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a b s t r a c t 

The enzyme-linked immunosorbent assay (ELISA) is a widely used method for protein detection and relies 

on the specific capture of target proteins while minimizing the nonspecific binding of other interfering 

proteins and biomolecules. To prevent nonspecific binding events, blocking agents such as bovine serum 

albumin (BSA) protein, mixtures of proteins in media such as milk or serum, and/or surfactants are typ- 

ically added to ELISA plates after probe attachment and before analyte capture. Herein, we developed 

a streamlined ELISA strategy in which readily prepared lipid nanoparticles are utilized as the blocking 

agent and are added together with the probe molecule to the ELISA plate, resulting in fewer processing 

steps, quicker protocol time, and superior detection performance compared to conventional BSA block- 

ing. These measurement capabilities were established for coronavirus disease-2019 (COVID-19) antibody 

detection in saline and human serum conditions and are broadly applicable for developing rapid ELISA 

diagnostics. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

The enzyme-linked immunosorbent assay (ELISA) enables the 

ensitive detection of protein analytes through an enzymatically 

atalyzed chemiluminescent signal and is widely used in molec- 

lar biology and diagnostic applications [1] . There are a variety 

f ELISA configurations involving surface-adsorbed antigen or an- 

ibody probes in order to capture target antibodies or antigens, re- 

pectively, and a universal principle of ELISA measurements is to 

ensitively detect the target analyte while minimizing the nonspe- 

ific adsorption of other biomolecules, such as additional types of 

roteins in a complex medium [2–4] . To achieve this goal, a wide 

ariety of blocking agents such as bovine serum albumin (BSA) 

rotein, mixtures of proteins in milk or serum, and/or surfactants 

re utilized to passivate probe-functionalized surfaces, i.e ., adsorb 

onspecifically onto residual gaps in between probe molecules on 

he well surface prior to the addition of the analyte-containing 

ample [5-7] . While protein-based blocking agents have become 

 standard tool in ELISA protocols, emerging evidence from the 

ano- and microfluidics community supports that lipid bilayer 

oating technologies enable superior passivation performance to 
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SA protein coatings [8] and other polymeric options [9] . Com- 

ined with recent material advances in lipid nanoparticle fabrica- 

ion for lipid bilayer coatings [10] in diagnostic application settings 

 11 , 12 ] and in post-fabrication repair [13] , there is outstanding po-

ential to explore lipid bilayer coatings for enhanced ELISA mea- 

urement capabilities. 

Herein, we report the development of a streamlined ELISA mea- 

urement strategy in which lipid nanoparticles composed of zwit- 

erionic phospholipids [14] are used as the blocking agent and can 

e added together with the probe molecule to the ELISA plate. This 

trategy relies on lipid bilayer nanostructures as templates to form 

ffective lipid bilayer coatings and we demonstrate its applicabil- 

ty to coronavirus disease-2019 (COVID-19) antibody detection in 

aline and human serum. Key advantages of this new approach in- 

lude fewer processing steps, quicker protocol time, and superior 

etection performance compared to conventional BSA blocking. 

. Materials and methods 

.1. Reagents 

The ELISA Starter Kit (catalog no. K0331002) was obtained from 

oma Biotech Inc. (Seoul, Republic of Korea) and stored at 4 °C un- 

il use. The kit included the 96-well, plastic ELISA plates, 50 mM 

arbonate coating buffer (pH 9.6), 1% BSA blocking solution in 

https://doi.org/10.1016/j.apmt.2021.101128
http://www.ScienceDirect.com
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Fig. 1. Experimental protocols for developing rapid ELISA protocols based on replacing BSA proteins with lipid nanoparticles (LNPs) in order to reduce the number of 

processing steps and shorten the overall time for platform fabrication. All three protocols were tested with BSA proteins and DOPC or DOPC/LA LNPs as the blocking agent. 
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hosphate-buffered saline (PBS, pH 7.4), Tween-20 stock solution, 

,3 ′ ,5,5 ′ -tetramethylbenzidine (TMB) solution, and 2 M H 2 SO 4 stop 

olution. 1,2-dioleoyl- sn -glycero-3-phosphocholine (DOPC) phos- 

holipids in chloroform were purchased from Avanti Polar Lipids 

Alabaster, AL), and lauric acid (LA), normal human serum (NHS), 

nd other reagents were obtained from Sigma-Aldrich (St. Louis, 

O). Lipid nanoparticles were prepared in PBS (pH 7.4) and PBS 

ith 0.05% Tween-20 (PBS-T) was used for washing steps. Recom- 

inant COVID-19 nucleocapsid (N) protein antigen (catalog no. LIC- 

P-04) and monoclonal primary antibody (clone 12D12), which 

inds to the COVID-19 N protein (referred to as anti-N antibody), 

n 10 mM PBS were manufactured and provided by LUCA AICell, 

nc. (Anyang, Republic of Korea). A goat anti-human IgG secondary 

ntibody with horseradish peroxidase (HRP) conjugate (catalog no. 

