Characterization of a Charged Biomimetic Lipid Membrane for Unique

Antifouling Effects against Clinically Relevant Matrices in Biosensing

Daniel D. Stuart, Caleb D. Pike, Alexander S. Malinick and Quan Cheng”

Department of Chemistry
University of California, Riverside, CA 92521

*Corresponding author: Quan Cheng
Tel: (951) 827-2702
Fax: (951) 827-4713

Email: quan.cheng@ucr.edu



ABSTRACT:

Clinically relevant matrices such as human blood and serum can cause substantial interference in
biosensing measurements, severely compromising effectiveness of the sensors. We report the
characterization of a positively charged lipid membrane that has demonstrated unique features to
suppress nonspecific signal for antifouling effects by using SPR, fluorescence recovery after
photobleaching (FRAP), and MALDI-TOF-MS. The ethyl phosphocholine (EPC) lipid
membrane proved to be exceptionally effective at reducing irreversible interactions from human
serum on a Protein A surface. The membrane formation conditions and their effects on
membrane fluidity and mobility were characterized for understanding the antifouling functions
when various capture molecules were immobilized. Specifically, EPC lipid membranes on a
Protein A substrate appear to exbibit a strong interaction, likely through the electrostatic effect
with the negatively charged proteins that resulted in a stable hydration layer. The strong
interaction also limited lipid mobility, contributing to a robust, protective interface that remained
undamaged in undiluted serum. Tailoring a surface with antifouling lipid membranes allows for a

range of biosensing applications in highly complex biological media.

Keywords: Antifouling, Lipid Membranes, Surface Plasmon Resonance, Biomimetic, Serum,
Biosensing



INTRODUCTION:

Analysis of biomarkers in complex biological media is an important step for tracking
human disease states, drug effectiveness, toxicant exposure, and overall patient health. A number
of biosensors have been developed for this important application 2, but many have encountered
a considerable technical issue, which is to effectively separate signals of the biomarkers of
interest from the signal caused by nonspecific interactions by other biological molecules. Many
biological molecules in clinically relevant fluids (blood, saliva, cerebrospinal fluid, and
nasopharyngeal swabs) notoriously and nonspecifically adhere to sensor surfaces and convolute
sensor signals.® To curtail this problem, extensive research efforts have been spent on the
development of surfaces and methodologies to block, remove or correct for nonspecific
interactions.*® These methods generally rely on surface blocking with thiol self-assembled

) 10, polymer surfaces'!, DNA structures'?, or peptides'® 4. Lipids, another

monolayers (SAMs
subset of biological molecules, have also been found to be a reliable method for blocking
nonspecific adsorption as they are a major component of inherently antifouling cell membranes.*
15.16 The ability of lipids to self-assemble into bilayers allow them to be easily presented on
sensor surfaces'” and can be utilized to mimic cell surface environments in addition to the
adsorption-blocking capabilities.'® However, these surfaces are considerably underutilized due to
stability issues despite their inherent benefits. New designs towards more effective antifouling
and a better understanding of the process behind antifouling effects are clearly needed.

A variety of lipids have been utilized for constructing the sensing interface that improved
the performance of the analysis in serum®* and blood'*?°. Zwitterionic polymers have been
broadly used due to overall neutral charge with a strong hydration effect that is often considered
an advantage in antifouling.?!* 2> As such, zwitterionic lipids have been viewed as an ideal
starting point for lipid membrane-based antifouling.!” However, the role charged lipids play in
nonspecific interactions appears to be complex. On certain surfaces, zwitterionic lipid bilayer are
found to be far less effective.* On the other hand, charged lipids have not been fully explored for
their potential in antifouling, despite many of which play important roles in cellular
membranes.?*>° Until recently there were no reports using a charged lipid membrane interface
for sensing application in biological matrices where reduced background was noticed. However,
we recently demonstrated that positively charged ethyl phosphocholine (EPC) lipid membrane

showed better antifouling property than zwitterionic lipids in protein detection on a Protein A



substrate in undiluted serum.* Protein A was used for its capacity to bind to antibodies in their Fc
region, thus presenting the antibodies in a desired orientation on the sensor surface to capture
target proteins. Nevertheless, the process behind the antifouling properties of EPC/Protein A and
the EPC lipid system was not fully understood.

