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Peptoid microsphere coatings to improve performance in sandwich 
ELISA microarrays 
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University of Arkansas, Ralph E. Martin Department of Chemical Engineering, 3202 Bell Engineering Center, 1 University of Arkansas, Fayetteville, AR 72701, United 
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A B S T R A C T   

Enzyme-linked immunosorbent assay (ELISA) microarray performance is limited by low assay sensitivity and 
dynamic range. Increasing the surface area for reagent binding can help to improve performance, but standard 
techniques such as roughening the surface or adding a polymer coating lead to increased non-specific fluores
cence and do not have reproducibly improved performance. Another approach to increase surface area is adding 
a microsphere coating on the surface. Poly-N-substituted glycine (peptoid) microspheres are ideal for this 
application due to low immunogenicity, protease-resistance, and biocompatibility. Peptoids are polymers with a 
backbone similar to peptides, but with the side chains appended to nitrogen rather than the alpha carbon. A 
variety of side chain chemistries can be incorporated into peptoids through a solid-phase, sequence-specific 
synthesis protocol. Here we report the development of sandwich ELISA microarray on peptoid microsphere 
coated glass slides. Coating morphology was evaluated via SEM and efficacy was assessed by ELISA microarray 
performance. Peptoid microsphere coated glass slides exhibit an increase in signal intensity and dynamic range as 
compared to commercially available microarray slides. These studies show the potential for peptoid micro
spheres as coatings for ELISA microarray slides, as well as for use in other biosensor applications.   

1. Introduction 

Over the last several decades there have been numerous publications 
focused on the development of sensitive, disease-specific assays to assist 
in therapeutic decisions [1–5]. Early disease detection decreases eco
nomic costs, improves treatment options, and reduces mortality [6]. 
Biomarker-based technologies, including enzyme-linked immunosor
bent assay (ELISA) microarray and bead-based immunoassay, offer 
platforms for sensitive and specific disease detection [7]. Multiplex bead 
array assays (MBAA) such as Luminex, xMap [8], Smartbead UltraPlex 
[9], and flow cytometry technologies [10] offer promising, high- 
throughput methods of detecting cytokines and other analytes in 
serum and plasma samples. MBAAs make it possible to perform immu
noassays in a multiplexed design to independently and qualitatively 
analyze multiple samples at one time. For instance, the xMAP technique 
utilizes hundreds of uniquely colored beads, ranging from much larger 
magnetic beads (6.5 μm) to smaller non-magnetic beads (~1 μm), 

created by two different fluorescent dyes to simultaneously identify 
multiple analytes [8]. However, a key concern in the viability of MBAAs 
is the potential for interference between analyte samples. The antibodies 
on each bead may cross-react with other antibodies, cross-species anti
bodies, and molecules, ultimately reducing the efficacy of the MBAA 
techniques and requiring additional testing to ensure no cross-reacting 
has occurred [11]. 

ELISA microarray technology has emerged as a strong platform for 
the analysis of biomarkers due to its ability to quantify low-abundance 
proteins in complex biological fluids over large concentration ranges 
[12,2]. ELISA microarray eliminates the cross-reactivity that is 
commonly seen in MBAAs by focusing on a single analyte at a time. The 
use of matched high-affinity antibody pairs to target a single antigen 
results in unmatched sensitivity and specificity. The miniature scale of 
the platform allows for cost-effective and efficient parallel screening of 
small sample volumes in a high-throughput manner [12]. The slide 
chemistry and morphology is crucial for optimal performance of ELISA 

