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V-2 antibody detection using S1-
RBD protein-immobilized 3D melt electrowritten
poly(3-caprolactone) scaffolds†
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Srinivas Sulugodu Ramachandra,ab Maria Natividad Gómez-Cerezo*ab

and Sašo Ivanovski *ab

Sensitive detection of immunoglobulin antibodies against SARS-CoV-2 during the COVID-19 pandemic is

critical to monitor the adaptive immune response after BNT162b2 mRNA vaccination. Currently employed

binding antibody detection tests using 2D microplate-based enzyme-linked immunosorbent assays (ELISA)

are limited by the degree of sensitivity. In this study, a 3D antibody test was developed by immobilizing the

receptor-binding domain on Spike subunit 1 (S1-RBD) of SARS-CoV-2 onto engineered melt electrowritten

(MEW) poly(3-caprolactone) (PCL) scaffolds (pore: 500 mm, fiber diameter: 17 mm) using carbodiimide

crosslinker chemistry. Protein immobilization was confirmed using X-ray photoelectron spectroscopy

(XPS) by the presence of peaks corresponding with nitrogen. Self-developed indirect ELISA was

performed to assess the functionality of the 3D platform in comparison with a standard 2D tissue culture

plate (TCP) system, using whole unstimulated saliva samples from 14 non-vaccinated and 20 vaccinated

participants (1- and 3- weeks post-dose 1; 3 days, 1 week and 3 weeks post-dose 2) without prior SARS-

CoV-2 infection. The three-dimensional S1-RBD PCL scaffolds, while demonstrating a kinetic trend

comparable to 2D TCP, exhibited significantly higher sensitivity and detection levels for all three

immunoglobulins assayed (IgG, IgM, and IgA). These novel findings highlight the potential of MEW PCL

constructs in the development of improved low-cost, point-of-care, and self-assessing diagnostic

platforms for the detection and monitoring of SARS-CoV-2 antibodies.
1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic is attrib-
uted to a novel RNA single-stranded coronavirus – SARS-CoV-2.1

The spike (S) glycoprotein plays an important role in viral
binding to human host cells and antibodies against S protein
can neutralize the infection, thus it is a major target for vaccine
development.2 The messenger RNA (mRNA) Pzer–BioNTech
BNT162b2 vaccine comprises a full-length coding sequence of
the SARS-CoV-2 S protein (including the receptor-binding
domain on the S1 subunit – S1-RBD), which has been proven
to generate immunoglobulin (Ig) antibodies against SARS-CoV-
2 virus.3–7 Detection of antibodies against S1-RBD protein
following the BNT162b2 vaccine is very important as an
entistry, Brisbane, QLD 4006, Australia.

of Dentistry, Center for Oral-facial

ruction (COR3), Brisbane, QLD 4006,

mation (ESI) available. See

the Royal Society of Chemistry
indicator of the sustainability of the anti-RBD antibody
response post-vaccine.

Material science8 and 3D printing9 technologies incorpo-
rating polymers such as poly(3-caprolactone) (PCL) have
signicantly contributed to the response against the COVID-19
pandemic through the manufacture of personal protective
equipment, ventilators, and nasopharyngeal swab test
devices.9–13 Another potential application of this technology is in
the development of sensitive, and cost-effective antibody tests
for the detection of antibodies against the SARS-CoV-2 virus,
utilizing non-invasive biosamples, such as saliva, for the
detection of IgG antibodies against S protein generated by
BNT162b2 vaccination.14–18 Currently, laboratory-based surveil-
lance of antibody response following infection or vaccination is
mainly performed on a 2D polystyrene tissue culture plate (TCP)
by enzyme-linked immunosorbent assay (ELISA),19–24 whose
design limitations (i.e. limited surface area), insensitivity,
detection performance and long assay time (�6 hours for
sandwich ELISA).25 Other platforms have been also investigated,
such as gold nanoparticles26 and other 2D materials.27 Current
antibody detection tests have been reviewed in ref. 25. For
instance, the advantage of using laboratory 2D ELISA assays,
gold nanoparticle-associated lateral ow assay (LFA) and 2D
RSC Adv., 2022, 12, 24849–24856 | 24849
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platforms showed reliable results to detect immunity against
SARS-CoV-2 either following vaccination or post-viral infection.
The disadvantage of traditional sandwich ELISA is time-
consuming (more than 24 hours to perform in the lab). Rapid
detection is feasible in LFA devices; however, extensive research
on SARS-CoV-2 antigen detection, with limited effort for
immunity for people aer vaccination. Variability and antibody
cross-reactivity between batches, sensitivity limitations, and the
fact that its analysis results are qualitative or semi-quantitative
remain challenges for the LFA test in terms of accurate diag-
nosis. Recent studies suggest that improved sensitivity to detect
antibodies against the SARS-CoV-2 virus may be achieved by 3D-
printed immunoassays;28,29 however, these electrochemical
sensors require specic training to utilize. It is of considerable
importance to develop a 3D antibody test for laboratory settings.
Several studies have shown that high-resolution melt electro-
written (MEW) poly(3-caprolactone) (PCL) scaffolds are suitable
for cell growth, drug delivery and tissue regeneration.30–38 Given
their advantageous properties, including precise architecture,
high porosity and greater surface area, the potential of MEW
PCL scaffolds as 3D immunodetection platforms for COVID-19
antibodies warrants investigation.

