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ABSTRACT: Nonspecific protein adsorption is a central challenge
for the use of polymeric materials in biological media. While the
quantity of adsorbed protein can be lowered, very few surfaces are
protein resistant when exposed to undiluted serum or plasma. The
underlying principles of this fouling and the adsorbing proteins
remain to be identified. Here, we investigated adsorption from
undiluted human blood plasma to three different polymer brushes.
Our study showed that the polymer structure does not influence
which proteins adsorb. Further, we identified 98 plasma proteins
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that still foul current “protein-resistant” polymer brushes. Detailed

studies into the major adsorbing protein revealed the central role that lipoproteins and low density lipoprotein in particular play
in fouling of plasma to polymeric biomaterials. However, although apolipoprotein B100 is found as a major fouling protein in our
mass spectrometry screening, studies on individual components of lipoproteins show that it is not apoB100 but a mixture of
phospholipids, triglycerides, and cholesteryl esters that plays a major role in lipoprotein adsorption.

B INTRODUCTION

Fouling of surfaces in contact with tissue or blood is a major
clinical problem, and there has been an enormous research
effort to develop surfaces that resist the nonspecific adsorption
of proteins (so-called antifouling surfaces).”” Much of this
effort has been guided by empirical sets of design rules obtained
from model substrates such as self-assembled monolayers'
and by early promising results of poly(ethylene glycol) (PEG)-
based material.*® In recent years, polymer brushes (surface
coatings based on polymer chains tethered at one end to the
surface)” have emerged as superior coatings that show ultralow
(<5 ng cm™) fouling from single protein solutions.®
Unfortunately, very few surfaces show equally good properties
when in contact with clinically relevant complex protein
mixtures such as plasma or serum, and even then, most studies
deal with fetal bovine serum, which is much less fouling than
human blood.*”"* Progress in the search for better coatings is
hindered by a lack of knowledge about which proteins in serum
or plasma cause fouling. Therefore, the aim of the present study
is to understand the interactions between plasma and
antifouling polymers. This will be achieved by identifying the
nonspecifically adsorbed proteins from plasma to brushes that
exhibit ultralow fouling from single protein solutions. Since
human blood plasma contains more than 4500 proteins,'®
identification of the proteins that adsorb is a challenging task.
Besides a bioinformatical approach,14 the combination of gel
electrophoresis and liquid chromatography—tandem mass
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spectrometry (LC-MS/MS) has recently been used to identify
proteins adsorbed to nanomaterials.">”'” Here, we use this
strategy to study fouling from plasma onto three classes of
antibiofouling polymers with excellent protein resistant proper-
ties: polyether-based bottle brushes,”*° small side-chain
zwitterionic polymers,'”*" and hydroxylated polymers.'>**
Further, we set out to elucidate the effect of the different
polymer brush structures on plasma adsorption. It has been
demonstrated in many studies that the choice of polymer can
greatly reduce the amount of adsorbed protein.® However, it is
unknown whether the composition of the adsorbed protein
layer is influenced by the polymer chemistry. The polymer
brushes used here, poly(oligoethylene glycol) methacrylate
(POEGMA), poly(sulfobetaine methacrylate) (PSBMA), and
poly(hydroxyethyl methacrylate) (PHEMA) are depicted in
Figure 1.

B RESULTS AND DISCUSSION

Polymer Brush Synthesis. Polymer brushes were
synthesized by surface-initiated atom transfer radical polymer-
ization (ATRP) from initiator-functionalized gold-coated
surface plasmon resonance (SPR) sensor chips and silica
particles. The brushes were prepared at a dry thickness between
20 and 30 nm,”~** which ensures complete surface coverage
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Figure 1. Chemical structures of the three polymer brushes compared:
POEGMA, PSBMA, and PHEMA.