18811) was obtained from Thermo Fisher Scientific (Waltham, 

A). 

.2. Lipid nanoparticle preparation 

Lipid nanoparticles (LNPs) were prepared by freeze-thaw-vortex 

rocessing, as previously described [15] . Dried films of DOPC lipid 

ere hydrated in PBS only or in PBS containing LA in order to pre-

are DOPC and DOPC/LA lipid nanoparticles, respectively. The stock 

OPC and LA concentrations were 1 and 0.5 mM, respectively, and 

ence the DOPC/LA molar ratio was 2. For both DOPC and DOPC/LA 

NPs, the hydrated samples were subjected to 5 cycles of the fol- 

owing steps: 1 min exposure to liquid nitrogen; 5 min thaw in a 

ater bath at 60 °C; and 30 s vortexing. The processed LNPs were 

hen diluted in PBS to a final concentration of 0.063 mM DOPC 

ipid, which was used for experiments. This preparation protocol 

esults in LNPs with a relatively broad size distribution around 

50–500 nm and the DOPC and DOPC/LA LNPs mainly consist of 

amellar-phase vesicular and bicellar nanostructures, respectively 

 16 , 17 ]. In the DOPC/LA LNP case, the bicellar nanostructures are

n equilibrium with LA monomers and/or micelles in the bulk so- 

ution as well [15] . 

.3. ELISA measurements 

Depending on the protocol, a 100 μL volume of 5 μg/mL N anti- 

en in coating buffer (pH 9.6) was added to the ELISA plate wells 

nd incubated at 37 °C for 1 h, or a 100 μL volume of 5 μg/mL N
2 
ntigen together with 1% BSA or DOPC or DOPC/LA lipid nanopar- 

icles (LNPs; fixed at 0.063 mM DOPC lipid concentration in the 

NP cases) in PBS (pH 7.4) was added to the ELISA plate wells 

nd incubated at 37 °C for 15 min. Then, each well was washed 

 times with 200 μL of PBS-T. In applicable cases, an additional 

locking step was performed with 1% BSA or DOPC or DOPC/LA 

ipid nanoparticles (fixed at 0.063 mM DOPC lipid concentration) 

n PBS (pH 7.4) and incubated at 37 °C for 15 min or 1 h, fol-

owed by washing 5 times with 200 μL of PBS-T. A 100 μL vol- 

me of primary antibody in PBS-T or NHS was then incubated with 

he antigen-coated plates at 37 °C for 1 h, followed by washing 5 

imes with 200 μL of PBS-T. Next, 100 μL of the secondary anti- 

ody (1:20,0 0 0 dilution) in PBS-T was incubated with the antigen- 

oated plates at 37 °C for 1 h, followed by washing 5 times with 

00 μL of PBS-T. Afterwards, 100 μL of TMB solution was added 

nd incubated at room temperature for ~5 min, followed by adding 

00 μL of stop solution. The absorbance was measured at 450 nm 

avelength using a SpectraMax iD5 microplate reader (Molecular 

evices, San Jose, CA). All reported data were normalized by sub- 

racting the background signal corresponding to the same protocol 

un with no primary antibody (replaced by an incubation step in 

BS or 1% NHS alone). The latter experiments served as the nega- 

ive control and accounted for the potential nonspecific adsorption 

f secondary antibody onto the ELISA well plate (after the surface 

ad been incubated in saline or serum as applicable). 

.4. Statistical analyses 

Measurement data were compared by one-way analysis of vari- 

nce (ANOVA) with Tukey’s multiple comparisons test (versus BSA, 

ndicated by ∗) and reported as multiplicity-adjusted P values. 

 < 0.05, P < 0.01, and P < 0.001 indicate the levels of statisti-

al significance. 

. Results and discussion 

.1. Experimental strategy 

Fig. 1 presents the design strategy to develop a rapid ELISA 

easurement format and outlines three experimental protocols. 

rotocol A involves a classical design whereby the antigen coat- 

ng step takes place first at 37 °C for 1 h, followed by adding the

locking agent at 37 °C for 1 h. Protocol B involves two distinct 
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Fig. 2. ELISA measurement responses for Protocol A. The absorbance intensity values are reported for anti-N antibody detection in PBS as a function of antibody concentration 

and for three different blocking strategies: BSA protein and DOPC or DOPC/LA lipid nanoparticles. Data are reported as mean ± standard deviation from n = 4 measurements. 
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odifications, whereby the antigen and blocking agent are mixed 

ogether and added simultaneously at 37 °C while the incubation 

ime is reduced from 1 hr to 15 min. An additional incubation step 

ith blocking agent is then performed at 37 °C for 15 min. Protocol 

 is an abbreviated form of Protocol B and solely consists of adding 

he antigen and blocking agent together at 37 °C for 15 min. 

For the experiments, we utilized recombinant COVID-19 N pro- 

ein as the model antigen in order to detect anti-N antibody, which 

s a widely used and sensitive biomarker for diagnostic purposes 

 18 , 19 ]. An HRP-conjugated secondary antibody was then added to 

enerate the measurement readout. Three different types of block- 

ng agents were tested [20] : (1) 1% BSA protein; (2) DOPC LNPs 

ith 0.063 mM DOPC lipid concentration; and (3) DOPC/LA LNPs 

ith 0.063 mM DOPC lipid concentration. For each protocol, we 

omparatively discuss the measurement results for detecting 0.2–

00 ng/mL anti-N antibody in PBS (pH 7.4) in terms of the different 

locking agents as described below. 
3 
.2. Comparative evaluation of blocking agents 

For Protocol A, the ELISA measurement response varied accord- 

ng to the anti-N antibody concentration across the tested con- 

entration range ( Fig. 2 ). At 12.5 ng/mL and higher antibody con- 

entrations, all three types of blocking agents showed compara- 

le performance, as indicated by similar absorbance intensity val- 

es. On the other hand, at lower antibody concentrations, higher 

bsorbance intensity values were recorded when the DOPC or 

OPC/LA LNPs were used as compared to the results obtained with 

SA blocking. Hence, the LNP blocking agents could be potentially 

seful for high-sensitivity antibody detection at low concentrations 

n account of the relatively larger measurement responses. In ad- 

ition, linear regression analysis indicated that the goodness of fit 

r 2 ) values were 0.70, 0.66, and 0.68 in the case of coatings formed 

rom BSA, DOPC LNP, and DOPC/LA LNP blocking agents, respec- 

ively. 
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Fig. 3. ELISA measurement responses for Protocol B. The absorbance intensity values are reported for anti-N antibody detection in PBS as a function of antibody concentration 

and for three different blocking strategies: BSA protein and DOPC or DOPC/LA lipid nanoparticles. Data are reported as mean ± standard deviation from n = 4 measurements. 
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For Protocol B, the ELISA measurement response again varied 

ccording to the anti-N antibody concentration across the tested 

oncentration range ( Fig. 3 ). Notably, in this protocol, the LNP 

locking agents consistently yielded larger measurement responses 

han with BSA blocking. In some cases, there was a 2-fold greater 

r more increase in the measurement response due to replacing 

SA with LNPs. This finding supports that the LNPs more readily 

orm passivation coatings on the plate well surface while also fa- 

ilitating high antigen uptake. By contrast, both BSA and the anti- 

en are protein-based molecules and likely competitively bind to 

he surface through adsorption-related unfolding processes [ 21 , 22 ], 

hich can diminish the binding signal. In addition, linear regres- 

ion analysis indicated that the goodness of fit ( r 2 ) values were 

.96, 0.88, and 0.84 in the case of coatings formed from BSA, DOPC 

NP, and DOPC/LA LNP blocking agents, respectively. 

Similar results were also obtained with Protocol C and the LNP 

locking agents outperformed BSA blocking across the tested an- 

ibody concentration range ( Fig. 4 ). It should also be noted that 

he magnitudes of the absorbance intensity values were relatively 
4 
arger than those observed in Protocol B, supporting that co-mixing 

he antigen and blocking agent for the addition step was sufficient 

o achieve high binding signals. In addition, linear regression anal- 

sis indicated that the goodness of fit ( r 2 ) values were 0.91, 0.80, 

nd 0.75 in the case of coatings formed from BSA, DOPC LNP, and 

OPC/LA LNP blocking agents, respectively. 

Together, these findings support that LNPs are effective replace- 

ents for BSA in conventional ELISA protocols and facilitate the 

evelopment of streamlined protocols with a reduced number of 

teps and decreased processing time. Furthermore, the LNP block- 

ng agents enabled higher sensitivity detection of low antibody 

oncentrations. 

