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ABSTRACT: Fouling properties of new biomaterials are important for the performance of a material in a biological
environment. Here, a set of three supramolecular polymeric additives consisting of ureidopyrimidinone (UPy)-functionalized
poly(ethylene glycol) (UPyPEG) were formulated with UPy-modified polycaprolactone into thin supramolecular material films.
The antifouling properties of these material films were determined by investigation of the relation of cell adhesion and protein
adsorption on these materials films. The presence of the UPyPEG additives at the surface of the films was evident by an increased
hydrophilicity. Adhesion of human epithelial and endothelial cells was strongly reduced for two of the UPyPEG-containing films.
Analysis of adsorption of the first three proteins from the Vroman series, albumin, γ-globulin, and fibrinogen, using quartz crystal
microbalance with dissipation in combination with viscoelastic modeling, revealed that the surfaces containing the UPyPEG
additives had a limited effect on adsorption of these proteins. Despite a limited reduction of protein adsorption, UPyPEG-
containing mixtures were non-cell-adhesive, which shows that non-cell-adhesive properties of supramolecular polymer surfaces
are not always directly correlated to protein adsorption.

■ INTRODUCTION

Control of the fouling properties of biomaterials, e.g., protein
adsorption and cell adhesion, is essential for ultimate
functioning of these materials as implants and prostheses.
Surface coating of implants using antifouling compounds is
often applied. Functional antifouling properties are most
frequently added through physisorption or chemical tethering
of nonfouling moieties. Covalently attached layers are more
durable than physisorbed adlayers, but making stable coatings
on more complex surfaces as efficient in reducing biofouling as
self-assembling monolayers (SAMs) on gold remains a
challenge.1

Initial investigation on properties of antifouling SAMs
revealed that moieties that resist the adsorption of proteins
and cells typically are hydrophilic, include hydrogen-bond
acceptors, but do not include hydrogen-bond donors, and have
an overall neutral charge.2,3 Since then, hydrophilic poly-
(ethylene glycol) (PEG)-based materials have been widely used
to develop antifouling surfaces using varying surface prepara-
tion techniques.4 Similar to hydrophilic polysaccharide

containing materials and coatings based on zwitterionic
molecules, the antifouling properties of PEG-based materials
have been attributed to the presence of an hydration layer near
the surface, which acts as a barrier.5

To design antifouling materials, ethylene glycol-based
materials have been used in varying designs.5 Recently, the
functionalization of substrates with polymer brushes has proven
to increase surface coverage and thereby increase effectivity of
the applied coating.1,6 Brush-like coatings based on PEG, often
in the form of a poly[oligo(ethylene glycol) methyl
methacrylate] (polyOEGMa), have for instance been success-
fully applied via surface-initiated atom transfer radical polymer-
ization (SI-ATRP) on 2D substrates7,8 and on electrospun
fibers.9,10

Cell adhesion is presumed to be preceded by nonspecific
protein adsorption, which agrees to the fact that PEG-
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functionalized materials often show a decrease in protein
adsorption when a reduction in cell adhesion is also
observed.2,6,9,11,12 The first proteins to adsorb upon contact
with the biomaterial are high mobility proteins, such as
albumin. Subsequently, displacement by less abundant proteins
with higher affinities occurs, starting with globulin and
fibrinogen, and ending with high molecular weight kininogen.
This process is called the Vroman effect.13

To quantitatively measure the adsorption of proteins on
biomaterial surfaces in vitro, several techniques have been used,
such as fluorescence microscopy, ellipsometry, surface plasmon
resonance (SPR), and quartz crystal microbalance with
dissipation (QCM-D).1,14 QCM-D offers label-free frequency
and real-time monitoring of the hydrated mass adsorption using
the change in resonance frequency and dissipation energy of a
piezoelectric quartz crystal with a resolution of 1 ng/cm2.15

Recently, protein adsorption has been investigated on spin-
coated layers of different thermoplastic polyurethanes16 and on
varying antifouling coatings containing chondroitin sulfate,
PEG, carboxymethylated dextran, or zwitterions.17−20

Our approach to new biomaterials applies an alternative
strategy. Using noncovalent supramolecular interactions, based
on the self-complementary 2-ureido-4[1H]-pyrimidinone
(UPy) moiety,21 we were able to develop modular biomaterials
with UPy-modified polycaprolactone (PCLdiUPy) (Scheme 1)
as the structural base material.22−24 More recently, this system
has been further expanded by the incorporation of PEG2kdiUPy
(additive 1, Scheme 1) to prevent cell adhesion.25 Previously,
we have shown that the addition of PEG2kdiUPy reduces the
hydrophobicity of the surface, leads to decreased cell adhesion
on electrospun meshes in vitro,25 and reduces cell infiltration in
vivo in a chain-extended UPy-modified PCL material.26

Here, our supramolecular toolbox is extended with bifunc-
tional PEG10KdiUPy (additive 2, Scheme 1) and monofunc-
tional MeOPEG5KUPy (additive 3, Scheme 1), previously used
as hydrogelators.27 These additives are of interest because they
contain larger PEG chains and hence could lead to more
hydrophilic surfaces and thus less cell adhesion. Furthermore,

both compounds contain an extra aliphatic dodecyl spacer
between the UPy and the PEG, which can shield the urea
groups from interactions with water of the PEG and can lead to
enhanced anchoring in the PCLdiUPy base material. The
MeOPEG5KUPy mimics half of the PEG10KdiUPy and therefore
allows investigation of the effect of the number of anchoring
points. With our previous results, and the presumption that cell
adhesion is preceded by nonspecific protein adsorption,
investigation of protein adsorption on our materials provides
more insight into the non-cell-adhesive properties of the PEG-
containing materials.
The surface morphology of the spin-coated supramolecular

polymer films was studied using atomic force microscopy
(AFM) and water contact angle (WCA) measurements. The
adhesion of epithelial and endothelial cells on the polymer film
was investigated, and the adsorption of the first three proteins
of the Vroman series13 (albumin, globulin, and fibrinogen) was
quantified using QCM-D.

■ EXPERIMENTAL SECTION
Materials. PCLdiUPy and PEG10KdiUPy were synthesized by

SyMO-Chem BV (Eindhoven, The Netherlands). The syntheses of
PEG2KdiUPy

25 and MeOPEG5KUPy
27 were described previously. PBS

tablets, 1,1,1,3,3,3-hexafluoroisopropanol (HFIP), EDTA, non-idet
NP-40, gelatin from porcine skin, bovine serum albumin (BSA),
fibrinogen from bovine plasma, γ-globulins from bovine blood, mowiol
4-88, anti-human vinculin mouse IgG1 antibody (V9131), ATTO 488
conjugated phalloidin, and 4′,6-diamidino-2-phenylindole (DAPI)
were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands).
EGM-2 Bulletkit, penicillin/streptomycin, and trypsin/EDTA were
purchased from Lonza (Breda, Netherlands). Alexa 555 conjugated
goat anti-mouse IgG1 was purchased from Molecular Probes. Tris,
NaCl, and Triton X-100 were purchased from Merck Millipore, fetal
bovine serum (FBS) from Greiner Bio, and Dulbecco’s Modified Eagle
Medium (#41966) from Gibco Life Sciences. BSA, fibrinogen, and γ-
globulins were obtained as powders and used without further
purification.

