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§Department of Chemical and Environmental Engineering, University of California, Riverside, 
Riverside, California 92521, United States

∥Luna Innovations Inc., Danville, Virginia 24541, United States

Abstract

An important advance in biosensor research is the extension and application of laboratory-

developed methodologies toward clinical diagnostics, though the propensity toward nonspecific 

binding of materials in clinically relevant matrices, such as human blood serum and plasma, 

frequently leads to compromised assays. Several surface chemistries have been developed to 

minimize nonspecific interactions of proteins and other biological components found within blood 

and serum samples, though these often exhibit substantially variable outcomes. Herein we report a 

surface chemistry consisting of a charged-matched supported lipid membrane that has been 

tailored to form over a gold surface functionalized with protein A. Fine tuning of the interfacial 

charge of this membrane, along with rational selection of a backfilling self-assembled monolayer, 

allows for high surface coverage with retention of orientation-controlled capture antibody 

attachment. We demonstrate using surface-plasmon resonance (SPR) that this highly charged lipid 

membrane is antifouling, allowing for complete removal of nonspecific human serum and plasma 

components using only a mild buffer rinse, which we attribute to unique steric interactions with 

the underlying surface. Furthermore, this surface chemistry is successfully applied for specific 

detection of IgG and cholera toxin in undiluted human biofluids with negligible sacrifice of SPR 
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signal compared to buffered analysis. This novel lipid membrane interface over protein A may 

open new avenues for direct biosensing of disease markers within clinical samples.

Graphical Abstract
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Direct biomarker analysis within blood and serum holds great promise for monitoring of 

patient homeostasis, disease state, and drug or environmental exposure, provided that it can 

be performed in a sensitive, reproducible, and efficient fashion.1 With careful antibody 

selection and validation, immunoaffinity assays have remained the top choice for specific 

detection of a multitude of analytes, though their performance within complex, clinically 

relevant matrices can be fraught with issues. The nonspecific accumulation of molecules 

from these environments onto sensor surfaces is a problem that plagues this suite of 

platforms, and constitutes one of the biggest limitations from obtaining accurate 

measurements within clinical environments. As such, a plethora of methodologies intended 

to minimize these nonspecific interactions and resulting background signals have undergone 

aggressive development.2,3 Sample dilution may be performed to minimize the 

concentration of nontarget molecules, though this strategy correspondingly minimizes target 

concentration and is not always practical.4 Surface blocking with adsorbed, nonreactive 

compounds (e.g., bovine serum albumin, Tween-20, and commercially available mixtures) 

has seen many notable successes for a variety of clinical targets within human bodily fluids.
5–9 Integrated chemical derivatization strategies may reduce assay time further through 

elimination of these blocking steps and have included the use of polysaccharides (e.g., 

carboxymethylated dextran),3,10 polymeric monolayers (e.g., poly(ethylene glycol)),2,3,11 

peptides,12 ionic liquids,13 and zwitterionic compounds.14,15 The latter category spans a 

wide variety of molecules, though phosphocholine based interfaces have demonstrated 

particularly notable successes in reducing nonspecific adsorption onto glass and gold 

surfaces.15–18 As a major component of the eukaryotic cellular membrane, this surface 

moiety is not only capable of mimicking this biological environment, but is remarkably 

resistant against fouling from extracellular constituents.15,18
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The choice of antibody immobilization strategy can also lead to substantially variable 

performance outcomes and must be carefully tailored for each assay. When a capture 

antibody is bound to a surface by electrostatic adsorption or covalent cross-linking (e.g., 

using EDC/NHS, SMCC, and BS3, etc.), as is common practice, the attachment efficiency 

and orientation are dependent upon accessible functional groups and localized areas of 

charge on the antibody surface, which are highly variable. Moreover, hydrolytic reactions 

often act in competition with succinimidyl ester based covalent attachment schemes, 

complicating situations where antibody stability is sensitive to pH.19 In a nonideal scenario, 

the antibody of interest may be attached with the fragment antigen-binding (Fab) region 

unexposed, or in the worst case, not attached at all, rendering the constructed sensor 

incapable of measuring its intended target. Oriented immobilization of antibodies to a sensor 

surface can be universally achieved through the use of proteins with Fc (fragment 

crystallizable) binding domains such as protein A, G, or L.20–22 However, given the broad 

affinity of these proteins for nearly all immunoglobulins, this class of molecules manifests in 

high surface fouling and background signal generation in complex matrices23 and has 

primarily been relegated to the areas of antibody purification and quality control.24