Abbreviations: ELISA, enzyme-linked immunosorbent assay; DSS, Disuccinimidyl suberate; BS3, bis[sulfosuccinimidyl] suberate; PBS, phosphate-buffered saline; 
TSA, Tyramide Signal Amplification; DMF, dimethylformamide; TFA, trifluoroacetic acid; HPLC, high-performance liquid chromatography; MALDI-TOF, matrix 
assisted laser desorption/ionization time of flight mass spectrometry; SEM, scanning electron microscope; PBS-T, PBS containing 0.05% Tween-20. 
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microarray, as is evident by the large number of slide chemistries 
commercially available [13–18,4]. The slides must allow antibodies to 
be immobilized in a manner that maintains protein binding affinity 
while retaining high binding capacities, high signal-to-noise ratios, and 
high reproducibility [19]. Additionally, the high-throughput nature of 
the platform requires substrates to be robust and retain high levels of 
specificity and sensitivity through rigorous processing conditions and 
prolonged storage periods. While poly-L-lysine slides have emerged as 
promising slide chemistry due to strong antibody attachment via 
adsorption and high signal-to-noise ratio [20,21], ELISA microarray 
performance can be further improved by increasing the surface area for 
antibody attachment. In theory, increasing the surface area for antibody 
attachment should enhance the microarray results by providing more 
sites of attachment to increase signal intensity and the dynamic range. 
Polymer-based surfaces that increase surface area such as poly
acrylamide [5,22], agarose [23], and nitrocellulose [24–28] suffer from 
low signal-to-noise ratios due to absorption of protein in the porous 
coating [20,21]. 

Poly-N-substituted glycines (peptoids) are promising as coatings for 
microarray slides due to their low immunogenicity, ease of synthesis, 
variety of available side chain chemistries, and the ability to form su
pramolecular structures that can increase surface area [29]. Peptoids are 
bioinspired, peptidomimetic polymers with a backbone structure closely 
resembling that of peptides, but with the side chains appended to the 
amide groups rather than the alpha‑carbons. This structural modifica
tion prevents proteolytic degradation, making peptoids attractive as 
biocompatible materials. However, this modification also removes the 
presence of backbone amide hydrogens, which are critical for the for
mation of the hydrogen bond linkages that stabilize beta sheets and 
helices in peptides. Introduction of steric hindrance through side chain 
chemistry allows for the formation of secondary structures including 
turns [30,31], loops [32], and helices [33–37], as well as supramolec
ular assemblies such as superhelices [38], nanosheets [39], nanotubes 
[40], and microspheres [41]. 

Our lab has previously shown that partially water-soluble, helical 
peptoids self-assemble into microspheres [37] and can form uniform 
surface coatings [44]. The peptoid sequence, referred to as P3 (Fig. 1), 
includes chiral, aromatic side chains on two faces of the helix to induce 
the formation of helical secondary structure [41]. The third face of the 
helix, which offers considerable flexibility of design, contains methoxy 
and amine groups to increase water solubility. The amine groups enable 
covalent linkage to and electrostatic interactions with the slide surface. 
The secondary structure of P3 was determined by circular dichroism, 
which confirms polyproline type-I-like secondary structure [35]. 

In this study, we report the development of peptoid microsphere 
coated glass substrates for use in sandwich ELISA microarray. The 
morphology and uniformity of the coatings was evaluated by SEM and 
the coating efficacy was analyzed by ELISA microarray with known 
antibody pairs. The peptoid microsphere coated surfaces were found to 
exhibit higher signal intensity and dynamic range as compared to 
commercially available microarray slides. 

2. Materials and methods 

2.1. Materials 

4-methoxybenzylamine and (S)-methylbenzylamine were purchased 
from Acros Organics (Pittsburgh, PA). tert-butyl N-(4-aminobutyl) 
carbamate was purchased from CNH Technologies Inc. (Woburn, MA). 
MBHA rink amide resin was purchased from NovaBiochem (Gibbstown, 
NJ). Piperidine was purchased from Sigma-Aldrich (St. Louis, MO). Test 
grade silicon wafers were purchased from University Wafer (South 
Boston, MA). Poly-L-lysine and ultra clean glass microarray slides were 
purchased from Thermo Scientific (Pittsburgh, PA). Disuccinimidyl 
suberate (DSS) and bis[sulfosuccinimidyl] suberate (BS3) were pur
chased from Pierce (Rockford, IL, USA). Purified antibodies and antigens 
were purchased from R&D Systems (Minneapolis, MN, USA). Blocking 
solution containing 10 mg/ml casein in phosphate-buffered saline, 
pH 7.2 (PBS) was purchased from Bio Rad Laboratories (Hercules, CA, 
USA). Tyramide Signal Amplification (TSA) system, including 
streptavidin-conjugated horseradish peroxidase, amplification diluent, 
and biotinyl tyramide, was purchased from Perkin Elmer (Wellesley, 
MA, USA). Alexa647-conjugated streptavidin was purchased from 
Invitrogen Life Technologies (Gaithersburg, MD). All other reagents 
were purchased from VWR (Radnor, PA). Chemicals were used without 
further modifications unless otherwise specified. 