In this work, we further characterized the positively charged EPC lipid membrane and
sought to identify key factors that determined the antifouling behavior in human serum (Scheme
1). A number of surface techniques, including surface plasmon resonance (SPR), fluorescence
recovery after photobleaching (FRAP), and MALDI-TOF-MS, were utilized to provide
molecular level understanding of the membrane properties, especially those on a Protein A
substrate. SPR has been used by us and others to study lipid membrane surfaces and allows for
real time analysis of membrane formation and interactions at the membrane surface.* 26 FRAP is
a commonly used method to measure lipid mobility which is an important parameter of lipid
bilayers.?’” The molecular identity of species present at SPR surfaces can be difficult to obtain,
and MALDI-TOF-MS solves this limitation effectively. MALDI has been broadly used for this
purpose in SPR studies due to the ease of chip transfer and the complementary nature of their
surface-based analyses.?® Zwitterionic POPC lipid, a standard lipid molecule broadly used for
antifouling purposes, will be employed for comparison. POPC demonstrates effective antifouling
capabilities on surfaces of glass and calcinated Au substrates'®, but was observed to function less
effectively on a protein-modified surface. Negatively charged lipids proved difficult to even
form into a membrane system on Protein A and silica surfaces, let alone the surface antifouling
effect. This study probes into possible mechanisms behind the antifouling properties of EPC
lipids, providing potential guidance for construction and utilizing of lipid membranes to suppress

nonspecific signals in biosensor research.

EXPERIMENTAL:

Reagents. Super dihydrobenzoic acid (sDHB), acetonitrile (ACN), and trifluoroacetic acid
(TFA) with purity (>99%) were purchased from Sigma Aldrich. Premium Plain BK-7 glass
microscope slides and phosphate buffered saline (PBS) concentrate were purchased from Fisher
Scientific. Thiolated recombinant Protein A was purchased from ProteinMods. Ultrapure water

(>18 MQ cm-1) was acquired from a Barnstead E-Pure water purification system.



Lipid Vesicle Preparation. Stocks of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC; 5 mg mL "), 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (EPC; 5 mg mL ™), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG; 5 mg mL"), and 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(ammonium salt) (NBD-PE; 5 mg mL ') were obtained from Avanti Polar Lipids, then diluted in
chloroform to the designated concentration and stored at —80 °C. For lipid vesicle formation,
lipid stock solution was aliquoted into glass vials and dried under nitrogen forming thin lipid
films which were further dried overnight in a vacuum desiccator. The dried lipids were
resuspended in 1x PBS (10 mM Na:HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCL, pH
7.4) to a final concentration of 1 mg mL ™! (above critical micelle concentration), followed by
vigorous vortexing and bath sonication for 30 min to induce vesicle formation. The resulting
lipid vesicles were then extruded through a polycarbonate filter (Whatman, 100 nm) to produce
small unilamellar vesicles of uniform 100nm size. All lipid vesicle suspensions were stored at 4
°C and used within 1 week of preparation to ensure consistent vesicle structure and resulting

membrane formation.

Fabrication of Sensor Chips. Gold SPR chips were fabricated from BK-7 glass slides based on
a previously published procedure with modification.? In short, glass slides were cleaned with
boiling piranha solution (3:1 H2SO4 and 30% H20:; Caution!) for 2 h and then rinsed with equal
amounts water and absolute ethanol before drying under nitrogen. A 2-nm layer of chromium
(0.5 A s™!) followed by a 48 nm layer of gold (1.0 A s™!') was deposited onto the glass slides
using an electron-beam physical vapor deposition system (Temescal, Berkeley, CA) at or below
5 x 107 Torr. Silicated chips were fabricated through additional deposition of approximately 1-3
nm of SiO2 via plasma enhanced chemical vapor deposition using a Unaxis Plasmatherm 790
system (Santa Clara, CA), onto previously described gold chips. All sensor chips were fabricated
in a Class 100/1000 cleanroom facility (UCR Center for Nanoscale Science & Engineering).
Gold sensor chips were chemically functionalized following previously disclosed methods.* In
short, 10 pg mL™! thiolated Protein A and 1mM 3-mercapto-1-propanol were incubated on gold
sensor chips for 2h and 1 h, respectively. Chips were then rinsed with ultrapure water, dried

under nitrogen, and stored at 4 °C prior to SPR analysis.



