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ABSTRACT

The effect of fatty acids and fatty acid esters to impair nonspecific protein adsorption on
cellulose thin films is investigated. Thin films are prepared by blending trimethylsilyl cellulose
solutions with either cellulose stearoyl ester or stearic acid at various ratios. After film formation
by spin coating, the trimethylsilyl cellulose fraction of the films is converted to cellulose by
exposure to HCI vapors. The morphologies and surface roughness of the blends were examined
by atomic force microscopy revealing different feature shapes and sizes depending on the blend
ratios. Nonspecific protein adsorption at the example of bovine serum albumin towards the blend
thin films was tested by means of surface plasmon resonance spectroscopy in real-time.
Incorporation of stearic acid into the cellulose leads to highly protein repellent surfaces
regardless of the amount added. The stearic acid acts as a sacrificial compound that builds a
complex with bovine serum albumin thereby inhibiting protein adsorption. For the blends where
stearoyl ester is added to the cellulose films, the cellulose:cellulose stearoyl ester ratios of 3:1
and 1:1 lead to much lower nonspecific protein adsorption compared to pure cellulose, whereas
for the other ratios, adsorption increases. Supplementary results were obtained from atomic force
microscopy experiments performed in liquid during exposure to protein solution and surface free

energy determinations.
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INTRODUCTION

Fatty acids and their esters represent important biomolecules since they are involved in many
biochemical processes. One of their main functions is their involvement in energy storage by
formation of mono-, di- and triglycerides in animals and plants. However, there are innumerous
biochemical pathways where fatty acid (esters) are involved or even act as co-enzymes such as
lipoic acid for instance.' Their high abundance in nature makes fatty acids and their esters
inexpensive raw materials, which are currently used in a variety of areas. For instance, they are
used in food industry as emulsifying, release or glazing agents due to their amphiphilic character.
Actually, sodium or potassium salts of fatty acids are able to act as efficient soaps or
surfactants.” ® Fatty acid esters of biopolymers have attracted significant interest in the past
years, since they are easy to manufacture (e.g. by reaction with fatty acid chlorides in the
presence of a base), cheap and widely accessible.*” A particularly interesting field of research
was opened by the investigation of cellulose fatty acid esters either as bulk or nanomaterials such
as cellulose nanocrystals and nanofibrils.*'* The usual fields of application for cellulose fatty
acid ester products are food, paper or textile industry and packaging.'® Therefore, cellulose fatty
acid ester materials are tested predominantly for properties concerning such applications, e.g.

water and oxygen barrier properties, processability and mechanical properties.'> !

However,
in life science applications they have gained less attraction. In these applications, very often a
detailed investigation of surface properties is a major issue, e.g. the interaction capacity with
proteins or living cells. Adsorbed protein layers can lead to the adhesion of particles, bacteria
and cells, which is inadvertent when it comes to the promotion of inflammation® or fouling
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processes.”> Nevertheless, proteins present on a surface can act advantageously as well, for

instance, they mediate vascularization in artificial tissue scaffolds** or enable the deposition of



certain cells® or other compounds, such as gold nanoparticles.”® However, for biopolymer blend
thin films just little data is available on the interaction with proteins®”** and for blend thin films
involving cellulose and fatty acids or esters thereof there is not any data available to the best of
our knowledge.

Our starting point in this research was how the presence of fatty acids impacts nonspecific
protein adsorption. As model systems, blend films were chosen which contain cellulose and
stearic acid (SA) and, for the sake of comparison, cellulose that contains stearoylated cellulose.
Various ratios of the blend films have been prepared and after thorough characterization of the
surface properties, their interaction behavior with proteins was tested by surface resonance
plasmon spectroscopy at low protein concentration (I mg-ml' BSA) as well as high
concentrations (50 mg-ml’ BSA) which are usually present in blood plasma. The ratios were
chosen in a way that we have different scenarios: CSE in a cellulose phase, a bicontinuous phase,

and cellulose in a CSE phase.