2.2. Peptoid synthesis 

Peptoids were synthesized via the submonomer solid-phase method 
on rink amide resin, as previously described [42]. Briefly, the resin was 
swelled with dimethylformamide (DMF) and the Fmoc protecting group 
was removed using a 20% solution of piperidine in DMF. The resin- 
bound secondary amine was acylated with 0.4 M bromoacetic acid in 
DMF in the presence of N,N′-diisopropyl carbodiimide. Amine sub
monomers were incorporated via an SN2 nucleophilic substitution re
action with primary amine in DMF. The two-step bromoacetylation and 
nucleophilic substitution cycle was repeated until all desired side chains 
were incorporated. The peptoid was cleaved from the resin using a 
mixture of 95% trifluoroacetic acid (TFA), 2.5% water, and 2.5% trii
sopropylsilane, and the acid was removed using a Heidolph Laborota 
4001 rotary evaporator (Elk Grove Village, IL). The peptoid was 
lyophilized to a powder using a Labconco lyophilizer (Kansas City, MO) 
and diluted to a concentration of ~3 mg/ml in a 50:50 acetonitrile- 
water solution. 

2.3. Peptoid purification 

Peptoids were purified using a Waters Delta 600 preparative high- 
performance liquid chromatography (HPLC) instrument (Milford, MA) 
with a Duragel G C18 150 × 20 mm column (Peeke Scientific, Novato, 
CA) and a linear gradient of 35–95% solvent B (acetonitrile, 5% water, 
0.1% TFA) in A (water, 5% acetonitrile, 0.1% TFA) over 60 min. 

Fig. 1. Peptoid structure for the P3 sequence.  
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Peptoids were confirmed to be >98% pure via analytical HPLC (Waters 
Alliance, Milford, MA) with a Duragel G C18 150 × 2.1 mm column 
(Peeke Scientific) using a linear gradient of 35 to 95% solvent D 
(acetonitrile, 0.1% TFA) in C (water, 0.1% TFA) over 30 min. Purified 
peptoid fractions were lyophilized and stored as a powder at − 20 ◦C. 

2.4. Peptoid characterization 

Synthesis of the desired peptoid sequence was confirmed via matrix 
assisted laser desorption/ionization time of flight mass spectrometry 
(MALDI-TOF; Bruker, Billerica, MA). Secondary structure was confirmed 
via CD spectrometry using a Jasco J-715 instrument (Easton, MD) at 
room temperature with a scanning speed of 20 nm/min and a path 
length of 0.1 mm. The peptoid was dissolved in methanol at a concen
tration of 120 μM. Each spectrum was the average of twenty 
accumulations. 

2.5. Peptoid microsphere coatings 

Peptoid microspheres were prepared by dissolving the peptoid in a 
4:1 (v/v) ethanol/water solution at a concentration of 5 mg/ml, as 
previously described [41]. Glass slides (Erie Scientific, Portsmouth, NH) 
were outlined with an 8 × 2 array pattern using a Barnstead Thermolyne 
microarray slide imprinter (Dubuque, IA) to create a hydrophobic bar
rier for processing 16 wells per slide. The peptoid solution was applied to 
the glass surfaces and allowed to dry at room temperature and 60% 
relative humidity. Coating morphologies were visually assessed using a 
Phillips XL-30 scanning electron microscope (SEM; FEI, Hillsboro, OR). 

2.6. Microsphere surface density distribution 

Microsphere surface density distribution of the microsphere coatings 
was calculated using ImageJ software (National Institute of Health, 
MD). Noise reduction was completed with a fast Fourier transform (FFT) 
band-pass filter normalization, eliminating low- and high-spatial fre
quencies and transforming the original SEM images to a two- 
dimensional representation of the frequency. The images were con
verted to 8-bit grayscale and binarized adjusting the white and black 
threshold to optimize particle contrast with the background. Particle 
analysis was completed on the adjusted images to give an area per
centage for the microsphere particles. 

2.7. Microarray printing 

ELISA microarray printing was performed at room temperature and 
60% relative humidity as previously described [20]. Briefly, a GeSiM 
NanoPlotter 2.1 non-contact microarray printer with humidity control 
(Quantum Analytics, Foster City, CA, USA) was used to spot the anti
bodies. Prior to spotting, the microsphere coated surfaces, and in some 
cases the poly-L-lyisne slides, were treated with a 0.3 mg/ml solution of 
the homo-bifunctional cross-linker BS3 in PBS for 20 min to create a 
reactive site for covalent attachment of antibodies via the amine groups. 
After incubation, the slides were rinsed in nanopure water and dried in a 
centrifuge. Capture antibodies were suspended in PBS to a concentration 
of 0.8 mg/ml and ~ 400 picoliters per spot were printed 500 μm apart in 
quintuplicate on each array. Upon completion, the antibodies were 
allowed to dry for an additional hour at 60% relative humidity. The 
slides were blocked with 10 mg/ml casein in PBS and processed 
immediately. 

2.8. ELISA microarray 

ELISA microarray was performed as previously described [20]. 
Briefly, all incubation steps were performed at room temperature in a 
closed, dark, humid chamber, with gentle mixing on an orbital shaker 
(Belly Dancer, Stovall Life Science, Greensboro, NC). A two-step wash 

procedure between processing steps was performed by submerging the 
slides twice into PBS containing 0.05% Tween-20 (PBS-T). The slides 
were incubated with a mixture of antigen standards in 1 mg/ml casein in 
PBS overnight. Standard curves were created using a three-fold dilution 
series of the antigen mix along with an antigen-free blank for twelve 
total dilutions. Following a wash cycle, the slides were incubated with 
biotinylated detection antibody at 25 ng/ml in 1 mg/ml casein in PBS. 
The biotin signal was amplified using the TSA system following manu
facturer instructions, and incubated with 1 μg/ml Alexa647-conjugated 
streptavidin in PBS-T. The slides were rinsed twice in PBS-T followed by 
deionized water. 

A GenePix Autoloader 4200AL laser scanner (Molecular Devices, CA) 
was used to image the Alexa 647 fluorescence signal. The spot fluores
cence intensity from the scanned slide images was quantified using 
GenePix Pro 3.0 software. Standard curves were created using ProMAT, 
a software program specifically developed for the analysis of ELISA 
microarray data based on a four-parameter logistic curves model [43]. 
The values for the lower limits of detection are calculated as the median 
concentration of the antigen-free blank plus three standard deviations 
[45]. In order to provide a value that is representative of all assays for 
comparisons, a relative limit of detection value was calculated using the 
median value for all assay replicates on each surface, as previously 
described [20]. Unless noted otherwise, results shown encompass three 
replicate experiments performed using slides that were coated, printed, 
and processed on independent occasions. 

3. Results and discussion 

3.1. Coating characterization 

The formation of uniform peptoid microsphere coatings is essential 
to reduce variability in ELISA microarray. Coating morphology is 
directly linked to evaporation rate, requiring careful monitoring of 
drying conditions to ensure uniform sphere distribution and reproduc
ible coatings. One issue observed in the formation of peptoid coatings is 
perimetral intensive deposition, often referred to as the “coffee ring 
effect,” in which denser coverage is observed at the perimeter of the 
coatings as compared to the center. Previous studies have shown that 
this effect is reduced when samples are evaporated at a constant contact 
area, which can be achieved by including surfactant in the microsphere 
solution [46]. The addition of Tween-20 to the peptoid microsphere 
solution results in improved coating uniformity, lessening perimetral 
microsphere deposition and allowing for an even distribution of mi
crospheres on the surface (Fig. 2). At concentrations >0.1%, Tween-20 
disrupts microspheres formation and alters microsphere size distribu
tion (Fig. S1 in Supplemental Information). Previous work in our lab has 
focused on the reproducibility of the coatings, the physical properties of 
the microspheres, and their ability to withstand various conditions (pH, 
ionic strength, solvents) [36,47]. Using ImageJ particle analysis of SEM 
images, the average local microsphere surface density (n = 10) on the 
glass slides was 87% (s = 2.59%) covered (Fig. S2 in Supplemental 
Information). 

When antibodies were spotted directly on the peptoid microsphere 
coated slides, faint fluorescent signals were observed indicating weak 
adsorption of the antibodies to the surface. The homobifunctional linker, 
BS3, was used to covalently attach the antibodies to the peptoid 
microsphere coated slides (Fig. 3A). ELISA microarray results were 
reproducible for the slides with covalently attached antibodies. It should 
be noted that antibodies were not covalently attached to the poly-L- 
lysine surfaces because both our results (Fig. 3B) and findings by others 
[20] show no significant difference in ELISA microarray performance 
between adsorbed and covalently attached antibodies. 

3.2. Coating efficacy for ELISA microarray 

The efficacy of the peptoid microsphere coatings was evaluated by 
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ELISA microarray with four antibody assays (Table 1) that were previ
ously shown to have good assay sensitivity and specificity, as well as low 
cross-reactivity, in multiplexed ELISA microarray [3]. The performance 
of the surfaces was evaluated based on spot morphology, signal to noise 
ratio, limit of detection, and standard curve dynamic range. Signal 

intensities were evaluated by comparing single concentration assays on 
peptoid microsphere coated blocks with poly-L-lysine surfaces. Single 
point antigen concentrations correspond to the third dilution of the 
three-fold standard curve dilution series (i.e., approximately 11% of the 
maximal concentration), which has previously been shown to provide a 

Fig. 2. Peptoid microsphere coated glass surfaces at (A) 3500× and (B) 1000× magnifications. Peptoids were dissolved in a 4:1 (v/v) ethanol/water solution at a 
concentration of 5 mg/ml. The peptoid solution was applied to the glass surfaces and allowed to dry at room temperature and 60% relative humidity. 

Fig. 3. (A) Images of fluorescence for GFP and HGF on peptoid microsphere coated glass surfaces with (a) non-covalent treated and (b) BS3 treated covalent surfaces. 
(B) Images of fluorescence for GFP and HGF on uncoated poly-L-lysine slides with (a) non-covalent treated and (b) BS3 treated covalent slides. 

Table 1 
Summary of the results detailing the maximal concentration of antigens, lower and upper bound, dynamic range concentrations, and single point signal intensities 
(11% of the maximal concentration) for the ‘uncoated’ poly-L-lysine surfaces and peptoid-based microsphere coated surfaces antigens for all 4 different assays: CD14 
(cluster of differentiation 14), GFP (green fluorescent protein), HGF (hepatocyte growth factor), and RANTES (regulated on activation normal T cell expressed and 
secreted).  

Assay Max Conc. (pg/mL) Limit of Detection (pg/mL) Dynamic Range (pg/mL) Signal/Noise Ratio   

Uncoated Coated Uncoated Coated Uncoated Coated 

CD14 2500 1.9 2.0 527.8 530.2 21.4 21.3 
GFP 500 0.2 0.7 80.0 97.0 17.8 30.5 
HGF 1000 0.3 2.7 135.3 492.8 20.7 30.6 
RANTES 500 0.4 0.3 64.6 264.2 15.8 16.8  
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strong signal intensity near saturation and in the upper usable range of 
the standard curve [3]. 

Spot morphology is dependent on the characteristics of the surface, 
and as such the increased topographical complexity of peptoid micro
sphere coated surfaces presents challenges. Although the spot 
morphology on peptoid microspheres is not as crisp as those on the two- 
dimensional poly-L-lysine surfaces (Fig. 3A), they are greatly improved 
over other three-dimensional surfaces [20]. The shape of the spots is still 
detected and analyzed by the GenePix software without any issues. 

