension, wetting behaviour, and contact angle measurements, 
as well as ToF-SIMS, ICP-MS, and SEM. Additionally, the methods applied were assessed regarding their cross- 
validation capability. The observations indicate that the vial preparation process can have a pronounced 
impact on alteration of the glass vial surface and related creeping behaviour of the filled solution.   

1. Introduction 

The choice of a suitable primary packaging material is based on the 
compatibility of the pharmaceutical product, the handling in the pro
duction including machinability, distribution of the drug product (DP) 
and most importantly the patient safety. Generally, glass is the first 
choice as primary packaging material for biopharmaceutical products 
due to several advantages. This includes sterilizability, chemical resis
tance, high impermeability of gas and moisture, as well as simple 
applicability of the visual inspection due to the transparency of col
ourless glass [1]. The European Pharmacopeia distinguishes between 
type I, type II and type III glass containers. Type I glass provides the 
highest hydrolytic resistance due to the chemical composition of the 
glass [2]. The higher the hydrolytic resistance of the glass, the higher the 
quality of the glass, which also results in a lower risk of interaction with 
the drug product formulation [3]. Another reason for the frequent use of 

glass containers for parenteral products is the gas tightness protecting 
the DP from oxidative species such as oxygen, maintaining the sterility 
and thus avoiding microbial DP contamination [4]. 

However, contrary to the general assumption that glass is a 
completely inert material, direct contact of the DP with the inner glass 
vial wall may lead to reactions such as delamination, fogging or creeping 
[5,6]. These interactions are mainly driven by the formulation compo
sition and the choice of glass vials [7]. In contrast to glass delamination, 
which was reported to occur after a certain stability storage period of a 
liquid drug product, creeping already appears and becomes visible 
during the vial filling process and is not accompanied with glass 
detachment. This phenomenon is based on the so-called ‘Marangoni 
Effect’ [8,9]. It is described that this Marangoni flow is driven by dif
ferences in surface tension of the DP solution and the hydration film 
located at the inner glass vial wall. This hydration film present at the 
inner vial surface is caused by environmental conditions such as 
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humidity [10]. The liquid meniscus region has a surface tension gradient 
that is low near the surfactant-rich DP solution surface and high in the 
hydration film area of the glass (no surfactant present). This causes 
wetting of the inner glass container walls with a thin DP solution film. 
The Marangoni effect seems to correlate with the concentration, tem
perature and the use of surfactants in the formulation [7,11-13]. 
Creeping becomes visible after lyophilisation in the form of a white, dry, 
and solid haze or fogging film on the inner glass vial wall. Vial “fogging” 
can be observed in various irregular random structures such as streaks, 
fingers, branches, spots or even uniform thin layers [14-17]. 

As described previously, there are several factors promoting the 
fogging of a lyophilised DP, such as surfactants [11,12]. However, the 
surfactant is a mostly inevitable prerequisite in DP formulations to 
preserve the protein from interface-induced degradation and aggrega
tion by saturation of those interfaces (namely, solid–liquid or air–liquid 
interfaces) [18-22] and thus, inhibit protein adsorption or protein–
protein self-association [23]. Commonly used surfactants in biophar
maceutical formulations are polysorbate 20 and 80 as well as poloxamer 
188 (PS20, PS80, P188) [24]. For antibodies, >70% of the marketed 
formulations contain either PS20 or PS80 [25]. Nevertheless, although 
creeping is preferably observed in formulations containing surfactant, 
the underlying cause can also be found in steps prior to the drug product 
filling. More specifically, as discussed in literatures, vial sterilization can 
alter the inner glass vial surface properties and thus creeping 
[7,13,26,27]. 

Until today, fogging, the consequence of creeping after lyophilisa
tion, is considered to be only a cosmetic defect, which could complicate 
the visual inspection. In severe cases of creeping in which the liquid DP 
formulation reaches the vial opening or stopper sealing area the 
formerly cosmetic defect might transform into a container closure 
integrity (CCI) loss [27,28]. However, some questions have remained 
unanswered. Most importantly, which factors influence the fogging or 
creeping phenomena to which extent and by what is it caused? What 
kind of method can be chosen for a direct analysis of an intact vial to 
evaluate the extent of creeping? 

There are different methods available, such as imaging methods 
including visualization of the wetting behaviour, surface energy mea
surements, colorimetric staining, scanning electron microscopy (SEM) 
as well as time-of-flight secondary ion mass spectrometry (ToF-SIMS) 
and inductively coupled plasma mass spectrometry (ICP-MS) to assess 
the properties of the glass vial surface. However, until now none of the 
listed methods enables a quantitative and time-resolved measurement of 
creeping within the processed and intact vial. For this reason, the pur
pose of the present study was to develop a novel video-based analysis 
using a highly sensitive MATLAB® algorithm to quantitively determine 
the degree of creeping in an intact vial. Hence, it is the first time that the 
wetting behaviour and therefore, the impact of different vial type and 
vial preparation sites can be directly assessed and quantified. This en
ables a fast evaluation of the glass vial surface properties after sterili
zation and prior to the filling step of the drug product. Moreover, the 
probability of glass vial fogging of a lyophilised drug product might be 
reduced or even eliminated by a better understanding of the initial vial 
material used and vial processing step applied prior to the fill process. 
Thus, vials sourced from two different sterile vial processing sites, were 
compared. Additionally, potential influencing factors, such as surface 
tension, temperature, density, viscosity, filling volume and vial format 
were evaluated. The surface tension is mainly affected by surfactants. 
Hence, three different surfactants (PS20, PS80 and P188) were used, the 
critical micelle concentration (CMC) was determined via surface tension 
measurement and thus, the optimal surfactant type as well as concen
tration was identified at which no further surface tension decrease was 
detected. A defined concentration above the CMC was used to develop 
and establish the MATLAB®-algorithm-based video analysis. After 
implementing the video analysis further potential influencing factors, 
such as surfactant type and concentration, filling temperature, vial 
process, vial type, and formats were evaluated head-to-head using this 

novel method. To verify the results gathered via the MATLAB®-algo
rithm-based video analysis, a well-described, commonly used analytical 
panel consisting of imaging methods including the wetting behaviour 
using methylene blue and contact angle measurements of highly purified 
water in intact vials was applied. Surface energy measurement was 
performed for surface hydrophobicity determination. Finally, surface 
morphology and chemical composition were evaluated using SEM, ToF- 
SIMS and ICP-MS. Additionally, the internally established visualisation 
of the wetting behaviour using methylene blue solution was also used for 
cross-validation of the video analysis results. All gathered results were 
compared to the observations obtained by applying the novel MAT
LAB®-algorithm-based video analysis to shed light on influencing fac
tors and to evaluate the behaviour of vials sourced from two different 
sterile manufacturing sites and to broaden process knowledge. 

2. Material and methods 

2.1. Vial samples 

Two different vial types (namely, FIOLAX®, T = TopLyo®, (Schott 
AG, Mainz, Germany)) and sterile vial processing sites (site A and B) 
were compared. As internal standard, 20 mL vial formats of FIOLAX® 
and TopLyo® vials (Schott AG, Mainz, Germany) were used except for 
the creeping tests where vial formats from 2 mL to 50 mL were included. 
The unprocessed vials (hereinafter called raw vials) were used as 
reference sample. The defined nomenclature of the vials obtained from 
different process steps is shown in Fig. 1. In general, a sterile 
manufacturing process is divided in a washing and a depyrogenation 
step. The major differences between the two processes is the tempera
ture applied for depyrogenation (DPY). In sterile manufacturing site A 
and B, temperatures of ≥ 210 ◦C and ≥ 250 ◦C were applied, respec
tively. All processed and unprocessed vials were shrink-wrapped in 
aluminium bags to circumvent an introduction of contaminates by 
handling and storage. 