MATERIALS AND METHODS
Materials. Trimethylsilyl cellulose (Avicel, My, = 185,000 g-mol™, M, = 30,400 g-mol-', PDI =
6.1 determined by GPC in chloroform) with a DSg; value of 2.8 was purchased from TITK
(Rudolstadt, Germany). Chloroform (99.3%), disodium phosphate heptahydrate (Na,HPO,-
7H,0), sodium dihydrogen phosphate monohydrate (NaH,PO,-H,0O), hydrochloric acid (37%),
sodium chloride (Ph.Eur.), sodium hydroxide (99%), bovine serum albumin (lyophilized powder,
>96%, 66.5 kDa) and stearic acid (>95%) were bought from Sigma Aldrich and used without
further purification. Cellulose stearoyl ester (CSE, DPy, = 430, DP, = 210) with the degree of

substitution of 3 was prepared according to a literature procedure.”” SPR gold sensor slides



(CEN102AU) were purchased from Cenibra, Germany. Milli-Q water (resistivity = 18.2
MQ-cm) from a Millipore water purification system (Millipore, USA) was used for contact angle
measurements and buffer preparation.

Substrate Cleaning and Film Preparation. SPR gold sensor slides/silicon wafers were
immersed in caro’s acid (H,O, (30 wt.%)/H,SO4 (1:3 v/v)) for 10 min and subsequently rinsed
extensively with Milli-Q water followed by drying in a stream of nitrogen gas. Trimethylsilyl
cellulose, cellulose stearoyl ester and stearic acid were dissolved in chloroform (0.75 wt.%) by
stirring over night at room temperature and filtered through 0.45 pm PVDF filters. The solutions
were spin coated either pure or in ratios of 3:1, 1:1 and 1:3 for TMSC:SA and TMSC:CSE by
depositing 120 ul solution onto the cleaned substrate and rotating at a spinning speed of 4000
rpm and an acceleration of 2500 rpm-s” for a period of 60 s. The regeneration of trimethylsilyl
cellulose to cellulose was done by treatment with acidic vapors. The substrates were placed in a
petri-dish (@ 5 cm) next to 3 ml of 10 wt.% hydrochloric acid. Then the dish was closed with its
cap and the films were exposed to the acidic atmosphere for 15 min. The conversion was
confirmed by ATR-IR spectroscopy and water contact angle measurements as reported
elsewhere.*” '

Buffer and Protein Solution Preparation. In all experiments, a 10 mM phosphate buffer with
ionic strength of 100 mM sodium chloride was used. Buffer salts (Na,HPO4 - 7H,O and
NaH,PO4-H,0) were dissolved in Milli-Q water and the pH value of the solution was adjusted to
a value of 7.4 by adding 0.1 M sodium hydroxide. Bovine serum albumin was dissolved in the
buffer at a concentration of 1 mg-ml™ and 50 mg-ml™.

Infrared Spectroscopy. ATR-IR spectra were recorded on an ALPHA FT-IR spectrometer

(Bruker, Billerica, MA, USA) using a PLATINUM attenuated total reflection (ATR) single



reflection diamond ATR module. Spectra were attained in a scan range between 4000 to 400 cm’
! with 48 scans and a resolution of 4 cm™. The data was analyzed with OPUS 4.0 software.
Stylus Profilometry. Film thicknesses were measured with a DETAK 150 Stylus Profiler from
Veeco. Measurements were performed with a scan length of 1000 um and a force of 3 mg over a
duration of 3 seconds. The resolution and measurement range were 0.333 um per sample and 6.5
um, respectively. A diamond stylus with a radius of 12.5 um was applied. Samples were
measured after scratching the film (deposited on a silicon wafer). The resulting profile was used
to calculate the thickness of different films. All measurements were performed at least three
times.

