10
11
12

13

14

15

16

17

18
19

20

21

22

23

24

25

Nonspecific protein adsorption on cationically modified Lyocell

fibers monitored by zeta potential measurements

Claudia Payerl*?, Matej Brac¢i¢’, Armin  Zankel®, Wolfgang J. Fischer®®, Manuel

Kaschowitz!, Eleonore Frohlich®, Rupert Kargl™?, Franz Stelzer!, Stefan Spirk"%*°*

"Institute for Chemistry and Technology of Materials, Graz University of Technology,

Stremayrgasse 9, 8010 Graz, Austria.

2CD-Laboratory for Fiber Swelling and Paper Performance, Inffeldgasse 23(A), 8010 Graz,
Austria

3 Laboratory for Characterization and Processing of Polymers (LCPP), University of

Maribor, Smetanova 17, 2000 Maribor, Slovenia.

*Graz Centre of Electron Microscopy, and Institute of Electron Microscopy, Graz University
of Technology, Steyrergasse 17, 8010 Graz, Austria
*Institute for Paper, Pulp and Fiber Technology, Inffeldgasse 23, 8010 Graz, Austria

®Center for Medical Research, Medical University of Graz, StiftingtalstraRe 24, Graz, Austria

Members of the European Polysaccharide Network of Excellence (EPNOE).

To whom correspondence should be addressed:

* E-Mail: stefan.spirk@tugraz.at, Tel.:+43 316 873 32284.



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Abstract

Nonspecific protein deposition on Lyocell fibers via a cationization step was explored by
adsorption of two different N,N,N-trimethyl chitosan chlorides (TMCs). The cationization and
the subsequent protein deposition steps were performed and monitored in situ by evaluating
the zeta potential using the streaming potential method. Both employed TMCs (degree of
substitution with N*MesCl groups: 0.27 and 0.64) irreversibly adsorbed on the fibers as
proven by charge reversal (-12 to +7 mV for both derivatives) after the final rinsing step.
Onto these cationized fibers, BSA was deposited at different pH values (4, 5, and 7). Charge
titrations revealed that close to the isoelectric point of BSA (4.7), BSA deposition was
particularly favored, while at lower pH values (pH 4), hardly any adsorption took place due to

electrostatic repulsion of the cationic fibers and the positively charged BSA.

Keywords: Lyocell fibers, protein adsorption, zeta potential, tenacity, chitosan

Highlights:

- Interaction capacity of Lyocell fibers with N,N,N-trimethylchitosan chloride and BSA.

- The adsorption behavior is monitored online by zeta potential determinations.

- As complementary techniques, charge titrations and low-voltage SEM are used.

- Mechanical properties of the fibers are studied before and after adsorption.
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1. Introduction

The immobilization of functional layers on cellulosic surfaces has seen a tremendous increase
of research activities over the past two decades. One emerging area has been the equipment of
cellulosic materials with biomolecules.(Hasani, Cranston, Westman, & Gray, 2008; Mohan et
al., 2014; Mohan, Ristic, et al., 2013) In terms of applications, the main motivation is to
generate biocompatible, potentially implantable cellulose-based biosensors.(Kargl et al.,
2013; Hannes Orelma, Filpponen, Johansson, Laine, & Rojas, 2011; Hannes; Orelma,
Johansson, Filpponen, Rojas, & Laine, 2012) In this context, cellulose offers an advantage
such as a rather low nonspecific binding of proteins which allows for selective anchoring of
bioactive molecules in a physiological environment.(Filpponen et al., 2012) Previous studies
on different types of cellulosic materials revealed that bovine serum albumin (BSA), a widely
used marker to assess nonspecific binding, hardly adsorbs on cellulosic materials.(Hannes
Orelma et al., 2011) This behavior originates from several factors, namely the amphiphilic
nature of cellulose, combined with its rather high degree of swelling, hampering nonspecific
binding since both, the highly hydrated cellulosic material and the protein, need to be
dehydrated upon interaction.(Norde & Lyklema, 1991) Further, BSA and other nonspecific
markers mainly adsorb nonspecifically via hydrophobic interactions.(Roach, Farrar, & Perry,
2005, 2006)