Preparation of Polymer Solutions. Solutions of all polymers
were prepared at a concentration of 20 mg/mL in HFIP. For the

Scheme 1. Chemical Structures of the Molecules Used in This Study: (a) UPy-Modified Polycaprolactone (Mn,PCL = 2 kDa); (b)
Bifunctional UPy Poly(ethylene glycol) (Mn,PEG = 2 kDa); (c) Bifunctional PEG10KdiUPy (Mn,PEG = 10 kDa); (d)
Monofunctional UPyPEG (Mn,PEG = 5 kDa)
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mixtures, 5 vol % of the additive polymer solution was added to 95 vol
% solution of PCLdiUPy. This results in 5:95 wt % additive:PCLdiUPy
mixtures, corresponding to 5, 1.24, and 2.45 mol % mixtures for
additive 1, 2, and 3, respectively (Table S7; calculation is provided in
the Supporting Information).
Preparation of Spin-Coated Surfaces. Samples were prepared

by spin-coating 100 μL of a 20 mg/mL solution of the polymers in
HFIP at 5000 rpm for 30 s on either glass coverslips with a diameter of
15 mm (for AFM) or 13 mm (for cell culture) or on the gold-coated
sensor (for QCM-D). The samples were left to dry for 1 h at room
temperature before continuing the experiments.
Atomic Force Microscopy. AFM images were recorded at room

temperature using a Digital Instrument Multimode Nanoscope IV
operating in the tapping regime mode using silicon cantilever tips
(PPP-NCH-50, 204−497 kHz, 10−130 N/m). Surface roughness has
been measured using Gwyddion software (version 2.34). The root-
mean-square (RMS) for an area of 100 μm2 was used to compare the
different materials.
Water Contact Angle Measurements. Water contact angles

were measured at room temperature on an OCA30 (DataPhysics).
Water droplets (5 μL) were applied on the polymer films on glass, and
the angle at the polymer−air−water interface was determined after 5 s
using an automatic fitting routine (SCA20 software). The mean and
the standard deviation of three samples are reported.
Cell Culture. Human umbilical vein endothelial cells (HUVEC,

Lonza) were cultured in EGM-bulletkit medium (endothelial basal
medium supplemented with 2% FBS and growth factors, including
VEGF) supplemented with 1% penicillin/streptomycin and expanded
in T-75 culture flasks that were coated with a 0.1% gelatin solution for
15 min at 37 °C. Proximal epithelial cells from a human kidney (HK-2,
ATCC) were cultured in DMEM, supplemented with 10% FBS and
1% penicillin/streptomycin, and expanded in T-75 culture flasks. Cells
were subcultured at a 80−90% confluency by washing with PBS and
incubating in 2 mL of trypsin/EDTA for 1−2 min (HUVEC) and 3−5
min (HK-2) at 37 °C and diluted in 8 mL of culture medium before
centrifugation for 5 min at 180g. Cells were resuspended and counted
using a NucleoCounter (NC-100, Chemometec Copenhagen, Den-
mark) and diluted to 8·104 cells/mL culture medium and reseeded at
106 cells per T-75 flask. Culture medium was refreshed every 2−3
days. HUVECs were used for experiments up to P5 and HK-2 cells up
to P16.
Cell Seeding. Glass coverslips with a diameter of 13 mm (#0,

VWR), either covered with spin-coated polymer, coated with gelatin,
or bare, were placed in Minusheet tissue carriers with 13 mm o.d.
(Minucells and Minutissue-Vertriebs GmbH) to prevent films from
detaching during culture and were then sterilized under UV for 1 h.
Next, the secured coverslips were placed in 24 wells culture plates, and
250 μL culture medium was pipetted under the coverslip. Cells were
harvested as in subculture and resuspended in culture medium and

diluted to 2.6 × 105 cells/mL. 62 μL of cell suspension was pipetted
onto the exposed surface of the coverslips, and cells were left to adhere
for 1.5 h at 37 °C and 5% CO2, before adding 500 μL of culture
medium on top of the cells. Cells were cultured for 1 day at 37 °C and
5% CO2.

Immunofluorescent Staining. Cells grown on coverslips were
fixated and permeabilized simultaneously by incubation in 3.7%
formaldehyde and 0.5% Triton X-100 in PBS for 15 min at room
temperature. Samples were then washed with PBS twice and
subsequently blocked in 2% BSA at least overnight at 4 °C. Next,
slips were washed in NET-gel (50 mM Tris, 150 mM NaCl, 5 mM
EDTA, 0.05% NP-40 and 0.25% gelatin), prior to overnight incubation
with primary mouse IgG1 anti-human vinculin antibody 1:250 in 80%
NET-gel and 1% BSA in PBS at 4 °C. Samples were then washed in
NET-gel three times and subsequently incubated for 1.5 h at room
temperature with 1:250 goat anti-mouse IgG1 Alexa 555 conjugated
secondary antibody and 1:500 ATTO 488 conjugated phalloidin in
NET-gel, followed by a double 5 min wash in NET-gel and a nuclear
counterstain with 0.1 μg/mL DAPI in PBS. After three washes in PBS,
coverslips were mounted on microscopy slides with mowiol and stored
in the dark at 4 °C until visualization with a Zeiss AxioVert 200 M
microscope.

Quartz Crystal Microbalance with Dissipation Monitoring.
QCM-D was performed on the Q-Sense E4 instrument (BiolinScien-
tific AB) using gold-coated AT-cut quarts discs with a fundamental
frequency of 4.95 MHz (QSX 301 Gold, BiolinScientific AB). Sensors
were rinsed with piranha solution and subsequently heated for 10 min
at 70 °C in a 5:1:1 mixture of ultrapure water, ammonia, and 30%
hydrogen peroxide (base piranha). Sensors were rinsed with water,
acetone, and isopropanol and dried with nitrogen. Clean crystals were
mounted to record their fundamental frequency in air and
subsequently removed for spin-coating. All experiments were
performed at 37 °C. After mounting the sensors with the spin-coated
material, sensors were measured in air. Afterward, PBS was passed over
the surface at 0.1 mL/min until the signal equilibrated. Subsequently,
the protein solution was passed over the surface at 0.1 mL/min.
Frequency and dissipation changes were recorded until both signal
equilibration, and the sensors were rinsed with PBS. Each experiment
was repeated 3-fold, and means and standard errors of the mean are
reported.

After each experiment, the system was cleaned by rinsing with 50
mL of 2 wt % solution of Hellmanex III (Hellma) in ultrapure water,
followed by rinsing with 100 mL of ultrapure water. Next, sensors were
removed and the components were dried using nitrogen.

Viscoelastic Modeling of the Data. Shifts in frequency and
dissipation for overtones 3, 5, 7, 9, and 11 were analyzed using the
Voigt−Voinova model using the Qtools software (Q-sense). A protein
density of 1250 kg/m3 was used for all protein layers. As became
evident from the measurements, the viscosity of the protein solutions

Figure 1. AFM phase micrographs of spin-coated films of PCLdiUPy with 5 wt % of the UPyPEG additives on glass.
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was higher than the viscosity of PBS and hence was accounted for in
the model, together with one homogeneous viscoelastic layer. For PBS
at 37 °C, the measured viscosity in the QCM-D was 0.0071 Pa s, and a
density of 1000 kg/m3 was used. The model was optimized by
decreasing χ2 by optimizing the selection of overtones.

■ RESULTS AND DISCUSSION

Surface Morphology Polymer Films. The use of QCM-D
to quantify protein adsorption requires a homogeneous and
thin polymer film. Initial experiments showed that drop-casting
leads to thick films in the micrometer range at higher
concentrations or to inhomogeneous films caused by dewetting
at lower concentrations. Therefore, spin-coating was selected as
the technique to reproducibly prepare thin polymer films. The
surface roughness of the polymer films prepared by spin-
coating was assessed using AFM (Table S1). The addition of
UPy-PEG did slightly increase the RMS roughness for spin-
coated samples, but no large differences are observed. AFM
phase images show a fibrous morphology on the nanometer
length scale for pristine PCLdiUPy films, similar to nanofibers
obtained previously in drop-cast samples, attributed to the
highly directional self-assembly of the combined UPy and urea
moieties.23 When 5 wt % of additive 1 was added, a similar
nanofibrillar morphology is observed (Figure 1). For the
samples with additive 3, domains of PEG can be observed on
the larger scale, which were also visible in the height images
(Figure S1). Details of the microphase-separated regions show
PCLdiUPy-like fibers in the darker regions while the lighter
regions are hypothesized to represent the PEG phase. A
homogeneous polymer film was obtained for mixtures with
additive 2, with well-defined fibrillar morphology. We
hypothesize that the speed of spin-coating inhibits both
nanophase and microphase separation, leading to suboptimal
fiber formation, but intimate mixing of the components.
WCA measurements were performed to assess surface

hydrophilicity. For the pristine PCLdiUPy the water contact
angle is 74.7 ± 0.2°. A sharp decrease in contact angles is
observed with the addition of UPyPEG, with contact angles of
59.8 ± 1.3° for PCLdiUPy with additive 1, 56.7 ± 0.9° with
additive 2, and 44 ± 14° with additive 3. The presence of the
hydrophilic components in the films prepared from the
polymer mixtures is clearly reflected in the water contact angles.
Cell Adhesion on Polymer Mixtures. The adhesive

behavior of cells on our materials with the different PEG-

containing additives was evaluated based on the staining of f-
actin, an important part of the cytoskeleton, and vinculin, a
focal adhesion protein involved in anchoring these microfila-
ments to the extracellular matrix.28 On PCLdiUPy and the
mixture with additive 1, HK-2 cells show a well-spread
morphology and clear actin fibers, terminating in defined
vinculin spots, indicating good adhesion (Figure 2, and single
channel greyscale images in Figure S2). Less HUVECs adhered
to PCLdiUPy and the mixture with additive 1 than HK-2 cells
and show a decrease in cell spreading (Table S6). Moreover
fewer vinculin spots are observed, indicating less firm adhesion
to the material. Both HK-2 cells and HUVECs show a clear
decrease in adhesion and spreading on the mixtures with
additives 2 and 3 (Table S6). Cells show a rounded
morphology and have a lack of actin fibers and vinculin
spots. Previous studies show a significant decrease in cell
adhesion materials functionalized with additive 1.25,26 Here, the
reduction in cell adhesion is not so obvious, which could be
explained by the lower additive 1 to base material ratio of 5:95
compared to 10:90, as previously shown by Van Almen et al.26

for HUVECs and 3T3 fibroblast cells cultured on drop-cast
films up to 7 days. Furthermore, Mollet et al.25 showed a
reduction of cell adhesion for additive 1 to base material ratio
of 30:70 for HK-2 cells on electrospun meshes, cultured for 14
h. Interestingly, additives 2 and 3 do reduce the cell adhesion
clearly even though the absolute amount of PEG mixed in does
not vary much: 1:1.2:1.2 for additive 1:2:3 (Table S7;
calculation is provided in Supporting Information), suggesting
that the length of the PEG chain and improved anchoring in
the PCLdiUPy base polymer due to the additional alkyl spacer
are of importance for non-cell-adhesive properties, whereas the
different number of anchoring points between additives 2 and 3
does not appear to have an effect.

Quantification of Protein Adsorption Using QCM-D.
The thickness of the polymer films on the QCM-D sensors was
estimated by comparing the frequency shift of the empty
sensors with that of the spin-coated sensors. The frequency
shift has been converted to layer thickness using the Sauerbrey
equation and a polymer density of 1145 kg/m3. For all
mixtures, films of approximately 100 nm thick were obtained
(Figure S3) showing that spin-coating indeed leads to
reproducible, thin films.
QCM-D measurements were performed to quantify the

