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This project focused on developing a Size Exclusion Chromatography (SEC) method
with Refractive Index (RI) detection for analysis of extraction samples from urinary
catheters to detect compounds that can be extracted from the catheter during use.
Mobile phases, extraction fluids and sample concentrations were varied, as well as
pore sizes of the columns, to investigate the applicability of this technique for
characterization of the coating and potential leachables. Analyses of extraction
samples showed that this method can be used for analyses of polyvinylpyrrolidone
(PVP), which is the main component in the coating, giving rise to the special
characteristics of the coating. No compounds could be detected from extraction of
uncoated catheters.
Comparisons were made between different raw catheter materials, PVC and POBE,
and differences in molecular weight distribution of the extracted PVP compounds
were seen, in spite of identical coating processes, indicating that the bonding of PVP in
the coating depends on raw catheter material. Furthermore, radiation effects also
differed, where a larger decrease in high-molecular weight fractions of PVP was seen
with increasing radiation dose from extracted PVC catheters, compared to those
from POBE. Analyses of radiated PVP powder showed opposite radiation effects than
those from radiated catheters; that is, a steady increase in molecular weight with
increasing radiation dose, indicating cross-linking of PVP when radiated in powder
form, and consequently chain-scission of high-molecular PVP fractions when radiated
bonded to the catheter coating.
The SEC-RI method was concluded to be a useful tool for qualitative analyses of the
differences in molecular weight distribution of PVP from the different extraction
samples, but showed low reproducibility in molecular weight calculations and the
relative molecular weights calculated from these analyses differed significantly from
true molecular weights. This method could therefore not be used to give a good
estimation of true molecular weights.
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1. Introduction
1.1 Background
Astra Tech AB develops, manufactures and markets dental implants along with
disposable products for the medical service within surgery and urology. The most
important product within urology is LoFric, a hydrophilic disposable catheter, used by
persons who by different reasons can’t control their urinary bladder (e.g. persons with
MS, problems with the prostate and spinal injury). A LoFric catheter consists of a
plastic tube coated with a hydrophilic polymer layer. This polymer coating, which
mostly consists of polyvinylpyrrolidone (PVP), absorbs water and gives the catheter a
slippery surface when wetted before use, which decreases the friction against urethra
and minimizes discomfort and injuries [1]. Since both the raw material of the catheter
and the hydrophilic coating are composed of polymers, there is a relatively high
probability that polymeric compounds can be released during catheterization.
Consequently, it is of great importance to have applicable methods to characterize this
type of substances. Size Exclusion Chromatography (SEC) analysis of these samples
can detect differences in molecular size of the polymer itself and other possible highmolecular weight compounds. SEC is today one of the most commonly used analytical
techniques for size determination of polymer materials, including determination of
molecular weight averages and molecular weight distribution, conformation, and
structure [2].

1.2 Purpose
The purpose of this diploma work was to develop a method for an aqueous SEC system
with Refractive Index (RI) detection, SEC-RI, for separation and detection of possible
high-molecular weight compounds (primarily PVP and radiation products of PVP) that
can be released from a catheter during usage. This will lead to a greater knowledge and
understanding of the radiation chemistry and composition of the catheter and coating
material, as well as increasing knowledge of the SEC technique and its applicability.
During this project, molecular weight and molecular weight distributions of the detected
substances will be determined, as well as identification and size determination of the
separated components.
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2. Theoretical Background
2.1 Size Exclusion Chromatography (SEC)
SEC is the most common, fast and efficient way to obtain information about the
molecular weight distribution of polymers [2-4]. Sometimes the terms Gel Permeation
Chromatography (GPC) and Gel Filtration Chromatography (GFC) are used to describe
the same technique; GPC is often used for the analysis of synthetic polymers in organic
systems and GFC is used when separating biochemical macromolecules in aqueous
systems. However, SEC is more widely used and describes the separation mechanism in
a better way, which involves separation of molecules according to their hydrodynamic
volumes [5].
The sample is injected into to the SEC system, and separated when the solution flows
along with a mobile phase through a packed bed of porous packing material (stationary
phase) in a column. As the polymer elutes through the column, molecules that are too
large to penetrate the pores are excluded from the packing pore volume and elute at
earlier retention times, whereas the smaller molecules penetrate into the pores and elute
at a later time (Fig. 1). Molecules that are small enough to freely diffuse into and out of
the packing pores cannot be separated and will elute at the total permeation point [3].
In ideal SEC, it is assumed that there is an absence of interactions between the
macromolecules and the packing gel in the columns, and consequently, molecules are
only separated according to their size. However, consideration must be taken to
unwanted ion interactions and adsorption of the compounds to the stationary phase,
which can be diminished by modifying the mobile phase [3], as described later in this
paper.

Figure 1. The size exclusion mechanism.
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Since the separation in SEC is regulated by the size (hydrodynamic volume) of solute
molecules in solution, solutes of similar hydrodynamic volume but different molecular
weight will elute at the same retention time. Likewise, solutes of similar molecular
weight but different molecular conformation will elute at different retention volumes
[3].
To determine molecular weights, either a molecular weight-sensitive detector is used or
calibration needs to be made, in order to relate molecular weight to molecular size,
which is done through the concept of intrinsic viscosity, defined as [η] in the MarkHouwink equation below:
[η] = KMα

Equation 1

Where K and α are coefficients for a given polymer dissolved in a specified solvent at a
specified temperature. The exponent a can be considered to be a conformational
parameter of the macromolecule, while K is related to the stiffness of the chains [3].

2.1.1 Problems using SEC
Some disadvantages of SEC are that it is a low resolution technique which gives few
peaks and requires large differences in molecular weight for resolution. Also, SEC has
rather low peak capacity, and only compounds with molecular sizes within the
separation limits for the column(s) used, can be separated. Those smaller than the lower
limit have access to the whole pore volume and are eluted without separation, while
those larger than the upper limit have no access to any pore volume and will thus be
excluded from the column [6].
Problems with ion interactions and adsorption, so called non-size exclusion effects [3],
can affect the separation and calculated results. These non-size exclusion effects occur
between compounds in the injected sample and the stationary phase, and can be
diminished by modification of the mobile phase, as described in 2.5.2.
Another disadvantage is the need for calibration with narrow standards to obtain
molecular weights when using an RI detecting system, as described later in this paper.
Consequently, using only an RI-detector can cause low reproducibility of calculated
molecular weight results, since the calibration curve and retention time are crucial for
the molecular weight results. For example, changes in the calibration curve can cause
large differences of calculated molecular weights. Similarly, due to the logarithmic
relationship between molecular weight and retention time, a change of the flow rate of
only 0.1% can cause an error of calculated molecular weight of up to 10% [7].
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2.2 Molecular Weight and Molecular Weight Distribution
The molecular weight and molecular weight distributions of polymers are perhaps their
most important characteristics, governing both physical properties and end-use
applications [2, 3]. As a result, knowledge of molecular weights and their distribution
are needed to establish structure-property relationships for the development of new
products and the improvement of existing materials. Consequently, in this project the
molecular weights of PVP have been investigated to evaluate the characteristic features
of this polymer as a coating agent in urinary catheters.
Typically, three molecular weights are calculated and analyzed with SEC: numberaverage Mn, weight-average Mw, and z-average Mz molecular weights. The magnitude
of Mn is sensitive to the presence of low-molecular weight material, Mw is sensitive
high-molecular weight components, while Mz reflects changes in the very highmolecular weight portion of the distribution, as illustrated in Figure 2 [3]. Another
common molecular weight average is the viscosity-average molecular weight, Mv,
which is also shown in Figure 2. The width of the distribution, expressed as
polydispersity (PD), is determined from the ratio of Mw/Mn, which for monodisperse
samples is equal to 1.0. If the polymer consists of a single-molecular weight component,
it is considered to be monodisperse. The polymer investigated in this project, PVP, is a
highly polydisperse polymer, consisting of a wide range of size populations [8].