For many applications, the interaction capacity of proteins must be controlled in order to
achieve a controllable device. In this context, several different approaches do exist which use
either chemical grafting of functional groups or simple physical adsorption of biocompatible
species such as other polysaccharides for instance.(Kargl et al., 2012; Liu, Choi, Gatenholm,
& Esker, 2011; Miletzky et al., 2015; Mishima, Hisamatsu, York, Teranishi, & Yamada,
1998; Mohan, Zarth, et al., 2013; Taajamaa, Rojas, Laine, Yliniemi, & Kontturi, 2013)
Depending on the isoelectric point (IP) of the chosen protein and the adsorption conditions

3
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(pH, temperature, ionic strength), either negatively or positively charged polysaccharides can
be employed to tune the amount of deposited proteins. In this context, carboxymethyl
celluloses, cationic celluloses and chitosans have been reported in literature, whereas in most
cases thin films have been studied.(Hasani et al., 2008; Hannes Orelma et al., 2011; Salas,
Rojas, Lucia, Hubbe, & Genzer, 2013; Strasser et al., 2016) The advantage of thin films is
their rather uniform appearance in terms of morphology, porosity and chemical composition.
Further, surface sensitive methods do exist to monitor the adsorption behavior of such
biomolecules in real time such as quartz crystal microbalance with dissipation (QCM-D) and
surface plasmon resonance (SPR). The 2D confinement of such films can give rise to basic
interaction capacities of cellulose with such biomolecules but the rather complex morphology
and porosity of real fiber samples make direct comparisons difficult or even impossible to
establish. On the other hand, there are only limited tools available to study the adsorption of
biomolecules on fibers in situ and most papers deal with the ad mortem analysis of the
samples after adsorption has been completed revealing the kinetics unexplored. One of the
few methods capable to monitor changes in real time on fibers is to follow the change in the
zeta potential of the fibers during the adsorption using the streaming potential
method.(Jacobasch, 1989) This method exploits changes in the charge of the samples upon
adsorption and allows for the analysis of interaction capacities and to investigate adsorption
processes of a wide range of materials with cellulose fibers ranging from inorganic clays to
synthetic polymers and biopolymers such as chitosan, carboxymethyl cellulose and proteins
for instance. Most biomolecules are charged and therefore such experiments can be employed
to gain insights into their interaction capacity with cellulosic fibers by evaluation of the
change in zeta potential during the adsorption.(Hubbe, Rojas, Lucia, & Jung, 2007; Ribitsch,
Stana-Kleinschek, Kreze, & Strnad, 2001; Risti¢, Hribernik, & Fras-Zemlji¢, 2015; K. Stana-

Kleinschek & Ribitsch, 1998; L. Zemlji¢, PersSin, Stenius, & Kleinschek, 2008)
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In this study, we aim at a detailed investigation of biomolecule adsorption on cellulosic fibers
by monitoring the change in zeta potential. As model system, we employ regenerated
cellulose staple fibers (Lyocell) which are coated with N,N,N-trimethyl chitosan chlorides
(TMC) having different degrees of substitution. Afterwards, BSA adsorption at different pH
values is performed. All these coating experiments are performed in situ using the streaming
potential method and characterization is further complemented by low voltage scanning
electron microscopy (LV-SEM) and charge titration studies after the adsorption experiments
have been completed. Mechanical properties were investigated in order to track changes

induced by the adsorbed polysaccharide and the subsequent protein layer.

2. Materials and Methods

2.1 Materials

N,N,N-trimethyl chitosan chloride (TMC, M,: 50 — 80 kDa, medical grade) with two different
degrees of substitution (TMC,_: Degree of acetylation: 0.2, Degree of substitution (DS): with
NMe;'Cl: 0.27; TMCy: Degree of acetylation: 0.32, Degree of substitution (DS) with
NMe;'Cl: 0.64) was purchased from Kitozyme S.A. (Herstal, Belgium). Aqueous TMC
solutions (0.1 g/mL) were prepared and the pH value was adjusted to seven using HCI and
NaOH (0.1 M).