The present study describes the development and validation
of a 3D antibody test against SARS-CoV-2 using functionalized
MEW PCL scaffolds. The hypothesis was that this highly porous,
high surface area platform would be more sensitive than
traditional 2D platforms within 2 hours of assay time using
indirect ELISA. The aim was to assess the MEW 3D PCL
constructs and compare them with traditional 2D ELISA for
immunoglobulin (Ig) G, IgM, and IgA detection in saliva
samples from 20 vaccinated and 14 non-vaccinated (NV)
participants without prior SARS-CoV-2 infection.
2. Materials and methods
2.1 Manufacture of 3D PCL MEW scaffolds

All scaffolds were manufactured by melt electrowriting (MEW)
using medical-grade PCL as previously described.30,32 Briey,
polymer pellets (PC12, Corbion, Amsterdam, The Netherlands)
were heated to 74 �C and 83 �C at the cartridge and needle
locations within a blunt 23 G 2 mL syringe, respectively. The
polymer was then extruded onto a programmable x–y stage at
a pressure of 1.2 bar, a voltage of 8.2 kV, a translational speed of
850 mm min�1 and a distance of 7.4 mm between the collector
plate and the spinneret. The scaffolds were subsequently prin-
ted to consist of 50 layers in a 0/90� layering pattern. Aer
fabrication, scaffolds were sectioned into 5 mm discs to t
inside wells of a 96-well tissue culture plate (TCP).
2.2 Scaffold SARS-CoV-2 S1-RBD protein immobilization and
characterization

SARS-CoV-2 (2019-nCoV) Spike RBD-His recombinant protein
(catalogue number: 40592-V08H-100ug, Sino Biological) was
chemically conjugated to scaffolds via carbodiimide crosslinker
chemistry described previously (ESI Fig. 1†).39–42 First, MEW PCL
scaffolds were treated with 1.5 M sodium hydroxide (NaOH) for
24850 | RSC Adv., 2022, 12, 24849–24856
1.5 hours at 37 �C to increase scaffold hydrophilicity, then
washed with distilled water until the pH of the water reached 7.
Scaffolds were then covered with conjugation solution in 0.1 M
2-(N-morpholino) ethanesulfonic acid (MES, pH 4.5–5.5) buffer
containing 0.2 M 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide (EDC, ThermoFisher Scientic) and 0.2 M N-hydrox-
ysuccinimide (NHS, Sigma Aldrich) for 20 minutes at room
temperature to activate COOH groups. NH2 covalent graing
was carried out by covering scaffolds with 2 mg mL�1 SARS-COV-
2 S1-RBD protein in 0.1 M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, pH ¼ 7.4) buffer at
4 �C overnight. Finally, scaffolds were washed in HEPES buffer
and MilliQ water twice and dried under vacuum prior to char-
acterization. Functionalized scaffolds were labelled with S1-
RBD-PCL scaffolds in the following sections.

Scanning electron microscopy (SEM, Hitachi SU3500, Tokyo,
Japan) operating at a voltage of 8 kV was used to evaluate the
morphology of the 3DMEW scaffolds. Prior to imaging, samples
were immersed in 100% ethanol and sectioned using a scalpel
blade and a 5 mm biopsy punch. 15 nm platinum coating was
conducted on all the samples (Q150T Plus, Quorum, East Sus-
sex, United Kingdom). Pore size was measured from ber
centre-to-centre (n ¼ 15) from three different samples using
ImageJ (National Institutes of Health (NIH), Bethesda, MD,
USA).