Figure 2. Molecular weight averages of a molecular weight distribution from a sample.

Mw is most commonly used when talking about polymer molecular weight, and is
together with Mn used in this paper to describe molecular weights obtained from the
SEC analyses, to give an approximate estimate of the molecular weight distrubution in
the sample. The different molecular weight averages can be independently measured by
different chemical and physical methods, but by SEC all averages can be statistically
calculated by different equations [3]. Equations 2 and 3 show how Mw and Mn are
calculated:
Equation 2
Equation 3
Where wi is the weight of i molecules with molecular weight Mi and Ni is the number of
the i:th molecule with molecular weight Mi.
4

2.3 Detectors
The SEC system used in this project employs RI detection. This is the most traditional
and universal detector for SEC, and has a great advantage for the analysis of polymers
since the signal is directly proportional to the polymer concentration, thus providing an
estimation of the molecular weight distribution of the polymer [3]. Today, most SEC
analyses are carried out with multiple detectors, which will provide a more correct
estimation of the sample both regarding absolute molecular weights and polymer
conformation [4]. These approaches overcome the problem with calibration using the
SEC-RI system, as described in 2.4.
2.3.1 Refractive index (RI)
The differential refractometer is a concentration-based detector that detects the amount
of solute in the column effluent by measuring the difference in the refractive index (RI)
between the mobile phase and the column effluent containing the solute. This difference
is proportional to the concentration of the polymer, thus generating a molecular weight
distribution of the analysed sample.
The RI detector is sensitive to all compounds in a solvent that have refractive indexes
different from that of the solvent. To relate retention times to molecular weight, a
calibration curve must be generated, and most often only relative molecular weights can
be calculated. With only RI detection, no additional information such as polymer
conformation will be obtained [3].
2.3.2 Multi-Angle Light-Scattering (MALS)
Light scattering of a polymer is measured at different angles from the incident laser
beam and is an absolute method for determination of Mw. From a relationship where the
intensity of the scattering is proportional to Mw and concentration of the polymer,
absolute molecular weights can be calculated at each fraction of the polymer
distribution. A concentration sensitive detector, such as the RI-detector, must be used
together with the MALS detector, and will provide an estimation of the molecular
weight distribution in the sample. In addition to calculating correct molecular weights of
the polymer, MALS/RI detection also provides information about the polymer
dimensions in the sample [4, 9], where measurement of both molecular weight and
radius of gyration affords information of the shape, size and conformation of the
polymer chains in solution [10, 14]. Furthermore, the MALS/RI provides an estimation
of concentration mass, by using the polymer specific refractive index increment, dn/dc,
which allows for sample recovery to be studied from the ratio of eluted sample
concentration to the original sample concentration [11].
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2.4 Calibration
In order to relate the retention times obtained from RI detection to molecular weights, a
calibration curve must be created with standards of known molecular weight and narrow
polydispersity. PVP is a rather polydisperse polymer, and no standards of this polymer
are commercially available. Instead, narrow standards of polyethylene glycol/oxide
(PEG/PEO) are used, for which injection of one set of standards and the corresponding
calibration curve is shown in Figure 3. PEG and PEO are chemically similar and are
used together to cover a wider molecular weight range: the oxides cover the higher
molecular weights range while the glycols cover the lower molecular weight range.
Narrow distribution PEO is one of the most widely used calibration standards for watersoluble polymers [12, 14], and is evaluated as standards for PVP in [13]. The calculated
molecular weights for PVP will be expressed in “PEG/PEO equivalent molecular
weights”, which does not represent correct values [14].
In order to correct for the differences in hydrodynamic volumes, K- and α-values for the
PEG/PEO standards and PVP can be used in the calibration and molecular weight
calculations. The constants will vary depending on mobile phase and temperature for
each polymer, and since no K- and α-values were available in the literature in the
specific mobile phase and temperature used for both PEG/PEO and PVP, no corrections
were made for these differences in the analyses made in this project.

Figure 3. Chromatogram from injected narrow standards with known molecular weight and generation of
a calibration curve.

The calibration curve, which is a plot of logarithmic molecular weight versus retention
time (Fig. 3), can be an excellent tool for the comparison of elution behaviour for
different mobile phases and separation efficiency of columns within the analysed
molecular weight interval, where a decrease in the slope of the calibration curve gives
higher separation efficiency [15]. However, the results herein will only be based on the
hydrodynamic volume of the PEG/PEO standards in a specific solvent and the elution
profile for these standards for a specific column, why calibration curves should not be
used to draw any conclusion for the separation of PVP. It has earlier been shown that
columns and mobile phases determined to be the best conditions for separation of PEO
were not similar to the corresponding for PVP [12].
6

The calibration curve is represented by a polynomial. The nth-order polynomial is given
by
logM = A + BtR + CtR2 + DtR3 + … + EtRn

Equation 4

Where tR represents the retention time and logM the logarithmic molecular weight.
Although higher order equations improve the fit of the calibration curve, it can also lead
to meaningless maxima and minima. SEC calibration curves are commonly fitted with a
third order polynomial function, especially for calculations on a broad range of MW and
high-molecular weights [3].

2.5 Method development of SEC-RI
In order to investigate which compounds that possibly could be analysed with the SECRI system, several parameters like columns, mobile phases and extraction media can be
varied to account for observed problems in SEC separations, such as non-size exclusion
effects, insufficient separation of salt peaks from polymer- or oligomer peaks or
insolubility of compounds.
2.5.1 Columns
The column properties have important effects on the separation of the sample, since in
ideal SEC, the separation efficiency depends only on the stationary phase [5]. The
packing of the columns consists of porous particles, for which the pore size distribution
is chosen in relation to the molecular mass of the polymers to be separated. PL aquagelOH columns, which are used for the analyses herein, consist of macroporous,
hydrophilic particles that exhibit a polyhydroxyl functionality [16].
In SEC, improved separation and peak capacity can be expected when several columns
of the same pore size are connected in series. Columns of different pore size can be run
in sequence to broaden the range of molecular sizes separated. To obtain high-resolution
separation, particle size of the packing should be low and the particle size distribution
should be as narrow as possible [17]. Columns with mixed pore sizes can be used for
larger molecular weight intervals. They provide lower selectivity throughout the
molecular weight separation range than individual single pore-size packing, but provide
a wider separating range, and are suitable to quickly get an overall view of a sample as
well as to separate polymers with broad molecular weights. Columns of individual pore
sizes can be connected in series to provide better separation efficiency in a limited and
specific molecular weight interval [15, 18].
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2.5.2 Mobile phase
A major topic for method development in aqueous SEC is mobile phase selection, and
changes in both ionic strength and polarity can be used to suppress sample to column
interactions [16]. The mobile phase should be chosen carefully to fulfil certain criteria:
it must completely dissolve the polymer sample, it must be low enough in viscosity for
the SEC system to operate in a normal pressure range, and it must effectively suppress
non-size exclusion interactions between the polymer molecules and the stationary phase
[13, 15]. Non-size exclusion effects commonly described in SEC are intermolecular
electrostatic interactions (ion exchange, ion exclusion and ion inclusion) and adsorption
(hydrogen bonding and hydrophobic interactions) between the solute and the packing
material [3, 18]. The number of specified mobile phases for one packing type is often
low to increase quality. For the PL aquagel-OH columns, water with 0.02% NaN3 as an
antimicrobial agent to suppress microbial growth is recommended as mobile phase. The
only organic modifier compatible with this column packing is methanol, up to a
concentration of 50% in water. Synthetic, non-ionic polymers generally elute with little
or no adsorption on the columns, and pure water is often used as mobile phase.
However, PVP, due to its polar nature, has been reported to occasionally exhibit
interactions with the stationary phase when pure water is used as the mobile phase [3,
13]. These interactions are due to the basic characteristics of the N-related groups in the
polymer chain that act as cationic groups or are due to the residual carboxylic groups
that act as anionic groups. Therefore, interactions of these solutes are exhibited as
adsorption (retardation in retention time) or ion exclusion (early elution in the void
volume) [3]. Adsorption effects between the sample and column packing material are
diminished by addition of methanol, whereas ionic interactions are reduced with
addition of salt. 0.1M NaNO3 is often added as an electrolyte to suppress ion exclusion,
and is preferred to NaCl since the latter is corrosive. An addition of salt provides an
ionic strength that adds degree of reproducibility to the system [13, 18], especially when
analysing unknown samples that possibly can contain ionic species.