Contact Angle (CA) and Surface Free Energy (SFE) Determination. Static contact angle
measurements were performed with a Drop Shape Analysis System DSA100 (Kriiss GmbH,
Hamburg, Germany) with a TIE CCD video camera (25 fps) and the DSA1 v 1.90 software.
Measurements were conducted with Milli-Q water and di-iodomethane using a droplet size of 3
ul and a dispense rate of 400 pl-min”'. All measurements were performed at least three times.
CA were calculated with the Young-Laplace equation and SFE was determined with the Owen-
Wendt-Rabel-Kaelble (OWRK) method.**>* It should be mentioned here that the determination
of the SFE by wettability measurements is — although very informative — an indirect method.
Therefore, potential influences of surface roughness and film characteristics may influence the
value of the SFE to a certain extent.

Atomic Force Microscopy — AFM. AFM images were attained in tapping mode in ambient
atmosphere at room temperature by a Veeco Multimode Quadrax MM scanning probe
microscope (Bruker, Billerica, MA, USA) using Si-cantilevers (NCH-VS1-W from NanoWorld

AG, Neuchatel, Switzerland) with a resonance frequency of 320 kHz and a force constant of 42



N-m”. Root mean square (RMS) roughness calculation and image processing was performed
with the Nanoscope software (V7.30rlsr3, Veeco). AFM investigations of the films in liquid
were performed with a Fast Scan Bio atomic force microscope (Bruker AXS, Santa Barbara, CA,
USA) operated by a Nanoscope V controller. All experiments were conducted in a droplet of
buffer solution liquid by using Fast Scan D cantilevers with a resonance frequency of 110 kHz
and a force constant of 0.25 N'm™'. The samples were measured at air as a reference. Image
recording in liquid was done after equilibration of the samples for 30 min in buffer and after
treatment with protein solution and subsequent rinsing with buffer. Set points, scan rates and
controlling parameters were chosen carefully to ensure lowest possible energy dissipation to the
sample and to exclude tip driven artifacts. Data analysis of the images was performed using
Nanoscope Analysis 1.50 (Build R2.103555, Bruker AXS, Santa Barbara, CA, U.S.A.) and
Gwyddion 2.38.

Multi Parameter Surface Plasmon Resonance Spectroscopy — MP-SPR. MP-SPR studies
were performed with a MP-SPR Navi'™ 210A VASA (Bionavis Ltd., Tampere, Finland)
equipped with two lasers (A = 670 nm, 785 nm) in both measurement chambers, using gold
coated SPR sensor slides (gold layer 50 nm, chromium adhesion layer 10 nm). All measurements
were carried out using a full angular scan (39—78°, scan speed: 8°s'). The MP-SPR experiments
were conducted in the following way. The equilibration of the samples coated onto the sensor
slides was done by rinsing with Milli-Q water followed by buffer. After a steady signal was
observed, protein solution was injected into the flow cell and pumped through at a flow of 50
ul-min'] for a duration of 5 min. The samples were rinsed with buffer again followed by Milli-Q

water and dried in a stream of N, gas. All experiments were performed in three parallels.



Protein adsorption was quantified according to equation 1, which considers the dependence of
the angular response 46 of the surface plasmon resonance in dependence of the refractive index

increment (dn/dc) of the adsorbing layer.*

A® Xk X dy

I'= dn/dc

(1)

For thin layers (<100 nm), k x d, can be considered constant and can be obtained by
calibration of the instrument by determination of the decay wavelength l4. For the MP-SPR
Navi™ 210 A VASA used in this study, k x d, values are approximately 1.09 x 10~ cm/° (at 670
nm) and 1.9 x 10" cm/° (at 785 nm) in aqueous systems. The dn/dc of proteins in water-based
buffer systems was reported to be 0.187 cm®.g*, which was used to calculate the amount of

adsorbed masses.*

RESULTS AND DISCUSSION
Preparation of blend thin films. Blend thin films were prepared by spin coating TMSC and
CSE or TMSC and SA mixtures at different ratios. The films were exposed to hydrochloric acid
vapors in order to convert TMSC into cellulose to create cellulose/CSE and cellulose/SA blend
films. It is important to track changes which occur during the exposure to the HCI vapors. The
ATR-IR spectra clearly show that the esters (neither in bulk nor in the film) as well as the fatty
acids are not altered by the regeneration procedure (ESIf, Figure S1, S2). Furthermore, the
morphology of pure CSE and SA films does not seem to be affected (Fig.1, AFM images). A
further indication for the inertness of CSE and SA films towards HCI vapors is the wettability
with water and diiodomethane, which does not change after the HCI treatment (fESI, Figure S3,

S4).