Surface compositional analysis (survey scans) was performed
using a Kratos Axis Ultra 165 X-ray photoelectron spectroscopy
(XPS) system equipped with a hemispherical analyzer. Areas of
1 mm � 0.5 mm for each scaffold were irradiated with a 100 W
monochromatic Al Ka (1486.7 eV) X-ray beam at a takeoff angle
of 90�. During the experiment, the chamber pressure was kept
around 1 � 10�9 and 1 � 10�10 Torr. Narrow scans were con-
ducted using 20 eV pass energy for the C 1s, O 1s and N 1s core
levels. A value of 284.6 eV was used as a reference for the
methylene component of the C 1s spectrum, being the cali-
bration energy for the binding energy scale. The rest of the
spectra were corrected accordingly. Aer the experiment, data
were processed using Casa XPS soware v 2.3.5. All reported
atomic percentages are the average of three independent
measurements, each on a minimum of ve replicate ber mat
samples.
2.3 Human saliva sample collection

Staff and student volunteers (n ¼ 20) from the University of
Queensland School of Dentistry who received the BNT162b2
vaccine between May and October 2021 were recruited to the
study under Metro North Hospital and Health Service (MNHHS)
and The University of Queensland Human Ethics approval
(approval numbers: 65509 and 2020/HE002629, respectively).
This observational project was conducted in accordance with
the principles embodied in the Declaration of Helsinki
following local statutory requirements. Consecutive partici-
pants who were older than 18 years were included, with no
exclusion criteria being applied. All the participants in this
study provided written informed consent prior to enrolment in
the study. Demographic data are presented in Table 1. There
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Participant characteristics for this studya

Non-vaccinated Post-dose 1 Post-dose 2

n 14 20 19
Age in years (mean � SD) 31.3 � 9.6 (23–51) 30.6 � 5.5 (23–43) p ¼ 0.782 29.9 � 4.8 (23–43) p ¼ 0.934
Gender, n (%) Female 4 (28.57%) 9 (45%) 9 (47.37%)

Male 10 (71.43%) 11 (55%) 10 (52.63%)
Ethnicity, n (%) Caucasian 5 (35.71%) 3 (15%) 3 (15.79%)

Asian 8 (57.14%) 15 (75%) 15 (78.95%)
Other 1 (7.14%) 2 (10%) 1 (5.3%)

a p values were calculated against non-vaccinated participants.
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was an interval of 3 weeks between the two vaccine doses and
a total follow-up time of 6 weeks: 1 week and 3 weeks aer the
rst dose, and, 3 days, 1 week, and 3 weeks aer the second
dose. One participant withdrew from the study aer the second
dose, and for a second participant, there was an insufficient
sample for testing at the last time point. A total of 14 unsti-
mulated saliva samples from non-vaccinated participants
without previous COVID19 infection were also included as
a control. All participants reported having no prior SARS-CoV-2
infection and no underlying systemic disease.

Prior to saliva collection, all participants were asked to
refrain from food and drink for at least 1 hour and unstimu-
lated whole saliva samples using the spitting method were
collected between 9.00 AM and 12.00 PM as described previ-
ously.43–46 The participants rinsed their mouths to remove any
food debris using 10 mL of water before saliva collection.
Participants were asked to spit their saliva into a sterile 50 mL
falcon tube, which was immediately kept on ice and later ali-
quoted for storage at �80 �C until assayed. A volume of 10 mL
whole saliva was used for the ELISA test.