2.2. Surface tension measurement 

Surface tension measurements were performed using a tensiometer 
DCAT21 and a Wilhelmy-plate (platinum-iridium, PT11) (DataPhysics, 
Filderstadt, Germany). The measurements were performed at a constant 
temperature of 20 ◦C using a sample volume of 20 mL per vessel (inner 
diameter: 45 mm). For surface tension σ determination, the instrument 
software DCATS31 (surface/interfacial tension) was applied and calcu
lated according to the Wilhelmy equation [29-31]. By assuming that the 
Wilhelmy plate is completely wetted with liquid, the equation is 
simplified and thus, a direct determination of the surface tension by 
measuring the tension force can be made. All measurements were per
formed in triplicates. 

2.2.1. Critical micelle concentration (CMC) determination 
To determine the critical micelle concentration, the surface tension 

of aqueous solutions with increasing surfactant concentrations of PS 20, 
PS 80 and P188 (0 – 0.8 mg/mL) (Croda GmbH, Nettetal, Germany) 
were measured. The determination of the CMC was in accordance with 
the described procedure [20,32-35]. The measurement was performed 
in triplicates. 

2.3. Density measurement 

Density measurements were performed using a density meter DMA 
4500 M (Anton Paar GmbH, Graz, Austria) based on the oscillating U- 
tube principle. The measurement functionality and accuracy were tested 
via a water test. A sample volume of 1 mL was injected into the 
measuring cell at 20 ◦C. The measurement was performed in duplicates. 
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2.4. Viscosity measurement 

The dynamic viscosity was measured using a Haake Mars III 
rheometer (Thermo Fisher Scientific, Langenselbold, Germany). A 35 
mm titanium cone with 1◦ angle was used and the functionality and 
accuracy were tested by a water test with a zero point adjustment at 
20 ◦C. Subsequently, a sample volume of 210 µL was applied without air 
inclusions and measured at 20 ◦C with a shear rate of 1000 s− 1. The 
angular velocity ω of the rotating part gives the shear rate dγ/dt and the 
applied torque Md results in the shear stress τ, which led to the calcu
lated viscosity. The measurement was performed in duplicates. 

2.5. MATLAB®-algorithm-based video analysis 

2.5.1. Evaluation of solution creeping via MATLAB® algorithm 
Since pictures or video frames can be treated as matrices containing 

certain values, it is possible to evaluate them quantitatively by assessing 
their numeric content (see Fig. 2). Black and white pictures contain grey 
values, which can be used to evaluate optical changes over time. The 
evaluation was performed by using a structured (chequered) back
ground and the resulting grey value change caused by the creeping 

liquid film at the inner vial wall. 
First, the width of the glass container was used for the calibration by 

correlating this metric value to the corresponding number of pixels. 
Simultaneously, a window was defined for which the evaluation was 
performed. The top boundary was chosen to exclude the diminution of 
the bottleneck while the bottom boundary begins just above the liquid 
level after introducing the liquid (Fig. 2 A). The grey value of the current 
frame was therefore subtracted from the initial frame and the absolute 
difference was used for evaluation. Here, a pixel was considered as 
changed when the difference reaches a certain threshold (Fig. 2 B). The 
status ‘changed’ was marked when the film reaches a certain pixel, 
which effectively enhances the weak signal. The detection of the dif
ferences caused increased noise over time, which had to be filtered out 
by removing single white pixels surrounded by black pixels (Fig. 2 C). 
The maximal height was detected by adding up the detected pixels over 
the width of the frame and choosing a certain threshold. The coverage 
was calculated by a ratio of the overall accumulatively detected pixels 
and the total amount of pixels in the evaluation window (Fig. 2 D). A 
brief overview about the subroutines and tools used of the of the 
MATLAB® algorithm can be found in appendix A. 

Fig. 1. Flow chart of the different vial process steps. Raw FIOLAX® vials (F0) were processed at sterile manufacturing site A (FA2) and sterile manufacturing site 
B (FB2). TopLyo® (T0) vials were not processed. 

Fig. 2. Procedure of video evaluation of the 
solution creeping process. A: An original video 
with the evaluation window (white) and the 
calibration line (orange) is shown. B: Detected 
pixels: Difference to the first video frame. C: 
Pixels that have changed during the measurement 
after filtering with the maximal height of the 
liquid film (orange line). D: Maximum height 
(blue) and coverage (orange) over time. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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2.6. Video analysis and test solutions 

The creeping behaviour of the liquid test solution along the inner 
glass vial wall was determined via video evaluation of the recordings 
obtained by the digital microscope Keyence VHX 5000 (Keyence 
Deutschland GmbH, Neu-Isenburg, Germany). The standard settings 
(vial position, filling volume, filling device (multi stepper pipette 
(Eppendorf, Hamburg, Germany)), magnification, background, illumi
nation, aperture, distance of the lens to the vial) were kept constant and 
focus was set manually. The vials were filled with 5 mL test solution at 
20 ± 2 ◦C and recorded for min. 60 s, which was sufficient to ensure that 
the asymptotical approximation of the signal ending up in a plateau was 
covered. The plateau indicates the end of the creeping process. However, 
for evaluation proposes, a timeframe of 40 s is displayed for each sample 
measured. Various conditions were tested including (i) three surfactant 
solutions (0.2 mg/mL polysorbate 20, polysorbate 80 and poloxamer 
188), (ii) a PS20 concentration series (0.00625 – 0.2 mg/mL), (iii) 
different temperatures of PS20 solutions (10 ◦C, 20 ◦C, 30 ◦C and 40 ◦C), 
(iv) vial processing (F0, FA2, FB2 and T0), (v) vial format (2 mL, 6 mL, 
10 mL, 20 mL and 50 mL) and vial path length (20 mL and 30 mL). The 
measurement was performed in triplicates. 

2.7. Visualization of the wetting behaviour using methylene blue solution 

For photographic evaluation of the wetting behaviour, a 0.5 mg/mL 
aqueous methylene blue (Sigma-Aldrich®, St. Quentin Fallavier, France) 
solution was used to intensify the contrast compared to purified water. It 
is known from literature that methylene blue is a cationic dye, which 
might interact with the glass network ions, such as sodium (Na+ ) or 
hydronium (H3O+ ) [36] and that it can be used for colorimetric staining 
to visualize differences and changes in the surface roughness and 
morphology [37]. However, within our study, it was not used to identify 
corroded glass sections on the inner glass surface but as a contrast 
intensifying agent to better evaluate the filling behaviour of an aqueous 
methylene blue solution. Thus, four filling volumes (200 µL, 1000 µL, 
2000 µL and 5000 µL) were chosen and filled in a 20 mL vial to compare 
the dependency of vial wetting and degree of vial bottom coverage. 

2.8. Contact angle measurement in intact vials 

The contact angle was determined at the three-phase point (solid/ 
liquid/gas) using a VHX 5000 microscope (Keyence GmbH, Neu- 
Isenburg, Germany) at the vial bottom and the inner vial wall using a 
volume of 5 µL purified water each [38]. To minimize preparation time 
and the risk of contamination during glass vial breakage or cutting, a 
head-to-head comparison of broken versus intact glass vials was con
ducted using two different camera angles (90◦ and 86◦, respectively). 
The contact angle of an aqueous fluorescein (5 mg/mL and 20 mg/mL) 
(Sigma-Aldrich®, Steinheim, Germany), methylene blue solution (0.5 
mg/mL) and water in intact T0, F0, FA2, FB2 vials were determined. The 
measurement was performed in triplicates. 

2.9. Surface energy measurement 

The surface energy of the inner glass vial wall was determined 
qualitatively using test inks with defined surface energies (Arcotest, 
Moensheim, Germany) in the range of (i) 28 – 60 mN/m and (ii) 18 – 22 
mN/m as well as (iii) 62 – 68 mN/m according to [27]. The test inks 
were transferred to the inner vial surface using a brush starting with the 
highest surface energy. If the ink streak on the glass surface remained 
unchanged after 4 s, the surface energy range was confirmed, whereas a 
spread of the ink was followed by an iteratively adjustment of the sur
face energy by 2 mN/m (sSurface < sInk) using different inks according to 
[27]. 