.3. Antibody detection in human serum 

Using the three ELISA protocols and various blocking options, 

e proceeded to evaluate anti-N antibody detection in human 

erum. A normal human serum (NHS) specimen was spiked with 

0 μg/mL anti-N antibody, which is within the range of clinically 
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Fig. 4. ELISA measurement responses for Protocol C. The absorbance intensity values are reported for anti-N antibody detection in PBS as a function of antibody concentration 

and for three different blocking strategies: BSA protein and DOPC or DOPC/LA lipid nanoparticles. Data are reported as mean ± standard deviation from n = 4 measurements. 
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easible conditions [23] for an individual infected with COVID-19 

nd was then diluted 1:100 fold and two-fold dilutions thereof for 

LISA measurement ( Fig. 5 ). 

For Protocol A, similar absorbance intensity values were 

ecorded for 200 ng/mL antibody while antibody detection at 

ower concentrations was less discernable compared to the back- 

round signal. On the other hand, for Protocol B, the LNP blocking 

gents facilitated antibody-concentration-dependent signals down 

o 50 ng/mL antibody concentration, whereas appreciably smaller 

ignals were observed in this case for BSA blocking and no sig- 

al was observed for 50 ng/mL antibody. Among the different pro- 

ocols, the best performance was observed with Protocol C and 

he LNP blocking strategies yield relatively large measurement sig- 

als along with discernible antibody-concentration-dependent sig- 

als down to 25 ng/mL antibody concentration. Linear regression 

nalysis indicated that the goodness of fit ( r 2 ) values were 0.81 and

.76 in the case of coatings formed from DOPC LNP and DOPC/LA 

NP blocking agents, respectively. In marked contrast, for Protocol 

, BSA blocking was ineffective and there were nearly negligible 

easurement signals even at 200 ng/mL antibody concentration. 

ogether, these results indicate that the streamlined ELISA protocol 
c

5 
n combination with LNP blocking agents enabled superior anti-N 

ntibody quantification in human serum compared to conventional 

LISA with BSA blocking. 

Of note, for the serum experiments, an additional series of neg- 

tive control experiments were run, in which case there was no 

ntigen on the surface and then anti-N and secondary antibodies 

ere added sequentially following the same protocol in all other 

espects. The resulting absorbance intensity values (raw data) were 

round ~0.3 and ~0.2 for the coatings formed from BSA and LNP 

locking agents, respectively. This finding is consistent with the 

LISA testing results and supports that the lipid bilayer coatings 

utperform the protein coatings to prevent nonspecific adsorption 

f the antibodies in serum conditions. 

. Conclusions and outlook 

In this study, we have demonstrated that LNP technology can 

nable the development of effective lipid bilayer blocking agents 

or ELISA applications. While protein-based blocking agents are the 

urrent standard in the field, our findings show that lipid bilayer 

oatings can be advantageous in terms of reducing the number 
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Fig. 5. ELISA measurement responses for COVID-19 antibody detection in human serum. The data corresponds to (A) Protocol A, (B) Protocol B, and (C) Protocol C. The 

absorbance intensity values are reported for anti-N antibody detection in NHS as a function of antibody concentration and for three different blocking strategies: BSA protein 

and DOPC or DOPC/LA lipid nanoparticles. Data are reported as mean ± standard deviation from n = 4 measurements. 
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f processing steps and time while also yielding superior detec- 

ion capabilities in saline and human serum conditions. These find- 

ngs are particularly important because there has been debate in 

he literature about whether blocking agents are necessary, espe- 

ially when PBS-T is used for washing steps [ 24 , 25 ], and our find-

ngs support that blocking agents are in fact advantageous and ad- 

anced materials design can lead to improved ELISA detection per- 

ormance. The ongoing COVID-19 pandemic has further highlighted 

he potential of LNP technologies for vaccine delivery applications 

26] and there are numerous additional possibilities for LNPs in 

erms of coating applications. Such promise is aided by recent 

rogress to develop LNPs using simple and scalable techniques 

uch as freeze-thaw-vortex cycling, which we and others regu- 

arly use to prepare bicellar and vesicular nanostructures with the 

OPC/LA and DOPC lipid compositions, respectively. The findings 

n this study establish proof-of-concept for a new ELISA format in 

erms of co-mixing the probe molecule and blocking agent during 

he addition process and with respect to utilizing lipid nanoparti- 

les as blocking agents. Further optimization of these protocols can 

e explored for various ELISA types and solution conditions along 

ith finetuning parameters such as the probe-to-lipid ratio, and 

an potentially open the door to a new class of molecular diagnos- 

ics. 
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