2.4 Salivary antibody detection using 3D S1-RBD-PCL
scaffolds and 2D TCP

A self-developed enzyme-linked immunosorbent assay (ELISA)
was produced by combining PeproTech's TMB ELISA Develop-
ment Kit and RayBio® COVID-19 S1 RBD Protein Human IgG
ELISA Development Kit protocols. For 2D TCP ELISA, empty
wells of a 96-well TCP were coated with 2 mg mL�1 SARS-CoV-2
Spike 1-RBD Protein at 4 �C overnight. Aer blocking with 1%
BSA/PBS for 1 hour, 10 mL saliva samples were added to both the
coated 2D TCP wells and the wells containing S1-RBD protein
conjugated 3D MEW PCL scaffolds (separate 96 well TCP) and
incubated at 37 �C for 1 hour. Following 4 washes with wash
buffer, biotinylated Anti-Human IgG Antibody (1 : 150) was
added to each well and incubated for 30 minutes. Aer a further
4 washes with wash buffer, diluted streptavidin-HRP conjugated
HRP (1 : 800) was added to each well and incubated at 37 �C for
30 minutes. 3,30,5,50-Tetramethylbenzidine (TMB) substrate was
used for colour rendering and the reaction terminated with
a 1 M HCl prior to spectrophotometric measurement of
a sample (absorbance) at 450 nm. The OD450 values of negative
controls from the kits were used as internal controls, with cut-
off values calculated as the average of 14 negative samples
plus the standard deviations (SD), as described in previous
© 2022 The Author(s). Published by the Royal Society of Chemistry
reports.20,47,48 Since empty TCP well and S1-RBD PCL scaffolds
(background groups) have background noise, our data are pre-
sented as OD450 � ODblank. Controls and samples were assayed
in duplicates as described previously.20,49 The intraassay vari-
ability was evaluated by determining the standard deviation and
percent coefficient of variation (CV%). The variability (CV%) for
themajority of data was smaller than 15%CV% (91%). Standard
curves were generated for both 3D MEW S1-RBD-PCL scaffolds
and 2D TCP using 50 mL of positive controls at 8 serial
concentrations of a positive sample which contains SARS-CoV-2
S1 RBD protein human IgG antibody provided by RayBio®
COVID-19 S1 RBD Protein Human IgG ELISA. A sample was
considered IgG/IgM/IgA positive if the absorbance reading value
was greater than the cut-off value and internal negative control.
To determine the detection limit for IgG, additional 8 different
concentrations of positive controls were applied. For specicity,
we coated the 2D TCP and 3D PCL scaffold with 2 mg mL�1 of
bovine serum albumin (BSA) with 15 concentrations of positive
controls (in Fig. 1g).

2.5 Statistical analysis

Data were analysed using GraphPad Prism (v9.0.0, San Diego,
CA, USA). Scatter plots display mean � standard deviation (SD)
unless otherwise stated. Quantile–quantile plots were used to
analyze whether data are normally distributed. Since there are
some missing clinical samples, a mixed-effect model with
Dunnett's multiple comparison test was used to analyze Ig
levels at each time point against 1 week post-dose 1. The Wil-
coxon matched-pairs signed-rank test (for abnormally distrib-
uted data) and paired T-test (for normally distributed data) was
applied for the comparison of S1-RBD Ig concentration between
2D and 3D assays at each time point, with missing data being
excluded in this analysis. A p-value < 0.05 was considered
statistically signicant.

3. Results and discussion
3.1 Characterization of S1-RBD-PCL scaffolds

Highly porous MEW PCL scaffolds have been shown to promote
cellular behaviour in vitro and in vivo for tissue engineering
applications.30–36 However, there is limited knowledge in regard
to the effective utilization of these constructs in antibody
detection against SARS-CoV-2, and this represents an important
gap in the literature. This study developed a 3D platform to
RSC Adv., 2022, 12, 24849–24856 | 24851
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Fig. 1 S1-RBD-PCL scaffolds as a 3D platform for salivary immunoglobulin antibody detection against SARS-CoV-2 S1-RBD. (a) Experimental
design of using MEW PCL scaffolds as a substrate to immobilize SARS-CoV-2 S1-RBD protein for salivary antibody detection using indirect ELISA;
(b) representative SEM images of PCL scaffolds with and without S1-RBD protein immobilization; Scale bar: 500 mm. (c) XPS spectra of PCL
scaffolds (red line), post EDC/NHS chemistry (purple line) and after immobilization (blue line) to characterize functionalized PCL scaffolds, with
the presence of nitrogen signal. (d–g) The performance of 2D TCP and 3D S1-RBD-PCL scaffolds to detect IgG (d), IgM (e), IgA (f) and BSA (g)
using various concentrations of positive controls (unit per mL).
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detect antibody response in participants following BNT162b2
mRNA vaccination, utilizing SARS-CoV-2 S1-RBD protein-
conjugated MEW PCL scaffolds (Fig. 1a). Saliva samples from
non-vaccinated and vaccinated participants were assayed by
indirect enzyme-linked immunosorbent assay (ELISA) to eval-
uate the efficacy of the 3D S1-RBD-PCL constructs for immu-
noglobulin (IgG, IgM, IgA) detection in comparison with
a standard 2D TCP assay.