Regeneration of TMSC was monitored by ATR-IR spectroscopy (bands attributed to CH3 of
TMSC at 2960 cm™ (Vasym) and 2872 cm™! (Vsym) and Si-C at 1251 cm™! and 842 ¢cm’! disappear,
the OH band between 3600 and 3000 cm™ arises), wettability behavior (static water CA change
from 94° to 46°) and thickness determination (shrinkage ca. 60%). For the blend films,
conversion was confirmed by ATR-IR spectroscopy; the spectra of the 1:1 ratio for both types of
blends is depicted in Figure S5 and S6 (TESI). Surface free energies (SFE) depicted in Figure 2

further corroborate these findings.
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Figure 1. Atomic force microscopy height images and corresponding RMS roughness (Rg) of

pure spin coated films before (a) and after (b) treatment with HCI vapors (picture size 10 x 10

pm?).



The SFE of TMSC changes upon conversion from low to high SFEs and polar contributions to
the SFE increase showing the hydrophilic character of cellulose. SFEs of CSE and SA remain
constant, which further substantiates the resistance of the substances to acidic vapor treatment.
The blends feature similar SFEs at all ratios, which are closer to the value of CSE and SA before

regeneration. After conversion, the SFE increases for all ratios, however, some differences arise.
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Figure 2. Surface free energies of blend films from TMSC:CSE (a) and TMSC:SA (b) at

different ratios before (left) and after (right) regeneration.

Phase separation behavior. The resulting morphologies of the blend thin films were
investigated by atomic force microscopy. For the cellulose:CSE blend, microphase separation

occurs (Figure 3). The assignment of the resulting phases to the compounds of the blend was
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accomplished by evaluation of the shrinkage of the TMSC domains upon conversion, which was
63-68 % for all TMSC domains at all ratios as reported in literature for pure TMSC films.***’
Additionally, treatment with CHCl; of the regenerated films was performed leaving only the
cellulose part of the films behind. The cellulose:CSE blend at a ratio of 3:1 forms a continuous
TMSC phase containing CSE domains, whereas at the other ratios the inverse morphology is
found. Domain sizes of the different blend ratios are summarized in Table 1.

The phase separation behavior of the polymer-polymer blend can be explained by the transient
bilayer theory, stating vertical stratification of the two polymer phases, followed by lateral phase
separation due to interfacial instabilities caused by the evaporation of solvent and a concomitant
solvent-concentration gradient in the film.”® Due to preferential migration to the air-polymer
interface of the compound with lower surface free energy, in this case CSE, TMSC forms the
layer at the bottom that is in contact with the substrate during the early stages of spin coating.
Then, as the solvent proceeds to evaporate, dewetting processes come into play. As for the
cellulose:CSE blend at a ratio of 3:1, a thin CSE top layer is present that starts to dewet and
contracts into droplets. The emergent voids are then filled with TMSC resulting in a continuous
TMSC phase, which contains round CSE domains. Since CSE is the better soluble compound in
CHCIs, the solvent remains longer in the CSE than in the TMSC phase, leading to a collapse of
the CSE phase at the end of the spin coating process.”” The arising CSE droplets therefore
migrate into the surrounding, bottom TMSC phase. This effect was previously observed for other
binary polymer blends as well.*” In the case of the cellulose:CSE blend at a ratio of 1:3, a rather
thick CSE layer is present on top of a thin TMSC layer. Dewetting causes this thick layer to

break up and generates holes, which are subsequently filled by the polymer from the lower layer

favoring the distribution of TMSC inside a continuous CSE phase. The collapse of the better
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soluble CSE phase is detected for this blend ratio as well. Table 1 summarizes the domain
heights for the cellulose:CSE blends. AFM images of the cellulose:CSE blend at a ratio of 1:1
appear to show the formation of two continuous phases, as expected from literature reports.*
Upon regeneration, the TMSC part shrinks, causing a higher surface area of the CSE domains.
Treatment of those surfaces with CHCl; reveals a morphology which diverges from the expected

behavior. Cellulose is distributed in a CSE phase, which is presumably induced by differences in

the molar mass of the polymers affecting their mobility.

100 nm
Ol R 174 Am
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Figure 3. Atomic force microscopy height images and corresponding RMS roughness (Rg) of

TMSC:CSE blend films spin coated at different ratios before (a) and after (b) exposure to HCI

vapors, as well as after (c) treatment with CHCl; (picture size 10 x 10 pm?).

Table 1. Average TMSC and cellulose domain height in respect to CSE for the different blend

ratios and average feature sizes of the TMSC/cellulose:CSE blend.

TMSC/cellulose:CSE 3:1 [nm] 1:1 [nm] 1:3 [nm]
TMSC domain height +49+9 +47+£16 | +58+£22
cellulose domain height -24+8 -42+10 -35+4
feature size 397+73 | 773+£162 | 365+110

Although SA is a small molecule, phase separation of the cellulose:SA blend films is observed.
SA features a hydrophilic head and a hydrophobic tail and can therefore act as a surfactant. For
non-ionic polymer-surfactant mixtures there is usually no strong effective attraction between the
compounds, therefore, phase separation is segregative, meaning that two phases are build where
one substance is enriched in each phase.* According to literature, polymer-surfactant systems
show a few similarities to polymer-polymer systems regarding segregative phase separation.**
Furthermore, the transient bilayer theory is partially applicable to certain mixtures of small
molecules and polymers. Vertical stratification during spin casting is a known effect in organic
thin-film transistor (OFT) production, which is utilized to manufacture two layered systems.*
Still, SA is much smaller than a polymer and therefore the resulting structures differ from those
observed in binary polymer systems and surface enrichment processes, accompanied by
agglomerate formation, play a role. The cellulose:SA blend films at 1:1 and 1:3 ratios display
similar morphologies and RMS roughness (Figure 4), whereas the surface of the blend at the

ratio of 3:1 looks completely different. This trend is observed in the SFE as well, since the SFE
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of the cellulose:SA blend ratios of 1:1 (61.4 + 0.2 mJ-m™) and 1:3 (61.8 + 0.3 mJ-m™) are higher
compared to the ratio of 3:1 (42.2 £ 0.1 mJ ‘m?). The SFE of the cellulose:SA blend at the ratio
of 3:1 is approximately in between values of pure cellulose (62.8 + 0.6 mJ-m™) and pure SA
(21.2 + 0.3 mJ-m™) films. Since the films of cellulose:SA at ratios of 1:1 and 1:3 exhibit low
RMS roughness, the SFE can be attributed solely to the influence of the functional groups
present at the surface. High roughness and inhomogeneity is observed in the case of the ratio of
3:1, which affects the contact angle and concomitantly the SFE. The orientation of SA might
play an important role too, since either the hydrophilic carboxyl head groups or the hydrophobic
tails are able to point to the air-polymer interface.

Treatment with CHCl; was performed to selectively remove the SA phase and thus assign the
domains. As expected, the micron sized platelets (2.6 = 1.1 um) present on the surface of the
cellulose:SA blend at the ratio 3:1 stem from the SA phase. The spots where SA platelets were
present prior to solvent treatment were still traceable afterwards. Additionally, small holes were
found inside the CHClI; treated film similar to the ones observed at the other ratios. The size of
those holes (ranging from 30 to 90 nm) increases with increasing SA content in the blend. These
findings basically indicate the same type of morphology for all films. Nevertheless, it is still

unclear why huge aggregates arise during spin casting of the films with the lowest SA content.
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Figure 4. Atomic force microscopy height images and corresponding RMS roughness (Rg) of
TMSC:SA blend films spin coated at different ratios before (a) and after (b) exposure to HCI

vapors, as well as after treatment with (¢) CHCl; and (d) BSA (picture size 10 x 10 pm?).