2.5.3 Extraction media
Extraction media and solvents should be the same as the mobile phase used for the
analyses, since in theory, if the sample solvent used is identical with the mobile phase,
then only response from the sample would be present in the chromatogram [13], and the
chromatogram will be easier to interpret. Since all samples need to be filtrated before
use due to risk of clogging in the columns and system filters, the compounds that are
extracted will only be analysed provided that they are soluble in the extraction
medium/mobile phase. Extraction media and mobile phases can be varied by means of
e.g. polarity and salt-content to investigate possible differences of amount or type of
detectable compounds from the extraction samples that can be analysed.
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2.6 PVP
Polyvinylpyrrolidone, PVP (Fig. 4), is a water soluble polymer with a wide range of
application areas. The water solubility, one of the key properties of PVP, can vary as a
function of the molecular weight, but even at very high-molecular weight PVP is quite
water-soluble [11]. The K-value assigned to each grade of PVP represents the
dependence of the solution viscosity on the concentration. The larger the value the
greater viscosity compared at the same concentration, which in turn means higher
molecular weight [9], which can be seen in Equation 1.

Figure 4. Chemical structure of the monomer unit in PVP

2.7 Catheters
A urinary catheter is used as a standardized treatment method for intermittent emptying
of the bladder, e.g. for patients suffering from urine retention. The surface structure of
the catheter is of special importance and designed to avoid damage to urethra and
minimize discomfort for the patients, by reducing the friction between the urethra and
the catheter. To counteract dehydration of the surface coating and thus secure low
friction throughout the entire catheterization, a hydrophilic surface coating with salt has
been developed. This was first achieved with LoFricTM catheters equipped with
UrotonicTM Surface Technology [19].
2.7.1 Coating
Hydrophilic polymer surfaces containing PVP have been shown to exhibit excellent low
frictional properties, slipperiness when in contact with water or physiological fluids and
good biocompatibility. PVP has been evaluated as a suitable key agent in urology
catheter coatings to make the catheter easier to insert, thereby minimising trauma at
catheterization, tissue irritation and patient discomfort [20]. Two types of PVP are used
in the LoFric coating, PVP K30 and PVP K90. PVP K90 is bound into a network of
isocyanate and methylene chloride on the catheter surface, which is then dipped into a
solution containing PVP K30 and NaCl. PVP K90 contributes to the thick coating
responsible for water retention, and PVP K30 is used to get the salt into the coating
without crystallization of the salt. The salt diffuses when wetting the catheter and
contributes to osmotic swelling of water into the coating.
9

2.7.2 Raw material
The raw materials of the catheter tubes analysed in this project are either
polyvinylchloride (PVC) or a newly developed plastic material, POBE (polyolefinbased elastomer). POBE is a complex plastic material, composed of different
polyolefins in bulk and styrene blocks. Since PVC contains both chloride and the
plasticizer di(2-ethylhexyl) phthalate (DEHP), POBE was designed as a plastic material
for urinary catheters to have a lower environmental impact than PVC [19].
DEHP has shown to be leached from medical plastics, like PVC, and the percentages
are not insignificant considering the lifetime exposure and bioaccumulation of DEHP
[21]. POBE is also designed to tolerate radiation sterilization better.

2.8 Radiation sterilization
Radiation is known to produce changes in the bulk polymer, such as chain-scission,
cross-linking and oxidation of polymer chains, and the predominance of either
mechanism depends on the radiation type, dose and nature of the radiated material and
radiation atmosphere [23]. Cross-linking is the intermolecular bond formation of
polymer chains, and the degree of cross-linking is proportional to the radiation dose.
The mechanism of cross-linking generally varies with the polymers concerned. The
universally accepted mechanism involves the cleavage of a C-H bond on one polymer
chain to form a hydrogen atom, followed by abstraction of a second hydrogen atom
from a neighbouring chain to produce molecular hydrogen. Then the two adjacent
polymeric radicals combine to form a crosslink. The overall effect of cross-linking is
that the molecular weight steadily increases with radiation dose, leading to branched
chains until ultimately a three-dimensional polymer network is formed when each
polymer chain is linked to another chain. In contrast, chain-scission is the opposite
process in which the rupturing of C-C bonds occurs and can cause chain breaking, and
will consequently lead to a decrease in molecular weight [22]. These chain degradation
mechanisms might generate potential leachables such as oligomers and change the
mechanical properties of the catheter [23], which increases the need for proper
investigation of the radiation effects on the catheters. Since water retention qualities of
the coating mainly are connected to the high-molecular weight PVP fractions, PVP K90,
possible radiation effects leading to changes in molecular weight of these fractions
could affect product performance. Also, possible degradation of additives that could
reduce polymer stability and create potential toxic and leachable compounds should be
investigated as an effect from radiation sterilization. SEC can be a useful tool to
investigate effects of radiation on the polymer as well as formation of potential
oligomers or other high-molecular weight degradation compounds.
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3. Experiment
3.1 Extraction
The following solutions were used for extraction: 0.9% NaCl (physiological solution),
0.01M NaCl, 2-propanol, 0.1M NaNO3 and 50:50 MeOH/MQ. Approximately 12 ml of
the extraction medium was used for each extraction in long test tubes covering the
coated parts of the catheters. The device was placed on a stirring table (100 stirs/min)
for 24 hours in room temperature. Ultra pure water (MQ) was used as extraction
medium in the same way, but at 72 hours in 37oC.
To investigate the time dependence of the extraction process on the detectable
compounds, catheters were extracted during 2, 10 and 20 hours respectively in 0.1M
NaNO3. All extractions were made as two replicates to control reproducibility of the
extraction.

3.2 Preparation of standard solutions and extraction samples
Standard solutions of PVP K30 and K90 from BASF were prepared at different
concentrations (0.1, 0.25, 0.5, 1, and 2 mg/ml) and diluted in the mobile phases used:
MQ-water, 0.1M NaNO3, 0.01M NaCl, and 50:50 MeOH/MQ. Extraction samples were
analysed undiluted and diluted in extraction medium (mobile phase) to 50% (v/v) and
25% (v/v), respectively. All samples were filtered with 0.45 µm pore size regenerated
cellulose syringe filters from National Scientific prior to analysis, to remove insoluble
and large particles that could damage or clog the columns.

3.3 SEC-RI
The samples were analysed with an aqueous PL-GPC-Aqua system, from Polymer
Laboratories, equipped with a refractive index (RI) detector. Columns used were PL
aquagel-OH MIXED (100-10,000,000 Da), PL aquagel-OH 30 (100-30,000 Da) and PL
aquagel-OH 10 (50-10,000 Da), with operation ranges in parenthesis expressed as
PEG/PEO equivalents, both individually and connected in series. All columns have the
dimension 300x7.5 mm and particle size 8µm. The system was operating at temperature
30oC, with flow rate 1 ml/min and injection volume 100 µl.
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Mobile phases used were ultra pure water (MQ), 0.1M NaNO3, 0.01M NaCl, 0.1M
NaCl, MeOH/MQ 50%, MeOH/MQ 20% and MeOH/MQ 20% with added salt (0.1M
NaNO3). 0.02% NaN3 was added as an antimicrobial agent to the mobile phases. All
mobile phases were vacuum-filtrated with a 0.22 µm Millipore filter. PEG/PEO
standards (from Polymer Laboratories) with molecular weights ranging from 106 –
1 215 000 Da were used to create calibration curves, and were dissolved in mobile
phase before injection. Calculation were made both assuming that the calibration curve
is linear, as well as using a calibration curve fitted to the third order polynomial.

3.4 SEC-MALS/RI
The SEC-MALS/RI analyses were performed at Astra Zeneca R&D Mölndal on a few
samples, both standard solutions of PVP and extraction samples. The column used was
a TSKgel GMPWXL, a mixed-bed resin column for samples with broad a molecular
weight range with dimensions 300x7.5 mm. Particle size is 13 µm and in PEG/PEO
equivalents this column separates in a molecular weight range of 500-8 000 000 Da.
Specific refractive index increment (dn/dc) had earlier been determined to 0.631 for
PVP. The flow rate was set to 0.2 ml/min and the analysis was performed at room
temperature (22oC) with mobile phase 0.01M NaCl. Light scattering was measured at 18
different angles, and the angular dependence of the scattered light was extrapolated to
zero using the Berry linear fit method [24].

3.5 Radiation sterilization
Sterilized and non-sterilized catheters were analysed in order to investigate the effect of
radiation on the catheter coating and/or raw material. The sterilized catheters were
radiated at 56 kGy with electron beam radiation. Additionally, catheters radiated at
2x100 kGy were also analysed. Both coated and uncoated catheters were analysed. To
investigate the radiation effect on PVP more thoroughly, PVP (K30 and K90) powders
were radiated at doses: 56 kGy, 100 kGy, 2x100 kGy and 3x100 kGy. The powders
were then diluted in mobile phases 0.01M NaCl and 0.1M NaNO3 and analysed with
SEC.
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4. Results and discussion
Chromatograms shown in the figures are illustrated as RI response (mV) vs. retention
time (min). Molecular weight distributions from SEC-RI analyses are calculated as
PEG/PEO equivalents and illustrated in diagrams as differential weight fraction vs.
logarithmic molecular weight.

4.1 SEC chromatograms of the extraction samples
A typical chromatogram obtained after injection of an extraction sample exhibits three
features (Fig. 5a): the first eluted peak corresponding to fractions of PVP K90 and PVP
K30, the following salt peak from NaCl in the coating, and the “end of column peak”
from all components smaller than the pore size (Fig. 5b). The peak corresponding to the
PVP fraction has a shoulder with lower response, which corresponds to the extracted
PVP K90 fractions, after which PVP K30 elutes as a bimodal peak. This is also
observed for the standard solutions of PVP K30, indicating that this compound consists
of two main size populations. The standard solutions shown in the chromatogram are of
concentrations 0.5 mg/ml for PVP K90 and 2 mg/ml for PVP K30, which gives similar
response as the PVP fractions from the extracted catheters. This provides an
approximate estimation of the amount of PVP extracted from the catheters; given that
the catheter was extracted in approximately 12 ml extraction fluid. The last peak was
detected at the same retention time as the total elution volume, indicating that there are
compounds that exhibit total retention and can’t be separated with this method. Due to
the difference in refractive index between these small compounds eluting at this time
and mobile phase, a high response is recorded (Fig. 5b). This “end of column” peak/dip
was also shown to arise from some injections of standard solutions and mobile phase,
and can be due to a slight difference of composition between the mobile phase and the
sample solvent, if prepared separately [25].
The relatively low resolution of the SEC technique, mentioned in 2.1.1, is illustrated in
Figure 6 where a typical SEC chromatogram from an extraction sample is shown with a
calibration curve overlaid. The calibration curve is used for calculation of the integrated
peak as described in 2.4.
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Figure 5. (a) Chromatogram for an extraction sample of a radiated POBE catheter. (b) Chromatogram
from injection of the same extraction sample as in (a), with standard solutions of PVP K30 and PVP K90,
and a 0.9% NaCl solution. A PL aquagel-OH MIXED column was used with mobile phase 0.1M NaNO3
for these analyses.

Figure 6. Chromatogram from an extraction sample with a calibration curve overlaid, adjusted with a
third order polynomial fit.
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4.2 Columns

Differences in elution behaviour of the extraction sample were seen when using the
different columns. Figure 7a shows an example of the elution profile for the extracted
PVP fraction from separations on the three different columns, where it is clearly seen
that for the columns with smaller pore sizes, PVP is eluted earlier, and consequently the
molecular weight distribution will differ (Fig. 7b). For a more correct estimation of
molecular weight distribution, a column having an upper separation limit higher than
the molecular weight range of the sample should be used in order to sufficiently
separate the high-molecular weight end of the sample. Columns should also be chosen
so that the low-molecular weight range is wide enough to sufficiently separate polymer
compounds and possible oligomers from the elution area of system peaks (e.g. salt
peaks, impurity peaks or end-of-column peaks) [5, 15]. Since the exclusion limits and
operating ranges for the columns are expressed in PEG/PEO-equivalent molecular
weights, they can vary significantly in molecular weight for different types of polymers,
due to the relationship between hydrodynamic volume and molecular weight that might
be very different for the standards and the polymer to be analysed [16]. However, the
highest molecular weight obtained for PVP K90 was 450 000 Da in PEG/PEOequivalents, and this is high over the exclusion limits for PL aquagel-OH 10 and PL
aquagel-OH 30. Coupling of columns in series provided increasing resolution of the
separated compounds (Fig. 7c), but still no additional compounds could be separated
and detected.

Figure 7. (a) Chromatogram of an extraction sample separated on three different columns. (b) Molecular
weight distributions for (a). (c) Chromatogram of extracted sample separated with a mixed-bed column,
and a mixed-bed column connected in series with individual pore size columns.
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Figure 8. Calibration curves for the different columns and mobile phases, obtained from injection of three
sets of PEG/PEO standards.