We have previously reported on the utility of supported lipid membranes for a variety of 

biosensing applications,25–28 including the development of a membrane cloaking method for 

carrying out indirect immunoassays in undiluted animal serum.29 For that experimental 

design, a supported lipid membrane was formed over an antibody functionalized gold 

surface, which was removed along with all superimposed serum contaminants using a mild 

surfactant once the crude sample was allowed to interact with the sensor. With all 

nonspecific components stripped away, the remaining signal could be attributed to the target 

compound, and furthermore, the antibody–antigen complex remained accessible to further 

signal enhancement mechanisms. Herein we build upon this strategy, endeavoring to 

improve the practical utility of protein A based immunosensors in complex matrices through 

utilization of antifouling lipid membranes (Figure 1). Surface-plasmon resonance (SPR) was 

chosen for characterization and optimization of this interface,30 since, as a label-free optical 

detection method, all species bound to the sensor surface can be detected, whether they are 

labeled or unlabeled, target or contaminant.31 Moreover, SPR has many demonstrated 

successes in the clinical realm,32 including analysis of disease biomarkers,33–36 hormones,
37,38 and therapeutic drugs.39,40 Direct adaptation of the previously used membrane cloaking 

method to the protein A coated sensor resulted in an interface that could not sufficiently 

prevent fouling, nor could it be stripped away along with nonspecifically bound components. 

Through an investigation of different lipid constituents, backfilling self-assembled 

monolayers, and rinsing strategies, we discovered that a lipid membrane consisting entirely 

of ethylphosphocholine (EPC+) was remarkably effective at reducing nonspecific binding 

from human blood serum and plasma onto the protein A coated sensor to undetectable 

amounts, allowing for quantitation of targeted antigens (i.e., IgG and cholera toxin) within 

these matrices. As this is in contrast with the convention of using zwitterionic/neutral 

compounds to reduce adsorption, fluorescence microscopy and photobleaching assays were 

conducted to better understand the interactions between these lipids and the underlying 

protein A coated surface. The results altogether demonstrate that, for this system, both the 

lipid membrane–-sensor interaction strength and sterics play critical roles in reducing 
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adsorption. When this EPC+ strategy is appropriately employed, there is no sacrifice in 

sensitivity while carrying out analysis in undiluted blood serum or plasma compared to 

buffered samples. Given these successes as well as the universal nature of protein A, it can 

be envisioned that this surface could be translated to a variety of other clinical sensing 

applications using SPR and adjacent biosensing technologies.

EXPERIMENTAL SECTION

Lipid Vesicle Preparation.

Stocks of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC; 5 mg mL−1), 1,2-

dioleoyl-sn-glycero-3-ethylphosphocholine (EPC+; 5 mg mL−1), and 1-palmitoyl-2-oleoyl-

sn-glycero-3-phospho(1′-rac-glycerol) (POPG−; 10 mg mL−1) were obtained from Avanti 

Polar Lipids (Alabaster, AL, USA), diluted in chloroform to the designated concentrations, 

and stored at −80 °C. Appropriate amounts of these stock solutions were aliquoted into glass 

vials and dried under nitrogen to form thin lipid films, which were then stored in a vacuum 

desiccator overnight to remove any residual solvent. The dried lipids were resuspended in 1× 

PBS (10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCL, pH 7.4) to a final 

concentration of 1 mg mL−1, followed by vigorous vortexing and bath sonication for 30 min. 

This solution was extruded through a polycarbonate filter (Whatman, 100 nm) to produce 

small, unilamellar vesicles of uniform size. All lipid vesicle suspensions were stored at 4 °C 

and used within 1 week of preparation. The final concentration of 1 mg mL−1 is above the 

critical micelle concentration (cmc) of the lipids and is high enough to form vesicles.

Gold Sensor Fabrication and Functionalization.