SPR Analysis of Membrane Formation and Antifouling Properties. SPR analysis was
conducted on a NanoSPR6 instrument (NanoSPR, Addison, IL, USA) using 1x PBS as the
running buffer with a flow rate of 5 mL h™! (ca. 83 uL min'). Lipid deposition was carried out
by injection of 1 mg mL™" of 100 nm lipid vesicles, which were allowed to self-assemble into
bilayers over 30 minutes of stopped flow. Following a 30 min rinse with 1% PBS, undiluted
human serum was introduced and allowed to interact with the surface for 30 min with flow set to

zero, followed by a final 30 min rinse with PBS.

Fluorescence Recovery after Photobleaching. Fluorescence microscopy and bleaching images
were generated on an inverted Leica TCS SP5 II confocal microscope (Leica Microsystems,
Buffalo Point, IL, USA). NBD-PE lipids (2% in molar ratio) were incorporated into vesicle
preparation methods to enable fluorescent visualization of lipid membranes. For fluorescent
imaging an argon laser at the wavelength of 488nm was utilized to excite NBD lipid. Fluorescent
emission between 500 and 600 nm was detected using a hybrid detector (HyD). Images were
obtained via 3 line averaging and further 3 image averaging. FRAP images were obtained
without image averaging and with laser power increased to 100% for one second bleaching.
Photobleaching and monitoring of fluorescence recovery within defined regions of interest were
performed using the LAS AF software package (Leica). Images were processed using ImagelJ
with the Fiji package and analyzed using open-source software simFRAP (available through

http://imagej.nih.gov/ij/plugins/sim-frap/index.html).’* Mobile fractions (B) and diffusion

coefficients (D) were calculated using previously demonstrated methods.>! %2

Matrix Assisted Laser Desorption Ionization. Mass profiles of membrane systems before and
after serum interaction were obtained with a reflectron AB-Sciex 5800 MALDI-TOF instrument
operating in positive ion mode. An individual spectra is represented by m/z values versus
intensity (au) obtained by an average of 200 shots collected from a small area of the chip. To
enable spectra acquisition post SPR analysis air was slowly injected into the flow system to dry
the chip surface leaving behind surface bound materials before removal of the chip from the SPR

instrument and matrix deposition prior to MALDI analysis.

RESULTS AND DISCUSSION:


http://imagej.nih.gov/ij/plugins/sim-frap/index.html

Formation of Lipid Membranes on Functional Surfaces. Fused EPC lipid membrane on a
Protein A substrate has been identified as a unique platform to enable antibody capture and
detection in serum that suppresses nonspecific interactions, improves detection limits and
deconvolutes data.* The underlying principle of the antifouling function with a positively
charged membrane, however, remains unclear. In this work we further characterized the EPC
system under various conditions, aiming to elucidate how charged lipid membranes enable
improvements, both in antifouling and specific sensing, on Protein A supports. We first tested
the effect of varied surface charges on the formation of lipid membranes and compared
membrane formation on different surfaces using SPR. The test chips were coated with Protein A
(10 pg mL™), followed by passivation with MPO (ImM). Lipid vesicles of negatively charged
POPG, positively charge EPC and zwitterionic POPC (Figure 1A) were introduced into the flow
cell for membrane self-assembly.* Only positively charged EPC lipids appeared to self-assemble
on the Protein A substrate, while POPG and POPC lipid vesicles did not register any binding or
fusion (Figure 1C). The observed response patterns seemed unique, and a possible scenario of
electrostatic repulsion or minimal vesicle adhesion without rupture could be proposed as the
cause.*?

It is known that Protein A is negatively charged in the buffer condition used here (pH
7.4) from a theoretical isoelectronic point of 5.4.>* However, the complete shutoff of POPC lipid
vesicles is puzzling. The role of Protein A on membrane formation appears to be more complex
than initially believed. We further tested vesicle fusion using silica substrates as they are known
to promote self-assembly of lipid membranes.!” For this comparison work, we utilized calcinated
gold chips with SPR that were previously developed in our lab.?> With SPR the binding and
fusion of lipid vesicles to the sensor surface could be measured as angular shifts caused by
changes in refractive index at the sensor surface, with greater shifts attributable to greater
amounts of bound material. Figure 1B shows that POPC and EPC quickly formed robust
membranes, which agrees well with literature reports.*® There were some differences in signal
magnitude for different vesicles, with EPC lipid vesicles producing a greater angular shift (A8 =
0.445°) as compared to POPC vesicles (A6 = 0.350°) (Figure 1B).