Lyocell staple fibers (trade name TENCEL Standard) were kindly provided by Lenzing AG,
Austria. The titer and the length of the fibers were 1.3 dtex and 3.8 mm, respectively.

BSA was purchased from Sigma-Aldrich, Austria, and used as received. BSA solutions (¢ =
0.1 g/mL) at pH 4.0, 5.0 and 7.0, were prepared in 10 mM KCI aqueous solution with MilliQ
water (resistivity 18 MQ cm). The pH value was adjusted by adding 0.1 M NaOH or 0.1 M

HCI solution.
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2.2 Surface modification of cellulose fibers with TMC

In the first step, cellulose fibers were rinsed with 500 mL electrolyte solution (conductivity ~
16 mV) to remove fiber finishing agents. After the rinsing step, a 10 mM KCI electrolyte
solution was adjusted to pH 7, injected into the system and a baseline of pure cellulose was
recorded in the zeta potential measurements. TMC (0.1 g/ mL) was subsequently dissolved in
the electrolyte solution and the in-situ adsorption thereof was again recorded using the zeta

potential. All experiments have been performed in three repetitions.
2.3 BSA adsorption on TMC- modified cellulose fibers

BSA adsorption onto the modified and non-treated fibers was studied at pH values of 4, 5 and
7 in 10 mM KCI electrolyte solution (cgsa = 0.1 mg/mL). The adsorption process was
monitored until an adsorption plateau was observed and then the system was rinsed with the
respective electrolyte solution to remove loosely bound BSA molecules. All experiments have

been performed in three repetitions.
2.4 Zeta potential measurements/ electrokinetic measurements

The Streaming Potential was recorded using the SurPASS, an Electro kinetic Analyzer
(Anton Paar GmbH, Graz, Austria,) and the resulting zeta potential was calculated according
to the Smoluchowski, equation 1. The SurPASS is equipped with Ag/AgCI- electrodes which
are continuously determining the streaming potential. The sample was applied as a fiber plug
between two perforated electrodes using the equipped cylindrical cell of the instrument which

allows for measuring fluid streaming through the fiber plug and the detection of the potential.

The zeta potential £ was calculated according to Smoluchowski (1)

_u 7
dp ¢

4 xx (1)
X&

r o]
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where U is the streaming potential, p is the pressure, & is the relative permittivity of the fluid
and g the dielectric constant and the vacuum permittivity, # is the viscosity and « the
conductivity of the fluid.(Delgado et al., 2005) The pH-dependence of zeta potential was
determined in the presence of 10 mM KCI solution. If the properties of the liquid phase
remain constant, the electrokinetic potential of fibers is influenced by several parameters:
chemical constitution, polarity of the surface region, microstructure of the fiber, such as

porosity and crystallinity, and swelling properties in water.

2.5 Tensile testing

The tenacity (cN/dtex) and elongation at break (%) of single Lyocell fibers including blank
samples were determined according to 1SO 5079 using a Vibroskop 400 (Lenzing Technik
Instruments) under defined conditions (50% humidity, 25°C). Gauge length, pre-loading and
cross-head speed were 20 mm, 70 mg, 20 mm/min, respectively. 20 fibers for each sample

were tested.

2.6 Low voltage scanning electron microscopy (LVSEM)

While conventional scanning electron microscopy (CSEM) uses an electron beam with a
landing energy of the electrons between 5 and 30 keV for imaging, the so-called low voltage
scanning electron microscopy (LVSEM) is performed at energy values between 0.5 and 5
keV.(Reimer, 1993) Since the penetration depth of the electrons into the specimen is smaller
at lower energies the resolution of surface details is enhanced.(Joy & Joy, 1996) Additionally,
this mode enables imaging of the neat surface of an electrically non-conducting specimen
without any additional layer produced by e.g. carbon or gold coating, which is prerequisite at

CSEM. Imaging of non-conductive specimens without charging can only be realized at
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special energy values which are material specific and can be found in literature.(Goldstein et
al., 2003; Joy & Joy, 1996; Reimer, 1993) Furthermore potential beam damage caused by the

electron beam may be lowered and artefacts produced during preparation are avoided.