2.10. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) was performed under vacuum, 
using an accelerating voltage of 1 keV by SEM Supra 55VP (Zeiss, 
Oberkochen, Germany) to characterize the morphology of the glass vial 
bottom and wall in accordance to [5]. Images were loaded with Scan 
Speed 6 with a cycle time of 1.4 min. The entire glass vial fragments 
were scanned and images with an aperture of 10 µm and a magnification 
of 500 × and 5000 × were taken of five independent vial samples. 

2.11. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 

ToF-SIMS was performed with a ToF-SIMS-IV-100 (ION-TOF GmbH, 
Muenster, Germany) and was executed by SCHOTT pharma services 
(Mainz, Germany) to analyse the first three monolayers in glass vials. 
The differently processed glass vials were broken and used without any 
further preparation for the analysis. The test areas implied the inner vial 
wall directly above the bottom and below the vial shoulder and was 
performed with a single sample. 

2.12. Inductively coupled plasma mass spectrometry (ICP-MS) 

For ICP-MS measurements, the vials were filled with purified water 
(18 mL in 20 mL vials), sealed with cleaned aluminium foil (rinsed with 
purified water) and subsequently, autoclaved (60 min ≥ 121 ◦C). After 
the treatment, the test solution was filled in perfluoro alkoxy polymer 
(PFA) vessels and analysed via a mass spectrometer 7800 (Agilent 
GmbH, Frankfurt, Germany). The quantitative method was used for 
boron, sodium, aluminium and calcium, while the semi-quantitative 
method was used for silicon determination. The measurements were 
performed in duplicates. 

3. Results 

3.1. Surface tension measurements 

The occurrence of creeping is facilitated in the presence of a sur
factant due to its characteristics in lowering the contact angle and hence, 
its wetting to hydrophilic surfaces. Thus, prior to develop and imple
ment the MATLAB®-algorithm-based video analysis, the optimal sur
factant concentration to achieve maximal surface tension decrease and 
thus strongly pronounced creeping was determined by surface tension 
measurements. Hence, the critical micelle concentration (CMC) was 
determined using different surfactants (polysorbate 20 (PS20) and PS80 
as well as poloxamer 188 (P188)) with increasing concentrations in the 
range of 0 – 0.8 mg/mL. To exclude a possible effect on the wetting 
caused by the viscosity and density, these two parameters were moni
tored for the different solutions, accordingly. The viscosity varied 
negligible (from 1.02 mPa*s to 1.09 mPa*s) and the density remained 
unchanged for all solutions (0.998 g/cm3), whereas the surface tension 
decreased with increasing surfactant concentration. For PS20 it changed 
from 72.6 mN/m to 38.5 mN/m, for PS80 from 73.5 mN/m to 42.8 mN/ 
m and for P188 from 72.5 mN/m to 53.0 mN/m (see Fig. 3). The CMC is 
characterized by a strong surface tension decrease with increasing sur
factant concentrations. 

3.1.1. Determination of the critical micelle concentration (CMC) 
The CMC was determined by applying the regression line method 

according to [20,32-35]. Using this approach, first, the arithmetic 
average was calculated. The standard deviation was added to the 
arithmetic average as a worst-case approach to obtain the upper limit of 
the CMC for each surfactant. Second, a linear fitting was applied for the 
first and the second line in dependence of a maximal confidence coef
ficient R2. The intersection of the two regression lines resulted in the 
following CMC, 0.011 mg/mL for P188, 0.044 mg/mL for PS80 and 
0.099 mg/mL for PS20 and were included in Fig. 3. 
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3.1.2. Definition of the optimal surfactant concentration for the subsequent 
tests 

With regard to the investigation of creeping using the MATLAB®- 
algorithm-based video analysis, a safety factor of minimum two was 
used to guarantee that the surface tension is within the plateau, remains 
unchanged (see Fig. 3) and the occurrence of creeping is strongly pro
nounced. The safety factor of two was applied to the highest CMC 
determined (namely, the CMC of PS20). Therefore, a pre-set concen
tration of 0.2 mg/mL for all surfactants was chosen for testing influ
encing factors towards creeping. In addition to this, this concentration 
functions as a good reference and is within the concentration range of 
0.01 mg/mL to 1 mg/mL which is commonly used for biopharmaceutical 

drug product formulations [39]. 

3.1.3. Temperature dependency of the surface tension 
A strongly pronounced as well as comparable surface tension de

creases of the PS20 and PS80 solutions was observed whereas for P188 it 
was relatively low. Hence, this test was only performed using PS20. To 
evaluate the impact of temperature on the creeping behaviour, the 
temperature of a 0.2 mg/mL PS20 solution was varied from 10 ◦C 
to 40 ◦C. Again, the density, viscosity and surface tension were 
measured at increased temperatures. The density varied negligible 
(0.9997 – 0.9923 g/cm3), whereas the viscosity (1.38 – 0.68 mPa*s) and 
surface tension decreased (σ10◦C = 41.16 ± 0.23387 mN/m – σ40◦C =

35.84 ± 0.06255 mN/m) with increasing temperature (see Fig. 4). The 
observed surface tension decrease with increasing temperature is in 
accordance with [20,35] and is based on an increased dehydration of the 
surfactant molecule due to thermal fluctuation finally leading to a 
decrease of CMC and surface tension [35,40]. 

3.2. Quantitative determination of solution creeping via MATLAB® 
algorithm 

A filling volume of 5 mL in 20 mL vials was used for the experiment 
because a) it constitutes a worst-case ratio of filling volume to inner glass 
vial surface and b) it is a commonly used target filling volume for 
lyophilised DP to obtain a filling height of approximately 1 cm and thus 
is of practical relevance. To determine factors that influence creeping, 
parameters, such as (i) surfactant type, (ii) PS20 concentration series, 
(iii) temperature, (iv) vial samples from two different vial processing 
sites, (v) vial formats and (vi) vial types (see Fig. 5) were varied. Based 
on the surface tension studies a surfactant concentration of 0.2 mg/mL 
was used to investigate on the influence of (i) as well as (iii) to (vi). 

The head-to-head comparison of PS20, PS80 and P188 revealed that 
PS20 and PS80 solutions showed comparable coverage rates and 
creeping kinetics, which is in accordance with the observed results in the 
surface tension measurements. However, creeping behaviour differed 
for P188. Surprisingly, although a tenfold higher surfactant concentra
tion than the CMC of P188 was used, only a coverage of approx. 25% was 
observed (see Fig. 5, A). 

Decreasing PS20 concentration below the determined CMC of 0.099 

Fig. 3. Surface tension measurement of solutions with different concen
trations of PS20, PS80 and P188 (n ¼ 3; mean ± SD). The CMC values 
(arithmetic average + standard deviation) were determined according to 
[20,32-35]. The calculated CMC values of PS20 = 0.099 mg/mL (green), PS80 
= 0.044 mg/mL (blue) and P188 = 0.011 mg/mL (turquoise) are included 
within this graph as dotted lines. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Surface tension, viscosity and density of differently tempered 0.2 mg/mL PS20 solutions. The dots in black show the surface tension of the respective 
PS20 concentrations, while the viscosity is presented in turquoise and the density in blue (n = 2; mean ± min and max value). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 5. Solution creeping coverage detection using the MATLAB® algorithm - Impact of the surfactant type, PS20 concentrations, temperature, process, 
vial format and path length. For A, B, C and D, 20 mL vials with a filling volume of 5 mL were used. In A, the creeping behaviour of the surfactant PS20, PS80 and 
P188 were investigated. In B, the different PS20 concentrations were tested (0.00625 mg/mL to 0.2 mg/mL). In C, differently tempered (10 ◦C to 40 ◦C) solutions 
with a constant PS20 concentration of 0.2 mg/mL were analysed. In D, variously processed vials from the two sterile manufacturing sites (A and B) were filled with 
0.2 mg/mL PS20. In E, the creeping behaviour of different vial formats is shown. In F, the impact of the path length in 20 mL and 30 mL vials (same vial diameter) 
was evaluated. Unless otherwise stated, a constant PS20 concentration with 0.2 mg/mL in 20 mL FIOLAX® vials was used at 20 ◦C. The results are shown in 
triplicates (n = 3, ±SD). 
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mg/mL did not result in a complete absence of creeping. However, it led 
to a decreased coverage whereas kinetics was not impacted (see Fig. 5, 
B). This means, that the CMC cannot be applied as a defined value for the 
start of creeping but it marks a threshold from which migration of the 
solution is noticeably different. Hence, the surface tension measure
ments and the coverage evaluation confirmed that applying a safety 
margin of two on the CMC of PS20 results in full coverage and a worst- 
case condition with regard to solution creeping. Due to the comparable 
behaviour of PS80 and PS20 with respect to creeping kinetics and 
coverage as well as the confirmed worst-case concentration of 0.2 mg/ 
mL, only PS20 was used as a surrogate for the subsequent MATLAB®- 
algorithm-based video analysis. 

A PS20 solution with a temperature of 10 ◦C showed a decreased 
coverage and creeping kinetics, whereas in the temperature range of 
20 ◦C to 40 ◦C, the total analytical evaluation window was covered and 
differences were only observed with regard to the kinetics (see Fig. 5 C). 
Thus, for 0.2 mg/mL PS20 test solutions with a temperature of 10 ◦C to 
40 ◦C, a positive correlation between temperature and creeping kinetics 
was observed, which is in line with the decrease of surface tension with 
increasing temperature. 

The 20 mL unprocessed (F0) and processed vials from the two sterile 
manufacturing sites A (FA2) and B (FB2) revealed different creeping 
behaviour after being filled with 5 mL of a 0.2 mg/mL PS20 solution (see 
Fig. 5 D). In hydrophilic unprocessed F0 as well as processed FB2 vials, a 
complete vial coverage and identical kinetics were observed. On the 
contrary, for the hydrophilic FA2 vials, no creeping was detected. The 
results for FA2 vials were in line with the hydrophobic unprocessed 
TopLyo® (T0) vials. Thus, a dependency of the creeping behaviour on 
the initial physicochemical composition (F0 versus T0) as well as the vial 
processing sites (F0, FA2 and FB2) was observed. 

In addition, different vial formats were evaluated with regard to 
solution creeping (see Fig. 5, E). Therefore, the fill volume was adapted 
for the particular vial type according to the wettable vial inner surface to 
fill volume ratio of the reference 20 mL vial format. This resulted in a 
comparable ratio of the wetted vial inner surface between the vial for
mats. The detection window was adapted for each vial format individ
ually, but the bottom boundary always was the liquid level whereas the 
top boundary was the vial shoulder. In 2 mL and 50 mL vials, a coverage 
up to approx. 80% and similar kinetics were observed. In contrast to 
that, a coverage up to approx. 100% and similar but faster kinetics were 
measured for 6 mL, 10 mL and 20 mL vials. Thus, a dependency of vial 
diameter and height was not detected. 

To further investigate the dependency of creeping on the distance of 
filling level to vial shoulder, 20 mL and 30 mL vials with the same 
diameter but different wall lengths were used. Therefore, the influence 
of the parameter ′maximal creeping height′́ was investigated. The same 
filling volume of 5.0 mL PS20 solution was taken but the analytical 
evaluation window height was increased from 2.5 cm to 4.7 cm and the 
recording time prolonged to 80 s. The PS20 test solution creeped up to 
2.9 cm in 30 mL FIOLAX® vials after 80 s, which resulted in a lower 
overall coverage (see Fig. 5, F) but was higher than 2.5 cm in 20 mL 
FIOLAX® vials. Considering the fact, that the vial shape was kept con
stant and only the distance of filling level to shoulder was increased, 
these results indicate that the test solution would have creeped beyond 
the analytical evaluation window of 2.5 cm in 20 mL vials. Thus, the vial 
shoulder area has a suppressive effect on the creeping behaviour. In 
addition to that, by increasing the distance of filling level to vial 
shoulder while keeping the filling volume and thus amount of PS20 
constant, an incomplete coverage and creeping height was obtained. 

In all experiments, no leakage of the test solution or solution 
creeping beyond the vial shoulder was observed. Therefore, the vial 
shoulder can be regarded as physical barrier, which has a suppressive 
effect towards creeping of the solution. 

3.3. Visualization of the wetting behaviour using methylene blue solution 

To intensify the contrast for photographic evaluation of the wetting 
behaviour, an aqueous 0.5 mg/mL methylene blue solution (without 
surfactant) was used. Four different filling volumes (200 µL, 1000 µL, 
2000 µL and 5000 µL) were chosen to compare the dependency of the 
glass vial wetting and degree of glass vial bottom coverage. A difference 
based on filling volume between wetting behaviour and wettability was 
observed (see Fig. 6). However, the spreading of the liquid indicated an 
alteration of the glass vial surface depending on the different sterile vial 
processing sites. The wettability of the FA2 and T0 vials was poor, and a 
drop was formed (cohesion > adhesion) at a filling volume of 200 µL. In 
contrast to that for F0 and FB2 vials a good wettability (cohesion <
adhesion) was detected for 200 µL to 5000 µL. However, the wetting 
behaviour of FA2 and T0 differed for 1000 µL to 5000 µL. A volume of 
1000 µL methylene blue solution adhered to the FA2 glass vial wall and 
tended to spread whereas in T0 a drop was detected and spreading was 
absent. The meniscus of 5000 µL solution in FA2 and T0 differed. In FA2 
vials the liquid surface had a concave curvature whereas in T0 vials it 
was convex. The vials F0 and FB2 showed a strongly pronounced 
concave liquid surface curvature. These results indicate that wetting of 
the methylene blue solution changed volume-dependent in FA2 vials. In 
contrast to that FB2 and F0 behaved very similar. These results also 
verify the solution creeping coverage measurements (see Fig. 5, D). 

3.4. Contact angle measurements - location, measurement settings and 
dyes 

For a more simplified application of the contact angle method, set
tings such as location and microscope angle were investigated. 
Furthermore, the influence of methylene blue (0.5 mg/mL) as well as 
fluorescein (5 mg/mL and 20 mg/mL) as alternative dye towards the 
contact angle were tested. 

The contact angle of intact glass vials can be determined using a 
microscope angle of 90◦ but has the drawback of optical distortion. 
Thus, glass vial fragments were used in accordance to [13]. To 
circumvent glass vial breakage and hence an increased likeliness of a 
contamination, the measuring principle was optimized. Therefore, a 
comparison of the measuring locations was performed at the inner vial 
bottom and at the inner, intact glass vial walls. To determine the contact 
angle in intact glass vials, the contact angle was adapted from 90◦ to 86◦

to circumvent the optical distortion and thus to enable contact angle 
measurement directly within intact glass vials. No significant difference 
was observed when measuring the contact angle of intact glass at 86◦

and broken glass at 90◦ (see Fig. 7, A). Hence, it was demonstrated that 
with an angle of 86◦ the optical distortion is minimized and the mea
surement in intact glass vials can be conducted. Consequently, the 
subsequent measurements were performed using intact glass vials and a 
camera angle of 86◦. Furthermore, the contact angles at the inner, intact 
glass vial walls were measured and no significant difference was 
observed (see Fig. 7, B). 

In addition, the applicability of fluorescein as an alternative dye for 
visualization of the wetting behaviour was tested. Therefore, two 
different concentrations were chosen (5 mg/mL and 20 mg/mL) and 
compared to the internal standard 0.5 mg/mL methylene blue. To proof 
the absence of an influence towards the contact angle and thus wetting 
behaviour, water, methylene blue and fluorescein were compared. 

The use of methylene blue (0.5 mg/mL) and fluorescein (20 mg/mL 
and 5 mg/mL) as a dye did not result in a difference in contact angles 
(see Fig. 7, C) and were comparable with the reference (water). Thus, the 
dye can be used interchangeable for visualization purposes of the wet
ting behaviour. 

Overall, the FIOLAX® vials washed and depyrogenated in sterile 
manufacturing site A (FA2) showed a high contact angle of approxi
mately 50◦, whereas FIOLAX® vials washed and depyrogenated in 
sterile manufacturing site B (FB2) as well as FIOLAX® raw vials (F0) 
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showed no contact angle or a contact angle of approximately 10◦ which 
marks a threshold regarding evaluability. As a reference, TopLyo® raw 
vials (T0) were compared and showed the highest contact angle of 
approx. 100◦, which is in line with values known from literature 
[13,41]. 

3.5. Surface hydrophobicity measurements via surface energy 
determination 

The surface energy of differently processed vials was investigated 
using test inks with a defined surface energy. The surface energy 
determination resulted in a range from 20 mN/m to 66 mN/m, where 
the samples F0 and FB2 showed the highest surface energy (62 – 64 mN/ 
m). However, the difference in surface energy of differently processed 

Fig. 6. Wettability dependency of different vials and fill volumes: Raw vials (FIOLAX® (F0) and TopLyo® (T0)) and differently processed vials (FA2, FB2) filled 
with 200 µL, 1000 µL, 2000 µL and 5000 µL of a 0.5 mg/mL methylene blue solution. Scale bar is 10 mm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 7. Contact angle of differently processed vials (F0 ¼ FIOLAX® raw vials; FA2 ¼ FIOLAX® SM A, FB2 ¼ FIOLAX® SM B; T0 ¼ TopLyo® raw vials). In A, 
the contact angle of an intact (86◦ measurement angle) and of a broken vial (fragment, 90◦ measurement angle)) are depicted. In B, the contact angle at different 
positions (inner bottom surface and vial wall) of the intact vial is shown. In C, the influence of the solution (fluorescein 5 mg/mL and 20 mg/mL, methylene blue 0.5 
mg/mL and water) on the contact angle measured in intact vials was evaluated. Values were measured in triplicates (n = 3, mean ± SD). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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vials (FA2 and FB2) was not observed within these measurements. 
Surprisingly, the sample FA2 showed a slightly decreased value of 
58 mN/m. The lowest surface energy was observed for the TopLyo® 
samples T0 with 20 mN/m. 

3.6. Surface morphology and chemical composition via SEM, ToF-SIMS 
and ICP-MS 

For the analysis of the surface structure via SEM, the following vial 
types were analysed: F0 = FIOLAX® raw vials, FA2 = full processed vials 
in the sterile manufacturing site A (SM A) FIOLAX® Vials, FB2 = full 
processed vials in the sterile manufacturing site B (SM B). T0 = TopLyo® 
raw vials. Five vials per vial type were scanned at the bottom and wall 
area at different magnifications (see Fig. 8). In all vials, the vial bottom 
surface topography had a uniform pattern at a 500-fold and 5000-fold 
magnification (data not shown). In the wall area of raw vials, uneven, 
equally distributed structures were observed, which appeared as round 

bumps with a diameter of 0.2 µm to 4 µm. This observation was made in 
all raw vials measured. All fully processed vials from SM A (FA2) 
showed flat structures at the inner vial wall in the form of circular pits 
with a diameter of 0.1 µm to 1 µm. The surfaces of the fully processed 
vials from SM B (FB2) showed similar structures in the form of circular 
flat bumps with a diameter in the range of 0.5 µm to 1 µm. According to 
information of the vial manufacturer, the circular structures in the form 
of bubbles detected at the inner vial wall of raw vials are inorganic 
process related residuals (silicon borates), which are washed out during 
vial processing (washing and depyrogenation) and thus appear as flat 
bumps at the same area. This phenomenon was observed at the inner vial 
wall for the fully processed vials SM A and SM B in the same manner 
(namely, occurrence and size). However, the vial bottom remained 
smooth, and no alteration was detected for any vial type. Thus, it can be 
concluded that the vial surface was similar after applying two different 
vial processes and no difference was detected via SEM picture evalua
tion. The hydrophobic TopLyo® raw vials T0 always used as reference 

Fig. 8. Surface morphology and chemical composition of differently processed vials. Raw vials (TopLyo®=T0, FIOLAX = F0) and fully processed vials from 
sterile manufacturing site A (FA2) or B (FB2). In A, SEM pictures T0, F0, FA2, FB2 are depicted. Scale bars are given in white and resemble 2 μm. In B, ToF SIMS 
results including the most characteristic elements and molecules. In C, results of the ICP-MS analysis are shown. The following elements were detected: Boron (B), 
aluminium (Al), sodium (Na), calcium (Ca) and silicon (Si). The concentration is given in nanogram per millilitre and results are shown in duplicates (n = 2 ± min 
/max value). 
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were included in surface morphology determination. Beside the bumps 
that were already observed for FIOLAX® vials, an additional structure 
with uneven arranged bubbles (size range 0.05 µm to 4 µm) was 
detected. 

For chemical characterization of the inner vial wall surface, vials 
from the same collective were analysed using ToF-SIMS (namely, F0, T0, 
FA2, FB2). In Fig. 8 B, the peak area for different mass to charge ratios 
(m/z) is depicted for the samples measured. The spectra of all samples 
showed a strongly increased positive peak area at m/z = 23 and in the 
same manner a negative peak at m/z = 16 as well as an increased 
negative peak area for m/z = 17. Differences for positive peak areas 
were also measured for m/z = 72, 147 and 149 as well as for the negative 
peak area of m/z = 137. The results were compared to a reference ma
terial data base of the glass vial manufacturer [42]. After data evalua
tion, the peaks were assigned to the following glass matrix substances: 
Na+ (m/z = 23), O- (m/z = 16), OH– (m/z = 17), Si2O5H- (m/z = 137). 
Typical elements of the glass such as Na+, O- und OH– are most promi
nent in sample F0. The results indicate that after washing and depyr
ogenating in SM A and SM B, the amount of Na+, O- und OH– was 
reduced in a similar manner independent of respective vial processing 
procedure. 

Besides that, in the samples T0, FA2 and FB2, silicone containing 
substances (CH3)3Si+ (m/z = 73) and Si2C5H15O+ (m/z = 147)), which 
are no components of the glass vials were detected. For FA2 vials an 
increased amount of silicone containing substances (CH3)3Si+ (m/z =
73) was detected compared to FB2. This increase in silicone containing 
substances might lead to glass surface alteration by means of a change in 
wettability. However, the highest amount was observed for one T0 vial, 
whereas the second vial contained significantly less. According to in
formation of the manufacturer, the peak for silicon-like structures and 
the peak for silicone-organic coatings (used for hydrophobisation of the 
vial) are similar. Thus, it is very likely that the peaks detected for m/z =
73 and m/z = 147 in T0 raw vials are attributed to the inner vial wall 
coating. 

Moreover, in most of the samples, a peak was detected at m/z = 149 
(C8H5O3+), where FB2 revealed the highest and F0 the lowest peak. 
According to information of the glass manufacturer, this peak can be 
attributed to phthalates. Phthalates are commonly used as plasticiser 
and one source might be the packaging material in which the aluminium 
shrink-wrapped vials were transported. 

Extractable components were investigated using ICP-MS (see Fig. 8, 
C). For the samples F0, FA2, FB2 and T0, the amount of boron (B), so
dium (Na) and silicon (Si) decreased manufacturing site dependent. The 
boron concentration decreased in the order F0 > FB2 > FA4 > T0. This 
observation was also made for sodium, where F0 had the highest con
centration which decreased by approx. one third for FB2 as well as FA2, 
respectively. For T0 a marginal amount of sodium was detected. The 
silicon content was the highest for F0, followed by FB2, and FA2. For T0 
a marginal amount of silicon was detected. This means, that during the 
processing in sterile manufacturing site A and B a washing out of sodium 
silicone borates for FA2 and FB2 vials did take place. In contrast to that, 
due to the silicon-organic coating of T0 inner vial surface these glass 
matrix substances cannot be present and thus detected. The elements 
aluminium (Al) and calcium (Ca) were detected, but no differences 
regarding concentration level was observed for F0, FA2 and FB2 vials 
whereas again in T0 both levels were very low. 

This observation is in alignment with the ToF-SIMS results where a 
decrease in glass matrix substances after vial processing in SM A and SM 
B was detected. 

4. Summary and discussion 

A novel high throughput MATLAB®-algorithm-based video analysis 
was developed and implemented for a time-resolved, quantitative 
evaluation of processed type I glass vial with regards to the creeping 
behaviour after the filling of a biopharmaceutical drug product. Various 

input factors, such as surfactant type and concentration, solution tem
perature, depyrogenation process, and vial format were investigated. 
The aim of the study was to determine relevant output parameters for 
the novel method in relation to known analytical methods. The coverage 
rate and creeping velocity were identified to be sound output parameters 
for the extend of creeping and thus a good data basis for evaluation of 
differently processed type I glass vial as well as determination of influ
encing factors towards creeping. 

To identify a suitable surfactant concentration for evaluating the 
effect of surfactant type, temperature, vial washing process, vial format, 
and path lengths towards creeping behaviour, surface tension mea
surements were performed. Thus, various PS20, PS80 and P188 con
centrations were used and ranges in which the surface tension 
approximated its minimum level (plateau) were identified. The viscosity 
varied negligible, and the density remained unchanged for all solutions 
tested. Furthermore, this data were used to determine the critical 
micelle concentration (CMC) of the respective surfactant according to 
[20,32-35]. The CMC is influenced by various factors such as surfactant 
grade and structural properties. We agree with the authors Garidel et al. 
[20] that a single CMC value can be determined somehow, but due to the 
complex composition of the surfactants it should be rather seen as a 
range of CMC values in which micellization takes place [20]. Conse
quently, the CMC reported in literature differ e.g. for PS20 from 1 µM to 
approx. 1000 μM [34,43-47]. The CMC of PS20, PS80 and P188 were 
determined using the tensiometric tangent method [22,41,47]. How
ever, for the sake of simplicity, we referred to upper CMC values when 
comparing the surfactants PS20, PS80 and P188. 

Our results for PS20 and PS80 were in accordance with the obser
vations of Garidel et al. [20], where PS20 resulted in a slightly higher 
CMC of c = 0.099 mg/mL compared to the CMC of PS80 with c = 0.044 
mg/mL. For P188, the surfactant behaved different to the polysorbates 
due to its structural composition. However, the rapid initial surface 
tension drop resulted in a CMC of 0.011 mg/mL. 

For the MATLAB®-algorithm-based video analysis, the PS20, PS80 
and P188 concentration used for surfactant type comparison included a 
safety factor of minimum two times above the highest CMC (namely, c =
0.099 mg/mL) to guarantee that the surface tension is within the 
plateau, remains unchanged and thus the occurrence of creeping is 
strongly pronounced. Hence, for the head-to-head comparison of PS20, 
PS80 and P188 using the MATLAB®-algorithm-based video analysis, a 
surfactant concentration of 0.2 mg/mL (approx. two times the CMC of 
PS20, four times the CMC of PS80 and ten times the CMC of P188) was 
used. 

Maximum creeping coverage was observed for PS20 and PS80. 
Further, the creeping kinetics only negligibly differed for both surfactant 
types. This means that the maximum coverage was reached slightly 
faster for 0.2 mg/mL PS80 solution than for PS20. This behaviour is very 
likely attributed to the difference in the composition of the fatty acid 
residuals, i.e. in the hydrophilic-lipophilic balance (HLB) (HLBPS20 =

16.7, HLBPS80 = 15.0 [48]). These slight differences also detected in 
CMC for PS80 and PS20, might finally have led to a difference in 
creeping velocity. However, PS20 and PS80 solutions creeped up the 
inner vial wall and both led to total coverage of the measurement win
dow. Thus, the results can be regarded as comparable because only 
marginal differences were observed. Hence, a PS20 concentration of 0.2 
mg/mL was chosen due to its practical relevance as it is frequently used 
in clinical and marketed biopharmaceutical medicinal products. At this 
concentration, the extent of creeping reached a maximum (up to the vial 
shoulder area) and represents a worst-case scenario. Moreover, in 
contrast to PS20 and PS80, the coverage as well as creeping velocity was 
less pronounced for 0.2 mg/mL P188 and approximated only around 
25% even though the surfactant concentration used was ten times the 
CMC of P188. The decrease in surface tension of P188 measured via 
tensiometer was also lower compared to the PS20 and PS80 solutions. 
These results indicate that the surface tension decrease might function as 
indicator for the resulting coverage. However, the surface tension 
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decrease alone cannot be exclusively seen as standalone characteristic 
influencing factor towards creeping but also differences in chemical 
structure of the surfactant molecule. 

As aforementioned only PS20 was used for the subsequent tests due 
to its comparable behaviour to PS80 regarding kinetics and total vial 
coverage. To verify if creeping is exclusively dependent on the CMC, 
increasing PS20 concentrations were filled into FIOLAX® raw vials and 
analysed using the MATLAB®-algorithm-based video analysis. A corre
lation between surface tension, CMC, coverage and creeping height was 
observed. A PS20 concentration above 0.05 mg/mL PS20 resulted in a 
coverage > 50 % and at the same time the surface tension decreased 
from approx. 74 mN/m to < 45 mN/m. The kinetics within the mea
surements remained unaffected. This means, that the CMC cannot be 
considered as threshold under which creeping is absent, but it marks a 
point within an interval from which migration of the solution is 
noticeably different. This hypothesis is supported by the observations 
made at the CMC of PS20 (CMC = 0.099 mg/mL) where the coverage 
was approximating 90% but not 100%. A practically relevant and 
commonly used PS20 concentration (0.2 mg/mL) in biopharmaceuticals 
led to a coverage of 100%. However, it is described in literature that the 
presence of an antibody can significantly increase the apparent CMC of 
the protein-PS20 mixture compared to a protein-free PS20-solution 
[49]. Mahler et al. observed a fourfold increase in the apparent CMC 
from approx. 0.1 mg/mL to approx. 0.4 mg/mL after increasing the 
protein concentration from 10 mg/mL to 150 mg/mL. Hence, in theory 
(but very unlikely), in case the viscosity of the protein solution would 
remain unaffected after increasing the protein concentration up to 150 
mg/mL, the change in the apparent CMC of the solution would result in a 
considerably decrease in solution creeping in the glass vials. 

Within our studies it was demonstrated that the developed, fast and 
straightforward method to determine the extent of creeping as well as 
velocity can be performed in a reproducible way. After implementation 
and standardization of this valuable tool it was used to evaluate different 
vial processing sites regarding the likeliness of the occurrence of 
creeping or to additionally investigate formulation parameters that do 
have an influence towards it. Thus, it was used to investigate on and to 
identify potential influencing factors towards creeping. 

The temperature of a 0.2 mg/mL PS20 solution was varied from 
10 ◦C to 40 ◦C to evaluate its impact on the surface tension while 
monitoring the density and viscosity. The temperature affected the 
surface tension within a narrow range of σ10◦C = 41.2 ± 0.23 mN/m to 
σ40◦C = 35.8 ± 0.063 mN/m. The observed surface tension decrease 
with increasing temperature is in accordance to [35,40] and is based on 
an increased dehydration of the surfactant molecule due to thermal 
fluctuation finally leading to a decrease of CMC and surface tension 
[50,51]. The anti-correlation of viscosity and temperature is most likely 
due to increased thermal energy in the system, increased molecular 
velocity of individual molecules and thus, a decreased molecular inter
action of molecules. This observation is most likely attributed to the 
surfactant concentration used within our study as the reported viscosity 
increase was only true for higher surfactant concentrations [51]. In 
contrast to this, in literature it is also described that non-ionic ethoxy
lated surfactant solutions show an increase in viscosity with increasing 
temperature which again is due to dehydration of the non-ionic polar 
groups [50-52]. However, the reason for the decreased viscosity with 
increasing solution temperature detected most likely is attributed to the 
low surfactant concentration used within our study as the reported 
viscosity increase was again only true for higher surfactant concentra
tions [51]. 

The results described above indicate that viscosity had the biggest 
impact on creeping behaviour. In a temperature range of 10 ◦C to 20 ◦C, 
the viscosity decreased from 1.38 mPa*s to 1.02 mPa*s whereas the 
coverage rate increased from approx. 20% to 90%. The slight increase in 
coverage rate but accelerated kinetics observed at a higher surfactant 
temperature might be explained by a decrease in surface tension in 
combination with a lower viscosity. 

For protein containing solutions the dependency of creeping and 
viscosity is of importance as well. It is known from literature that with an 
increasing antibody concentration (≥50 mg/mL) a shift in viscosity to
wards higher values can be observed [53-57]. In turn, this increase in 
viscosity could lead to a less pronounced solution creeping. Further
more, it was demonstrated by Woldeyes et al. that an increased viscosity 
due to higher protein concentration could be intensified by lowering the 
solution temperature. Apart from that, an anti-correlation of viscosity 
and temperature of antibody solutions is described [57]. Hence, by 
cooling the antibody solution creeping could be further suppressed. The 
MATLAB®-algorithm-based video analysis revealed a positive correla
tion between temperature and creeping (vial coverage) as well as 
creeping kinetics. A PS20 solution temperature of 10 ◦C showed a 
decreased coverage and creeping kinetics, whereas in the temperature 
range from 20 ◦C to 40 ◦C, the whole analytical evaluation window was 
covered, and differences were only observed regarding the kinetics. 
These results are in line with the decrease of surface tension with 
increasing temperature because a decrease in surface tension results in a 
smaller contact angle, an increased wettability and consequently an 
intensified wettability. 

The creeping height as well as velocity in 20 mL vials was measured 
via the MATLAB®-algorithm-based video analysis and a 5 mL 0.2 g/L 
aqueous PS20 test solution. Only minor differences with regard to 
creeping hight and velocity of FIOLAX® raw vials F0 and FB2 via the 
MATLAB®-algorithm-based video analysis were detected. The solution 
creeped within approx. 40 s to the vial shoulder. However, neither 
wetting of the vial opening nor leakage of the test solution was observed. 
This behaviour might be attributed to the difference in geometry of the 
upper part of the glass vials. This hypothesis is supported by the ob
servations made for the 30 mL vial in which creeping was observed 
when enlarging the pathway length from 2.5 cm to 4.7 cm while keeping 
the parameters such as filling volume and vial inner diameter constant. 
Here, the PS20 solution only creeped up 2.9 cm after 80 s. This result 
indicates that a) the creeping might be dependent on the total amount of 
PS20 present in the solution and b) the solution would have creeped 
beyond the shoulder of a 20 mL vial. This means, that the vial shoulder 
constitutes a physical barrier which has a suppressive effect towards 
creeping of the solution. 

The hydrophobic reference vials T0 showed no creeping as expected 
and a contact angle of approx. 100◦ which is in line with earlier reported 
values [13,41]. No creeping of the test solution was also detected for 
FA2 which is in line with the contact angle measurements where a 
contact angle of approx. 50◦ was detected. Thus, the results indicated 
that vials sourced from FA2 behaved like hydrophobized T0 vials. 

A dependency of the creeping behaviour on the initial physico- 
chemical composition of the vial surface (F0 versus T0) as well as the 
vial processing sites (FA2 and FB2) was observed using the MATLAB®- 
algorithm-based video analysis. 

The influence of different vial formats regarding creeping was eval
uated. Herein, the detection window and fill volume (considering the fill 
volume to inner glass surface area) was adapted for each vial format 
individually. In 2 mL and 50 mL vials, a coverage of up to approx. 80% 
and similar kinetics were observed. In contrast to that, a coverage of up 
to approx. 100% and similar but higher kinetics were measured for 6 mL, 
10 mL and 20 mL vials. Thus, a dependency of vial diameter and height 
was not detected, and creeping was observed to a high extend in all vial 
formats. 

Various well described and commonly used analytical methods 
known from literature for the characterization of glass vials were per
formed to complement and verify the novel MATLAB® algorithm-based 
video analysis. In particular, the properties of differently processed vials 
from two sterile manufacturing sites were in the focus of this evaluation. 
In order to evaluate the impact of the vial preparation procedures in two 
vial processing lines on the glass vial wetting behaviour, selected 
methods were further developed. 

The determination of the wetting behaviour by measuring the 
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contact angle in different areas of intact glass vials was compared and no 
difference between the vial wall and vial bottom was observed. The 
same was true for broken and intact glass vials. It was demonstrated that 
by using a camera angle of 86◦, the optical distortion can be minimized, 
and comparable contact angles can be measured. In addition, by per
forming the measurement in intact glass vials a risk of contamination 
due to the presence of fractured glass splinter and hence falsification of 
the measurement is circumvented and the necessity of additional prep
arational steps minimized. Consequently, the method was further 
developed and became an easy to use, high-throughput method. 

The use of methylene blue (0.5 mg/mL) as well as fluorescein (20 
mg/mL and 5 mg/mL) as a staining agent and contrast intensifier did 
neither result in a significant difference in contact angle nor in surface 
tension. However, the glass vials washed and depyrogenated at different 
sterile filling lines differed with respect to the contact angle. The FIO
LAX® vials washed and depyrogenated in sterile manufacturing site A 
(FA2) showed a high contact angle of approx. 50◦, whereas FIOLAX® 
vials washed and depyrogenated at the sterile manufacturing site B 
(FB2) as well as FIOLAX® raw vials (F0) (reference) showed no contact 
angle. Surprisingly, the observed behaviour indicated that the FB2 vials 
are or stayed hydrophilic while the FA2 became hydrophobised. As a 
control TopLyo® raw vials (T0) (reference) were measured and showed 
a contact angle of approx. 100◦ which is in line with the values known 
from literature [13,41]. The wetting behaviour observed within our 
study together with the creeping analysis completes the work of Huang 
et al. were a contact angle of > 40◦ was defined as a threshold for a 
strong decrease of the appearance of fogging [13], as well as Langer 
et al. where creeping finally leads to fogging [27]. Fogging is a dried film 
at the inner glass vial surface after lyophilisation which might impede 
visual inspection or cause container closure integrity problems. How
ever, in contrast to Huang et al. where a contact angle of 40.8◦ was 
determined for a Type I plus® glass vials, within our tests FIOLAX® vials 
processed in sterile manufacturing site A showed a contact angle of 
approx. 50◦. Due to that, the results indicate a surface alteration or a 
possible hydrophobisation. 

The visualisation of the wetting behaviour using methylene blue 
solution revealed differences depending on the filling volume as well as 
sterile vial processing site. A drop was formed (cohesion > adhesion) 
after filling 200 µL in FA2 and T0 vials whereas for FB2 and F0 a good 
wettability (cohesion < adhesion) and spreading was observed for 200 
µL to 5000 µL. However, the different wetting behaviour of the 
“hydrophobised” FA2 FIOLAX® vials and the chemically hydrophobised 
by plasma impulse chemical vapour deposition (PICVD) TopLyo® T0 
reference vials became apparent for a filling volume of 1000 µL to 5000 
µL. Within the FA2 vials, increasing test volumes resulted in an adher
ence of the liquid towards the inner glass vial wall. In contrast to that, in 
T0 vials, the 1000 µL test solution remained as a single drop in the 
middle of the glass vial where the test solution cohered. Additionally, 
the meniscus of the solution in the respective vials differed. In FA2 vials 
a concave, in T0 vials a convex whereas in F0 and FB2 a strongly pro
nounced concave liquid surface curvature was detected. The results 
comply with the contact angle measurements, where a lower contact 
angle (better wettability) was determined for FA2 vials compared to T0 
vials. Furthermore, these results verify the MATLAB®-algorithm-based 
video analysis data. However, it also demonstrates the benefit of using 
this straightforward, quick test method to differentiate between a hy
drophobic, medium hydrophobic and hydrophilic glass vial inner sur
face. Thus, this screening method using methylene blue solution 
constitutes, as simple as it is, a real alternative to the contact angle 
measurement due to minimized preparational steps necessary. 

Surprisingly, even though a difference in wetting behaviour was 
detected, the surface energy measurement did differ only marginally for 
FA2 and FB2 FIOLAX® vials (58 mN/m and 64 mN/m, respectively) 
which is in line for hydrophilic surfaces [27]. In contrast to that, the 
hydrophobic reference samples T0 had a surface energy of 20 mN/m and 
22 mN/m, which is in line with reported values for hydrophobic surfaces 

[27]. One hypothesis might be, that the residual silicone containing 
substances present in the FA2 vials could have biased the measurement 
because in contrast to Langer et al, the glass vials FA2 were not sili
conized using a silicone oil emulsion which subsequently is baked in. 
Nevertheless, the comparable results for FA2 and FB2 FIOLAX® vials is 
inconclusive thus no differentiation could be made using this method. 

The surfaces of the fully processed vials FA2 and FB2 showed similar 
structures of washed out silicon borates appearing in the form of circular 
flat bumps with a diameter in the range of 0.5 µm to 1 µm detected via 
SEM pictures which is in accordance to literature [36]. Despite that, 
within our study neither bumps nor lens-shaped rings were observed in 
the vial bottom area which is contrary to the observations of Ditter et al. 
[26]. However, the glass manufacturer as well as the composition of the 
glass vials was the same. A possible root cause could be a batch-to-batch 
variability of the vials. 

Furthermore, the ICP-MS measurements are in line with the presence 
of circular flat bumps and the washing out observations as the boron, 
sodium and silicon concentration was lower after being processed in the 
sterile manufacturing site. However, the measured contact angle and 
creeping behaviour of FA2 and FB2 could not be attributed to the glass 
vial surface structure. Due to the silicon-organic coating of the inner vial 
surface of T0 decreased levels of glass matrix substances were detected. 
A difference was observed for T0 where in addition to the bumps 
(observed in FA2 and FB2) unevenly arranged bubbles (size range 0.05 
µm to 4 µm) were detected. These bubbles might be linked to the PICVD 
modification applied to obtain a hydrophobisation of the inner glass vial 
surface. However, it has to be stated that with the methods used this 
hypothesis could not be proven. Furthermore, the root cause evaluation 
was not in scope of this work but can be investigated in subsequent 
studies. 

This hypothesis of a possible hydrophobisation of the FA2 in com
parison to FB2 vials was supported by the solution creeping evaluation 
using the MATLAB® algorithm-based video analysis as well as by the 
ToF-SIMS results in which among glass matrix silicone containing sub
stances (CH3)3Si+ (m/z = 73) and Si2C5H15O+ (m/z = 147)) were 
detected. 

The method ToF-SIMS used within this study was semi-quantitative. 
Thus, only a relative difference in the amount of these silicone con
taining substances can be stated. Additionally, it has to be mentioned 
that the thickness of these residues detected are in the range of several 
nanometres as only the first few monolayers can be analysed. However, 
FA2 contained qualitative more silicone-organic substances compared to 
FB2 which most likely resulted in a (higher) level of hydrophobisation 
finally leading to a difference in the vial wetting (detected via colori
metric staining and contact angle determination) and creeping behav
iour (detected via the developed MATLAB®-algorithm-based video 
analysis). These substances were most likely introduced during the vial 
processing step because for F0 (raw vials) only in one vial a negligible 
amount of the species m/z = 73 was detected. Due to the fact, that for the 
transportation of the vials during the processing moving parts are 
involved which in most cases are lubricated it might have been that a 
small portion of lubricant was transferred in the depyrogenation area 
where it was evaporated, introduced into the vials and condensed on the 
glass vial surface. This was more pronounced for FA2 vials which were 
processed using a hot air oven meaning, that the whole batch was 
incubated for ≥ 105 min. In contrast to that, FB2 vials processed in a hot 
air tunnel had a contact duration of ≥ 3 min. This could explain the 
increased amount of these substances found inside the FA2 vials. Thus, 
the observations made are most likely not connected to the temperature 
applied during the depyrogenation step as reported in the literature 
[7,13] but are more likely attributed to the batch vs continuous depyr
ogenation procedure. 

A strongly pronounced difference of silicone-like substances was 
observed for one T0 vial whereas the second vial contained significantly 
less. According to information of the manufacturer the peak for silicone- 
like substances and the peak for silicone-organic coatings (used for 
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hydrophobisation of the vial) are similar. Thus, it is very likely that the 
peaks detected for m/z = 73 and m/z = 147 in T0 raw vials are attributed 
to the inner vial wall coating. Additionally, structures in the form of 
uneven arranged bubbles (size range 0.05 µm to 4 µm) were detected by 
SEM. These bubbles could have been located within the examined area 
of the ToF-SIMS measurement which is known to be relatively small and 
the depth lays within the nanometre scale. As a result, these local in
homogeneities can influence the outcome of such measurements, finally 
leading to an excessive increase of peaks for silicone-like substances/ 
silicone-organic coatings. Therefore, if such an inhomogeneity was not 
present in the examined ToF-SIMS area (vial two), consequently the 
peak for silicone-like substances/ silicon-organic coatings would be 
significantly lower. Thus, it seems that the presence of the unevenly 
arranged bubbles might be a reason for the difference in T0 ToF-SIMS 
results. 

5. Conclusion 

By implementing this newly developed MATLAB®-algorithm-based 
video analysis, a novel tool was established which can be used to eval
uate the comparability of processes from different sterile manufacturing 
sites. Additionally, it was demonstrated that it also completes the stan
dard analytical panel known from literature and furthermore helps to 
evaluate the severity (coverage) of the occurrence of creeping. An in
verse correlation between low contact angle, high surface energy and 
occurrence of creeping was observed for FB2, as expected. However, for 
FA2, the behaviour differed because a high contact angle, high surface 
energy but no creeping was detected. This most likely is correlating with 
the presence of silicone containing substances detected via ToF-SIMS. 
This means, that the sterile vial processing site A and B were not com
parable with regard to wettability of the glass vials and solution creeping 
within the vials. However, current studies are focussing on the source 
identification of the silicone containing substances detected via ToF- 
SIMS. 

We clearly could demonstrate the benefit of the MATLAB®-algo
rithm-based video analysis method to quantitatively determine the 
wetting kinetics, the extent (coverage) as well as the maximum creeping 
height. The video analysis helps to gather in-depth insights into influ
encing factors such as the CMC or solution temperature towards these 
measured parameters. Therefore, an internal standard method to 
quantify the creeping and hence, to better understand and evaluate 
critical process as well as formulation parameters was established. The 
data gathered using the novel MATLAB®-algorithm-based video anal
ysis tool constitutes a base to be referred to in process risk assessments 
such as a failure mode and effect analysis (FMEA). Furthermore, it fa
cilitates the down ranking of certain potential critical process parame
ters on a data instead of an experience basis. It can also be used to find 
various options to prevent liquid film formation without switching from 
the standard FIOLAX® vial to another vial type accompanied by a 
completely new process qualification for the alternative primary pack
aging material. 
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