BK-7 glass microscope slides (Corning, Painted Post, NY, USA) were cleaned with a boiling 

piranha solution (3:1 H2SO4 and 30% H2O2) for 2 h and then subsequently rinsed with 

water and absolute ethanol before drying under compressed air. A 2 nm layer of chromium 

(0.5 Å s−1) followed by a 50 nm layer of gold (1.0 Å s−1) was deposited onto the glass slides 

using electron-beam evaporation (Temescal, Berkeley, CA, USA) at 5 × 10−6 Torr in a Class 

1000 cleanroom facility (UCR Center for Nanoscale Science & Engineering). These gold 

sensor chips were rinsed with ethanol and dried under compressed air before being coated 

with 10 μg mL−1 thiolated protein A (Protein Mods, Madison, WI, USA) in 1× PBS for 2 h 

at room temperature (ca. 23 °C), followed by a 1 mM solution of 3-mercapto-1-propanol 

(MPO; Millipore-Sigma, St. Louis, MO, USA) in 1× PBS for 1 h at room temperature. The 

sensor chips were rinsed with nanopure water (≥18 MΩ·cm, Barnstead E-Pure) and dried 

under a nitrogen stream after each step before final storage at 4 °C. Nanoglassified gold 

sensor chips were prepared by depositing a thin layer of silica (ca. 2–4 nm) via plasma-

enhanced chemical vapor deposition using a Unaxis Plasmatherm 790 (Santa Clara, CA, 

USA) directly after electron-beam evaporation of gold, and these chips were not subject to 

any further functionalization.27

SPR Analysis of Lipid Deposition and Fouling.

Surface-plasmon resonance spectroscopy was conducted at room temperature on a 

NanoSPR5–321 (NanoSPR, Addison, IL, USA) using 1× PBS as the running buffer set to a 

flow rate of 5 mL h−1 (ca. 83 μL min−1) unless otherwise noted. Lipid deposition was 
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carried out by injection of 1 mg mL−1 lipid vesicles into the instrument, and the minimum 

angle was tracked over 1 h under zero flow conditions. After a 10 min rinse with 1× PBS, 

undiluted human serum (male from AB plasma, Millipore-Sigma) or plasma (pooled, 

Millipore-Sigma) was injected and allowed to interact with the surface under zero flow for 

30 min, before a final 15 min rinse with PBS.

For analysis of mouse immunoglobulin (IgG) and cholera toxin (CT) within spiked human 

serum and plasma, 100 μg mL−1 capture antibody (rabbit antimouse IgG or rabbit anti-CT, 

Millipore-Sigma) was incubated for 1 h. This was followed by lipid vesicle deposition as 

described above, and the surface was subsequently interacted with human serum or plasma 

spiked with the target antigen, mouse IgG, or CT. All steps were separated by a 10 min PBS 

rinse with the exception of the postsample rinse, which was extended to 30 min. Detection 

antibodies were introduced at a concentration of 10 μM for 1 h. For the nanoparticle-

enhanced detection, the same protocol was followed, with the addition of 100 μg mL−1 

streptavidin, followed by 1 nM 30 nm biotinylated gold nanoparticles (bT20/AuNPs).41

Fluorescence Microscopy and Fluorescence Recovery after Photobleaching (FRAP).

Fluorescence microscopy images were generated on an inverted Leica TCS SP5 II (Leica 

Microsystems, Buffalo Point, IL, USA) using the 488 nm argon laser line in conjunction 

with a 40× objective (N.A. 1.1). Photobleaching for 500 ms and monitoring of fluorescence 

recovery within defined regions of interest were performed using the LAS AF software 

package (Leica). Mobile fractions (ß) and diffusion coefficients (D) were determined using 

the methods of Axelrod et al. and Soumpasis as previously reported.25,42,43

RESULTS AND DISCUSSION

Formation of an Antifouling Lipid Membrane over Protein A.

The use of protein A in immunoassay design carries the distinct advantage of being able to 

provide a site for optimal orientation-controlled attachment of antibodies, with the Fc 

(fragment crystallizable) region bound by protein A and directed toward the sensor surface, 

and the Fab (fragment antigen-binding) region extending into the sample matrix.20 

Leveraging this capability for the analysis of crude samples would present a powerful tool, 

provided that levels of nonspecific binding are controlled. We previously developed a lipid 

membrane interface for antibody based detection in undiluted animal serum, which was 

formed over a gold surface functionalized with a mixed self-assembled monolayer (SAM) of 

cysteamine and 3-mercapto-1-propanol (MPO).29 Building upon this design, initial studies 

retained use of MPO as a spacer molecule while the cysteamine constituent was substituted 

with protein A. Protein A was first deposited onto the gold surface at a concentration of 10 