amount of protein adsorbed under physiologically relevant

Figure 2. Fluorescence microscopy images of HK-2 cells and HUVECs cultured on spin-coated polymer films for 1 day, stained for f-actin (green),
vinculin (red), and nuclei (blue). Scale bars represent 100 μm.
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conditions. Representative data for one experiment, in which
the adsorption of albumin is measured, is shown in Figure 3a.
After equilibration with PBS at 37 °C, adsorption of mass can
be observed upon introduction of a solution of 30 mg/mL
albumin in PBS. Exposure of the PCLdiUPy-coated sensors to
the albumin solution resulted in a frequency shift (Δf) for the
fifth overtone of 42.6 ± 3.6 Hz. This frequency shift was
accompanied by a dissipation shift (ΔD) of (10.8 ± 0.3) ×
10−6. The large ΔD/Δf ratio of 0.25 indicates the nonrigid
coupling of mass to the sensor, which can be largely attributed
to the viscosity of the albumin solution.29 After rinsing with
PBS, Δf decreases, and the overtones overlap. Furthermore,
ΔD approaches 0 and the ratio ΔD/Δf ≈ 5%. This indicates
that the remaining adsorbed mass is more rigidly coupled to the
sensor after rinsing.
Because of the large dissipation values, the Sauerbrey

equation for rigid coupled mass is not valid, and the Voight−
Voinova model was used.30 In this study, one viscoelastic layer
was used to model the protein adsorption and thus obtain
parameters for the shear modulus, the shear viscosity, and the
thickness (or mass) of the adsorbed protein layer. Furthermore,
the bulk viscosity was allowed to vary. The protein density was
set at 1250 kg/m3, which accounts for approximately 50% of
surface coverage.14 Varying the protein density between 1000
kg/m3 (density of water) and 1400 kg/m3 (density of proteins)
is known to have limited effect of the modeled mass and hence
on the results obtained.31 Using this model, good fits to the
data can be obtained (Figure 3a).
As expected, the viscosity of the albumin solution is similar

for the different films (Table S2). The comparable values
obtained for the Voigt mass while the sensor is immersed in the
albumin solution and the Sauerbrey mass after rinsing with PBS
further supports the hypothesis that the spread in overtones
and large dissipation values are largely due to the viscosity of
the albumin solution for the adsorption of albumin on pristine
PCLdiUPy and indicate that hardly any albumin is removed

from the surface after rinsing. The Voigt mass has been
converted to the thickness of the adsorbed protein layer using
the protein density. For mixtures with additives 2 and 3 a trend
can be observed toward less adsorption of albumin on the films,
but the differences are not significant (Figure 3b). The protein
layers are approximately 2 nm thick for all samples, which
indicates the formation of a monolayer, consistent with results
found previously for albumin.32 Therefore, the samples
containing additive 2 or 3 are probably not fully covered by
albumin.
Next, the adsorption of γ-globulin from a 10 mg/mL solution

was studied as general model for globulins. The modeled bulk
viscosity indicates that the solution is less viscous (Table S3).
Similarly to the albumin adsorption, the Voigt mass is
comparable to the Sauerbrey mass after rinsing with PBS.
Furthermore, shear moduli indicate the formation of a solid
layer. The layer thickness shows the same trend as the albumin
adsorption. Again, hardly any reduction is observed for the
sample containing additive 1. In contrast to the adsorption of
albumin, a significant decrease in adsorption can be observed
when the surfaces are PEGylated with additive 2 or 3 (Figure
3b). The mixture with additive 2 reduces the adsorption by
40%, and the mixture with additive 3 shows a reduction of 60%
in adsorption compared to pristine PCLdiUPy. Values between
100 and 800 ng/cm2 have been reported before for the
adsorption of γ-globulin.33

For the third protein in the Vroman series, fibrinogen, a
concentration of 3 mg/mL was used. The viscosity of the
solution is similar to the viscosity of the γ-globulin solution
(Table S4). In this case, adsorption decreases with increasing
molecular weight of the PEG, but the differences are not
significant (Figure 3b). This is partially as a result of the large
variation in adsorbed values measured using QCM-D (Table
S4). The layer thickness of around 15 nm is lower than the long
axis of fibrinogen of 47 nm, but twice the short axis of 5−7 nm.