We employed carbodiimide chemistry to conjugate S1-RBD
protein (ESI Fig. 1†). SEM imaging demonstrated that the
MEW technique successfully produced controlled layer-by-layer
bre stacking with high precision (pore size 499� 17.3 mm) and
bre resolution (diameter was 17.5 � 1.3 mm), consistent with
our previous work.32 In addition, images taken pre- and post-
immobilisations demonstrated that the morphology of the
scaffold was not compromised by the S1-RBD protein immobi-
lisation process (Fig. 1b). XPS was performed to further conrm
protein conjugation to the PCL scaffolds, as demonstrated by
24852 | RSC Adv., 2022, 12, 24849–24856
the presence of nitrogen aer immobilisation of S1-RBD protein
and its absence in blank PCL scaffolds (Fig. 1c). It is noted EDC/
NHS treated PCL scaffolds showed no nitrogen peak, further
conrming the successful S1-RBD immobilization in S1-RBD-
PCL scaffolds (Fig. 1c). The relative atomic% of N found with
XPS for S1-RBD functionalised PCL scaffolds was 1.83 � 0.43%
(ESI Table 1†). The XPS results demonstrated the effectiveness
of EDC/NHS carbodiimide chemistry as a technique to gra
proteins to the PCL scaffold.39–41

To conrm the function of S1-RBD-functionalised PCL
scaffolds, 2 representative standard curves were generated for
3D S1-RBD-PCL scaffolds and 2D TCP using 8 different
concentrations of positive control (Fig. 1d–f). Our data
demonstrated robust curves for both platforms (R2 > 0.9),
however, OD450 values for the 3D constructs were�2-fold higher
than those for 2D TCP, indicating the former to be potentially
more sensitive for antibody detection. Of note, as expected, 3D
S1-RBD-PCL scaffolds generated higher background noise than
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2D TCP (0.078 � 0.002 vs. 0.36 � 0.011 at OD450) for a blank
sample with 0 unit per mL of positive control. To remove this
bias, our data has been displayed as OD450 � ODblank for all
data. To determine the specicity, 2 mg mL�1 of BSA was coated
on the 2D TCP wells and used to functionalize the 3D PCL
scaffolds to detect IgG. The results show that all data were
negative aer removing the background (Fig. 1 g). The results
shown in Fig. 1d and g indicate that S1-RBD is specic for
detecting IgG against SARS-CoV-2 S1-RBD. We further examined
the detection limit by including an additional 8 concentrations
of positive controls (ranging from 1.9 to 0.015 unit per mL). The
data showed that the detection limit was 0.061 and 0.015 unit
per mL for 2D TCP and 3D S1-RBD-PCL platforms, respectively
(ESI Fig. 2†), indicating our 3D S1-RBD-PCL platform showed 4
times more sensitivity compared to 2D TCP.
3.2 Performance of the 3D S1-RBD-PCL platform in antibody
detection

None of the participants in this study was previously infected by
SARS-CoV-2 at the time of participant recruitment. There was no
statistically signicant difference between the average ages of
the non-vaccinated and vaccinated groups (Table 1). A total of
111 unstimulated saliva samples were collected for the study
(ESI Table 2†).

Participant salivary antibody levels to S1-RBD were measured
using the functionalised PCL scaffold assay and compared with
2D TCP. Both 3D and 2D platforms demonstrated a peak for all
three Ig subtypes at 1 week post-dose 2 (Fig. 2). However, levels
of IgG and IgM tended to be higher at all time points for the 3D
S1-RBD-PCL assay compared to 2D TCP, with IgA antibody levels
detected at higher levels from 1 week post-dose 2 (Fig. 2). In
terms of antibody response trends, these tended to be similar in
general for IgG subtypes across both 3D and 2D platforms (ESI
Fig. 2 The salivary immunoglobulin IgG (a), IgM (b) and IgA (c)
response against SARS-CoV-2 S1-RBD protein following vaccination
for 3D PCL scaffolds and 2D TCP platforms. NV: non-vaccinated. