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Abstract
Hyaluronic acid (HA) is an unbranched polysaccharide consisting of the repeating disaccharide unit β(1→4)GlcA-β(1→3)-GlcNAc and is a naturally occurring biopolymer in bacteria and vertebras. HA is predominantly
found in the extracellular matrix (ECM) and the in vivo function of HA can vary depending on molecular weight
(Mw) for instance high Mw HA is reported to be anti-angiogenic while low Mw HA induces angiogenesis. HA is
a popular component for hydrogels such as dermal fillers. HA is commonly used in dermal fillers. However,
other materials, such as other polymers, can be used as well. The project goal was to investigate different
degradation processes for production of target Mw HA. Alkaline and acidic degradation processes in
combination with increased temperatures seemed as the most promising methods. Degradation tests
performed both in aqueous solution as well as heterogeneously in ethanol were evaluated. The acidic
degradation in aqueous solution was proven to have the largest degradation constant. Both a robustness test
as well as a Design of Experiments (DoE) was performed to investigate the influence different factors had on
the degradation speed. The investigated factors were HA concentration, HCl concentration and temperature.
Temperature and HCl concentrations proved to be the most influencing factors and a model was developed in
the DoE software MODDE to describe how the factors influenced the degradation constant. The model was
established as a good significant model with a Q2 value of 0.998 and relative standard deviation (RSD) value of
0.022 after a logarithmic transformation was performed as well as a simplification of the model by excluding
some of the factor interactions. The acidic degradation method also proved to be a highly robust method
which easily could be used to produce target Mw HA.
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Acronyms and abbreviations
% w/w

Weight by weight percentage

BDDE

1,4-butanediol diglycidyl ether

DM

Polydispersity index, also known as PDI

DoE

Design of experiments

DVS

Divinyl sulfone

ECM

Extracellular matrix

EtOH

Ethanol

FDA

U.S. Food and Drug Administration

GlcA

D-Glucuronic acid

GlcNAc

N-acetyl-D-glucosamine

HA

Hyaluronic acid, hyaluronan

HCl

Hydrochloric acid

HMw

High molecular weight (HA >800 kDa)

kd

Degradation constant

MALLS

Multi angular laser light scattering

Mn

Number average molecular weight

Mw

Molecular weight, mass average molecular weight

NaCl

Sodium chloride

NaOH

Sodium hydroxide

PDI

Polydispersity index, also known as DM

Q

2

Predictive error sum of squares

RSD

Relative standard deviation

SEC

Size-exclusion chromatography

TMw

Target molecule weight ( 170 kDa ≤ HA ≤ 230 kDa)
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1. Introduction

1.1 Purpose of the study

Hyaluronic acid (hyaluronan, HA, conjugate base
hyaluronate) is a naturally occurring biopolymer in
bacteria and vertebras. HA is a highly hydrophilic
molecule with the ability to bind water up to a 1000
times its own weight (Khabarov, Boykov, and
Selyanin 2014)

The main manufacturing processes for HA based
dermal fillers are similar amongst most products on
the market. The raw material used in the production
of dermal fillers is usually HMw HA. The hydrogels
are crosslinked to prolong the mechanic in vivo
properties, the crosslinking step in the
manufacturing process often degrades the Mw of
HA since the use of alkaline conditions often is
required. Hence the real Mw of the HA chains after
crosslinking is significantly lower than in the raw
material.

HA is predominantly found in the extracellular
matrix (ECM) of mammals and is prominent in soft
connective tissues and increase in tissue undergoing
growth and repair (DeAngelis 1999; Laurent and
Fraser 1992). The in vivo functions of native HA
includes, but is not limited to, forming ECM
matrixes, facilitating cell migration, tissue
hydration, part of liquid connective tissues such as
joint synovial fluid and inflammatory signals. The
biological function of HA can vary depending on
molecular weight (Mw), for instance high Mw HA, is
reported to be anti-angiogenic while low Mw HA
such as oligo saccharides, induces angiogenesis
(Frenkel 2014; Balazs et al. 1967; Cowman and
Matsuoka 2005; Stern et al. 2007).
The turnover rate of HA in vivo depends on where
the HA is located. The half time of HA in the
circulation system is approximate 2-5 minutes while
the half time in more rigid tissue, such as cartilage,
is 1-3 weeks. Almost half of all HA is located in the
skin where the half time of HA in the epidermis layer
is 1-2 days (Fraser et al. 1981; Stern 2003)
With its desirable properties HA has become a
popular component for hydrogels such as dermal
fillers. The first HA based dermal filler was approved
by the U.S. Food and Drug Administration (FDA)
2003 (U.S. Food And Drug Administration 2003)
The industry of dermal fillers has grown
tremendously since then and the global market
revenue of 2018 is estimated to around 7.8 billion
USD and is predicted to continue to grow the next 5
years (Prof Research Facial Aesthetic Dermal Filler
Research Center December 2018)

If new crosslinking techniques with little or no
degradation were to be used, different HA Mw
could be of interest. The purpose of this study was
to develop a new process suitable to produce HA
with specific Mw by screening different degrading
methods.
In this study two ranges of HA Mw were specifically
important. High Mw HA (HMw HA >800 kDa) and
target Mw HA (TMw HA 170 and 230 kDa). The TMw
was set by Galderma as one of the goals with the
degradation process.

1.2 Project objectives
The main goal for the project was to develop a
robust degradation process for HMw HA for the
production of TMw HA. For a better overview of the
project the main goal was divided further into subgoals:
a) Evaluate different methods for degradation
of HA with respect to previous published
work and select a suitable method based on
degradation speed, the complexity of the
method and an economic perspective.
b) Develop a robust degradation process from
HMw HA (>800 kDa) for producing TMw HA
(170 and 230 kDa).
c) Determine the main factors contributing to
degradation in the chosen process and how
the factors influence each other
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1.3 Expected impact of the study
Results from this study has the potential of laying
the foundation for future developments of
degradation processes, both specifically for HA but
also for other similar carbohydrates. Since different
degradation methods are to be investigated an
evaluation on the suitability for HA degradation will
be compiled. The project will evaluate the
importance of factors affecting the degradation
constant which in future degradation analyses can
act as guideline for degradation process setups.

2. Scientific Background
2.1 Hyaluronic acid
Hyaluronic acid is an unbranched polysaccharide
consisting of the repeating disaccharide unit
[β(1→4)-D-glucuronic acid- β(1→3)-N-acetyl-Dglucosamine] (Figure 1). Several functional groups
of e.g. –COOH, -NHCOCH3 and both primary and
secondary –OH groups can be found in the native HA
structure. HA is often purchased and handled as its
conjugate base, hyaluronate, with sodium as its
counter ion converting the functional group –COOH
to –COONa. HA is available as both fiber and powder
on the market, the main difference in the two
product types is the precipitation step during
production.

The polydispersity index (PDI or DM) is a
measurement of the dispersity of the Mw
distribution and can be estimated by the equation:
𝐷𝑀 = 𝑀𝑤/𝑀𝑛

equation (1)

Mw is the mass average molecular weight, and Mn
is the number average molecular weight. . DM=1 for
a uniform polymer while the probable mass
distribution gives DM≈2 for linear polymers, i.e.
random degradation of a polymer has DM≈2 (Stepto
2009). Higher values of the polydispersity index than
two are usually not desired since it can indicate that
the Mw distribution is wider than the probable mass
distribution. With a wider mass distribution a larger
variety of Mw is produced. It is important during
Mw impact studies that the true Mw of HA used is
as close as possible to the determined average Mw
used in the evaluation.
HA has today become an important material for
medical and esthetic applications such as drug
delivery systems, dermal fillers, supplement of joint
fluid in arthritis and tissue engineering (Gaffney et
al. 2010; Oh et al. 2010; Volpi et al. 2009; Barbucci
et al. 2002).
The in vivo turnover of HA is quite high with a halflife of days in tissue and only minutes in the
circulation system. Since the halftime of HA in vivo
is so short most HA products injected in the body are
crosslinked to prolong the duration (Fraser, Laurent,
and Laurent 1997; Schanté et al. 2011). In vitro it has
been established that HA is most stable at neutral
pH (Tokita and Okamoto 1995).

2.2 Crosslinking
Figure 1: structure of a protonated HA disaccharide fragment,
composed by one GlcA and GlcNAc unit.

The Mw of the polymer can differ, depending on
origin or production process. However, the Mw of
microbial produced HA is usually 1 MDa or more (Liu
et al. 2011).

The main reason for crosslinking HA is to prolong the
duration of the product in vivo and increase its
resistance of hydrolysis. The non-soluble crosslinked
hydrogels has shown an increase in in vivo half time,
with mechanical effect for up to 6-12 months (U.S.
Food and Drug Administration Page Last Updated:
26/11/2018 )
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Today, the most common way of crosslinking HA for
injectable dermal fillers is the use of 1,4-butanediol
diglycidyl ether (BDDE) which under alkaline
conditions form ether bonds between the linker and
the HA strand (Malson and Lindqvist 1987; Schanté
et al. 2011; Khunmanee, Jeong, and Park 2017).
Other ways of crosslinking HA for FDA approved
dermal fillers includes the use of divinyl sulfone
(DVS) which also require alkaline conditions during
crosslinking (Figure 2) (U.S. Food and Drug
Administration Page Last Updated: 26/11/2018 ).
A

B

Figure 2: Structure of the crosslinkers A) BDDE and B) DVS

Under
alkaline
conditions,
the
epoxide
functionalities in BDDE
is hydrolyzed by a
nucleophilic oxygen, either hydroxyl- or alkoxide
ions, and an ether bond may subsequently form
between the crosslinkerand HA’s hydroxyl groups
(Figure 3).l BDDE could either bind one HA hydroxyl
group or two HA hydroxyl groups, one at each side
of the BDDE molecule. The phenomena is either
called pendent or crosslinked modifications, since
only the second modification leads to crosslinking
(Yang et al. 2015).

Figure 3: Structure of BDDE under alkaline conditions with open epoxide
rings. During binding to HA there are two possible outcomes 1) one HA
binds to BDDE trough an ether bond or 2) BDDE binds two HA with ether
bonds, one at each side of the BDDE molecule.

2.3 Degradation of hyaluronic acid and choice
of degrading methods
One of the main reasons to degrade hyaluronan has
been to study the change in in vivo properties of the
polysaccharide depending on Mw (Necas et al.
2008; Cyphert, Trempus, and Garantziotis 2015;
D’Agostino et al. 2017). Therefore, most published
work is about complete degradation processes
during harsh conditions with oligosaccharides,
which has a Mw <5 kDa, as the main degradation
product. Degradation processes to produce HA with
specific Mw in the range of hundreds kDa are much
less studied.
Depolymerisation of HA occurs naturally in both
eukaryotic and prokaryotic cells by, inter alia,
enzymes called hyaluronidases.
The term
hyaluronidases is a bit misleading since the enzymes
cleaves other polysaccharides as well, such as
chondroitin
and
chondroitin
sulfates.
Hyaluronidases can be divided into three sub groups
based on their origin and mechanisms: the
eukaryotic
hyaluronoglucosaminidases
(EC
3.2.1.35), the prokaryotic hyaluronate lyases (EC
4.2.2.1)
and
the
third
class
is
the
hyaluronoglucuronidases (EC 3.2.1.36). The first two
classes cleaves the β1,4 bond while the third class
cleaves the β1,3 bond (Meyer 1971; Stern and
Jedrzejas 2006).
HA is also degraded by alkaline and acidic
conditions, high temperature, sonication and the
presence of oxidants and radicals (Tokita and
Okamoto 1995; Li et al. 1997; Dřímalová et al. 2005).
The different methods possible to use in a
degradation process was evaluated based on
complexity described in previous publicized work.
The complexity of using enzymes due to
inactivation, pH optimum, cost and need of
purification after degradation makes it an
inconvenient method to use.
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The complexity of using radicals and oxidants
includes complex and often uncertain mechanisms
of degradation with possible unwanted and
unknown byproducts (Li et al. 1997 Stern, 2007 #2).
Byproducts is a big concern which may complicate
the method by adding process steps for purification.
Sonication uses sound waves to transfer energy to a
system. However, the energy transfer degrades low
Mw HA faster than high Mw HA which leads to a
bimodal distributed Mw (Figure 4) (Vercruysse,
Lauwers, and Demeester 1995). Since two fractions
of Mw are obtained from sonication the HA have a
wider polydispersity and the DM>2, thus making the
Mw mass distribution wider than the probable mass
distribution

Figure 4: Description of unimodal, bimodal and multimodal
distributions.

Both increased temperature and pH regulation
degrades HA in a random fashion, due to random
cleavage of the HA chain which produces a unimodal
Mw distribution with a DM≈2. Both methods for
degrading polysaccharides are simple, well studied,
cheap and often used in combination. Degradation
of HA by regulating the pH can be performed with
HA homogenously dissolved in water or
heterogeneously dispersed in ethanol, the EtOH
content should be above 70% w/w to ensure that
the HA is not dissolved. The degradation is mainly
due to hydrolysis of a glycosidic bond, where a
water molecule is added and a new reducing end is
formed.

Degradation

Neutralization

Peeling is a ubiquitous phenomenon during alkaline
degradation. The reducing end of the HA chain is in
constant equilibrium with its acyclic and cyclic form.
The open saccharide, which has an unsaturated
bond, can react with the alkaline solvent. If the
reducing end is a GlcA, the saccharide will be
cleaved from the backbone. However, if the reduced
end consists of a GlcNAc the peeling reaction can
come to a stop without cleaving the outermost
saccharide due to a conformational change in the
GlcNAc structure. The peeling reactions are simply
β-elimination reactions which introduces an
unsaturated bond (BeMiller and Whistler 1962; Knill
and Kennedy 2003; Stern et al. 2007) (Figure 6).
The final product of the pH regulated degradation
process is preferably dry HA in powder form. Thus
all solvent used during degradation must be
removed. One advantage of a heterogeneous
process, with undissolved HA dispersed in EtOH, is
that the process could be shortened and thus save
time and resources since no precipitation step
would be needed (Figure 5). Acidic degradation in
EtOH slurry has been done before (Melander and
Tømmeraas 2010) and showed increased
degradation constants compared to conventional
aqueous solutions.
The degradation methods appointed to be
investigated were alkaline and acidic degradation
with and without increased temperature as well as
a heterogeneous degradation with both alkaline and
acidic EtOH as solvent.

Percipitation

Washing

Drying

Figure 5: Suggested process description for a pH regulated degradation method using an aqueous solution as solvent. A heterogeneous degradation
method would not need the third process step, precipitation, thus shortening the overall process.
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A

B

Figure 6: Schematic description of the acyclic and cyclic form of HA. A) peeling product when GlcNAc is at the reducing end B) peeling products when
GlcA is at the reducing end: 1) chain cleavage while 2) stops the peeling reaction.

2.4 Design of Experiments (DoE)
To determine the impact and importance of
different factors during degradation a Design of
Experiments (DoE) can be performed. High and low
levels for each factor is decided, and by preforming
tests with different factor level combinations an
estimation of each factor’s influence as well as
possible synergies between the factors can be done.
DoE is a tool mainly used for screening, optimization
and robustness testing.
The screening part of DoE uses less data points and
is mainly for determining the influence of the
factors. It can be used for screenings were different
factors are screened to determine if the impact is
positive or negative on the system, the level of
impact can in some extent be determined. A high
quantity of factors are usually investigated without
a lot of data points.
The optimization part investigates the factors and
the factor combinations effect on the response.
Fewer factors are investigated during the
optimization than in the screening. Depending on
the number of factors investigated different types of
multidimensional surface plots can be produced
with marked zones for the factor levels producing a
specific response. These surface plots can then be
used to determine factor combinations which can
produce a desired response.

The robustness testing evaluates the robustness by
reproducing the same tests multiple times, to
produce an estimation on the variances in response
due to either small changes in factor levels or
variability between runs (Cavazzuti 2013).
To facilitate the DoE, several softwares have been
developed. MODDE is a software developed by
Umetrics, Sweden, which assist the user in choice of
design model, experimental scheme plan and
evaluation of results.
For a 3 factor design (Figure 7) the combinations can
be illustrated as a cube were each side represent the
high or low level of one factor. All corners points
(marked in black) uses only high or low level
combinations of the factors while the points on the
sides (marked in blue) represents combinations of
factors where two factors uses the mid-level. The
center point (marked in red) represents all three
factors in mid-level. This is called a Cental
Composite Face design of a full factorial design with
the points on the face of the side of the cube called
star points in the MODDE software and is the most
recommended design in producing an optimization
model for three factors.
While analyzing the produced data a few validation
factors are good to examine (Table 1). The
combined validation of factors gives a direction on
how the model could be interpreted.
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3.1 Size-exclusion chromatography (SEC)

Figure 7: Visual description of the combinations of 3 factor design were
each side of the cube represents a high or a low level for one factor. The
black dots shows the corner-points which represents all combinations
of the factors in either high or low level. The blue points, in the middle
of each side of the cube, represent the high/low level of one factor and
the mid-point for the two other. The center red point represent midpoint levels of all three factors. Usually at least three replications of the
center-point is included to estimate the variability of the investigated
process.
Table 1: List of validation factors, tests and estimates used while
evaluating statistical models and their indications on the model
(Eriksson et al. 2000). In coming figures both Q2 and R2 will be presented
as Q2 and R2 due to non-changeable settings in the MODDE software.
Validation factor Indication on model
Shows the response distribution and can give an
indication if a transformation of the model is
Histogram
needed. Generally a normal distributed response
gives better model estimations.
Test of diverse model problems. A value less than
0.25 indicates statistically significant model
problems, such as the presence of outliers, an
Model validity
incorrect model, or a transformation problem.
Model validity has a maximum value of 1.0 for a
perfect model and negative values can be
obtained for really bad models.
Estimate of the future prediction precision. Values
above 0.1 indicates a significant model while
Q2
values above 0.5 indicates a good model. Q2 ≤ 1
and can assume negative values for bad predictive
models.
Estimate of the model fit, i.e. how close the
observed responses are to the regression line.
While evaluating the model fit a value of 0.5
R2
indicate a model with rather low significance. R2
range between the values 0 and 1, with 1 being
the optimum value.
Compares the variation of the replicates to overall
variability. A value greater than 0.5 is preferred.
Reproducibility
The maximum value of the reproducibility is 1.0,
when the pure error is 0. However the
reproducibility can also take on negative values.
Relative standard deviation is a statistical
evaluation term where the standard deviation is
related to the mean of the sample. The RSD is the
percentage of the standard deviation compared
RSD
to the mean and a value between 0 and 1 is
obtained. The RSD is especially valuable when
comparing the standard deviation of two samples
with different sample mean.

3. Methodology
HA can be characterized with many methods,
though, in this study the focus will be on
determining the Mw of HA.

Size-exclusion chromatography, SEC, is a wellknown method for separating molecules in solution
by size and from that, either determine sample
content or the Mw of a known content. The method
separates the sample content depending on
molecular size with the largest components eluting
first. The sample will flow through a series of colons
with specific porous beads and constant flow rate.
The pore size of the beads in the colon will
determine at which sizes the separation will be
efficient. The small molecules will be able to get in
to the beads and therefore have a longer distance
before elution (Mori and Barth 2013).
There are different ways for detection of the sample
contents during SEC analyses. Two common
detection methods are ultraviolet light (UV) and
MALLS (multi angular laser light scattering).
SEC-UV uses an UV detector and for detecting HA.
The method relies on references from which a
calibration curve can be produced. The quality of
the results from this detection method is dependent
on the quality of the references used. Depending on
the references, either different molecules can be
determined from the analyzed sample or the Mw of
a specific molecule can be estimated, e.g. the Mw of
polysaccharides.
The MALLS detection method is a bit different. A
laser light is directed at the sample which scatter the
light in different directions depending on size and
conformation. The light scattering can be detected
at different angles, with the intensity at each angle
as basis for the determination of Mw. From the
combination of the different intensities measured at
different angles the type of conformation, e.g.
random coil spherical etc., center of mass, mean
square radius of the molecule and Mw can be
determined. However, not all that data was of
significance in this project. Since no calibration
curve is used in the determination of Mw using SECMALLS the method is called an absolute method
(Andersson, Wittgren, and Wahlund 2003; Wyatt
1993).
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A drawback with the MALLS method is the amount
of data needed for evaluation. Since data from all
angles together determine the Mw of the HA and
the number of angles is equivalent to the number of
spectras used in evaluation. Simplified, the number
of angles used improves the method. However, the
highest and lowest angles are often excluded from
the evaluation due to uncertainties. or the UV
detection method only one spectra is used in the
determination of Mw.
From the SEC-UV/MALLS analysis the mass average
molecular weight (Mw) number average molecular
weight (Mn) was determined. Mw and Mn was used
to calculate the PDI according to equation 1 and to
determine if the degradation is random or not.
Random depolymerisation usually produces a PDI
around 2 (Stepto 2009).

3.2 Determination of degradation constant
The random decrease of Mw in a single stranded
polymer during depolymerisation can be described
by the equation (Tanford 1961; Einbu et al. 2004;
Hjerde, Smidsrød, and Christensen 1996):
1
𝑀𝑤

=

1
𝑀𝑤0

+ 𝑘𝑑 𝑡

equation (2)

where t is the time of the degradation in hours, Mw
is the mass average molecular weight at time t, Mw0
is the Mw prior to degradation at t = 0 and kd is the
kinetic rate constant for the degradation.
By looking at the equation as:
1
𝑀𝑤

1

− 𝑀𝑤 = 𝑘𝑑 𝑡
0

equation (3)

the degradation constant, kd, is easily determined by
the slope of the curve when comparing 1/Mw1/Mw0 at different times. The slope should be linear
if the depolymerisation is random.

4. Experimental procedures

Different HA batches were used during the project
to eliminate the single batch influence on kd (Table
11 in Appendix I).

4.1 Mw determination
Unless stated otherwise the SEC-UV was the
method used to determine the HA Mw.
4.1.1

SEC-UV

The wavelength of 205 nm was used to detect HA.
The wavelength of 205 nm is an unspecific
wavelength were a lot of molecules absorbs the
light. The HA concentration is therefore very
important to ensure a good signal.
The references used for the determination of HA
Mw had well determined Mw in the range of 50,
100, 150, 250, 600, 1000 and 2500 kDa. Analyzes of
HA-solutions with lower or higher Mw has increased
uncertainties in the results since the calibration
curve only is extrapolated for sizes outside of the
reference range.
HA solutions analyzed had a concentration around
100 µg/ml, for HA solutions below TMw the
concentration were be a bit higher.
The SEC part of the SEC-UV method used three PL
Aquagel-OH 60, 7.5x300 mm, colons in series with
80 mM sodium sulfate in 10 mM phosphate buffer
pH 7.0 as the mobile phase.
4.1.2

SEC-MALLS

18 different angles were analyzed during SEC-MALLS
analyses. However, only 12 angles were used in the
evaluation and determination of Mw.HA solutions
analyzed had a concentration around 200 µg/ml, for
HA solutions below TMw the concentration were be
a bit higher to ensure a good signal.
The SEC part of the SEC-MALLS method used three
PL Aquagel-OH 60, 7.5x300 mm, colons in series
with 150 mM NaCl 50 mM phosphate buffer and
0.05% Natriumazid pH 7.0 as the mobile phase

All experimental procedures were performed at the
Galderma site in Uppsala.
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4.2 Degradation of hyaluronan
Different degradation processes were performed to
evaluate both the degradation method and under
what conditions the recommended degradation
method should take form.
4.2.1

Alkaline degradation

1g HA was diluted in NaOH (7 % w/w) to yield a final
HA concentration of 4.5 % w/w and then mixed by a
shaking machine, 600 rpm for 3.5 min. The samples
were incubated at either room temperature (20 ±
1°C), alkaline process 1, or in a water bath at 40 °C,
alkaline process 2, and subsequently neutralized
(pH 6.5-7.5) by addition of 1.25 M HCl after different
incubation times. A total of 10 samples, five each,
for the two alkaline processes were prepared, one
for each data point with different incubation time.
4.2.2

Acidic degradation

1g HA was diluted in either 1.2 M HCl or 0.8 M HCl
to yield a final HA concentration of 4.5 % w/w and
then mixed by a shaking machine, 600 rpm for 3.5
min. The samples were incubated at either room
temperature (20 ± 1°C, 1.2 M HCl), acidic process 1,
in a water bath at 30 °C (1.2 M HCl), acidic process
2, or in a water bath at 40 °C (0.8 M HCl), acidic
process 3, and subsequently neutralized (pH 6.57.5) by addition of NaOH (5 % w/w) after different
incubation times. A total of 15 samples, five each,
for the three acidic processes were prepared, one
for each data point with different incubation time.
4.2.3

Robustness test

A robustness test of the acidic degradation
processes 1 and 3 was performed and the scalability
of the degradation processes was investigated. The
acidic processes 1 and 3 were evaluated for 1g, 2.5g
and 5g HA. Each degradation process was tested 4
times, twice in the volume of 5g HA and once in the
volume of 1 and 2.5 g HA respectively. The
incubation time for each sample was calculated
from obtained kd values with the aim of obtaining
one HA Mw sample of 230 kDa and one of 170 kDa
from each process. Hence, duplicate samples were

prepared for each test (a total of 16 samples for the
two processes). The degradation process was
terminated by neutralization (pH 6.5-7.5) by
addition of NaOH (5 % w/w). A minor part of each
sample was stored for SEC-UV analysis, the
remaining part from the 5g tests was precipitated,
washed and dried.
4.2.4

Precipitation, washing and drying of HA

To precipitate HA the EtOH concentration in the
solution was increased to 75% w/w over an average
time of 2 hours by adding 99.5 % w/w EtOH to the
HA solutions during stirring. The slow addition of
EtOH was done to ensure that the HA was
precipitated into powder. Each sample was
subsequently washed with 75% w/w EtOH (x2) to
remove salt followed by 99.5% w/w EtOH (x2) to
increase the EtOH concentration. The samples
where then filtrated by suction filtration (pore size
5 µm) to remove excess EtOH. All samples were
transferred to petri dishes and dried at reduced
pressure (200 mbar).
4.2.5

Heterogeneous degradation

1g HA was diluted to a final HA concentration of
4.5% w/w in either 0.3 M or 1.0 M NaOH-EtOH or
HCl-EtOH solvent which had an EtOH concentration
of 70 % w/w. All samples were placed in a rotating
mixer at room temperature (20 ± 1°C) and
subsequently neutralized by addition of the
corresponding acid/base after different incubation
times. After neutralization, the samples were
washed and dried as described in 4.2.4.
The neutralization step proved to be more complex
than first estimated. A pH electrode was used to
measure the pH in the EtOH solution. However,
after washing, drying and then dissolving the HA in
0.9 % NaCl-solution the pH ranged between 3 and
12 for the samples. Therefore, a neutralization test
was preformed where the calculated corresponding
moles of the acid/base was added to the EtOH HA
samples instead of trying to measure the pH.
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4.3 Design of experiments (DoE)
The software MODDE Pro 11.0.1.1878 – EN
(developed and sold by Umetrics AB) was used to
plan and evaluate experiments for finding optimum
factor combinations for a desired degradation
constant, which would later be determined
depending on start Mw of HA and acceptable
process time range. The factors chosen to
investigate was HCl concentration, temperature and
HA concentration. The factors HCl concentration
and temperature were chosen since it already was
evident that these factors influenced the
degradation constant, although, to what extent was
still unclear. The HA concentration factor was
chosen to be investigated since it would be
beneficial from the process volume perspective to
use higher HA concentrations during the
degradation process and thereby lowering the
process volume. Only one response, the
degradation constant, was investigated.
High and low levels for each factor weredetermined
(Table 2) and the software presented a proposal for
fitting optimization models and experiment run
order. The model and design choosen was Central
Composite Face with full factorial design with three
different factors (Figure 7). The model consists of all
combinations of high and low levels for all three
factors (23 = 8 combinations) which in a 3D cube
would represent the corners, all side midpoints (6
combinations) which represents the mid-level for
two of the factors and low/high lever for the third.
Lastly, three center points, using the mid-level for all
three factors, were added to evaluate the
robustness of the test.
Since the degradation constant was set as the
investigated response, three samples with different
degradation times were prepared for each factor
combination point to obtain the degradation
constant. The degradation process was terminated
by neutralization of the sample by addition of NaOH.

Table 2: Description over the factors investigated and their low, midand high levels.

Factor
HA concentration
HCl concentration
Temperature

Low level
5 % w/w
0.8 M
20 °C

Mid-level
7.5 % w/w
1.6 M
30 °C

High level
10 % w/w
2.4 M
40 °C

All factor combinations used for the DoE are
presented in Table 12 and the relation between
experiment number and run order are presented in
Figure 20, both in Appendix II.

5. Results
If nothing else is stated the Mw was determined
using SEC-UV.

5.1 Degradation of hyaluronan
5.1.1

Alkaline degradation

The degradation of HA using alkaline degradation
process 1 and 2 (Figure 8) shows a greater
degradation rate for alkaline process 2 which was
performed at higher temperature. However, the
three samples with the longest degradation time in
alkaline process 2 all went a bit yellow in color, with
the intensity of the color increasing with
degradation time.

Figure 8: Decrease of Mw of HA over time in alkaline solution, 7 % w/w
NaOH and 4.5 % w/w HA. The solid line represent the degradation over
time for alkaline degradation process 1 at 20°, while the dashed line
represents the degradation over time for alkaline degradation process
2 at 40°C.
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To facilitate the determination of kd for the alkaline
processes, equation (2) was used. The slope of the
curve represents the kd for that specific degradation
(Figure 9, Table 3).

Figure 9: Schematic view on the kd determining equation where kd
equals the slope of the curve. The solid line represent the degradation
over time for alkaline degradation process 1 at 20°C, while the dashed
line represents the degradation over time for alkaline degradation
process 2 at 40°C.
Table 3: Calculated kd-values for alkaline degradation processes and the
corresponding R2 value
Degradation process
7% NaOH 20°C
7% NaOH 40°C

5.1.2

kd (MDa-1h-1)
0.065
0.848

R2
0.98
0.99

Acidic degradation

The degradation of HA using acidic degradation
process 1, 2 and 3 (Figure 10) showed increased
degradation rate for acidic process 2 compared to 1,
and the highest degradation rate for acidic
degradation process 3. Both increased HCl
concentration as well as temperature increased the
degradation
constant.

From the degradation data (Figure 11), kd values
(Table 4) were determined for each process by
equation
(2).

Figure 11: Schematic view on the kd determining equation where kd
equals the slope of the curve. The solid line represent the degradation
over time for acidic degradation process 1, 1.2 M HCl at 20°C, the
dashed line represents acidic degradation process 2, 1.2 M HCl at 30°C
and the dotted line represents acidic degradation process 3, 0.8 M HCl
at 40°C.

Highest kd was observed for acidic degradation
process 3 with a kd of 1.27 (MDa-1h-1) which is the
highest kd value for all evaluated homogenous
processes, both acidic and alkaline degradations.
Table 4: Calculated kd-values for acidic degradation processes and the
corresponding R2 value
Degradation process
1.2 M HCl 20°C
1.2 M HCl 30°C
0.8 M HCl 40°C

kd (MDa-1h-1)
0.11
0.48
1.27

R2
0.99
0.98
0.99

The calculated kd values from the robustness testing
was the same as the first determined kd values
(Table 5, Figure 12). However, the R2 values were
smaller for the robustness test determination.
Table 5: Compared kd-values for acidic degradation processes from first
determined values to reproduced results
Degradation
process
1.2 M HCl 20°C
0.8 M HCl 40°C

First determination Robust test determination
kd (MDa-1h-1)
R2
kd (MDa-1h-1)
R2
0.11
0.99
0.11
0.86
1.27
0.99
1.27
0.93

By calculating a kd value for each sample a
comparison between the robustness of the
processes could be done (Table 6).
Figure 10: Decrease of Mw of HA over time in acidic solution, 4.5 % w/w
HA and different combinations of HCl concentrations and temperature.
The solid line represent the degradation over time for acidic
degradation process 1, 1.2 M HCl at 20°C, the dashed line represents
acidic degradation process 2, 1.2 M HCl at 30°C and the dotted line
represents acidic degradation process 3, 0.8 M HCl at 40°C.
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A

B

Figure 12: Comparison of 1/Mw-1/Mw0 from first degradation test with robustness test with of the same degradation process. Data points marked with
triangles represents data from the first degradation tests (dotted trend line), while data points marked with circles represents data from the robustness
tests (dashed trend line). The degradation constant, kd, for each degradation test is determined from respective trend line. All trend lines are forced to
intercept in origin. A) Acidic degradation process 1, 1.2 M HCl at 20 °C B) acidic degradation process 3, 0.8 M HCl at 40 °
Table 6: Results from the robustness testing. Samples which start with
the number 1 are samples degraded using acidic degradation process 1,
while samples which start with the number 3 are samples degraded
using acidic degradation process 3. Each sample Mw, degradation time
and kd are presented as well as the RSD for each process.
Sample
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

5.1.3

Mw (MDa)
0.150
0.206
0.210
0.166
0.201
0.164
0.213
0.167
0.224
0.160
0.226
0.166
0.239
0.167
0.245
0.179

Time (h)
48.73
33.78
33.97
49.7
33.87
49.6
33.43
48.75
2.58
3.8
2.62
4.03
2.67
4.03
2.68
3.82

kd (MDa-1h-1)
0.116
0.115
0.112
0.102
0.119
0.104
0.112
0.103
1.354
1.395
1.319
1.256
1.216
1.254
1.170
1.215

RSD (%)

5.91

6.05

Heterogeneous degradation

The heterogeneous degradation showed some
surprising results. From the degradation curve
(Figure 13) it is clear that the two slower
degradation processes, heterogeneous degradation
process 1 (0.3M HCl, solid line) and 2 (0.3M NaOH,
dashed line) have a bit of unusual degradation
curves. Both with what looks like an increase in Mw
for the second sample, the same again for
heterogeneous degradation process 1 for the fourth
and fifth sample.

Figure 13: Decrease of Mw of HA over time in heterogeneous solutions
(75 w/w % EtOH), varied HCl or NaOH concentrations and 4.5 % w/w HA
at 20°C. The solid line represent the degradation over time for
heterogeneous degradation process 1, 0.3 M HCl, the dashed line
represents heterogeneous degradation process 2, 0.3 M NaOH, the
dotted line represents heterogeneous degradation process 3, 1.0 M
NaOH, and the dotted/dashed line represents heterogeneous
degradation process 4, 1.0 M HCl.

The degradation constants for each degradation
process was calculated (Figure 14, Table 7).
However, since the Mw seems to increase for some
samples in process 1 and 2 the R2 values are lower
than for any other determined degradation
constants.

Figure 14: Schematic view on the kd determining equation where kd
equals the slope of the curve. The solid line represent the degradation
over time for heterogeneous degradation process 1, 0.3 M HCl, the
dashed line represents heterogeneous degradation process 2, 0.3 M
NaOH, the dotted line represents heterogeneous degradation process
3, 1.0 M NaOH, and the dotted/dashed line represents heterogeneous
degradation process 4, 1.0 M HCl.
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Table 7: Calculated kd values from heterogeneous degradation
processes and their corresponding R2 values.
Degradation process
0.3 M HCl
0.3 M NaOH
1.0 M NaOH
1.0 M HCl

kd (MDa-1h-1)
0.03
0.06
0.15
0.25

R2
0.89
0.93
0.98
0.99

5.2 DoE
The degradation time and Mw for each sample was
used to produce a kd for each factor combination,
i.e. sample 1A, 1B and 1C was used to determine kd1
and so on. All individual factor combinations,
degradation times and Mw for each sample, 1A-17C,
are presented in Table 12 in Appendix II.
The used factor combinations as well as the
calculated kd1- kd17 was evaluated in the MODDE
software which produced a model of how the
factors influenced the degradation constant. The
model needed a transformation to be normal
distributed
(Figure
15).
A
logarithmic
transformation was used and the relative standard
deviation, RSD, value significantly decreased to a
value of 0.009 and the predictive error sum of
squares, Q2, increases to its maximum value of 1.
A

Each factor’s impact on the response was evaluated,
to simplify the model all factor combinations with
little or no impact were excluded from the model
(Table 8Error! Reference source not found., Figure
16). The size of the bars and error bars was used in
determining which factors or factor combinations to
exclude. The bars with larger error bars than the bar
itself were excluded one by one. However, the HA
concentration factor was still included since it was
one of the main factors and not just a factor
combination.
Table 8: Overview of factor used and excluded from the model.
Used factors
HA HCl
Temp.
HCl2
Temp.2
Excluded factors HA2 HA*HCl HA*Temp. HCl*Temp.

The Q2 value of the model decreased from 1 to 0.998
and the RSD value increased from 0.009 to 0.022
after the exclusion of factor combinations during
the simplification of the mode

B

Figure 15: Histograms from MODDE produced model. A) Histogram without transformation B) histogram with logarithmic transformation with the
formula log(Y), where Y represents the observed response data. Both the RSD and Q2 values improve after transformation with a lower RSD and a Q2
= 1.
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A

B

Figure 16: The length of each staple represents its impact on the response, which in this case is the degradation constant. Positive staples have positive
impact on the response, while negative staples have negative impact on the response. For each staple an error bar is presented, which can be used to
determine each staples significance.

A

B

Figure 17: Evaluation of the logarithm transformed and simplified model. A) Residual normal probability plot, with no point outside the 4 SD lines.
However, not entirely on a straight diagonal line B) Observed versus predicted responses with its regression line. All numbers represent the experiment
number and not the run order.

With the transformed and simplified model a
residuals normal probability plot was produced as
well as a comparison between predicted and
observed responses (Figure 17). The data points in
the residuals normal probability plot were not on an
entirely straight diagonal line, indicating that the
residuals were not completely normal distributed.
However, the evaluation between observed and
predicted responses show all data points on the
same regression line with a slope of 1.
While adding a logarithmic transformation and
exclude factor combinations from the model the
summary of fit changed for the model (Figure 18).
The most dramatic change of model fit was due to
the logarithmic transformation of the responses, all
evaluation factors except reproducibility were
increased. The reproducibility of the model was the

same for all models independently of the
transformation
and
simplification.
The
simplification of the model by excluding some of the
factor interactions seems to decrease the model
validity. However, simpler models can still be
preferred since it is easier to understand the main
factors and factor combinations.
By the data collected and the model produced to
predict the response, kd, a surface plot over the
change in kd value due to different combinations of
factors; temperature, HA concentration and HCl
concentration, can be produced (Figure 19). The
surface plot makes it easy to visually understand the
factor’s effect on kd. Since the HA concentration did
not seem to affect the kd significantly the surface
plots for different HA concentrations looked almost
identical.
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A

B

C

Figure 18: Comparison between the summery of fit of the model A) no transformation or simplification and B) after transformation C) after
transformation and simplification of the model. The main difference is between A) and B) C), all values except reproducibility is increased for model B)
and C). The difference between the model B) and the simplified model C) is mainly the model validity value

5.3 Comparison between SEC-UV and SECMALLS
Since only the SEC-MALLS method is considered to
be able to determine the absolute Mw a comparison
between the methods were conducted. Two sets of
samples from the DoE experiments were analyzed
with both SEC-UV and SEC-MALLS (Table 10).

Figure 19: Surface plot over the change of kd values due to variations of
temperature and HCl concentration, the HA concentration is constant
at 7.5%. The darkest blue area represents kd values up to 0.5 (MDa-1h-1)
while the dark red represents kd values above 7.0 (MDa-1h-1).

The model prediction was evaluated as well (Table
9). The models prediction kd:s for acidic degradation
process 1, 2 and 3 were 0.107, 0.572 and 1.390
(MDa-1h-1) respectively. The determined kd:s were
for processes using a HA concentration of 4.5% and
not 5% which is the lower limit for the model.
Nevertheless, the model could predict the
degradation constants very well, but unfortunately
not within the model margin of error for acidic
process 3.

Table 10: Comparison between the determined Mw for samples
analyzed with both SEC-UV and SEC-MALLS. Both the Mw and difference
is presented in kDa. Sample 15B was not determined with SEC-UV due
to error in the lab, thus a difference could not be calculated between
SEC-UV and SEC-MALLS for sample 15B.
Sample

SEC-UV

SEC-MALLS

Difference

15A

227

258

31

15B

-

208

-

15C

149

149

0

17A

250

255

5

17B

206

211

5

17C

147

154

7

The difference in determined Mw between the
methods was around 5 kDa except for sample 15A.

Table 9: Predicted degradation constants for factor levels used in first
acidic degradation tests. The Lower and Upper column represents the
upper and lower limit of the predicted kd with the margin of error for
the model.
Degradation
process
Acidic 1

Determined
kd
0.11

Predicted
kd
0.1071

Lower

Upper

0.099

0.116

Acidic 2

0.48

0.572

0.537

0.609

Acidic 3

1.27

1.390

1.289

1.499
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6. Discussion
The screening of possible degradation methods
both evaluated the complexity of the method and
an economic perspective. The complexity of a
method can both influence the robustness of the
method as well as its feasibility in an up scaling.
Since the project was performed at Galderma the
process suitability to be used in an industrial
environment was important to consider. By focusing
on robustness and the simplicity of the method
alkaline and acidic degradation were considered the
most appropriate, since the methods are easy to
regulate and a lot of previous work has been
published. By increasing the temperature in the
aqueous solution samples or performing the
degradation in heterogeneous solutions the process
effectiveness was expected to increase by either
increasing the degradation constant or reduce the
number of process steps.
By comparing the results from the first alkaline and
acidic degradations it was noticeable that the acidic
degradation processes had higher kd values for
comparable HCl/NaOH concentrations. The
coloration of the alkaline degradation process 2, 7%
w/w NaOH 40 °C, samples could be due to formation
of unsaturated bonds, since some conjugating
systems have the ability to absorb electromagnetic
radiation in the visible wavelength spectrum and
thus evoke coloration (Griffiths 1981). The fact that
alkaline degradations leads to unsaturated bonds in
higher extent than acidic degradation and colored
samples the choice to proceed with the acidic
degradation processes seemed most attractive.
All the heterogeneous degradation processes
produced good kd values compared to aqueous
degradation processes at room temperature.
However, the Mw seemed to increase for some
samples and the neutralization of the samples were
tricky. If the increase of Mw could be explained by
mixed up samples could not be determined. The HA
formed lumps during the 1.0 M HCl/NaOH
processes, which proved hard to decompose and
thus was hard to neutralize. Accurate

measurements of pH in EtOH also seemed difficult
to obtain, resulting in large variations of pH in the
degraded HA material. This could prove to be a
disadvantage during storage of the degraded HA or
when used in a manufacturing process. The
complications
that occurred
during
the
heterogeneous degradation processes and the fact
that the kd values were significantly lower than the
kd:s from homogenous degradation at elevated
temperatures led to the conclusion not to proceed
with this kind of degradation system. Especially
since it is not recommended to try to increase the kd
by increasing the temperature due to EtOH being
highly flammable.
The robustness test of acidic degradation process 1
(1.2 M HCl at 20 °C) and 3 (0.8 M HCl at 40 °C)
showed great robustness for both methods. The
RSD for both sets (Table 6), 5.91% for acidic
degradation process 1 and 6.05% for acidic
degradation process 3, were that similar that no
significant difference between them could be
determined. Both processes are in that meaning as
robust as the other. Though, the degradation time
for the processes differ remarkably, leading to more
forgiving conditions during acidic degradation
process 1 due to the long process time.
During a scale-up, degradation process 3 could show
to have some problems with the heat transfer. The
increase of process volume can affect the time
needed to heat as well as cool the sample, if this
time is a significant part of the total degradation
time the produced Mw could have a wider mass
distribution due to the irregular heat distribution in
the sample.
The comparison between SEC-UV and SEC-MALLS
proved that for most samples both methods
rendered equivalent Mw results (Table 10). The
difference of ~30 kDa for sample 15A could be due
to both conformational differences as well as
possible difference in Mw. However, since all other
comparable samples gave close to identical Mw for
both methods it was presumed that the SEC-UV
method is significant and can be used as the single
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Mw determining method for the samples in this
project. Thus minimizing the data necessary to
analyze to determine the Mw of HA.
While evaluating the results from the DoE
experiments the center points, marked in red
(Figure 7), all gave remarkably similar response
(sample 12, 15 and 17 Table 12). Thus once again
indicating good robustness of using HCl and
temperature, this time at a third combination of the
two factors.
During the model composing the first histogram was
not normally distributed (Figure 15A). However, by
logarithmic transformation of the response a new
histogram was produced with a more normally
distributed shape. The choice of logarithmic
transformation was based both on the
recommendations in the MODDE software as well as
the new histogram properties (Figure 15B). The fit
of a logarithmic transformation could be explained
by the HCl factor. Since the HCl changes the pH in
the samples according to a logarithmic scale one
could guess that it could impact the response
according to a logarithmic scale as well. Contrary,
temperature, which seems to be the most affecting
factor, does not use a logarithmic scale for energy
content.
During simplification of the model by excluding
some of the factor interactions the model validity
seemed to drop (Figure 18B and C). However, it is
important to remember that in very good models
(Q2 > 0.9) the produced model validity can seem
low. While it is really due to outstanding good
replications of the center points and thereby high
sensitivity in the test (Eriksson et al. 2000).
During evaluation of the residuals normal
probability plot, the point should follow a straight
diagonal line if all errors are due to normally
distributed noise. However in the produced model
the points does not follow a straight diagonal line
(Figure 17A), thus indicating the residuals are not
entirely random normally distributed. The observed
vs predicted response plot (Figure 17B) indicates
that the model is good at predicting the response

since the regression line fall on the 1:1 line and all
point lay on the line. However, the prediction were
a bit off when trying to predict the degradation
constants for the first acidic degradation tests.
Although that could be explained by the fact that
the model has the lower level of HA concentration
at 5 % while the first acidic degradation tests used a
HA concentration at 4.5%. With that in mind the
model works pretty well for predicting the
degradation constant outside the investigated
factor level region.
The response surface plot can help determine
suitable conditions for HA degrading processes. The
slightly curved lines for different kd values indicates
that the model is not entirely linear, instead factor
combinations curve the division lines a bit.
However, a linear model would still give a good
indication on kd. The desired process time and start
Mw of the raw material will determine suitable
ranges of kd:s.
In the manufacturing scales evaluated the
robustness of fast and slower processes were about
the same in the meaning of RSD of the kd:s.
However, the time of the process is more significant
for faster processes since the produced Mw will
have a larger variety for higher kd:s. This suggests
that a recommended degradation process should
not be too fast, since a higher kd lead to larger
variances in Mw for the same variation of time.
Since HCl is a very strong acid a lower concentration
of the acid would be preferred working conditions.
Processes at lower temperatures require less energy
and thus are more environmentally friendly and
better from an economic perspective. Both aspects
should be taken into account when deciding on
process conditions. However production time i.e.
degradation time is of course a high priority factor
as well, urging the use of both higher temperatures
and HCl concentrations. The decision is as usually a
compromise trying to satisfy as many needs as
possible.
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The HA concentration did not significantly affect the
kd, thus, a higher HA concentration is to recommend
while taking the process volume into account.
However, the homogenization of the sample is
harder at higher HA levels since lumps could form
requiring a more advanced homogenization process
than just using a shaking machine. The use of a
stirrer could be necessary to minimize the lumps as
well as improve the heat transfer in the sample.
With higher HA concentrations the sample will get
more viscous and thereby the heat distribution in
the sample will not be homogenous.

7. Conclusion
Heterogeneous degradation can seem like a desired
process due to the shortened total process steps.
However, the complexity of neutralizing the
samples and relatively low produced kd
demonstrated the problems with heterogeneous
degradation process. Thereby not making the
heterogeneous process a candidate to the
recommended HA degradation process type.

Degradation processes with lower kd:s are more
robust in aspects of variation of process time.
However, by just comparing RSD of the determined
kd for acidic degradation process 1 and 3 both
processes are as robust as the other, implying acidic
degradations are quite robust during the evaluated
conditions.
The produced degradation model can be used to
determine optimal degradation conditions for a
specific desired kd. The relation between HCl
concentration, temperature and HA concentration
are well determined in the model. The model is
almost linear with some factor combinations with
low affect. A linear model would give a rather good
indication on how HCl concentration and
temperature impacts on kd.

The possible complications with the coloration of
the alkaline degradation processes and since the
processes produced lower kd values than the acidic
degradation processes neither the alkaline
degradation process become a candidate to the
recommended HA degradation process type.
The acidic degradation processes yielded high kd
values and no coloration of the samples. Therefore
a robustness test was conducted to evaluate the
possible implementation of an acidic degradation
process. Due to the good reproducibility, the acidic
degradation was assigned the most probable
degradation process type. DoE experiments where
conducted to determine the effect on degradation
from variation of HA concentration, HCl
concentration and temperature. As well as to
produce a model which could be used when
determining optimal process conditions.
While deciding a degradation process for HA both
desired degradation time and the Mw of the raw
material needs to be taken into account.
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Appendix I
Table 11: Schematic overview of the HA batches used and their Mw.
Degradation test
Alkaline degradation (all tests)
First acidic degradation tests (process 1, 2 and 3)
Heterogeneous degradation (all tests)
Acidic degradation process 1 robustness testing with 1g HA
Acidic degradation process 1 robustness testing with 2.5 and 5g HA
Acidic degradation process 3 robustness testing with 1 and 2.5g HA
Acidic degradation process 3 robustness testing with 5g HA
DoE experiments (all tests)

HA batch
Batch 1
Batch 1
Batch 1
Batch 2
Batch 3
Batch 2
Batch 3
Batch 3

Mw of HA raw material (kDa)
760
760
760
1 034
1 055
1 034
1 055
1 055
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Appendix II
Table 12: Scheme over DoE tests: run order, factors used, respectively Mw after degradation and corresponding kd to each DoE
experiment. kd marked with * only uses two data point in the determination of kd instead of three data points.
Run order /
sample name
1A
1B
1C
2A
2B
2C
3A
3B
3C
4A
4B
4C
5A
5B
5C
6A
6B
6C
7A
7B
7C
8A
8B
8C
9A
9B
9C
10A
10B
10C
11A
11B
11C
12A
12B
12C
13A
13B
13C
14A
14B
14C
15A
15B
15C
16A
16B
16C

Experiment
nuber
4

8

3

6

1

12

14

9

7

13

10

15

11

5

16

2

[HCl] (M)

[HA]

2.38
2.38
2.38
2.38
2.38
2.38
2.37
2.38
2.38
0.79
0.79
0.79
0.79
0.79
0.79
2.36
2.38
2.38
1.58
1.59
1.58
1.59
1.59
1.59
2.38
2.38
2.38
1.59
1.59
1.59
1.58
1.59
1.58
1.59
1.59
1.59
0.79
0.79
0.79
0.79
0.79
0.79
1.58
1.59
1.58
0.79
0.79
0.79

9.99%
10.03%
9.99%
9.99%
9.99%
10.03%
5.00%
4.97%
4.97%
10.04%
10.00%
10.00%
5.05%
5.01%
5.01%
7.50%
7.53%
7.53%
7.57%
7.53%
7.52%
5.00%
5.01%
5.01%
5.01%
5.01%
5.00%
7.58%
7.53%
7.58%
10.05%
10.04%
10.05%
7.48%
7.53%
7.48%
7.51%
7.53%
7.53%
4.99%
5.00%
5.01%
7.52%
7.52%
7.51%
10.05%
10.04%
10.04%

Temperature (°C)

20

40

20

40

20

30

40

30

40

20

30

30

30

40

30

20

Time (h)

Mw (MDa)

7.8
23.7
31.5
0.8
1.6
2.4
7.9
23.9
31.5
1.9
4.1
6.4
27.9
48.1
53.9
1.9
4.7
5.8
0.9
2.3
3.1
2.0
4.6
5.7
0.8
1.6
2.1
23.7
30.9
48.5
4.1
5.4
6.9
3.9
5.2
6.8
5.5
7.3
24.4
1.8
3.6
5.0
3.7
5.0
6.7
22.9
47.1
54.9

0.284
0.107
0.092
0.166
0.091
0.051
0.269
0.109
0.086
0.337
0.18
0.114
0.36
0.267
0.263
0.26
0.109
0.088
0.25
0.099
0.075
0.369
0.198
0.164
0.152
0.076
0.059
0.213
0.155
0.11
0.228
0.198
0.149
0.238
0.19
0.142
0.402
0.337
0.123
0.289
0.16
0.123
0.227
0.149
0.491
0.327
0.287

kd

0.329

7.317

0.342

1.194

0.057

1.772

3.967

0.903

7.671

0.169

0.866

1.04

0.293

1.442

0.879*

0.046
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Run order /
sample name
17A
17B
17C

Experiment
nuber

[HCl] (M)

[HA]

Temperature (°C)

Time (h)

Mw (MDa)

kd

17

1.58
1.59
1.59

7.50%
7.52%
7.53%

30

3.7
5.0
6.6

0.250
0.206
0.147

0.845

Figure 20: Relation between experiment number and run order to visualize the randomness in chosen recommended run order.
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Process description
A series of milestones was conducted to facilitate the project planning (Table 13). The milestones
were key activities in the project and by following the plan the work was distributed equally over
the 20 weeks of the project. The project was disrupted during the winter holydays and a total of
three weeks were spent on other commitments than the mater thesis project. The master thesis
work started in the end of September 2018 and was scheduled to be finished at the beginning of
March 2019. A total of 23 weeks between the dates, gave the project time of 20 weeks.
The laboratory associated milestones were almost all finished within the time plan. The DoE
experiments was not part of the first planning but was included later due to the availability to the
MODDE software and the highly reproducible results from the acidic robustness testing. The
reason not all analysis tests was performed late week 1 was due to adjustment to other SEC-UV
analyses, the addition of DoE tests and the fact that some samples needed to be analyzed again.
The report associated milestones was not all conducted in time. However the report were
conducted in time for two internal reviews before the report was sent to the opponent.
Overall the project was conducted in time, the original plan had to be adjusted due to the addition
of DoE tests and a change in the project motive. The project work was mostly equally distributed,
which made the process more at ease.
Table 13: Overview of the milestones of the project, their planned dates and the outcome dates. The dates refer to the end of 2018
and beginning of 2019

Milestone
Choice of degradation process type
Complete all DoE experiments
All laboratory analysis finished
Half time presentation
First draft of background, methods & results finished
Project presentation at Galderma
Final project presentation at LiU

Planned date
Late week 43
Late week 1
Monday week 49
Late week 49
Friday week 9
Monday week 10

Finished date
Late week 43
Late week 51
Early week 5
Monday week 49
Late week 3
Friday week 9
Monday week 10
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