Calibration curves from injection of standards show that PEG/PEO elute earlier when
separated with the columns PL-aquagel-OH 10 and PL-aquagel-OH 30, compared to
when the mixed-bed columns is used (Fig. 8), which is due to the fact that the individual
pore size columns don’t have large enough pore sizes to retain the high-molecular
weight polymers. The shape of the calibration plot for the columns characterizes the
molecular weight separating range. The flat central portion of the curve represents the
useful molecular weight separating range of the packing material. The sharp breaks in
the calibration plot at either end correspond to the molecular weight region in which the
sample is either totally excluded or free to penetrate the total pore volume of the
packing material. In these regions the separation properties of the packing are poor.
Column(s) should be chosen so that the components to be analysed elute within the
retention time representing the more flat region of the calibration curve for optimum
separation efficiency, and the column(s) providing the shallowest slope of this flat range
will provide the highest resolution [18]. The calibration curves in Figure 8 show that
coupling of columns (increasing column length), both increases the separation
efficiency and the resolution for injection of PEG/PEO standards. However, since no
other compounds could be detected when coupling of columns, and one mixed-bed
column showed to give a good estimation of the molecular weight distribution of PVP,
results obtained from coupling of columns do not provide enough advantages due to the
increase in peak broadening from the column ends and additional connections [5] as
well as an increase in pressure and analysis time.
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4.3 Mobile Phase
4.3.1 Pure water (MQ)
For analyses of standard solutions of PVP, a slight shifting towards earlier retention
times was observed when using MQ compared to 0.1M NaNO3 as mobile phase, with
approximately 2% earlier retention time for K90, and 6%, respectively, for K30 (Fig. 9).
This can be due to a larger hydrodynamic volume of PVP when salt is absent or
potential ion exclusion effects with PVP and the stationary phase. An increase in
hydrodynamic radius for polymers in mobile phases with low ionic strength has been
described in [18], and can be an explanation for this elution behaviour. From injection
of PEG/PEO standards diluted in pure water, a similar shift in retention times was
observed with up to 2.9%, from separation with PL aquagel-OH 30 or PL-aquagel-OH
30 coupled with PL-aquagel-OH MIXED, as seen from calibration curves in Fig. 8. The
increase in hydrodynamic volume and retention time for PEO in pure water as mobile
phase, compared to when salt is added, was observed in [4], and corresponds to the
results observed in these analyses. SEC-MALS/RI studies from the experiments in [4]
further indicated that a change in polymer conformation was the reason for the change
in hydrodynamic volume.

Figure 9. (a) Chromatograms for injected samples in MQ and 0.1M NaNO3 separated with column PL
aquagel-OH 30. (b) Molecular weight distributions for the samples in (a), where molecular weight
calculations has been made from PEG/PEO standards diluted in the different mobile phases. (c)
Molecular weight distribution for the injection of PVP K90 in MQ and 0.1M NaNO3 using columns PL
aquagel-OH MIXED and PL-aquagel-OH 30, coupled in series.
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The analysis of the extraction samples in MQ mobile phase showed inadequate
separation of PVP and the extracted NaCl (Fig. 10a). This phenomenon has been
reported earlier for injections of salt in pure water, and is described in a similar manner
as the poly-electrolytic effect [26], where the salt was seen to elute earlier than
uncharged-low molecular weight substances, with an asymmetric elution curve. The
same results were seen here, shown in Figure 10, where the NaCl peak rises gradually
and slopes down steeply. This has been described to be caused by differences in
diffusion, where cations and anions diffuse independently of each other with a velocity
depending on the difference in osmotic pressure and on the rate of migration. The faster
diffusion of the chloride ion generates a potential difference which is largest where the
concentration gradient is steepest, i.e., in the boundary layer between the sample and the
pure water. Therefore the fractions at the slope of an (electrolyte) substance band
moving over the chromatographic bed have a slightly higher rate of migration than the
central fractions, in which the higher concentration has an additional shielding effect on
the charges. The higher rate of migration occurring at the edges of the electrolyte band
causes the leading fractions to travel farther and farther ahead of the others, whereas at
the backward slope it causes fractions lagging behind to catch up with the bulk again
[13]. This elution behaviour of NaCl injected in pure water (Fig. 10b) causes
insufficient separation of the extraction samples (Fig. 10a). Consequently, when
analysing unknown samples, addition of a supporting electrolyte is a prerequisite for
interpretable chromatograms due to sensitivity to intra-molecular electrostatic repulsion
and excessive influence of salt impurities [27].

Figure 10. (a) Chromatogram for an extraction sample from non-radiated POBE catheters, separated with
a PL aquagel-OH 30 column, with 0.1M NaNO3 and MQ as mobile phases. (b) Chromatograms for a
0.9% aqueous solution of NaCl with the same conditions as in (a) for mobile phases 0.1M NaNO3, MQ
and MeOH/MQ. (c) Chromatograms for extraction samples from non-radiated POBE catheters in 2propanol and 0.1M NaNO3, with mobile phases MeOH/MQ and NaNO3.
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4.3.2 Methanol/water
The MeOH/MQ mobile phases have higher viscosity and therefore contributed to high
pressure, which should be avoided [13]. Furthermore, the same elution behaviour of
NaCl was observed with the MeOH/MQ mobile phases without salt, as described for
pure water as mobile phase (Fig. 10b).
With MeOH/MQ as mobile phase, an additional peak was observed eluting at the void
volume/near the exclusion limit (Fig. 10c) for extraction samples dissolved in
MeOH/MQ, MQ and in salt solutions. The same additional peak was observed from
standard solutions of PVP dissolved in the three different mobile phases, injected in
MeOH/MQ mobile phase. The premature, bimodal peak disappeared upon salt addition,
and could be due to ion-interactions, associates or a result of other artefacts. By
injection of an extracted sample in 2-propanol, an additional peak is detected, at even
earlier retention time (Fig. 10c), probably due to the similar effects as described above.
After addition of 0.1M NaNO3 to the mobile phase, the premature elution effects
described above were suppressed. However, no obvious effect could be seen from a
20% concentration of MeOH in the mobile phase, compared to just salt, neither on the
separated PVP fraction, nor on any other possible separated compounds.
4.3.3 Salt addition of NaNO3 and NaCl
Using salt in the mobile phase significantly improves the separation of the peaks from
PVP and NaCl in the extraction sample (Fig. 10). Concentrations of 0.1M were mainly
used, however adding a low concentration of salt, 0.01M NaCl, also shows sufficient
separation, but a systematic displacement of the extracted NaCl elution curve towards
earlier retention times for samples injected later gave poor reproducibility of the
chromatograms. It has been reported earlier that adding low concentrations of salt, like
0.01M, can give rise to ionic interactions. Ideally, a salt concentration of 0.1M-0.5M
should be added [13].
Using a higher concentration (0.1M) of NaCl was tested to investigate whether the peak
from NaCl would disappear, and thereby response from eluting compounds as e.g.
oligomers, which could possibly elute at the same time as NaCl and thereby be “hidden”
behind the peak, could be detected. However, when using 0.1M NaCl as mobile phase,
no other peaks could be detected. A concentration of 0.01M NaCl gives similar
chromatograms as 0.1M NaNO3, and with the use of 0.1M NaCl, a negative peak is seen
instead after the PVP peak (Fig. 11).
Since no additional peaks could be detected when using 0.1M NaCl, compared to when
0.1M NaNO3 was used as mobile phase, 0.1M NaNO3 was chosen as the most suitable
salt for addition to the mobile phase since it’s not corrosive as NaCl.
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Mobile phase:
0.1M NaNO3
0.01M NaCl

Figure 11. Chromatograms from extraction samples from radiated POBE catheters, in 0.01 NaCl and
0.1M NaCl, extracted in 0.01M NaCl and separated with columns PL aquagel-OH MIXED, 30 and 10,
respectively, coupled in series.

4.4 Extraction
After extraction, the coating is partly released from the catheter as can be seen by
muddy solutions with white flakes. The extraction samples were very hard to filtrate, so
it’s important to have in mind when drawing conclusions from the obtained results that
some high-molecular compounds that are insoluble and/or too big to pass the filter are
not analysed.
4.4.1 Medium and solvent
PVP is a highly soluble polymer: both in water and in many organic solvents.
No significant differences when analysing extraction samples from different extraction
media were seen from the SEC chromatograms, comparing extractions in different salt
solutions (Fig. 12). However, for extraction in 2-propanol, a slight shift towards later
retention times was seen, which could be due to a larger hydrodynamic radius of the
PVP molecules in this solvent, or due to the phenomena “viscous fingering”, since
different solvents and mobile phases are used in these analyses. This formation of
distorted peaks and change in elution behaviour is described in 4.5, and is seen as
retardation in retention time when the injected sample has higher viscosity than the
mobile phase [18, 27].
Obviously, no additional information could be obtained when using extraction media
with less polarity etc., since neither extraction in 2-propanol nor MeOH/MQ 50:50
showed any additional peaks. Since 2-propanol can’t be used as a mobile phase for
these columns, consideration must be taken to the strong response from 2-propanol
itself in the chromatogram, which can prevent detection of other possible compounds
eluting at the same time.
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Extraction medium:
2-propanol
MQ water with NaCl
MQ water with NaNO3

Figure 12. Molecular weight distribution for the PVP fraction extracted from radiated PVC catheters,
extracted in 2-propanol and MQ water with NaCl and NaNO3.

4.4.2 Extraction time
The extractions made under identical conditions during 2, 10 and 20 hours resulted in
small differences in the calculated molecular weights of the PVP fractions due to an
increase in high-molecular weight fractions with increasing extraction time (Fig. 13c
and 14), which further led to a slight increase in PD (Fig. 14). Molecular weight
distributions show that the observed differences of the extracted PVP fraction
depending on raw catheter material as well as radiation are the same for all the
extraction times (Fig. 13a and 13b).

Figure 13. Molecular weight distributions from injections of samples extracted during different times in
the mobile phase used (0.1M NaNO3), and analysed with a PL aquagel-OH MIXED column (a-c).
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Figure 14. Increase in polydispersity and weight-average molecular weight for the extracted catheters
during 2, 10 and 20 hours.

4.5 Effects of sample concentration
The effects of sample concentration were studied, both for standard solutions of PVP
K30 and PVP K90 as well as for the extraction samples with SEC-RI. For the analysis
of very high-molecular weight polymers, such as PVP K90, low concentrations are
needed when using MALS detection since the signal intensity is proportional to Mw and
concentration. For low-molecular weight polymers, on the other hand, higher
concentrations should be used in order to obtain MALS-signal with proper intensity.
Consequently, suitable concentrations of 0.1 mg/ml PVP K90 and 0.5 mg/ml PVP K30
had earlier been evaluated as adequate for the same type of analyses, and were used for
the SEC-MALS/RI analyses. When only using RI detection, low concentrations (<0.25
mg/ml) was shown to give low S/N ratio, which can lead to erroneous results with high
Relative Standard Deviation (RSD).
From the higher concentrations injected, it was seen that there are no concentration
effects for the analysis of PVP K30 for samples injected in concentrations 0.5-2 mg/ml.
For PVP K90, on the other hand, it was clearly shown that for samples in high
concentration (>1 mg/ml), a shift towards longer retention times and lower molecular
weights was observed (Fig. 15c). This indicates that PVP K90, as it has a significantly
higher molecular weight that PVP K30, exhibits some form of shear degradation in the
column. The calculated results for Mw show this phenomenon, where a decrease of 2.55% is seen compared to the results calculated for a concentration of 0.5 mg/ml. A
similar, but very small, effect is seen for concentration 1 mg/ml, where the Mw lays 0.51% under the corresponding values for the concentration of 0.5 mg/ml.
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Shear degradation effects appear from injection of high concentrations solutions with
high-molecular weight polymers, and are described as overloading of the column and
leads to longer retention of the polymer. A similar effect is described for injections of
high concentration of a high viscous sample. Since a solution of PVP K90 will have
higher viscosity than a solution of PVP K30 with similar concentration, this reason can
also be an explanation for this behaviour. The phenomena is termed “viscous
fingering”, and causes distortion of the peaks if the viscosity of the sample solution is
significantly higher than that of the mobile phase, due to formation of “plugs” within
the column pores, which retards elution and perturbs the flow rate [18, 27].
RSD calculated from injections of concentrations 0.25, 0.5, 1 and 2 mg/ml, respectively,
of standard solutions of PVP injected successively, resulted in RSD < 2% for PVP K30
and RSD < 4% for PVP K90, which is judged as sufficiently low (< 5 %).

Figure 15. (a) Chromatogram for different concentrations of PVP and (b) their corresponding molecular
weight distributions. (c) Molecular weight distribution of an extraction sample injected in three different
concentrations.

For extraction samples, an increase in separation efficiency between the polymer peak
and the salt peak was shown. However, molecular weight distributions for undiluted
samples and samples diluted to 50% and 25% with mobile phase, showed good
agreements in molecular weight distributions (Fig. 15c).

23

4.6 Radiation sterilization
4.6.1 Catheters
Both Mw and Mn of the extracted PVP fraction from catheters are gradually decreasing
after radiation, which is mainly seen by a decrease in the high-molecular weight PVP
fractions (Fig. 16b and 16c), which indicates that chain-scission is the dominating effect
from radiation sterilization of catheters [22]. Also, a slight increase in concentration of
the more low-molecular weight fractions of PVP is seen in the chromatograms (Fig.
16b), indicating that the longer chains in PVP K90 are degraded into shorter ones of
approximately the same size as PVP K30. For POBE catheters, the PVP fractions are
degraded to a lower extent than for PVC catheters, as showed by Mw calculations (Table
1), chromatograms (Fig. 16b) and distribution (Fig. 16c). These observed effects was
shown to increase with radiation doses, as shown by the calculated results in Table 1
and 2 and illustrated in the distribution plot in Figure 16c.

Figure 16. SEC-RI Chromatograms of extraction samples from PVC and POBE catheters are shown in
(a) and (b). (c) Shows a distribution plot for the molecular weight of the PVP fraction extracted from
PVC and POBE catheters, non-radiated and radiated with doses 56 kGy and 2x100 kGy, respectively.
Samples are extracted and diluted in the mobile phase used, 0.1M NaNO3, and analysed with a PL
aquagel-OH MIXED column.
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Table 1. Calculated Mn, Mw and PD with SEC-RI for the extracted PVP fractions from radiated PVC- and
POBE catheters at doses 56kGy and 2x100kGy, respectively, as compared to non-radiated catheters.

PVC non-radiated
PVC 56 kGy
PVC 2x100 kGy
POBE non-radiated
POBE 56 kGy
POBE 2x100 kGy

Mn decrease (%)

Mw decrease (%)

PD decrease (%)

5
13

34
59

32
53

1
3

12
25

11
23

The net effect of radiation is a decrease in molecular weight due to a decrease of the
most high-molecular weight PVP fractions (Table 1 and Fig. 16 b and c). The
differences between the PVP fractions extracted from PVC and POBE catheters are
mainly seen as a higher molecular weight of PVP from POBE, and a higher peak height
and larger peak are of the PVP fraction from PVC catheters. These differences were
shown to increase with stronger radiation doses (Tab. 2). The polydispersity changes in
line with Mw, further showing that radiation mainly effects the longer PVP chains, as
also can be seen in Figure 14.

Table 2. Differences in Mw, PD and Peak Area of the extracted PVP fraction between PVC and POBE
catheters

Mw

PD

Peak Area

Non-radiated

POBE 12 % higher
than PVC

POBE 14 % higher
than PVC

POBE 28 % lower
than PVC

Radiated 56 kGy

POBE 33 % higher
than PVC

POBE 32 % higher
than PVC

POBE 24 % lower
than PVC

Radiated 2x100 kGy

POBE 54 % higher
than PVC

POBE 49 % higher
than PVC

POBE 16 % lower
than PVC
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Figure 17. Chromatogram (a) and molecular weight distribution (b) from SEC-MALS/RI analyses of
extraction samples from POBE catheters.

Only extraction samples from POBE catheters were analysed with SEC-MALS/RI and
the same radiation effect was observed (Fig. 17). However, the molecular weight
differences were higher compared to those calculated from SEC-RI analyses in Table 1,
e.g. the decrease in Mw after 56 kGy radiation was determined to be 20%, indicating
that differences are underestimated with SEC-RI analyses, which is discussed further in
4.8. In the SEC-MALS/RI chromatogram a molecular weight calibration curve is
directly determined, and it’s clearly seen that the MALS detector is more sensitive
towards high-molecular weight fractions of the polymer, whereas the RI detector is
more sensitive to the lower molecular weight fractions of PVP (Fig. 17a).
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4.6.2 PVP powders
PVP powders were clearly affected from the higher radiation doses (2x100 kGy and
3x100 kGy), as they were changing colour from white to yellow, and partly got stiff.
When dissolving the powders, it was obvious that PVP K90 radiated with 2x100 kGy
and 3x100 kGy were somewhat insoluble. This was further proved by SEC-MALS/RI
analyses, where the yield could be calculated through the established dn/dc value [11],
which is illustrated in Figure 18, where it is clearly shown that PVP K90 experiences a
substantial decrease in solubility with increasing radiation doses.

Figure 18. Calculated yield from SEC-MALS/RI analyses of radiated PVP powders, plotted as a function
of radiation doses.

For PVP K30 a small increase of higher molecular weight fractions is observed with
increasing radiation doses (Fig. 19 and 20). PVP K90 was evidently more affected from
radiation than PVP K30. For doses 56 kGy and 100 kGy, a large increase in K90 Mw
was calculated (Fig. 19b, c 20b) and is illustrated in the molecular weight distribution
profile in Figure 19b, where it’s obvious that fractions of higher molecular weight PVP
is formed. For the higher radiation doses, 2x100 kGy and 3x100 kGy, PVP K90 was
determined to be partly insoluble, and the analysed samples were calculated to have
much lower Mw (Table 3), probably due to a high extent of cross-linking as described
below. Analyses with SEC-RI and SEC-MALS/RI showed the similar results (Fig. 19
and 20). The strong background noise observed for the SEC.MALS/RI analyse probably
arose because the MALS detector hadn’t been cleaned, and can possibly cause error in
calculated molecular weights listed in Table 3.
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Figure 19. Molecular weight distribution plots for radiated PVP K30 (a) and K90 (b), and their
corresponding chromatograms (c) and (d), obtained from injection into the SEC-RI system with mobile
phase 0.1M NaNO3, and separated on a PL aquagel-OH MIXED column.

In the chemical structure of PVP, there are one or two hydrogen atoms attached to the
C-C main chains (backbones). From analyses of radiated PVP powders, the dominated
degradation mechanism from radiation is cross-linking, resulting in higher molecular
weight due to formation of longer chains, as described in 2.8. Since the samples are
filtered before SEC analyses, the fractions that are insoluble or too big to penetrate the
filter will not be analysed, which seems to be the case for PVP K90 radiated at 2x100
kGy and 3x100 kGy.
Interestingly, PVP is affected differently by radiation depending on if it’s radiated in
powder form or on the catheters (Fig. 21), where a clear effect of cross-linking was seen
for radiated powders and a corresponding chain-scission mechanism of high-molecular
weight fractions appears for radiated catheters. This is likely due to the nature of the
bonding of PVP into the isocyanate network of the coating, and further investigations of
this bonding can lead to greater understanding of the reason behind these differences.
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Figure 20. Chromatograms from SEC-MALLS/RI analyses of radiated PVP K30 (a) and PVP K90 (b).

Figure 21. Difference in Mw (a) and PD (b) of PVP after radiation compared to non-radiated samples,
calculated as percentage.
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4.7 Difference between PVC- and POBE catheters
Differences between the two raw materials are mainly seen through the radiation
effects, where the high-molecular PVP fraction from POBE catheters exhibits a lower
decrease in Mw, seen in Figure 16 and 17 and by calculated results of Mw in Table 1.
Also, for non-radiated catheters, PVP fractions from POBE were shown to contain more
high-molecular weight PVP fractions, while extraction samples from PVC catheters
contained a higher concentration of lower molecular weight fractions (Fig. 16). The
same relationship between the extracted PVP fraction from radiated PVC and POBE
catheters was seen consistently, for all the different extractions made in different media
and as double samples. That is, PVP fractions extracted from POBE catheters generally
elute a little bit earlier than the corresponding PVP fractions from PVC catheters, and
the high-molecular weight fractions exhibit a larger decrease from PVC catheters, as
described in 4.6.2.
Since the coating process is exactly the same for the two types of catheters, the results
indicate that PVP K90 is bonded somewhat differently in the isocyanate network of the
coating or onto the catheter, depending on which raw catheter material is used. This
could be due the differences in surface structure that has been observed between the two
catheter materials or differences in chemical composition, e.g. PVC containing chloride
groups.
Additional visual differences were seen between PVC- and POBE catheters, for
example that PVC catheters turned slightly red after radiation, both uncoated and coated
catheters. Another difference was that the coating of the catheter was transparent on the
POBE catheters after extraction, and whiter on the PVC catheters.
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4.8 Differences in detection: SEC-RI versus SEC-MALS/RI

It was shown that molecular weights obtained with SEC-RI when calculations was
made with a calibration curve from PEG/PEO standards are much lower than absolute
molecular weights obtained from SEC-MALS/RI analyses. This indicates that PVP has
a higher density than PEG/PEO. Calculated molecular weights are listed in Table 3,
where the differences between absolute molecular weights and PEG/PEO-equivalent
molecular weights can be seen. As was seen in Figure 20, the background noise was
strong for the SEC-MALS/RI analyses which can give erroneous results.
There was close to linear relationship between the calculated molecular weights for
radiated PVP powders obtained from SEC-RI and SEC-MALS/RI for PVP K30 and
lower molecular weights of PVP K90. However, for PVP radiated at doses 56 kGy and
100 kGy, molecular weights calculated from SEC-MALS/RI was very high, which is
indicated by the upward curvature in Figure 22.
Figure 21 shows differences in calculated results of radiated PVP powders between
SEC-MALS/RI and SEC-RI. Generally, the difference in Mw after radiation seems to be
underestimated with SEC-RI (as also was concluded in 4.6.1).

Figure 22. Relationship with calculated molecular weights for identical samples analysed with SEC-RI
and SEC-MALS.
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More thorough investigations of calibration standard-equivavlent molecular weights
obtained with RI detection versus true molecular weights obtained with MALS/RI
detection has been made [28]. There was concluded that using a chemically different
polymer for calibration of a SEC-RI system can result in considerable error in the
determination of molecular weight, PD and molecular weight distribution.

Table 3. Calculated molecular weights obtained from SEC-MALS/RI and SEC-RI.