μg mL−1 for 2 h, and the interstitial area was backfilled with MPO. Introduction of undiluted 

human serum to this interface resulted in massive angular resonance shifts (Δθ = 0.73°), 

indicative of high levels of nonspecific binding that could not be rinsed away by buffer or 

surfactant (Figure 2A), thereby necessitating the use of a blocking agent or barrier. A 

membrane of zwitterionic phosphocholine (POPC) was naturally favored for this task due to 

the molecule’s well-characterized antifouling properties and demonstrated increases in 

bioanalytical sensor performance.15,44 However, when a suspension of POPC vesicles was 
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introduced to the protein A/MPO surface, followed by serum, nonspecific binding remained 

unaffected compared to the surface without lipids (Figure 2B). Because the angular 

resonance shift from lipid introduction appeared low (Δθ < 0.1°) compared to previous SPR 

investigations of supported lipid bilayer formation (Δθ > 0.45° over silica/silicate nanofilms 

on gold),25,27,41 a low surface coverage of POPC was suspected to be the issue here, thus 

requiring confirmatory studies using a complementary analytical technique.

Confocal fluorescence microscopy was employed to investigate the spatial distribution of 

fluorophore-tagged phospholipids over the protein A/MPO interface. A surrogate material 

was used in place of the gold SPR substrates, which consisted of a glass coverslip 

functionalized with a SAM of silane-PEG-maleimide (see the Supporting Information for 

fabrication details). This surface provided an even monolayer of thiol-reactive sites, 

analogous to gold, though circumvented the issue of fluorescent quenching by nonradiative 

energy transfer to the gold surface. Once protein A, MPO, and a suspension of POPC 

vesicles containing a fluorophore-labeled constituent (2 wt % NBD-PC) were applied as 

described above, the surface was kept submerged in an aqueous environment and imaged. 

From the image in Figure 2B, the distribution of fluorescence appears patchy and uneven, 

indicating that POPC vesicle adsorption was inefficient, thereby leaving large areas of the 

protein A/MPO surface exposed to incoming contaminants from the sample matrix. 

Utilization of these lipid membranes to combat nonspecific binding would require a more 

targeted approach in which lipid interactions with the underlying surface were discretely 

considered.

Although the formation of supported lipid bilayers via the fusion of small unilamellar 

vesicles (SUVs) is conventionally carried out over smooth, rigid, and hydrophilic surfaces,
25,27,45 lipid membranes have also been formed over a variety of SAMs in which 

interactions with lipid headgroups were electrostatically favored.46,47 Given that the 

theoretical isoelectric point (pI) of protein A is ca. 5.4,48 the protein A/MPO sensor surface 

is expected to carry a net negative charge within our running buffer at pH 7.4. Therefore, it 

was hypothesized that lipid vesicles exhibiting a net positive charge would be required for 

greater surface interaction strength toward forming a contiguous barrier. Indeed, when a new 

vesicle suspension consisting solely of a positively charged lipid, ethylphosphocholine (EPC
+), was introduced to the protein A/MPO surface, resonance angular shifts increased by ca. 

0.7° compared to POPC, suggesting that the surface was more completely coated with lipids 

(Figure 2C). This was confirmed by fluorescence microscopy of labeled (2 wt % NBD-PC) 

EPC+ vesicles deposited on protein A/MPO, revealing a more complete and even 

distribution of fluorescence (Figure 2C). Interestingly, upon introduction of human serum to 

the EPC+ laden surface, a lower angular shift was observed (Δθ = 0.5°) compared to the 

untreated and POPC modified surfaces (Δθ = 0.73°). This signal remarkably returned to the 

baseline EPC+ value postincubation (1 h) and a buffer rinse (10 min), suggesting that all 

serum contaminants can easily be removed without also having to strip away the membrane. 

The EPC+ lipids remain stably bound to the surface after this time, exhibiting no decrease in 

angular shift, which would be indicative of detachment or deterioration of the interface, even 

after an extended (2 h) rinse under a constant flow of buffer (Supporting Information Figure 

S1). The use of a mixed lipid vesicle suspension consisting of 50% POPC and EPC+ was 

also investigated in an attempt to see if the overall charge could be reduced (Figure S2), 
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though while the results were better than POPC alone, a fair amount of serum material 

remained on the surface after the buffer wash (Δθ = 0.34°). In an effort to more completely 

validate the idea that charge-matching between these lipids and the underlying surface is 

necessary for complete coverage, negatively charged POPG− vesicles were investigated for 

their antifouling properties. However, much like the POPC vesicles, a low (Δθ < 0.1°) 

angular resonance shift was observed upon introduction of lipids to the surface, as well as a 

high (Δθ = 0.59°) level of nonspecific binding from serum that could not be rinsed away 

under flow of buffer (Figure S3). Therefore, tailoring the charge of these lipid vesicles to 

their underlying surface chemistry appears critical for enabling successful formation of a 

supported lipid membrane over protein A, in turn rendering it resistant to biofouling from 

human serum.

Extension to Undiluted Human Plasma.

Blood plasma is generally prepared by introducing anticoagulants to whole blood and 

centrifuging to collect the supernatant, requiring less technical expertise and considered less 

time-consuming to separate than serum. Although it is a more complex medium, containing 

fibrinogen and other clotting factors that are absent from serum, a high interest in plasma 

profiling exists due to its comparatively facile preparation and higher reproducibility in the 

characterization of select metabolites and proteins.49–51 Given that the EPC+ lipid 

membrane over protein A/MPO demonstrated high antifouling activity against human 

serum, translatability to other crude fluids such as plasma presented a tantalizing possibility 

and was therefore investigated (Figure 3). High levels of nonspecific interactions over the 

protein A/MPO surface were once again observed (Δθ = 0.72°) when undiluted human 

plasma was incubated over the surface in the absence of any lipids (Figure 3A). This 

observation reiterates that although protein A is ideal for antibody orientation and ease of 

attachment, it does represent one of the more universally difficult surface chemistries to 

work with for clinical sample analysis. However, once EPC+ lipids have been deposited over 

this surface, nonspecifically bound components from plasma can be completely removed 

under a buffer flow, in a manner identical to that of the serum samples (Figure 3B). 

Therefore, either matrix should be compatible for immunosensing over this protein A/MPO 

surface chemistry in conjunction with the EPC+ lipid barrier.

Performance-Affecting Considerations.

With successful EPC+ deposition and antifouling activity, we sought to define other 

parameters that could affect the performance of this interface; that is, whether certain 

experimental variables are robust enough to be altered without any notable decrease in 

performance, or whether a delicate balance exists between these variables. Injection of 

POPC or EPC+ vesicle suspensions over a planar, silica surface resulted in altered deposition 

and antifouling effectiveness compared to the protein A/MPO surface, which we suspected 

to be attributed to differences in hydrophilicity and adsorbed surface features (e.g., from 

protein A and SAMs) (Figure S4). The effect of increasing the density of protein A 

deposited on the gold surface was investigated, which consisted of raising the incubation 

concentration from 10 to 100 μg mL−1. MPO was retained for backfilling of interstitial 

space, and EPC+ injection and serum effects were analyzed by SPR. Effects of raising this 

concentration were deleterious, however, with a lower resonance angle shift (Δθ = 0.6°) for 
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the lipids and increased nonspecific binding (Δθ = 0.4°) from undiluted serum (Figure S5). 

Conversely, the effects of holding 10 μg mL−1 protein A constant while replacing MPO with 

other selected SAMs was tested. 3-Mercaptopropionic acid (MPA) was selected for its 

similar length to MPO, though functionalized with a different end terminal (i.e., carboxylic 

acid) and charge, while 11-mercapto-1-undecanol (MUO) was selected for its identical end 

terminal functionalization (i.e., hydroxyl) and longer length. A protein A surface without 

any backfilling SAM was also included in this investigation. While the EPC+ lipids were 

successfully deposited on all surfaces at a level similar to that of protein A/MPO (Δθ ∼ 
0.8°), nonspecific interactions with serum were notably different (Figure S6). Both the 

protein A surface with no SAM and MPA-backfilled surfaces exhibited a higher level of 

nonspecific binding than protein A/MPO (Δθ = 0.1°), though this was still minimal in 

comparison to a surface in which serum was introduced without EPC+ (Δθ = 0.73°, Figure 

2A). MUO faired the least successful of the SAMs studied, with an angular shift of ca. 0.25° 

after serum was introduced and rinsed with buffer. From these data, the packing density of 

protein A on the gold surface at 10 μg mL−1 provides sufficient interstitial space for 

backfilling by an appropriate SAM. While MPO has proven to be the most efficient 

backfilling agent chosen, it can be inferred that the length of this SAM is the most critical 

parameter to balance against protein A surface chemistry, with the end terminal functionality 

playing a comparatively more minor role.

Lipid–Surface Interactions and Lateral Mobility.

In light of this specific amalgam (i.e., protein A, MPO, and 100% EPC+) giving rise to such 

high antifouling efficacy, in contrast with the convention of using zwitterionic/neutral SAMs 

and brush networks for this purpose,14,52 we sought a better understanding of how EPC+ 

assembles and interacts with the underlying protein A/MPO surface. Fluorescence recovery 

after photobleaching (FRAP) was employed to shed light on these interactions and glean 

information on the architecture of surface-adsorbed EPC+ structures. FRAP has been used to 

measure the lateral mobility of fluorescent molecules within liquids,53 hydrogels,53,54 and 

lipid bilayers.25,27 In principle, mobility kinetics may be assessed by bleaching a selected 

two-dimensional area under high laser intensity and monitoring the recovery of fluorescence 

within the bleached region as nonbleached molecules laterally diffuse and redistribute. 

Applied toward the study of lipid membranes supported by solid surfaces, only lipids within 

a contiguous lipid bilayer formed by fusion of adsorbed vesicles will exhibit measurable 

diffusivities (i.e., measure of the speed at which lipids are diffusing). If the diffusivity is low 

or the lipids are completely immobile, strong interactions with the surface or lack of vesicle 

fusion, both of which prevent long-range mobility, could be inferred.25,45 When EPC+ 

vesicles are applied to a glass support, a supported lipid bilayer is formed similar to POPC 

membranes on glass (Figure 4A).25,27 The lipids embedded within the EPC+ membrane are 

fluid and mobile, exhibiting a diffusivity (D) of 1.87 ± 0.12 μm2 s−1 and a mobile fraction 

(β) of 97% (R2 = 0.97), with β serving as an indicator of the percentage of lipids that are 

freely diffusing (Figure 4B). In contrast, EPC+ vesicles deposited over protein A/MPO 

behave far differently, exhibiting no redistribution of fluorescence within the region of 

interest after photobleaching (Figure 4A). Attempting to extract diffusivity and mobile 

fractions from these data results in near negligible values that do not fit the model for lateral 

lipid diffusion (R2 = 0.23), suggesting that these lipids, while appearing continuous and 
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uniform, are tightly bound via strong electrostatic interactions to the underlying protein 

A/MPO surface. For reference, 50% POPC/EPC+ vesicles exhibited a similar pattern in 

mobility, albeit with the FRAP results suggesting that the membrane is not as tightly bound 

to protein A/MPO with D = 0.42 ± 0.35 μm2 s−1 and β = 44% (R2 = 0.99) (Figure S7). The 

FRAP results confirm that EPC+ vesicles are tightly bound to the protein A/MPO surface 

after their introduction and that the diffusional characteristics of embedded lipids are far 

different than conventional phosphocholine based supported lipid bilayers on glass. Taken 

together with the antifouling characteristics unique to this identified set of constituents, the 

strong adsorption and self-assembled architecture of EPC+ on protein A/MPO appear to play 

critical roles for reduction of nonspecific binding.55

Targeted Detection of Antibodies and Bacterial Toxins in Crude Biofluids.

In order to confirm that this lipid membrane could be used in an immunosensing application 

and retain its high antifouling properties, a biosensor for IgG was constructed through 

incubation of a capture antibody, anti-IgG, over protein A/MPO prior to the introduction of 

IgG spiked serum. For this proof of concept experiment the selected capture antibody was 

raised against mouse, from which the target antigen was also procured, so that human 

antibodies present in serum or plasma would not be recognized. The binding of this capture 

antibody (100 μg mL−1) to protein A was confirmed by SPR (Δθ = 0.17°, Figure 5A), as was 

the deposition of EPC+ (Δθ = 0.55°). The reduction of angular shift during EPC+ 

introduction compared to when no capture antibody is present (Δθ = 0.8°, Figure 2C) is 

attributed to IgG being bound by protein A on the surface, thus reducing available deposition 

area. Blood plasma (Figure 5A) or serum (Figure S8) spiked with IgG (10 μg mL−1) was 