Table 2. Area of cellulose, CSE and SA phases occurring in the blend films at different ratios

calculated from atomic force microscopy data.

cellulose:CSE [cellulose [%]| CSE [%] | cellulose:SA | cellulose [%] SA [%]
3:1 28 72 3:1 57 43
1:1 20 80 1:1 54 46
1:3 11 89 1:3 57 43

Protein interaction at blend surfaces. The interaction of the investigated surfaces and
proteins was monitored by multi-parameter surface plasmon resonance spectroscopy (MP-SPR)
at the example of bovine serum albumin (BSA), which is a commonly used marker for
nonspecific protein adsorption. The real-time adsorption behavior of BSA toward the
cellulose:CSE blends is depicted in Figure 5. An overshoot effect, presumably caused by
reorganization of the protein molecules on the surface™, and fast adsorption kinetics, represented
by the steep slope of the sensogram, is observed for all surfaces. The extent of the overshoot
effect is more pronounced for pure CSE and the cellulose:CSE blend at the ratio of 1:3 featuring
lower SFE compared to the other films. The hydrophobicity of the film surface seems to
influence BSA adsorption. Cellulose exhibits low protein adsorption (0.4 + 0.1 mg-m™), while
hydrophobized cellulose displays a value as twice as high (0.8 + 0.1 mg'm™). Protein adsorption

of the cellulose:CSE blend at the ratio of 1:3 (0.7 + 0.1 mg'm™) is comparable to pure CSE. In
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contrast, cellulose:CSE blends at ratios of 3:1 and 1:1 exhibit even lower protein adsorption than
cellulose. This phenomenon can be probably traced back to the morphology of the blend films
since the SFE do not exhibit significant differences. The area of CSE (see Table 2) is
approximately the same for all blend ratios and therefore preferential adsorption onto either one
or the other blend compound is not the reason for minimized BSA deposition. According to
literature, BSA forms island-like structures during adsorption which fuse into patches until a
complete monolayer coverage is realized on the surface.*” In the case of cellulose:CSE blends at
the ratios of 3:1 and 1:1, the growth mechanism of the BSA layer is interrupted by the cellulose
domains, whereas at the ratio of 1:3, the CSE phase is only perforated by very small cellulose
parts, therefore protein adsorption is not influenced to a high extent. Interestingly, in blends
composed of cellulose and lignin fatty acid ester, the latter acts as a sacrificial compound, which
is removed upon rinsing with protein solution.”” Maybe the lower mass (few kDa) of the lignin

fatty acid ester compared to the CSE (>50 kDa) is responsible for this behavior.
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Figure 5. Sensograms (a) measured at 785 nm during adsorption of BSA onto blend films of
cellulose and CSE at different ratios and corresponding amounts of adsorbed protein (b)

calculated from change in SPR-angle.

Initially, the MP-SPR experiments for the cellulose:SA blends were performed in the same
fashion as for the ones containing CSE. We were surprised to observe a strong decrease in SPR
angle upon injection of protein solution into the flow cell indicating desorption of material for all
blends containing SA. Therefore, the rinsing step with protein solution was prolonged until a

stable signal was detected (Figure 6a), meaning that nothing was removed from the surface

anymore.
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Figure 6. Sensograms measured at 785 nm during rinsing with (a) 1 mg-ml"' BSA until reaching

a steady signal and (b) 50 mg'ml" BSA for a period of 5 min of cellulose:SA blend films at

different ratios.

Afterwards, AFM images were recorded and compared to images of surfaces, which were
immersed in CHCl; in order to remove SA. AFM investigations after both treatments displayed
very similar results (Figure 4) indicating that the rinsing procedure with BSA leads to the

removal of SA from the cellulose matrix. This originates from the ability of BSA to build
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complexes with fatty acids***

, which are then rinsed away by the flow. The higher the SA
content of the blend, the more material is removed resulting in smaller SPR angles. The period
until the entire SA is depleted from the surfaces takes longer for blends containing a higher
amount of SA (80 min, 130 min, 150 min, for cellulose:SA 3:1, 1:1 and 1:3, respectively). The
experiment for pure SA was stopped after 180 min, since it clearly showed the slowest SA
removal. In terms of kinetics, the slope of the curve during rinsing with protein is steeper,
indicating faster desorption, for blends with higher SA content.

Furthermore, the material was tested at higher BSA concentrations to evaluate the borders of
this approach. The experiments were conducted at a BSA concentration of 50 mg-ml”
corresponding to the concentration of human serum proteins.”” The sensograms (Figure 6b)
indicate an initial increase in SPR angle correlating to protein adsorption; however, after a
maximum of two minutes the signal decreases again. This initial adsorption can be attributed to
the BSA deposition onto the cellulose parts of the blends, which is already accompanied by
desorption of SA. After a period of 5 min, the surfaces were rinsed with buffer leading to a
constant signal, which is below the SPR angle value detected before adsorption for all surfaces.
One might argue that the removal of material is simply caused by the forces induced by rinsing,
however, when rinsing with buffer without protein the signal is constant. BSA features the same
adsorption behavior towards all blends in the beginning of the experiment, except for the pure
SA surface, where BSA shows higher affinity. As for the removal of SA, the same trends as
noticed for the experiments performed at lower BSA concentration was observed. In both
experiments, the pure SA film is less prone to the BSA treatment. Although all cellulose:SA

blends depict similar area ratios for the two phases (Table 2), the blends with ratios of 1:3 and

3:1 are rather flat, whereas the films at the ratio of 3:1 and the pure SA films show increased
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RMS roughness. The presence of platelets on these surfaces results in higher SA surface area
than for the other films. Regardless, flat surfaces are apparently better accessible to BSA and the
resulting BSA-SA complex diffuses faster from those surfaces. The BSA-SA complex sticks
better to the surfaces where the SA residue is embedded in a large SA phase, due to cohesion,
rather than in the case where SA is surrounded by cellulose. The BSA-SA complex is easier
released from the blends with small SA domains, i.e. cellulose:SA at ratios of 1:3 and 1:1.

Moreover, protein interaction at the investigated blend surfaces was monitored by high speed
AFM to show the process in real-time and to gain better insight into the mechanisms (Figure S7-
S9, +ESI). However, when conducting the experiments, the SA domains were scratched by the
cantilever movement due to the soft nature of the SA residue. In terms of cellulose:CSE blends,
protein adsoprtion capacatiy was too low to dedect adsorbed proteins. Hardly any change was
observed in the overall morphology.

CONCLUSION

In summary, the influence of fatty acids and fatty acid esters on nonspecific protein adsorption
on cellulosic surfaces was investigated at 1 and 50 mg ml”' BSA. When free fatty acids were
present in the films, nonspecific protein adsorption was prevented by complexation of BSA with
the fatty acid, finally leading to the removal of the fatty acid from the films. This sacrificial
behavior is slightly dependent on the accessibility of the surfaces to BSA, i.e. better accessibility
leads to more pronounced complexation. In contrast, the covalently bound fatty acid in CSE
affects the films in a different way. Here, complexation of the BSA concomitant with a
sacrificial mechanism was not observed. Instead, the morphology of the blends and the surface
free energies seem to influence the nonspecific adsorption of proteins since they avoid the

formation of monolayer like coverage of BSA molecules. For pure CSE for instance, higher BSA
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adsorption was observed compared to cellulose, whereas for the 3:1 blend (cellulose:CSE),
adsorption was reduced by a factor of two compared to pure cellulose.

In conclusion, mixing cellulose with cellulose fatty acid ester can be utilized to tune protein
adsorption by choosing the added amount of hydrophobic compound. Surfaces resistant to
protein adsorption can be manufactured by blending cellulose with free fatty acids. In both cases,
we were able to attain insights into the interactions occuring at hydrophobized cellulosic

surfaces.
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