As expected, peptoid microsphere coated surfaces consistently dis
played stronger signal intensities as compared to poly-L-lysine slides 
(Fig. 3C and Table 1). This observation is consistent for all assays in
dependent of whether the comparisons are based on a single concen
tration point (Fig. 3C) or over the full standard curve (Fig. 4). However, 
as is the case with other three-dimensional slide surfaces, the peptoid 
microsphere coated surface exhibits higher background fluorescence as 
compared to the poly-L-lysine surface (Fig. 3B). Despite the increased 
background signal, the signal-to-noise ratio for the peptoid microsphere 
coating is the same as or higher than the poly-L-lysine coating (Table 1). 
More specifically, the signal-to-noise ratio is higher on the peptoid 
microsphere coated slides for three of the four assays tested. These data 
support the hypothesis that the use of peptoid microsphere coatings to 
increase surface area leads to improved ELISA microarray properties. 

The limit of detection is defined as the lowest concentration that can 
be reliably detected and is a direct assessment of assay sensitivity. 
Evaluation of surface performance is based on previously published 
methods, where relative limit of detection below 2 is ‘superior’, between 
2 and 4 is ‘normal’, and above 4 is ‘poor’ [20]. Despite the larger 
standard deviation observed at low antigen concentration for the pep
toid microsphere coatings, they are rated in the superior category with a 
score of 0.9 ± 0.5 as compared to a score of 0.8 ± 0.3 for poly-L-lysine 
slides in our study. These values are comparable to published values for 
commercially available slides including poly-L-lysine (0.7 ± 0.1), ami
nosilane (1.3 ± 0.6), aldehyde silane (1.1 ± 0.4), epoxysilane 
(1.2 ± 0.6), Slide E (0.8 ± 0.4), and Full Moon (1 ± 0.7) [16]. 

ProMAT interprets the useful range of the standard curves as that 
between the lower limit of detection and upper concentration bound. As 
the standard curve for HGF in Fig. 4 demonstrates, and Table 1 details 
for all assays, the dynamic range observed for the peptoid microsphere 
coated surfaces is increased as compared to poly-L-lysine surfaces 
(2.4 pg/ml for CD14, 17 pg/ml for GFP, 357.5 pg/ml for HGF, and 
199.6 pg/ml for RANTES). 

4. Conclusion 

Disease detection requires high-throughput assessment of multiple 
proteins within small sample volumes. The use of ELISA microarray and 
biosensors for disease detection will require the development of opti
mized support surfaces that allow for more generally applicable and 
direct immobilization procedures. While high binding affinities are 
imperative to prevent antibody loss and ensure robust attachment, the 
challenge lies in designing a microarray support that accommodates 
proteins of varying characteristics and provides an environment that 
preserves the active form of the protein. The use of peptoid microsphere 
coatings as a novel surface for the improvement of sandwich ELISA 
microarray has been evaluated. This peptoid-based, three-dimensional 
coating offers a customizable, robust, biocompatible interface that in
creases the surface area available for binding. The efficacy of the coating 
was assessed in terms of its overall ELISA microarray performance as 
compared to commercially available poly-L-lysine surfaces. The peptoid 
microsphere coated surfaces allowed for strong covalent antibody 
attachment and performed well in terms of spot morphology, signal to 
noise ratio, limit of detection, and standard curve dynamic range. The 
increase in surface area enables higher protein binding capacities as 
compared to poly-L-lysine surfaces, and although the peptoid micro
sphere coatings displayed higher background fluorescence and 

coefficients of variation the signal-to-noise ratios were higher as 
compared to poly-L-lysine surfaces. Furthermore, the limits of detection 
were comparable to the poly-L-lysine surfaces and an improvement in 
dynamic range was observed for all assays tested. 

The peptoid microsphere coatings provide an exciting new interface 
for a wide range of biosensor applications. Results suggest that 
commonly used biosensor protocols and procedures can be readily 
applied to peptoid microsphere coatings, and that the coatings outper
form state-of-the art surfaces such as poly-L-lysine. The robust peptoid 
microsphere coated surface provides a versatile platform that can be 
easily customizable to allow for various surface chemistries and incor
porate different attachment sites. It offers the benefits that come with an 
increased surface area for binding, while at the same time allow for use 
of familiar chemistries that are established for both protein microarray 
and biosensor applications. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.sbsr.2021.100424. 
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