In this investigation, a beam energy of 0.65 keV was applied for imaging, a value which
performed well for cellulose fibers.(Fischer et al., 2014) The Everhart-Thornley detector of
the scanning electron microscope Zeiss ULTRA 55 (Carl Zeiss Micro Imaging GmbH,
Germany) delivered images with topographic contrast using secondary electrons

(SE).(Goldstein et al., 2003)
2.7 Charge titrations

The pH-dependent potentiometric titrations were performed on TMC coated fibers by
dissolving a 180 mg sample in 30 ml of Milli-Q water having very low carbonate ion content.
Boiling of water and subsequent cooling under nitrogen gas is the preferable method to
achieve a carbonate ion content of less than 10°° mol/ L. The solution was titrated in a forward
(from acidic to alkaline) and backward (alkaline to acidic) manner from pH = 3 to pH = 11
using 0.1 M hydrochloric acid and 0.1 M potassium hydroxide. The KCI concentration of the
solution was 10 mM. The titrants were added to the system in a dynamic mode using a double
burette Mettler Toledo T70 automatic titration unit. The pH value was measured with a
Mettler Toledo InLab Routine L combined glass electrode. Charges were calculated as

published elsewhere.(L. F. Zemlji¢, Cakara, Michaelis, Heinze, & Stana Kleinschek, 2011)
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3. Results and Discussion

In the first step, exhaustively rinsed cellulose fibers were subjected to a flow of TMC
solutions having two different DSnmesci (0.64 and 0.27, respectively, denoted as TMCy and
TMC, in the following) at pH 7 in 10 mM KCI. The adsorption experiments are designed as
follows: under a constant flow the adsorbate is pumped through the fibers under constant
pressure (p= 200 mbar) and after the adsorption step, the fibers are rinsed with the electrolyte
solution in order to remove loosely bound material. As expected, both TMC derivatives
render the negatively charged cellulose fiber (ca. -15 mV) cationic, whereas a plateau is

reached after about 300 seconds (Figure 1).
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Figure 1. Comparison of the pH dependent zeta potential (via the streaming oscillation
method) of Lyocell fibers (left) and zeta potential of fibers coated with TMC_ and TMCy as a
function of time (right, pH 7, c= 0.1 g/L, 10 mM KCI). All experiments have been performed
in three repetitions.

Remarkably, both zeta potential curves have an identical shape indicating spontaneous
adsorption. The rinsing step does not induce a significant negative change in zeta potential,
which demonstrates the irreversibility of the TMC adsorption. However, swelling also
impacts the absolute values of the zeta potential and therefore the amount of adsorbed charged
species may vary although their zeta potential is essentially identical. Interestingly, there is
not any major difference in the absolute zeta potential between highly and lowly substituted
derivatives, after adsorption onto the fibers (+7 mV, Figure 1). On first glance, this points at a
significantly higher amount of TMC with the lower DS on the fibers which is required to
compensate for the charges of the negatively charged cellulose fibers. Though, the
contribution of the free primary amine groups to the observed zeta potential is negligible since
at pH 7 these groups are hardly protonated.(Risti¢ et al., 2014)

The charge titration results yield a more differentiated picture. For the TMC, coated fibers, a
lower amount of charges (54 mmol/kg) has been identified whereas for the fibers treated with
TMCy, 78 mmol/kg fibers were determined. However, a limitation of these titrations is their

sensitivity to dissociable/protonable groups, such as primary amines and carboxylic acids.

When comparing the amount of free amine groups in both derivatives (0.5 vs 0.04 for TMC_

11
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and TMCy, respectively) it becomes evident that a larger amount of TMCy must be located
onto the fibers. These results are further supported by LV-SEM. The presence of both TMC
derivatives on the fibers was not only revealed by charge titration and zeta potential
determinations but also verified by LV-SEM images (Figure 2). The topographic contrast of

the SEM shows comparatively large aggregates of a coating on the TMCy samples.