Analysed
sample

PVP K30

PVP K90

POBE
catheters

Radiation
dose (kGy)

SEC-MALS/RI:
Absolute molecular
weights
Mn
Mw
PD

SEC-RI:
PEG/PEO-equivalent
molecular weights
Mn
Mw
PD

Nonradiated
56
100
2x100
3x100

18100

61600

3.4

13900

27500

2.0

18200
17900
18400
17600

62100
62800
69400
83600

3.4
3.5
3.8
4.7

14100
14200
14400
14900

28200
29100
30800
34000

2.0
2.1
2.2
2.3

Nonradiated
56
100
2x100
3x100

177800

980900

3.1

92600

296000

3.2

562200
310600
135400
104800

1793000
1182300
413300
221400

3.8
3.8
3.1
2.1

90000
83400
61300
41700

344200
334400
148100
85900

3.8
4.0
2.4
2.1

Nonradiated
56 kGy

47600

479300

10.4

18500

103900

5.6

43900

402300

9.2

16800

79300

4.7
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5. Conclusions
5.1 The SEC-RI method
Through the method development experiments, 0.1M NaNO3 was concluded as a
suitable mobile phase selection for these analyses of extraction samples from catheter
coatings, since it was evident that addition of an electrolyte was needed for interpretable
chromatograms. 0.1M NaCl also showed good results, however, long time usage of
sodium chloride are known to cause corrosion of the chromatographic system.
Columns coupled in series showed increasing resolution, but also an increase in
pressure which results in low reproducibility, changes in calculated molecular weights,
noisy baseline and a possible destruction of column packing. Furthermore it requires
longer analyses times and larger consumption of mobile phase. Separation with one
mixed-bed column is enough to provide a good molecular weight distribution profile of
PVP, in agreement with the one obtained from SEC-MALS/RI analyses. Columns with
individual and smaller pore sizes showed no advantages towards the mixed-bed column
since separation and detection of additional compounds from extraction samples could
not be achieved with this technique.
Since it was shown that the calculated molecular weights are only about half of the true
molecular weights or less, SEC-RI can’t be used for correct calculations of molecular
weights of PVP, and should only be used for qualitative comparisons of elution profiles
and molecular weight distributions of the samples. This clearly shows that the
relationship between hydrodynamic volume and molecular weight differs for PEG/PEO
and PVP. To compensate for these conformational differences, K- and α-constants could
be determined both for PVP and PEG/PEO standards in mobile phase 0.1M NaNO3 and
temperature 30oC. This could be done with SEC using triple detection: MALS/RI
combined with viscometery. However, the SEC-RI system will still provide low
reproducibility, mainly due to the sensitivity towards fluctuations in flow rate and nonsize exclusion effects, which can give erroneous calculations of molecular weights.
To make relevant comparative conclusions from SEC-RI analyses, samples to be
compared should be injected within a relatively short time sequence, and be calculated
using the same calibration curve with consistently set integration limits. The SEC-RI
method is the applicable for comparing molecular weights and molecular weight
distributions to evaluate possible differences in raw material, coating process and
radiation effects of PVP.
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5.2 Catheter analyses
From these analyses, it was clear that no compounds could be detected with SEC-RI
from uncoated catheters, showing that no high-molecular weight compounds are
released from the raw catheter material that could be detected with SEC-RI. From
extraction of coated catheters, only PVP and NaCl could be separated and detected with
SEC. There is no interest in analysing the extracted NaCl, but for the analyses of PVP,
SEC-RI is a useful tool for comparative analyses of PVP fractions extracted from
different raw catheter materials as well as the effects of radiation sterilization.
For POBE catheters, the extracted PVP fraction was shown to have higher molecular
weight than the corresponding for PVC catheters, as was shown by an earlier elution as
a result from a fraction of very high-molecular PVP molecules, only present from
samples extracted from POBE catheters. Furthermore, PVP fractions from PVC
catheters showed a larger decrease in Mw, as a result of radiation as compared to PVP
from POBE catheters. This indicates that the underlying mechanisms and chemistry for
the binding of PVP onto the catheter coating is different depending on which raw
catheter material is used, since the coating processes for the two types of catheters are
identical. Since it is mainly the PVP K90 fraction, which is primarily responsible for the
water retention quality that exhibits these differences, potential differences in product
performance depending on raw catheter material and radiation dose could be further
investigated. However, a study comparing patient perception regarding ease and
comfort during catheterization depending on if PVC or POBE is used as raw material
showed no significant differences between the two [29].
PVP powder and PVP bonded in the catheter coating was concluded to exhibit different
radiation-induced degradation mechanisms from these SEC analyses. PVP powder
showed clear results of cross-linking after radiation, which is indicated by an increase in
molecular weight. The extracted PVP fraction from catheters exhibited a decrease in
molecular weight, which indicates chain-scission, which is supported by the slight
increase in low-molecular weight fractions after radiation. This shows that PVP undergo
different degradation mechanisms caused by radiation when it is bonded to the catheter
coating, compared to PVP powder. As described in 2.8, upon radiation the
predominance of either degradation mechanism depends on the radiation type, dose and
nature of the radiated material and radiation atmosphere. Obviously the nature of the
radiated material (PVP in powder form or bonded in the coating) is responsible for the
differences in radiation effects observed through these analyses, since type, dose and
atmosphere of the radiation was the same. Differences in radiation effects depending on
the radiation atmosphere have earlier been observed for PVP, where radiation of PVP in
aqueous solution was shown to undergo cross-linking reaction to form hydrogel,
whereas radiation in presence of oxygen (peroxidation) led to chain-scission [30].
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6. Future work
As this project showed some differences in size of the PVP fractions in catheter
coatings on different raw catheter material in spite of identical coating processes, further
analyses of PVP can be implemented to understand the underlying causes. To increase
the insight of the binding mechanisms and chemistry of PVP in the catheter coating, and
the effects on these from radiation and raw catheter material used, more investigations
can be made, which either provides size information of the whole PVP fraction in the
sample or information such as conformation and structure of PVP. The surface of the
different catheters can be investigated with e.g. SEM and AFM, to investigate
differences in surface roughness and uniformity in coating application to the surface.
A further investigation of the PVP compound in the catheter coating can be made using
similar separation techniques that don’t require filtration of samples before analyse,
such as Field Flow Fractionation (FFF). In that way, a complete analysis of the
extracted PVP fraction will be obtained, and comparisons can be made between the
soluble PVP fractions, as well as the fractions that were insoluble or too big for these
analyses, as they will appear as two separated peaks in the FFF elution profile. Also,
further analyses with SEC-MALS/RI can be used to evaluate possible structural
differences of PVP, to investigate whether raw catheter material or radiation leads to
any structural change of PVP conformation.
Since SEC could not be used for analysis of any other extracted compounds than PVP,
other chromatographic methods, such as HPLC, can be used to identify potential
radiation induced effects on additives and antioxidants, as well as any formation of
degradation products after radiation, to ensure that no toxic leachables are formed [23].
A deeper insight into the radiation chemistry of PVP can provide important knowledge
for further product development. Radiation has earlier been used to form PVP hydrogels
through cross-linking, which combines formation and sterilization of the product in one
single step [31, 32], where polymer concentration and radiation dose were seen to affect
the degree of water uptake. Hydrogels consist of a three-dimensional network of
polymer chains with covalent bonbds linking the chains, where the ability to swell water
into the hydrogel are mainly governed by the hydrophilicity of the the polymer chains
and the crosslink density. Hydrogels of PVP are known to have good swelling
properties with high water up-take [31], which also is the desired function of PVP in the
catheter coating.
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