Negatively charged POPG vesicles, however, showed minimal interaction with the
calcinated substrates (A0 = 0.024°), likely due to the negative charge of the silica surface in PBS

buffer.>” The observation of positively charged EPC showing favorable interaction with the silica



surface provides some explanation about the difference in signal between EPC and POPC lipids.
Strong charge interactions constrain EPC lipid vesicles closer to the sensor surface, enabling a
better packing of the EPC membrane. Zwitterionic POPC also demonstrates prolific membrane
formation on a silica surface, as have been broadly reported.*** The signal was slightly smaller
than EPC, indicative of a less tightly packed structure. It is interesting to note that EPC lipids
formed on a Protein A substrate had a higher angular shift than on the silica surface (A0 =
0.576°), providing further evidence that EPC lipids interact more strongly with the charged
Protein A substrates and the impact of charge density and lipid packaging density play important
roles in the interaction and resulting antifouling properties.

Fluorescence microscopy was utilized to characterize the distribution and mobility of
EPC and POPC lipid species on the two surfaces. Glass slides and Protein A coated gold chips
were prepared in a similar fashion and fitted into a PMDS housing to provide a defined area for
vesicle incubation. 2 mol % of NBD-PE was incorporated into the membrane systems to enable
fluorescent visualization. To address the concern of fluorescent quenching on gold surfaces,
which could limit fluorescent imaging on these chips*!, we first tested if fluorescent signal was
impacted on the 50 nm thick gold substrates. We didn’t observe any substantial quenching or
signal complications, likely thanks to the increased distance of the fluorophores from the gold
substrate, separated by the Protein A scaffold (data not shown). Distance from the gold has been
shown to be an important component of gold quenching mechanisms.*! EPC and POPC
distribution on the silica substrate was uniform with no visible, uncovered areas. For comparison,
EPC coverage on the Protein A surface was complete while POPC was only sparsely distributed
(data not shown).

Mobility measurement by FRAP further separated these lipid surfaces where significant
differences were observed. EPC lipids on the Protein A sensor presented a complete lack of
lateral mobility while both EPC and POPC demonstrated decent mobility on the silica surface.
POPC lipids showed a measured mobility with D = 2.87 + 0.25 pm?/s, which is consistent with
literature reports,*> whereas EPC had rather reduced mobility values (1.89 + 0.19 um?/s) (Figure
S1). These differences fit well into a charge-based model in which increased electrostatic charge
plays a larger role in positively charged EPC with negatively charged silica as compared to
zwitterionic POPC lipids thus limiting lipid lateral movement. As POPC vesicles did not fuse

onto the Protein A surface, they therefore did not have measurable diffusivity.



Antifouling Properties of Lipid Bilayers. We then used SPR to quantify the changes upon
injection of serum to further characterize the antifouling properties of the lipid membranes. Lipid
membranes of POPC, EPC, and POPG were formulated as previously described, and were
allowed to interact with serum over a 30-minute period before a final rinse step was performed.
Figure 2 (C)(D) shows the SPR signals as a result of the bulk refractive index change at the
interface brought about by the binding of biological molecules in serum. After PBS washing, the
bulk signal changed and was replaced in the sensorgram by remaining molecules attributing to
the non-specific binding, which was used for quantifying the extent of surface fouling. For
membranes where the SPR signal returned to pre-serum levels, the outcome indicated that little
to no irreversible interactions between the surface and molecules in serum occurred during the
incubation and the surface would be thus deemed “effective antifouling”. This property was
clearly observed for EPC on a Protein A surface and POPC on a silica surface. Other surfaces
were observed with substantial remaining signal, which were designated high levels of surface
fouling, as seen on the bare chip surfaces and those where lipid membranes did not form.

