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Abstract

The most important property for a parenteral
packaging glass container is the grade of chemical
inertness: for the whole period of the predicted
shelf life of a specific drug product, the interac-
tion/solution of container-components into the
pharma product shall be minimized respectively
completely avoided. This behavior was investi-
gated for uncoated glass containers, for those with
baked-on silicone coating as well as for an
inorganic SiO2-coating on the inner container
surface to prevent direct interaction with the filled
drug product. Due to the nature of the applied
coating technology a pronounced difference in
uniformity and homogeneity of the layer between
spray coated and gas phase coated (plasma
impulse chemical vapor deposition, PICVD) thin
films becomes evident. In opposition to spray
coating, the inorganic SiO2-coating performs with
hermetic surface protection with consequently
extreme low leaching of glass elements. This
ensures especially for highly sensitive biologics the
stability of the drug over the shelf life due to the
avoidance of interaction with leached ions and a
respective pH-shift.

Zusammenfassung

Optimierung der Innenoberflächen von
Primärpackmitteln
Die wichtigste Eigenschaft eines parenteralen
Primärpackmittels ist der Grad der chemischen
Inertheit: Während der Lagerung eines bestimm-
ten Arzneimittels ist die Wechselwirkung von
Behälterkomponenten mit dem Pharmaprodukt
zu minimieren bzw. vollständig zu vermeiden.
Dieses Verhalten wurde sowohl für unbeschichtete
Glasbehälter, für solche mit eingebrannter Sili-
konbeschichtung als auch für eine anorganische
SiO2-Beschichtung auf der inneren Behälterober-
fläche untersucht, die eine direkte Wechselwir-
kung mit dem gefüllten Arzneimittel verhindern
sollen. Die angewandte Beschichtungstechnologie
bedingt einen erheblichen Unterschied in der
Gleichmäßigkeit und Homogenität der Schicht
zwischen sprühbeschichteten und mit Gasphasen
(plasma impulse chemical vapor deposition,
PICVD) beschichteten Dünnfilmen. Im Gegensatz
zur Sprühbeschichtung bietet die anorganische
SiO2-Beschichtung einen hermetischen Oberflä-
chenschutz, der extrem niedrige Konzentrationen
gelöster Glaselemente (leachables) gewährleistet.
Insbesondere für hochempfindliche Biologika ist
somit die Stabilität des Arzneimittels über die
gesamte Lagerung sichergestellt, da die Wechsel-
wirkung mit ausgelaugten Ionen und eine pH-
Verschiebung durch Ionenaustausch verhindert
werden.

Introduction

The trend to focus more and more
on biomolecule-based parenterals

for drug development opens auto-
matically a far more complex field of
interaction processes with the pri-
mary packaging container during

drug shelf life. Adhesion processes
on nanoscale at the inner container
surface causing denaturation of the
respective molecules as well as dis-
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solved glass elements in the buffer
solution lead to a variety of complex
interaction processes, also depend-
ing on the individual glass composi-
tions available in the market.

Type I borosilicate glass, which
has been used for decades for nearly
all application fields of parenteral
pharmaceuticals, has become the
gold standard for primary packaging
due to its high chemical durability
and covering all the demands of regu-
latory bodies worldwide for parent-
eral drugs. The amount of leached
out ions which might interact with
the drug/formulation is typically con-
trolled lotwise according the hydroly-
tic surface resistance testing includ-
ing the respective limit values de-
scribed in e.g. USP <660>, EP 3.2.1 or
ISO 4802. Moreover, the ICH-guide-
lines e.g. Q3D with the given limits for
all relevant chemical elements are
also typical requirements to be ful-
filled by the respective container ma-
terial.

As those recommendations are
the basis for applicable containers,
the individual stability testing pro-
cedure for a given drug/formulation
will ensure drug stability during
shelf life and at the time of adminis-
tration to the patient.

However, the growing emergence
of biologics as hormones, enzymes,
drugs to treat hemophilia and espe-
cially antibodies requires further op-
timization of the primary container
properties to cope with the special
needs of those large and complex
molecules.

To target appropriate container
functionalities the optimization of
tubular primary packaging can be
achieved by a twofold approach:

The first is a state-of-the-art con-
tainer manufacturing process with
100 % controls and respective feed-
back loops to verify a stable process-
ing including the use of a perfect
glass tubing as base material (e.g.
FIOLAX® CHR (with controlled hy-
drolytic resistance)) to realize high
uniform chemical robustness
against the corrosive attack of the
pharmaceutical drug product. Ideal-

ly, the inner surface also undergoes
a chemical inspection lot by lot
based on accelerated chemical at-
tack to ensure a minimal variation
of the individual container prop-
erties over the addressed shelf life
for the finished product. This can be
achieved via a designed corrosive at-
tack testing based on autoclaving as
it is described elsewhere [1–4]. The
resulting containers feature a homo-
genous inner surface property and
represent the high end of borosili-
cate glass packaging.

To improve the chemical prop-
erties of typical glass compositions
for special applications further, the
manifold potential binding partners
on atomic scale have to be reduced.
A typical practice is the modifica-
tion of the inner surface of the con-
tainers either by e.g. sprayed-on or
baked-on silicone films or by physi-
cal/chemical hermetic coating pro-
cedures e.g. plasma impulse chemi-
cal vapor deposited coatings [5,6].

Inner Surface Modifications

Especially for syringes or cartridges
with moving rubber materials dur-
ing intended use, silicone film appli-
cation is accepted to allow a smooth
plunger motion when administered
with lower injection forces.

This means the origin of the re-
quirement was mainly of mechani-
cal nature and was not intended to
minimize the interaction of inner
surface of the container with the
drug/formulation. An additional ad-
vantage is the improvement of resid-
ual emptying, due to the hydropho-
bic behavior of the siliconized con-
tainer surface.

n Silicone Risks & Challenges
Nowadays the majority of silicon-
ized containers are lubricated either
by sprayed-on or baked-on technol-
ogy [7]. T. Mundry et al. [8] reported
about a different behavior of silicone
layer areas when heat is applied.
Only a very thin bonded layer in the
low nm-range is formed based on

hydroxyl groups available on the
glass surface. Those bonds are sup-
posed to be covalent and to be
formed during a heat treatment
above 300 °C for 10–30 min. This
layer is extremely stable up to 400 °C
but not homogenously distributed
over the glass inner surface [9]. The
upper part of the silicone layer with
thicknesses of some tenth to more
than 100 nm is not entirely fixed by
the baked-on process and can be re-
moved by suitable solvents. This
fraction is therefore still interacting
with the drug product during stor-
age and leading to a dissolution of
this silicone layer part into the wet
solution [9]. Those effects are addi-
tionally reported in various publica-
tions resulting in interaction mech-
anisms of residual free silicone with
the therapeutic protein, also causing
protein aggregation and/or loss of
soluble protein [10–14]. Due to the
complex design and nature of pro-
teins, a general prediction of the in-
dividual behavior with silicone can-
not be made. In some cases, the free
silicone species tend to form small
silicone droplets, which are often
detected as particle contamination
of the wet drug product during final
inspection [7,15].

Although the pharmaceutical in-
dustry is further controversially
discussing if the silicone layer acts
as a barrier reducing the risk of
glass delamination or the amount
of leached out ions, this paper is
focused on the leachable behavior
of pre-treated coated container
surfaces.

n Experimental
To compare the properties of baked-
on silicone spray coating with those
of chemical vapor deposited SiO2-
coating the following experimental
protocol was performed:

Primary packaging containers
based on type I borosilicate glass
FIOLAX® clear tubing were pro-
duced by a standard converting pro-
cess [16]. All containers were
cleaned by a commercial pharma-
ceutical washing process based on
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purified water as last washing step,
followed by heat drying to remove
residual water.

For baked-on silicone coating, a
spray process with a diving nozzle
system was applied using a 2 % dilu-
tion based on silicone product Dow
Corning® 365/366 35 % Dimethicone
NF emulsion. The applied silicone
spray coating was baked on the in-
ner surface via a thermal heating
process step with maximum tem-
peratures up to 300 °C.

The inorganic SiO2-coating was
applied by a chemical vapor deposi-
tion technique (PICVD) based on a
microwave induced plasma with
hexamethyldisiloxane (HMDSO) as
precursor gas in combination with
oxygen as a reactive partner to de-
posit stoichiometric SiO2 thin films.

The characterization of the coat-
ing properties was done via optical/
visual and wet chemical methods:
• The film homogeneity was quali-
fied by means of an optical

measurement system (rap.ID layer
explorer, model 9703) using white
light and laser reflectometry to
determine lateral layer thick-
nesses from the resulting interfer-
ence pattern. The surface charac-
terization was done by an optical
stereomicroscope (Euromex
NexiusZoom), the detailed analy-
sis by a scanning electron micro-
scope (Zeiss Gemini SEM).

• Wet chemistry analyses were per-
formed in the accredited labora-

Figure 1: Body of baked-on silicone coated containers. a) before and b) after terminal sterilization processing applying saturated
water at 121 °C for 30 min. Top: stereomicroscope images. Bottom: optical reflectometry measurements (x line represents the
circumference position: 1≙ 30° … 10≙ 360°, Source of all figures: SCHOTT).
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tories of Schott pharma services
by means of testing protocols ac-
cording the international pharma-
copeias (<USP> 660; Pharm. Eur.
3.2.1) or ISO 4802-2 for hydrolytic
resistance of the interior surfaces
of glass containers and ICH/Q3D-
protocol for leaching behavior of
glass elements.

Results

n Coating homogeneity
To simulate typical performance for
parenteral packaging, baked-on-sili-
cone coated containers were
stressed via a typical terminal steril-
ization method by applying satu-
rated water vapor at 121 °C for
30 min. Even though the coating has
a quite homogeneous visual appear-
ance (fig. 1, fig. 1a), top) the interac-
tion with water vapor in the auto-
clave results in a visible dissolution

of the silicone film accompanied
with free silicone droplets. Such a
phenomenon represents an inherent
risk for contamination of the pack-
aged drug product.

The optical reflectometry
measures pointed out the lateral dis-
solution of the baked-on silicone
coating more precisely. The original
silicone layer with a total thickness of
around 230 nm in the mid-body area
and the homogeneous thickness dis-
tribution along the circumference
(fig 1a), bottom) is heavily distorted
after the terminal sterilization proce-
dure (fig 1b), bottom). A part of the
layer is dissolved and an island-like
structure remains on the inner glass
surface. The color change in the dia-
gram indicates a thickness reduction
from 230 nm down to an inhomoge-
neous silicone coverage (10–80 nm).
Even if the mechanical functionality
e.g. gliding properties in the case of
syringes or cartridges is only margin-

ally hampered, a hermetic coverage
to avoid chemical interactions with
glass elements is destroyed and the
silicone residues are dissolved in the
drug product.

In opposite to the described be-
havior for siliconized surfaces,
PICVD coated containers are far
more resistant to terminal steriliz-
ation processing. Starting with the
characterization of the coated inner
vial surface as produced via optical
reflectometry, its homogeneity be-
comes visible (fig. 2, left). The layer
thickness in the mid-body area is
127 nm and tend to be thinner in
the flange area to values around
60 nm.

To stress the coating, the con-
tainer was filled with purified water,
autoclaved at 121 °C for 60 min and
then stored for four months at room
temperature. Even so the testing
conditions are far harsher in com-
parison to the siliconized container

Figure 2: PICVD-coated inner surface of a container. Left: optical reflectometry measurements (x line represents the circumference
position: 1 ≙ 30° …10 ≙ 360°). Right: SEM-image in high resolution, including cross section.
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the inner surface of the SiO2-layer
remained unchanged. The layer is
completely homogeneous down to
microscopic scale (fig. 2, right).

n Leaching behavior/hydrolytic
resistance performance
To stress the performance of pri-
mary packaging containers to the
most important topic, storing drug
products with minimal influence of
the chosen container, siliconized
and PICVD coated containers in
comparison to an uncoated refer-
ence were analyzed according to the
given test procedures for surface hy-
drolytic resistivity (USP, Pharm.
Eur., ISO 4802).

For this purpose, containers were
tested with different conditions to
work out the influence of the differ-
ent process steps respective the final
container property. To be compliant
to the regulatory demands, the limit
value of 2.00 µg/ml Na2O should not

be exceeded. This goal is reached for
any of the tested samples. However,
especially for sensitive drug prod-
ucts the ion release out of the con-
tainer inner surface is of main inter-
est when it comes to shelf life defini-
tion for the drug product. Here the
just produced bulk container meets
those requirements (64 % of allowed
limit) for reference reasons (table 1).
The results further confirm the in-
dustry wide known fact that the
pharmaceutical washing process is
able to slightly reduce the amount of
released ions (in the frame of the
measurement uncertainty), which is
often misleadingly attributed to an
ion barrier property of the silicone
layer. The siliconized container also
underwent this process step fol-
lowed by spray coating and a baked-
on process step. The performance
increase from 60 % to 55 % of the
given limit is also within the
measurement uncertainty and more

or less insignificant. However, a real
performance step can be seen for
the inorganic SiO2-coated container.
Here the ion release is practically
blocked completely. This also gives
first evidence of the significant dif-
fusion barrier of such kind of coating.

To expand the diffusion barrier
function property, a leaching test ac-
cording ICH/Q3D was performed fo-
cusing on the main glass elements.
This test was also performed using
containers filled with purified water
and autoclaved according to the
procedure described in the <USP>
660. The eluate was analyzed by
means of ICP (table 2).

By comparing the results given
for uncoated and SiO2 coated con-
tainers, it is obvious that the coating
must be hermetic and prevent
leaching of glass elements in a high
manner. Only Si as the main element
of the coating has a relevant amount
of leaching but also here it is more

n Table 1

Results of hydrolytic surface resistance test according European Pharmacopeia 3.2.1.

Status Condition of Container
Mean value for oxides, expressed as
sodium oxide*
Na2O [µg/ml]

Percentage of
Pharm. Eur. limit

uncoated reference container as produced 1.27 ± 0.08 64 %

uncoated reference container washed and dried 1.19 ± 0.08 60 %

coated baked-on siliconized container 1.09 ± 0.08 55 %

coated SiO2-coated container 0.006 ± 0.006 0.3 %

* according Pharm. Eur. (9.6) chapter 3.2.1 by flame atom adsorption spectroscopy (FAAS); limit value for this container
type (2R vial): 2.00 µg/ml; number of samples per test: 20 containers.

n Table 2

E&L concentrations of the dissolved “main glass elements” extracted from
10R container (as defined in the manufacturers specification data sheet).

Element Unit Method
Uncoated Reference container:
SCHOTT TopLine FIOLAX®

SiO2-coated container:
SCHOTT Type I plus®

Measurement
uncertainty

Si µg/ml ICP-OES 2.0 0.17 15 % if appl.

B µg/ml ICP-MS 0.27 < 0.005 n. a.

Al µg/ml ICP-MS 0.29 0.033 20 % if appl.

Na µg/ml ICP-MS 0.74 0.005 15 % if appl.

Ca µg/ml ICP-MS 0.055 < 0.005 30 % if appl.
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than a factor of ten lower as for the
uncoated glass.

Conclusion

The most important property for a
parenteral packaging glass contain-
er is the grade of chemical inertness:
for the whole period of the predicted
shelf life of a specific drug product
the interaction/solution of contain-
er-components into the pharma
product shall be minimized respect-
ively completely avoided. This be-
havior was investigated for un-
coated glass containers as well as
for those with baked-on silicone
coating or an inorganic SiO2-coating
on the inner container surface to
prevent direct interaction with the
filled drug product. Due to the na-
ture of the coating application, a big
difference in uniformity and homo-
geneity between spray coated and
gas phase coated thin films becomes
visible. Even baked-on silicone
layers increase other container
properties e.g. wetting behavior or
mechanical gliding, the functionality
for diffusion barrier purposes and
prevention of chemical interaction
with glass elements cannot be
achieved. In opposite, the inorganic
SiO2-coating performs with her-
metic surface protection with conse-
quently extreme low dissolution of
glass elements over the shelf life of
the drug product. This addresses
especially the stability of pH of the
wet solution due to the avoidance of
leaching out ions into the solution.

This behavior is consistent with
the paper of A. Chillon et al., who
have already reported that silicon-

ized syringes (sprayed-on) and non-
siliconized (bulk) syringes will leach
comparable amounts of sodium.
They performed the test for hydroly-
tic resistance according EP 3.2.1 and
finally concluded, that sprayed-on
silicone does not act as a protective
layer neither minimizing leachables
nor reducing the risk for glass dela-
mination [17].
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