Figure 3. Protein adsorption as measured by QCM-D. (a) Example of frequency and dissipation changes as a function of time during the adsorption
of albumin. For clarity, every tenth data point for the fifth, seventh, and ninth overtone is shown. (b) Overview of the adsorption of albumin (30 mg/
mL), γ-globulin (10 mg/mL), fibrinogen (3 mg/mL), and a mixture of these three proteins under physiological conditions (37 °C) on spin-coated
polymer films. Adsorption is represented as mean ± SD (N ≥ 3). *P ≤ 0.01.
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A likely explanation is that the proteins adsorb not end-on but
orientate sidewards as suggested before for softer layers.34

Although above results give insights into the adsorption of
the individual components in blood plasma on biomaterials, in
vivo the proteins are always mixtures. Therefore, all tested
proteins were added in a single solution at the same
concentrations as used above (albumin: 30 mg/mL; γ-globulin:
10 mg/mL; fibrinogen: 3 mg/mL) and introduced in the
QCM-D. Even though the increased viscosity of the solution
leads to large dissipation values, viscoelastic modeling allows for
the separation of the contribution from the solvent and the
adsorbed protein layer (Table S5). Here, a large discrepancy
between the Voigt and the Sauerbrey mass after rinsing with
PBS is observed, which might be a result of either soft, flexible
protein layers or an effect of the shear stresses due to the more
viscous solution. The decreased modeled viscosity for polymer
films containing additive 3 shows that the model obtained for
this sample needs to be interpreted with caution, but the trends
match the values obtained for the Sauerbrey mass after rinsing
with PBS.
The protein layers formed on the polymer films consisting of

the pristine PCLdiUPy, the mixture with additive 1, and the
mixture with additive 3 were slightly thicker than the layers
formed from the solution of albumin, suggesting that mainly
albumin adsorbs, which subsequently prevents the adsorption
of the other proteins in these mixtures. For the sample with
additive 2 the thickness of the protein layer is larger than the
thickness of the albumin layer, suggesting that on this sample
not only albumin but also the other proteins adsorb.
Experiments using optical waveguide light mode spectrosco-

py on block copolymers containing PEG have also shown that
albumin can block the adsorption of other proteins when
studied sequentially.35 Although the hydrophilic UPyPEGs can
reduce the adsorption of γ-globulin and fibrinogen, this effect
appears to be canceled by the fast adsorption of albumin on
these films.
Even though the reduction in protein adsorption is limited

after mixing in 5 wt % of the UPyPEG additives, the adhesion
of epithelial and endothelial cells is strongly impeded on films
of polymer mixtures with additives 2 and 3. The results on cell
adhesion are in accordance with a slight reduction in adsorption
of γ-globulin on mixtures with additives 2 and 3 but do not
match the adsorption of the other protein solutions studied
here. Importantly, in previous studies, when a reduction in cell
adhesion is observed on materials that also resist the adsorption
of proteins, protein fouling is commonly measured prior to cell
adhesion.2,6,9,11,12

■ SUMMARY AND CONCLUSIONS
With these three additives, we have created a toolbox to tune
non-cell-adhesive properties of our biomaterials in a modular
fashion. Incorporation of PEG10KdiUPy and MeOPEG5KdiUPy
clearly reduced cell adhesion and spreading compared to the
pristine material. Using QCM-D in combination with
viscoelastic modeling, and thereby separating the contribution
of solvent viscosity and protein adsorption, we showed that we
are able to quantify the adsorption of proteins on PCLdiUPy
surfaces modified in a supramolecular fashion with UPyPEG.
The more hydrophilic surfaces created by incorporation of
PEG2KdiUPy, MeOPEG5KUPy, and PEG10KdiUPy had a limited
effect on protein adsorption, which shows that non-cell-
adhesive behavior cannot per definition be correlated with a
possible reduction in protein adsorption.
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