Figure 2. Comparison of the LV-SEM images at different magnifications of the

different TMC coated fibers. TMC.: A: 1000x, B: 10000x, TMCy C: 1000x; D:

10000x
These results showcase a specifity of zeta potential measurements in particular and
electrokinetic phenomena in general since the obtained potentials cannot be directly correlated
to the amount of material on a given substrate. Factors like accessibility (void volume) and
swelling lead to shifts in the shear plane, consequently impacting zeta potentials. (Karin
Stana-Kleinschek, Kreze, Ribitsch, & Strnad, 2001) In this context, it seems plausible that the
TMCy layer causes more swelling, resulting in a lower effective zeta potential than the TMC_

modified fibers.

3.1 Adsorption of BSA

12
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Like already reported several times, BSA does not significantly adsorb on neat cellulose
materials.(Lavenson, Tozzi, McCarthy, Powell, & Jeoh, 2011) Figure 3 shows that neither at
pH 5 nor 7 any significant amounts of BSA remained on the cellulose surface after the rinsing

step.

] Adsorbens / BSA —pH4
Desorption e pH 5
5 4 l l —pH7

e Baseline
. l
-10 < 1—_'_,__4—

-15 4

Zeta Potential [mV]

-20 T T T T T T T T T T T T
-100 0 100 200 300 400 500 600
Time [s]

Figure 3. BSA Adsorption on unmodified Lyocell fibers at different pH values monitored by
zeta potential measurements. All experiments have been performed in three repetitions.

At pH 4, BSA adsorption takes place due to electrostatic forces between the positively
charged BSA and the negatively charged cellulose fiber surface. In contrast, after successful
coating with TMC and subsequent cationization of the fibers, the adsorption of BSA on the
fibers is substantially increased, whereas the extent of adsorption relates to the pH value
where the adsorption had been performed.

We have to distinguish different cases and their effects on the zeta potential since BSA is
negatively charged above its isoelectric point (4.7) at a pH value of 5, and positively charged
below its IP.(Norde & Lyklema, 1991) The easiest case is adsorption at a pH value of 7 since
any type of BSA adsorption would be indicated by a decrease of the zeta potential, and, if the
charge of the TMC was compensated, a negative zeta potential would be observed, which is

indeed observed (Figure 4).
13
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Figure 4. Zeta potential as a function of time during the adsorption of BSA on TMC,_ (left)

and TMCy, (right). All experiments have been performed in three repetitions.

The zeta potential changes from +6 mV for the TMCy coated fiber at pH 7 to ca -8 mV,
which approximately corresponds to the zeta potential of BSA at pH 7 in a 10 mM KCI
solution which is an indication for a complete coverage of the surface with BSA (Salgin,
Salgin, & Bahadi, 2012). On the other hand, it can be clearly seen that less BSA adsorbs onto
the TMC_ coated samples at pH 7 since the offered charge by the TMC, is just sufficient to
achieve charge complexation and a zeta potential of close to 0 mV results.

For the other pH values, the situation is much more complex since the resulting zeta potential
is influenced by two factors, namely the contribution of the primary amine groups, which are
protonated at pH 4 and 5 respectively, as well as the change in the net charge of the BSA
which causes as zeta potential of zero at pH 5 and +5 mV at pH 4.(Salgin et al., 2012)
Therefore, even before adsorption of BSA at pH 4 and 5, the zeta potentials of the TMC
coated fibers are higher than at pH 7 due to the contribution of the protonated primary amine
groups. However, although the zeta potential is similar for both TMC derivatives at pH 4 (+26
vs +24 mV) and 5 (12 vs 16 mV), respectively, there are distinct differences during and after

BSA adsorption. First, the TMCy derivative promotes to a much larger extent the BSA

14
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deposition compared to the TMC,. At pH 5 for instance, the zeta potential is close to zero
after BSA adsorption for the TMCy coated cellulose sample. This means that the charge of
the TMCy has been completely neutralized whereas on TMC BSA adsorbs to a much lesser
extent, indicated by a still positive zeta potential of + 7 mV.

In contrast, at a pH value of 4, where BSA is positively charged (in 10 mM KCI solution,
BSA features a zeta potential of ca +7 mV), differences between the two TMC samples are
less pronounced. Since the zeta potential is lower for BSA than for the TMC coated surfaces,
a deposition of the BSA would result in a reduction of the potential if it was mainly
influenced by the outer BSA layer. Such a decrease is actually observed for both TMC coated
samples albeit the decrease is rather small (from +24 to +22 mV) pointing at a rather low
adsorption of the positively charged BSA onto the positively charged fibers. Interestingly, the
kinetics of the BSA adsorption is differing significantly for the two TMC derivatives. It can
be clearly seen in Figure 4 that the deposition of BSA on the TMC, coated fibers proceeds
much slower than on the TMCy coated samples. A closer look on the zeta potential
experiments at pH 5 reveals that the zeta potential is zero at that pH value for TMCy while for
TMC, it is still positive. This means that in the case of TMCy, BSA covers the surface and
the zeta potential is dominated by the net charge of the outermost layer consisting of BSA
molecules having zero net charge. On the contrary, for TMC,, a (sub)monolayer like
arrangement cab be assumed at pH 5, since the surface still exhibits a positive zeta potential
after the exposure to BSA. Similar differences are even more pronounced at pH 7. While for
the adsorption of BSA on thin films decorated with TMC there has not been a significant
difference between the differently charged TMC derivatives in terms of affinity towards BSA,
the fibrous materials show some trend. The TMCy coated fibers are clearly more prone to
BSA adsorption than the TMC_ coated ones. The negative zeta potential is an indication that
BSA is present in excess on TMCy coated fibers whereas the rather neutral zeta potential for

TMC, coated materials may be caused by charge neutralization with BSA.
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The interaction mechanism of BSA on TMC coated viscose fibers depends on the charge
density of the substrate, as well as on the charge of the protein under investigation, here BSA,
and its solubility. The solubility is a key driver in the deposition of any type of substance
since the solubility in close spatial proximity to the interface is further reduced compared to
freely rotating molecules, which are not translationally constrained by an interface. At pH 5,
where BSA has its solubility minimum, the highest impact of the coating on the promotion of
BSA deposition was observed by zeta potential monitoring. However, it turned out that the
charge density of the surfaces is a crucial parameter too. We already demonstrated at the
example of thin mostly amorphous cellulose films using QCM-D and SPR measurements that
the adsorption of BSA is more pronounced on those substrates which have been rendered with
TMC and cationic cellulose derivatives having a higher DS than on those with a lower
DS.(Mohan, Ristic, et al., 2013) In these papers, the highest deposition was observed at pH 5
for both samples, whereas we speculated that the driving force was of electrostatic nature.
This observation is on first glance contradictory since the net charge of BSA at pH 5 is close
to zero but this just means that there is an equal amount of positively and negatively charged
groups available. However, the negatively charged domains are capable to interact with the
positively charged support and this effect is stronger the higher the charge density of the
substrate is. As we showed here by charge titrations, the charge density is much higher on
TMCy coated fibers than those on TMC,, which translates to a higher amount of deposited
polymer. Consequently, a stronger impact on the zeta potential for the TMCy coated samples
is observed. Charge titration studies confirm the larger amount of BSA on the TMCy treated
surfaces since the charge density is nearly twice as high as for the TMC_ coated cellulose
fibers (268 mmol/kg vs. 122 mmol/kg). Since the charges on the TMCy should not
significantly change upon adsorption of BSA, its increase must be related to the amount of

deposited BSA on the TMC coated fibers, (Table 1).
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Table 1. Charges and zeta potential difference A ¢ of BSA coated fibers, obtained by charge
titration and streaming potential. The A ¢ is the potential jump from the start-potential of the
adsorption to the end-potential after rinsing and desorption. Please note that in the charge
titrations only dissociable groups contribute (e.g. NH, and COOH).

Charge Charge AL AC
[mmol/kg] [mmol /kg] [mV] [mV]
TMC, TMCy TMC_ TMCH
Coated fibers 54 78 7 7
BSA/pH 4 50 40 3 4
BSA/pH 5 122 268 7 13
BSA/pH 7 80 100 7 13

It should be noted at this point that even the final fibrous products (BSA on TMC coated
Lyocell fibers) are non-cytotoxic. This was validated using MRC-5 human cells which

revealed that after exposing the cells to the material there was not any reduction in viability of

the cells compared to the control. |EEEEIEHNCSUISNGHNCCINEHNENGIVERMNGHNGE

3.2 Mechanical properties

For many applications, the influence of coatings on the mechanical performance of fibers is a
crucial issue since they impact the final material’s performance. In this context, all the
samples have been subjected to testing concerning tenacity and elongation at break. Figure 5
shows the tenacity of the TMC coated fibers, which is higher than those of the non-treated
fibers and which increase with increasing charge density of the TMC. This is in line with

other reports, where an increase in charge density was associated in higher strength of
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cellulosic materials. This has been often interpreted as if charge density and presumably
cross-linking by ionic bonds or by other forces is a decisive factor for increasing the
resistance against elastic deformation.(Aarne, Vesterinen, Kontturi, Seppéld, & Laine, 2013)
In the case of TMC, the significance of these differences in tenacity was evaluated by a t-Test
using an a-value of 95% for the statistical calculations. The p-values were calculated and
significant differences were observed between the washed Lyocell fibers, depicted as
reference, and the TMCy coated fibers. Referring as to the TMC_ coated fibers any significant
differences (p > 0.05) were not observed. A reinforcing effect of TMC coating would be
beneficial in many applications such as in membrane technology, textiles and composites.
However, the amount of deposited TMC, is obviously too low to have a strong impact on the
mechanical properties. Nevertheless, it can be expected that if TMCy reveals a reinforcing

effect, also TMC, does when deposited at higher amounts.
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Figure 5. Comparison of tensile properties of TMC coated fibers to neat cellulose fibers
(denoted as reference). For each mechanical test, at least 20 fibers have been used. The
asterisk denotes to a statistically significant difference in respect to the reference fiber
samples.

Upon adsorption of BSA at different pH values, different trends are observed, and weak
correlation between BSA deposition and the mechanical properties could be established for

TMCy coated fibers. On those fibers where a large amount of BSA is deposited (e.g. pH 5)

according to zeta potential and charge titration studies, the mechanical properties are similar
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to untreated Lyocell fibers. In contrast, in the case hardly any protein has been adsorbed (e.g.

pH 4, Figure 6), TMC can execute its full potential on the reinforcing effect. [DEIGHSIONMNGE
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Figure 6. Comparison of tensile properties of TMCy and TMC, treated cellulose fibers after
adsorption of BSA. For each test 20 fibers have been used.

4. Summary and conclusion

In this paper, we demonstrated that zeta potential determinations using the streaming potential
method can be used to monitor protein and polymer adsorption on fibrous materials in real
time. It was shown that the incorporation of cationic polymers, namely N,N,N-trimethyl
chitosan chlorides, onto the fibers leads to a significant increase in the amount of deposited
proteins. The extent to which the proteins adsorb depends on the charge density of the
cationic polymer and the pH value used for the deposition. In fact, the combination of these
parameters allows for a tuning of the protein deposition on one hand, while the charge of the
resulting surface can be additionally controlled. By choosing a pH value of 5 in combination
with high charge density or pH 7 with low charge density, a net zero charged surface can be
obtained. Negatively charged surfaces are realized at pH 7 with a high amount of charges

whereas positively charged surfaces are obtained when a pH of 4 is used (either high or low
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charge of TMC). It turned out that the type of TMC and subsequently low amounts of BSA
increase the resistance against elastic deformation of the resulting fibrous materials. However,
these effects are (over)compensated by the adsorption of excess BSA and highly protein
coated fibers show similar mechanical properties as the non-treated Lyocell fibers.

Still, although the zeta potential method is a potentially powerful tool to monitor adsorption
on surfaces, the use of additional methods is required to quantify the amount of deposited
polymers. If such information is available, then also the contribution of swelling and its
influence on the zeta potential can be determined. Subsequently, qualitative assessments on
the extent of swelling after the coating could be established, which are valuable parameters in

a variety of fiber modification processes.
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