then incubated over the surface for 1 h. While the majority of nonspecific components from 

plasma or serum can still be removed using a buffer rinse, no significant change in angular 

shift is observed between the samples with and without IgG. This is common in the 

detection of lowly abundant analytes in complex matrices, and the issue was overcome by 

simple addition of a detection antibody (i.e., anti-IgG) for indirect measurement.32,56 Once 

introduced, angular shifts from the detection antibody were only observed for samples 

spiked with IgG (Δθ = 0.25°), confirming specificity. This detection signal exhibits very 

little variation whether the matrix is plasma, serum, or PBS, and moreover, the EPC+ lipids 

appear to provide no deleterious effects on sensitivity, with a relative standard deviation 

(RSD) of only 9.7% between all experimental conditions (Figure S9). The use of protein A 

in place of a traditional coupling scheme (i.e., EDC/NHS coupling over a 

mercaptoundecanoic acid surface) also proves advantageous, with higher detection antibody 

signal observed when protein A is used (Figure S10), which is likely due to optimal capture 

antibody orientation.

To demonstrate the versatility of this approach beyond IgG detection, specific recognition of 

cholera toxin in undiluted human serum was also performed. Secreted by Vibrio cholerae, 

cholera toxin (CT) has brought major disease burdens to developing areas worldwide. 

Though it targets the small intestine and is primarily diagnosed from stool, transport to the 

bloodstream though the jejunum has been documented,57 which may provide an additional 

vantage point in the characterization of disease progression.58 Once anti-CT (100 μg mL−1) 

was immobilized on protein A/MPO, the antifouling capabilities of the EPC+ lipids were 
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still observed, as demonstrated by the angular shift returning to baseline after the buffer rinse 

(Figure 5B). Similar to IgG, no direct measurement of CT (10 μg mL−1) was noted, though 

specific binding of CT was readily confirmed using a detection antibody (i.e., anti-CT) 

enhancement step, yielding an angular shift of 0.05°. While this signal is lower than that for 

indirect IgG measurement, it is anticipated that a stringent screening for matching capture 

and detection antibody pairs will improve results.59 Nonetheless, this angular shift was 

proven to be concentration dependent, demonstrating the promise of this platform for 

targeted quantitation of biomarkers in crude samples (Figure S11) and confirming the results 

obtained for IgG measurement.

While the above sensitivities should prove sufficient for many applications, there are a 

plethora of biomarkers that require more sensitive detection strategies for accurate clinical 

diagnoses and decisions to be made. Ultrasensitive SPR analysis can be achieved through 

electromagnetic coupling of metallic nanoparticles with the sensor chip, substantially 

lowering limits of detection.32,37,41 We therefore included additional enhancement steps to 

each of our model assays with the goal of targeted gold nanoparticle binding. Detection 

antibodies were conjugated with biotin and introduced at a concentration of 1 μM. Using a 

streptavidin bridge (100 μg mL−1), the interaction of biotin-labeled gold nanoparticles 

(bT20/AuNPs) was quantified and used to investigate the interaction specificity in the 

presence of the EPC+ barrier (Figure 5C). Although we do see some background binding 

from streptavidin, and hence, the bT20/AuNPs, we can still easily discriminate between 

when IgG (10 μg mL−1) is present in serum (Δθ = 0.30°) and when it is not (Δθ = 0.10°). 

Similar results were obtained for nanoparticle-enhanced CT (0.05 μg mL−1) detection 

(Figure S12), where background signal (Δθ = 0.08°) was lower than target-specific signal 

(Δθ = 0.21°). Given that these bT20/AuNPs have been designed to carry a high density of 

negative charge through DNA spacers for maximum colloidal stability,41 it is impressive that 

specific recognition is retained over EPC+ carrying a net positive charge, from which an 

excessively high background would be expected. The limit of detection, measured with 

cholera toxin, could reach 0.05 μg/mL with gold nanoparticle enhancement (Figure S12). 

The limit of detection is also reported in terms of the number of molecules, which is 

summarized in Table S1. While the antifouling membrane formed over protein A/MPO is 

resistant to fouling from common blood derivatives, it could also be used in conjunction 

with other materials, organic or inorganic, for sensitive and specific recognition of clinically 

relevant targets.

CONCLUSIONS

We have reported the use of charge-matched lipid membranes as an antifouling surface 

capable of carrying out analysis in undiluted human serum and plasma. By tailoring the 

charge of the lipid vesicles used, as well as selection of an appropriate backfilling SAM, the 

membrane successfully formed over a protein A surface, additionally allowing for 

orientation-controlled immunosensing. We have shown that the addition of this membrane 

caused no reduction in SPR signal for antibody and bacterial toxin detection and that 

analysis in complex matrices could be carried out with results similar to those seen for 

buffered samples.
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With these successes, a number of opportunities are presented for future exploration. While 

interactions between EPC+ and protein A/MPO were characterized here, revealing them to 

be exceptionally strong and starkly different from those involving zwitterionic POPC, 

further biophysical studies (e.g., DLS/ELS, LDI-MS) are warranted to determine how 

specific biofluid contaminants interact with each of these lipid species, rendering them 

different from each other, and even commonly used poly(ethylene glycol) monolayers. 

These insights will assist in the tailored design and optimization of this and other antifouling 

surface chemistries that incorporate phospholipid constituents. Multiplexing, while not 

explored herein, will also be desired for diagnosis of multiple diseases and/or patients at 

once, or for cross-validation of biomarkers. Lipid membranes are notoriously difficult to 

work with for this purpose, though addition of trehalose during lipid deposition has been 

proven to preserve the structural integrity of lipid vesicles adsorbed to surfaces during 

drying/desiccation and could be adopted for protein A/MPO.27 Such a design would allow 

for biosensor construction with all necessary constituents in advance, preserving 

components in spatially defined locations until the assay(s) is ready to be run, thereby 

streamlining analysis.

Moving forward and given the universal nature of protein A, this surface chemistry could 

potentially be used in a range of surface based biosensing platforms. Current techniques 

aside from SPR, including ELISA, fluorescent microarrays, and electrochemical based 

methods of analysis, which also suffer from nonideal antibody orientation and ineffective 

surface blocking, could benefit from this novel surface chemistry, allowing for the sensing of 

clinically relevant targets within a range of complex biological matrices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Structures of the lipids investigated based on varied charges. (B) Crystal structure and 

electrostatic potential map of protein A. Blue is indicative of negatively charged areas, while 

red is indicative of positively charged areas.
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Figure 2. 
Schematic representations and corresponding data for the addition of undiluted human 

serum to a protein A/MPO surface (A), POPC over protein A/MPO (B), and EPC+ over 

protein A/MPO (C). Lipid vesicles (B and C) were injected (1) and incubated for 1 h, before 

the addition of undiluted human serum (2) for 30 min, followed by a PBS rinse (3) to 

remove any unbound components. Corresponding fluorescence micrographs depict 

distribution of POPC (B) and EPC+ (C), respectively, over protein A/MPO. Scale bars 

represent 30 μm.
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Figure 3. 
Surface-plasmon resonance sensorgrams demonstrating the extent of nonspecific binding 

from undiluted human plasma injected over a protein A/MPO coated gold surface (A) and a 

protein/MPO surface coated with an EPC+ lipid barrier (B).
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Figure 4. 
Images depicting FRAP analysis of EPC+ lipids formed over a glass coverslip and a protein 

A/MPO coated coverslip. (A) Fluorescence micrographs of photobleaching and recovery. 

Scale bars represent 30 μm. (B, C) Corresponding recovery data for EPC+ over glass (B) and 

protein A/MPO surface (C). Error bars represent standard deviations from three replicate 

experiments.
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Figure 5. 
Schematic and (A) sensorgram representing the detection of mouse IgG (red) in undiluted 

human plasma where the capture antibody is injected (1), followed by the EPC lipid vesicles 

(2), the plasma spiked with mouse IgG (3), and finally a detection antibody for enhancement 

(4). (B) Sensorgram representing the detection of CT (red) in undiluted human serum using 

a surface chemistry similar to that of the IgG, and the addition of serum spiked with CT (3), 

and finally a detection anti-CT for enhancement (4). (C) Sensorgram representing the 

detection of mouse IgG (red) in undiluted human serum where the capture antibody injected 

was applied offline and the EPC lipid vesicles were injected online (2), followed by the 

serum spiked with mouse IgG (3), a biotinylated detection antibody (4), streptavidin bridge 

(5), and biotin-labeled gold nanoparticles (6) for enhancement.
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