and gives optimal protein repelling properties.”> Micrometer-
sized silica particles were selected to exclude any potential
effects of surface curvature on protein adsorption.">*® The
polymer brushes were thoroughly characterized by several
methods. The thickness and swelling factor in phosphate-
buffered saline (PBS) buffer were measured by ellipsometry,
the topography was determined by atomic force microscopy
(AFM), and the wettability was probed by captive bubble
contact angles (see the Supporting Information for details).
Protein adsorption from undiluted and unfiltered human blood
plasma was studied by SPR>” (see Figure 2a) on flat surfaces
with polymer brushes directly synthesized on SPR sensor chips.
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Figure 2. (a) Exemplary SPR sensorgrams showing the adsorption of
plasma and complete removal of adsorbed proteins with 0.5% SDS for
all three brushes. (b) Ilustration of the protocol on brush-coated
particles.

Protein Adsorption and Desorption. Detailed analysis of
the adsorbed proteins requires complete desorption from the
polymer brushes. This was achieved by exposure to 0.5%
sodium dodecyl sulfate (SDS) in PBS, as can be seen in Figure
2a. After exposure to SDS, the SPR signal reaches the level of
the baseline again. Further, larger sample volumes are required
for analysis, which cannot be obtained by SPR. Hence, the
protocol of the SPR experiment was adapted to polymer
brushes on silica particles as illustrated in Figure 2b, where the
amount of desorbed protein sample can be easily adjusted by
the particle concentration. The amount of adsorbed protein was
quantified with a bicinchoninic acid (BCA) assay after
desorption from brush-coated particles. As the total surface
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area of the particles is known, protein adsorption in nanogram
per centimeter squared can be calculated, which enables a
comparison with SPR data. The results obtained for all three
brushes are very similar for both methods (see Figure S7,
Supporting Information), ranging 27—43 ng cm™> for
POEGMA, 20—49 ng cm™ for PSBMA, and 38—SS ng cm™
for PHEMA. These values are in line with other studies using
undiluted human blood plasma.®'"'*

Analysis of Adsorbed Proteins. The proteins were
separated and visualized by electrophoresis on a polyacrylamide
gel (see Figure 3). The proteins desorbed from the three

Plasma POEGMA PSBMA PHEMA
a — H
- ; 250 kDa
- P 70 kDa
- C— 25 kDa

Figure 3. Silver-stained electrophoresis gel of proteins adsorbed to the
polymer brushes. Human blood plasma (dilution 1/200) is shown for
comparison, and major bands used for mass spectrometry are labeled.

polymer brushes were loaded on the gel together with human
blood plasma for comparison. As anticipated, the gel shows that
many plasma proteins are repelled by the brushes. Only a small
fraction adsorbs to the polymer brushes, with the main bands
identified at greater than 250 kDa, around 70 kDa, and at 25
kDa. Interestingly, the same bands are observed for all three
brushes, despite their different hydroxylated, PEG-based, and
zwitterionic structures. Furthermore, the absence of other
bands indicates that some proteins adsorb more strongly than
others. This emphasizes the need to characterize the adsorbed
proteins, as knowledge of their identity will enable designing
future antibiofouling coatings that also repel these proteins.
Identification of Adsorbed Proteins. In order to analyze
the proteins that still adsorb to the polymer brushes further and
to uncover their identify, the proteins contained in the main
bands observed on the gel (labeled a—c in Figure 3) were
subjected to LC-MS/MS analysis.”**® The results are visualized
as heatmaps in Figure 4, showing the relative abundances™ of
all proteins for each polymer brush. A total of 98 different
proteins were identified, which corresponds to approximately
2% of the proteins found in human blood plasma."
Importantly, each band observed on the gel contains two to
three main proteins with high relative abundances (Figure 4,
top row). These are the same for all three brushes, regardless of
the zwitterionic, polyether, or hydroxylated side chains. Among
the identified proteins are albumin, the most abundant protein
in plasma (up to 800 uM), but also others such as S100-A8/9
proteins with natural abundances of 0.1 uM or less.>’ The
results indicate that fouling is not a random process and raise
the question why exactly these proteins bind. Further analysis
of our results highlights the very high relative abundance of
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Figure 4. Heat map representing the identified proteins that adsorb to the different polymer brushes and their relative abundances. Separated in
molecular weight groups as indicated above and (a) top scoring proteins with very high relative abundance and (b) all other detected proteins.

apolipoprotein B100 (apoB100) as it is the only protein
exceeding 30% although it only occurs at 1—3 #M in plasma.*!

Apolipoprotein B100 and Low Density Lipoprotein
Adsorption. We studied the adsorption behavior of apoB100
to the polymer brushes by SPR in more detail. Surprisingly, no
notable adsorption occurs when either polymer brush is
exposed to a solution of apoB100 (Figure S, red curve), even
though it was identified as the most prominent protein by mass
spectrometry. To understand this apparent contradiction, we
have to note that apolipoproteins do not occur free in plasma.
Instead, they are embedded in large lipoprotein particles that
consist mostly of phospholipids, triglycerides, and cholesteryl
esters (Figure S, inset).”> ApoB100 occurs in low density
lipoprotein (LDL), and it would be interesting to see if the
LDL particle, in contrast to apoB100 protein alone, would
adsorb to our brush surfaces. The ability of LDL to adsorb to
polymeric materials has been reported earlier.>® As seen in the
SPR sensorgram in Figure S (blue curve), LDL adsorbs very
strongly and cannot be washed off the brush by PBS buffer.
This indicates that not the protein alone but the lipoprotein
particle is required for adsorption.

Adsorption Behavior of Other Lipoprotein Classes.
We further investigated the adsorption of the two other main
types of lipoproteins, high density lipoprotein (HDL) and very
low density lipoprotein (VLDL) by SPR. Our results are
summarized in Table 1 (for details, see Figure S9, Supporting
Information) and show that both HDL and VLDL adsorb
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Figure S. Representative SPR sensorgram showing the adsorption of
apoB100 alone and LDL to a POEGMA brush. A schematic cross
section illustrating the composition of LDL is inserted.

Table 1. Adsorption in RU of Different Lipoproteins to the
Three Polymer Brushes

VLDL LDL HDL
POEGMA 200-300 >2000 100-200
PSBMA 200—-500 >2000 <200
PHEMA 400-900 >2000 300—400
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significantly less to the polymer brushes compared to LDL.
HDL particles show the lowest adsorption of approximately 5—
10 times less than that of LDL, and also, VLDL adsorption is
clearly reduced compared to LDL.

These results point to a key role for LDL in adsorption to
protein-resistant brush surfaces. LDL also stands out from the
lipoproteins in the body, where it accumulates in blood vessels
initiating atherosclerosis.>* It is formed from VLDL, which is
accompanied by a reduction of size, softness, and surface
fluidity and an increase of density caused by a change in lipid
composition and protein/lipid ratio.*>*> All of these changes
can alter the interaction with polymer surfaces.

Adsorption Behavior of Lipid Micelles. Our experiments
show that isolated apoB100 does not foul polymer brushes,
even though it is one of the major proteins after fouling by
plasma. Instead, intact lipoproteins show strong adsorption,
which suggests that other components in these lipid—protein
particles are involved in the adsorption of lipoproteins to
polymer brushes. We investigated this hypothesis further by
synthesizing phospholipid micelles, which contain the different
lipid components naturally occurring in lipoproteins. Their
adsorption behavior to POEGMA brushes was studied by SPR,
and the results are summarized in Table 2 (for details, see

Table 2. Adsorption in RU of Phospholipid Micelles with
Different Lipid Components to POEGMA Brushes

phospholipids 62 + 30
phospholipids with cholesteryl ester 27 + 14
phospholipids with triglyceride 113 + 26
phospholipids with cholesteryl ester and triglyceride 353 + 64

Figure S10, Supportin% Information). All micelles adsorbed to
the POEGMA brushes™ but in notably different amounts. The
adsorption of micelles made of phospholipids only as well as
those containing either cholesteryl esters or triglycerides is
comparably low. However, when phospholipids, triglycerides,
and cholesteryl esters are all present, the adsorption strongly
increased and exceeded 300 RU. These results show that, in
contrast to apoB100, the lipids do adsorb to the polymer
brushes and that the lipid composition indeed affects the
adsorption behavior of the micelles. The latter could also
explain why lipoproteins from different classes show different
degrees of adsorption (Table 1), as they also have different lipid
compositions and related properties.

Role of LDL in Plasma Adsorption. Our studies revealed
the strong adsorption behavior of LDL to protein-resistant
polymer brushes; however, a list of other adsorbing proteins
was also identified (see Figure 4). In order to gain more insight
into the contribution of LDL to plasma fouling, we performed
consecutive adsorption experiments by SPR. POEGMA brushes
were first exposed to LDL, followed by injection of other
strongly adsorbing single proteins. No significant protein
adsorption is detected when reinjecting single protein solutions
of fibrinogen or albumin (see Figure 6, blue and green curves),
which is in agreement with direct exposure to POEGMA
brushes (see Figure S11, Supporting Information). A reduction
of the LDL concentration and an increase in single protein
concentration does not alter these results (see Figure Sl11,
Supporting Information). In addition, we studied the
adsorption of undiluted blood plasma to a brush that had
been exposed to LDL first. Interestingly, plasma adsorption is
clearly reduced in comparison to direct contact with the brush.

7050

8000+ r
— 6000+
74
£ .. 4 I
€ 4000 it EaSS /
(=8
w
O
o
O,
20004 ""— Wi e o
lﬂ T T — Plasma, undiluted
A — Fibrinogen, 1 mg/mL
0 ~ — Human Serum Albumin, 1 mg/mL
0 500 1000 1500 2000 2500
Timeins

Figure 6. Consecutive injection experiments with POEGMA brushes;
arrows indicate start and end points of injections. First injection of
LDL (1 mg/mL) followed by rinsing with PBS and injection of
fibrinogen (blue) or albumin (green) or immediate injection of plasma

(red).

These findings strongly indicate that LDL does not mediate the
adsorption of other proteins to the brushes.

B CONCLUSIONS

In conclusion, we determined which plasma proteins foul
protein-resistant surfaces by gel electrophoresis and mass
spectrometry. We catalogued 98 different proteins that adsorb
to the three polymer brushes under investigation, regardless of
their chemical structure. This is an interesting result, as the
brush structure can alter the amount of adsorbed protein® but
not the composition of the adsorbed layer. Determination of
the relative abundances of the adsorbing proteins allowed us to
identify apoB100 as a major protein; it accounts for more than
30% of adsorbed protein for all three brushes. However,
purified apoB100 showed no adsorption in SPR measurements,
similarly to other single protein solutions.*”” Further SPR
studies revealed the strong adsorption of LDL, which contains
apoB100, to the brushes. The results show the key role of
lipoprotein particles in plasma adsorption. LDL adsorbs very
strongly, while other lipoproteins such as HDL and VLDL
adsorb to a lesser extent. We additionally performed SPR
measurements with phospholipid micelles containing the lipid
components found in naturally occurring lipoproteins. Our data
showed that only those micelles that contain a mixture of lipids
adsorb in large amounts. This suggests that the lipid
composition and resulting properties such as softness and
flexibility®®*® are central parameters determining adsorption,
which may also explain the differences observed between
lipoproteins from distinct classes. In addition, we studied the
role of LDL in plasma adsorption by sequential injection
experiments. The data shows clearly that LDL does not mediate
the adsorption of other plasma proteins to the brushes, as other
proteins do not adsorb to brushes that had been exposed to
LDL first. We hypothesize that lipoprotein particles bind intact
to brush-coated surfaces (supported by the SPR sensorgram
shape), inhibiting protein unfolding on the surfaces and thus
preventing further protein adsorption.

The results presented here provide a significant step forward
toward understanding plasma fouling and ultimately the design
of superior antibiofouling surface coatings. In a wider context,
this will deepen the understanding of the principles of
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interactions between proteins and polymer-modified surfaces,
which will prove useful in many areas of biomaterials research.

B EXPERIMENTAL SECTION

Polymer Brush Synthesis. ATRP initiators were synthesized as
described elsewhere (w-mercapto undecyl isobutyrate)*® or purchased
from Gelest Inc. ((3-trimethoxysilyl)propyl-2-bromo-2-methylpropio-
nate). Known procedures for surface immobilization of the initiators
were followed for gold-coated flat surfaces®” and silica particles*' of 2.5
um in diameter (obtained from Bangs Laboratories). Flat surfaces
were rinsed with ethanol, dried under a stream of nitrogen, and placed
in a Schlenk tube for polymerization. An oxygen-free atmosphere was
generated by three evacuation/backfill cycles and by bubbling the
polymerization solution for at least 30 min with inert gas. Particles
were washed five times by centrifugation and redispersion with toluene
before gradually changing the solvent to the one used for
polymerization. The suspension was degassed under vigorous stirring
for at least 30 min before addition of the polymerization solution. The
monomer was added to the solvent and degassed for 20 min;
subsequently, ligand and copper (II) and copper (I) salts were added,
and the solution was stirred and degassed for a further 10 min before
injection to the substrates. Known polymerization conditions>>~>*
were slightly modified to yield the desired polymer brushes as detailed
in Table 3. After the polymerization flat surfaces were washed with

Table 3. Polymerization Conditions for the Synthesis of
POEGMA, PSBMA, and PHEMA Brushes to Yield 20—30
nm Thick Brushes

POEGMA PSBMA PHEMA

monomer 5.2 mmol 17.9 mmol 22.3 mmol

CuCl 105 pmol 364 pmol 187 pmol

CuBr, 10 pmol - 18 pumol

CuCl, - 143 pmol -

2,2"-bipy 250 pmol 896 pmol 464 pmol

solvent 0.6 mL of MeOH 8 mL of MeOH 2.5 mL of MeOH
and 2.2 mL of and 2 mL of and 2.5 mL of
water water ‘water

time 1h 3h 4S5 min

ethanol and dried under nitrogen, particles were washed by
centrifugation and redispersion cycles in the polymerization solvent.

Brush Characterization. Brush thickness and swelling in PBS on
flat gold-coated surfaces were determined by ellipsometry onan a-SE
spectroscopic ellipsometer. Captive bubble contact angles were
measured as described previously’” on a FTA1000 instrument. For
both methods, the data was averaged over three separate measure-
ments at different locations on each sample. Thermogravimetric
analysis (TGA) measurements were accomplished at 10 K min™" with
dried samples on a Mettler Toledo TGA/DSC 1 instrument. AFM
measurements were accomplished on two different samples for each
polymer brush at 10 and 1 gm? on two separate spots on each sample.
A Digital Instruments dimension 3100 AFM from Veeco Instruments
Inc. was used with OMCL-AC series silicon probes from Olympus
Corp. (resonance frequency ~ 300 kHz, cantilever spring constant =
42 N m™"). The determined root mean square roughness was averaged
over four measurements.

Incubation with Plasma, Washing, and Desorbing Bound
Proteins. The brush-coated particles were transferred into PBS and
washed thoroughly before all solvent was carefully removed. All
experiments were performed in Protein LoBind Eppendorf tubes in a
microbiological class II safety unit to reduce contamination to a
minimum. A 200 4L amount of human blood plasma was added, the
particles were redispersed by vortexing, and the brushes were
incubated by shaking at 25 °C and 300 rpm for 15 min. Subsequently,
the particles were removed by slow centrifugation, the plasma was
removed by pipetting, and the particles were washed with 500 uL of
PBS during five cycles of PBS addition, redispersion, centrifugation,
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and removal of PBS. To desorb adsorbed proteins, 100 uL of a 0.5%
solution of SDS in PBS was added, and the particles were redispersed
and incubated again at 25 °C and 300 rpm for 15 min. The particles
were separated by rapid centrifugation, and the supernatant was taken
to further analysis.

Quantification of Adsorbed Protein. Protein adsorption to flat
brush-coated surfaces was determined by SPR using a BIAcore 3000
instrument. The brush-functionalized sensor chips (Ssens) were
attached to sample holders, docked, and primed twice with degassed
PBS buffer. The samples were equilibrated by a steady flow of PBS at
20 uL/min for at least 30 min. The brushes were exposed to undiluted
human blood plasma for S min, followed by a flow of PBS for 20 min.
Then, the brushes were exposed to 0.5% SDS in PBS solution for S
min before a 20 min period of PBS flow. The difference before and
after exposure to plasma and SDS, respectively, was determined in
ARU, which was converted to nanogram per centimeter squared
according to the following: 1 RU = 0.1 ng/cm? The data was baseline
corrected by taking the slope of the curve when exposed to PBS before
injections and extrapolating to the respective data points. Data was
averaged over four SPR measurements. Protein adsorption on particles
was determined with the commercially available Quanti Pro BCA assay
kit in the solution of desorbed proteins. The samples were diluted 25
times with PBS, the standard protocol for 1 mL assays was followed,
and the samples were measured in duplicates on a Cary 400 UV/vis
instrument. The calibration curve was measured each time with freshly
prepared solutions in duplicates. By taking the estimated surface area
of the remainder of particles into account, the amount of adsorbed
protein in nanogram per centimeter squared was calculated from this
data.

Gel Electrophoresis. The samples were dissolved in loading buffer
(containing 0.05% f-mercaptoethanol) and heated at 100 °C for S
min. Human blood plasma was used as a reference in 200-fold dilution
and treated similarly. After cooling to room temperature, the samples
and PageRuler broad range unstained protein ladder (250—5 kDa)
were loaded on precast Tris—glycine 4—20% gradient gels or 12%
homogeneous gels. Gels were run at 150 V and 90 A in Tris—glycine
running buffer. After completion, gels were silver stained using the
Pierce Scientific silver stain kit.

Mass Spectrometry. The bands of interest were cut out of
electrophoresis gels, destained, reduced with DDT, and digested with
trypsin (overnight at 37 °C). The peptides were separated by reverse-
phase chromatography and measured by mass spectrometry. LC-MS/
MS measurements were performed on a nanoAquity UPLC (Waters
Corp., Milford MA) system and an LTQ Orbitrap Velos hybrid ion
trap mass spectrometer (Thermo Scientific, Waltham, MA). The
obtained MS/MS files were interpreted using MASCOT software
(UNIprot human database), and known contaminants were excluded.
Relative abundances of the identified proteins were determined
accordingly using the spectral count method,* by dividing the
matches per identified protein by the number of overall matches. The
results were averaged over two separate mass spectrometry runs of
different samples, including all hits that have greater than or equal to
0.5% relative abundance for at least one brush. R software was
employed to generate the heatmaps with this data.

SPR Measurements with Lipoproteins and Phospholipid
Micelles. ApoB100, LDL, and HDL were reconstituted with milliQ
water as indicated in the product description; VLDL was obtained in
solution from Merck. Lipoproteins were diluted with PBS to give the
desired concentration. LDL, VLDL, and HDL were measured at 1 mg/
mL, and apoB100 was diluted to give the same molar concentration as
that used with LDL. Asolectin (1 mg/mL), cholesteryl palmitate (0.5
mg/mL), and glyceryl trioleate (0.5 mg/mL), respectively, were
weighed in and solubilized in PBS buffer by sonication for 20 min. The
results were averaged over at least three measurements.

B ASSOCIATED CONTENT

© Supporting Information
Characterization of the three polymer brushes; calculations and
data for plasma, lipoprotein, and phospholipid micelle
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adsorption experiments. This material is available free of charge
via the Internet at http://pubs.acs.org.
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