From SPR surface fouling tests, it is apparent that the Protein A sensor has much more
nonspecific interactions than silica substrates (Figure 2E&F). The angular shift remained high
after rinse (0.630 £ 0.042°) while the silica substrate only showed half of the shift (0.383 +
0.045°). This nearly two-fold higher nonspecific signal demonstrates that nonspecific
interactions can severely impair biosensor performance if surface fouling is not effectively
addressed. From the results, two substrates with lipid membrane coating stand out: EPC lipids on
the Protein A surface (Figure 2E) and POPC lipids on the silica substrate (Figure 2F), with
observed angular shifts at -0.095 £+ 0.048° and 0.014 + 0.009°, respectively. The negative values
on the Protein A/EPC surface raised questions about whether the lipids were displaced by or
exchanged with serum proteins. Therefore, we employed a series of methods including
fluorescent microscopy, FRAP and mass spectrometry to further investigate the surface
properties after serum incubation.

It should be mentioned that the POPC and POPG membranes tested in this work showed
considerable nonspecific signal, suggesting that a variety of non-specific interactions had
occurred between the sensor substrate and biomolecules in serum. Thus, these surfaces would

perform poorly for sensor development. However, there is some variation in the extent of fouling



among those ineffective surfaces, which may provide some clue on how these surfaces could be
improved. POPC lipid vesicles on the Protein A surface, previously mentioned only sparsely
adhered to the sensor surface, did provide a lower nonspecific adsorption, with remaining
angular shift observed at 0.465 + 0.130°, which is ~27% less than the noncoated, bare Protein A
sensor. The relatively high values match the observed surface condition as only being limitedly
covered, suggesting that should mechanisms to induce POPC vesicle fusion on this surface be
developed it could prove to be effectively antifouling, as even the small amount of POPC lipids
attached were able to reduce the signal from nonspecific interactions. Several approaches such as
amphipathic peptide induced fusion® and solvent/buffer assisted fusion** have been shown to
promote lipid coverage. Their effectiveness for POPC on Protein A surface remains to be tested.
Nevertheless, we showed lipid membranes can be formulated to match surface property of the
sensor chips for optimal antifouling results. The highly effective Protein A/EPC system presents
the most promising surface in antifouling and thus was further investigated to understand what

key factors are behind the antifouling properties.

Probing Factors behind EPC Antifouling Properties on Protein A Surface. As previously
mentioned, a reduction in signal following serum incubation on the EPC coated Protein A
surface was observed. To confirm that EPC lipid membranes remained intact and were not
damaged by serum we performed fluorescent microscopic studies to evaluate surface coverage
and mobility before and after serum introduction. Each measurement was referenced against a
control region containing the same lipid system without the addition of fluorescent lipids. Protein
A/EPC chips with 2% NBD-PE were prepared as with the SPR experiments and were
characterized for lipid coverage and bleaching/recovery tracking (Figure 3A&B). Chips without
serum incubation were compared to identify differences in coverage and density. Fluorescence of
Figure 3D shows that serum incubation resulted in a small decrease in fluorescent intensity,
likely due to the extra washing steps associated with the removal steps. However, the difference
was small and complete fluorescent coverage was observed across the whole lipid membrane
surface, indicating the membrane remained intact following serum incubation. The result
matches well with SPR study that exhibited a small signal reduction following serum wash off.
We speculate the minor signal loss is due to small amounts of lipid debris separating from the

surface while the overall membrane structure remains intact. The high stability of the EPC



membrane on Protein A in serum is one important factor in abrogating serum fouling. Control
study with bare Protein A surface indicated that no fluorescent signal was observed from Protein
A or serum, confirming that the lipid membranes were the only source of fluorescent signal
(Figure 3C&D). FRAP analysis was performed on both substrates and similar non-recovery
behavior was observed (Figure 4). The fractional recovery curve remained flat, suggesting very
little lateral diffusion on these surfaces and no change in membrane properties following serum
introduction.

MALDI-MS characterization of the sensor chips following SPR analysis was performed
to identify molecular constituents on the surface. Sensor chips were removed from the SPR
instrument, dried, and spotted with MALDI matrix (sDHB). As can be seen in Figure 5, no peaks
for the Protein A chip were detected above noise beyond 3000 m/z; with vast majority appearing
below 1200 m/z. Protein A is a 49-kDa protein and a large scan beyond 50,000 m/z was
performed to determine if whole Protein A would be ionized. However, no such peaks were
observed, likely due to covalent linkage of Protein A to the sensor surface and MALDI’s soft
ionization meaning fragmentation is rare.* Below 1200 m/z range, there was clear signals for
EPC lipids, identified at 789.01 m/z appearing in both samples. This matches with MALDI
spectra for an EPC standard (Figure S2). As such, it is clear that EPC lipids remained on the
sensor surface in large quantity following serum incubation. The overlapped spectra also exhibit
no peaks only seen in the serum treated sample, additionally demonstrating that no serum
molecules remain nonspecifically interacted with the sensor surface. From the MALDI-MS
results, EPC lipid membranes appeared to be very stable on the Protein A surface, exhibiting

exceptionally effective function at reducing serum fouling on the surface.

Understanding Potential Antifouling Processes of the EPC Protein A Surface. With the
antifouling effectiveness of EPC lipid membranes on Protein A scaffolds successfully being
demonstrated we turned towards understanding how and why this surface was effective. Previous
results indicated that strong interaction between the sensor surface and EPC lipids occurs,
generating robust SPR signal with diminishing lateral mobility. But how these interactions
resulted in such an antifouling surface was elusive. We first tested the effect of Protein A density
on lipid membrane formation and property. Sensor chips prepared with varied Protein A

concentrations (1 pg mL™!, 100 ng mL ™!, and 1 ng mL ") in the incubation step were fabricated,



yielding surfaces with a more disperse protein distribution. SPR sensorgrams demonstrated
significant differences in membrane formation and antifouling properties. Lowering Protein A
concentration led to a loss of function towards nonspecific interactions from serum by the EPC
lipids on top of it (Figure S3). On the other hand, POPC membranes started to steadily form on
the sensor surface when concentration of Protein A was decreased.

FRAP analysis of EPC membranes formed on these Protein A surfaces provided
additional information about the mobility changes in the membrane. As Protein A concentration
increased, a decrease in lipid fluidity was observed, with a complete loss of fluidity observed at
10 pg mL™! (Figure 6). Diffusion coefficient measurement indicates the value decreased by 0.08
um?/s with concentration increased from 1 to 100 ng mL ™!, while a loss of 0.12 um?/s was
determined with the concentration increased from 100 ng mL ™! to 1 ug mL™'. Clearly the density
of Protein A has a large impact on the formation and the mobility of EPC lipids. We speculate
that the low mobility of the EPC membrane may be a necessary factor for the surface to remain
stable in serum and act as an effective antifouling substrate.

While surface charge has been established to play a role in the formation of EPC
membrane and the antifouling properties, another speculated factor could be the hydration layer
formed above the lipid surface. The highly charged gel phase of EPC lipid has a strong coupling
with the interfacial hydration layer, increasing the energy required for proteins to undergo
conformational changes that would lead to irreversible nonspecific binding.*¢ The scenario is
similar to an aluminum oxide surface that proves to be highly antifouling*’ due to the thicker
hydration layer, *® resulting from strong coupling between the positively charged aluminum
oxide and water layer.*’ Furthermore, the EPC terminal phosphocholine group likely plays a
large role due to its ability to form multiple hydrogen bonds to water molecules.>® Recently
phosphate groups, despite lacking zwitterionic properties, have been demonstrated to impart
antifouling properties due to their strong hydrophilicity.®! Indicating that zwitterionic charge is
not necessary for antifouling and that the hydrophilicity or hydrophobicity of a substrate likely
plays a large role in antifouling effectiveness. This explains why EPC antifouling properties are
completely lost upon decreasing Protein A concentration and the EPC bilayer becomes more

fluid and dispersed.

CONCLUSION:



We have reported the characterization of membrane formation of differently charged
lipids, including POPC, EPC, and POPG on Protein A surface and their respective antifouling
properties. POPC and EPC membranes were found to effectively form antifouling substrates
against whole human serum. Various formation conditions have been explored and the
importance of charge interactions with the underlying surface is found to play a pivotal role in
whether antifouling properties are observed. Notably POPC on a silica surface and EPC on a
Protein A surface demonstrate highly effective antifouling properties. EPC lipid surfaces were
confirmed to remain intact and can deter serum molecules from irreversibly adhering to the
surface through robust bilayer formation, electrical repulsion, and formation of a hydration layer.
At higher Protein A concentrations EPC lipid membranes are robust therefore antifouling relies
on a strong interaction between Protein A and EPC that severely limits lipid mobility. High
concentrations of Protein A are required for presenting a high charge density on the surface,
leading to a rigid layer with a stable hydration layer that limits the ability of proteins to
irreversibly bind. These results underpin the importance of lipid and surface charges in enabling
effective antifouling function as they were only effective with a compatible sensor surface. As
such, lipid surfaces show incredible promise in enabling sensing of biological targets in complex
media but must be properly incorporated into the sensor development process to account for
surface charge and binding effects that play a crucial role in the formation and effectiveness of

antifouling lipid surfaces.

Supporting Information
FRAP, MALDI-MS spectrum of EPC lipids and SPR sensorgram showing lipid membrane

formation with low Protein A concentration.
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Scheme 1. Antifouling effects of EPC lipid membranes on Protein A scaffolds modulated by
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surface, leading to a highly antifouling surface (top). On low concentration Protein A surfaces,
the bilayers are less compact, more mobile, and susceptible to non-specific serum interactions
(bottom).
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Figure 1. (A) Molecular structure of lipids used in this study (EPC, POPC, and POPG). (B and
C) SPR sensorgrams of lipid vesicle adhesion and fusion to form supported lipid bilayer systems
on silica (B) and Protein A (C) with EPC, POPC, and POPG.
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Figure 2. Representation of EPC lipid membranes on Protein A (A) and silica substrates (B).
(C) Representative SPR sensorgram showing the antifouling effect of EPC against serum on a
Protein A surface. (D) Representative SPR sensorgram showing the antifouling effect on a silica
substrate. (E and F) Bar plots showing the SPR results in angular shifts from serum nonspecific
interactions on the surfaces of a Protein A formulation (E) (n=5) and on silica (F) (n>5).
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Figure 3. Cartoon representation of fluorescently labeled lipid surface on Protein A without
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bars are 100 pm. The resulting fractional recovery rates are displayed on the right.
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Figure 5. MALDI-MS spectra in positive ion mode for an EPC lipid membrane on a Protein A
surface before (blue) and after serum incubation (green). Insert in the orange frame is a blowup
for the spectrum in the m/z range of 150-1200. No peaks were identifiable beyond 1200 m/z and
EPC lipids were identified at 789.01 m/z as a molecular ion as shown in the inset.



A = Fractional Recovery B = Fractional recovery E Ak
Exponential Fit Exponential Fit
**1 (Equation = a"(1 ~exp(b) 08 [Equation y = a(1 - exp(-b*x)} | 20+
5 a 0.45354 £0.0111 2 {2 0.54757 £0.01606 | . i s
8os|b 0.05751 + 0.00577 T b 0.05133 £ 0.00572 | .
5
© . g Pl -
= e et E " ua -
504 DR S e LR Soad . " e~ I ‘
# - & L ] R4
& et [ L o 1.5 4 ns
02 =" . 0z ™ . g_ 9. " ek
- 1 ng/ml Protein A 100 ng/ml Protein A 2 | ‘
b -—
00 T 00 %
0 50 100 o 50 100 L_)
Time (Sec) Time (sec) % 1.0 4
o S T
1 '
c = Fractional Recovery D = Fractional Recovery O
Exponential Fit Exponential Fit s
87 [Equation y =a'(1 - exp(-b") 084 Equation y = a*(1 - exp(-b*x)) K]
4 a 040775 1 0.00566 g a 0.0337 +0.01006 2 054
oo b 0041842000191] S5 b 0.02495 £ 0.01363 a3
3 3
= «
2 . g
?s 04 - e g 04
& -, 4
& = &
02 .__--" " 024 0.0 T T T T
K . H 1 ng/ml 100 ng/mi 1 pg/ml 10 pg/mi
. 1pg/ml Protein A 10 pg/ml Protein A e et =
00 -~ P A i e ] Concentration of Protein A
o 50 100 0 5 10 15 20 25 30 35 40 45 50 55 60 65 7O
Time (sec) Time (sec) *p<=0.05 **p<=0.01 ***p<=0.001

Figure 6. Lipid diffusivity changes due to Protein A concentration. (A-D) Fractional recovery
curves and the fits used to calculate lipid diffusivity for EPC lipids on increasing concentrations
of Protein A substrates (Ing/ml, 100 ng/ml, 1 pg/ml, and 10 pg/ml, respectively). (E) Calculated
diffusion coefficients from FRAP recovery curve fitting.
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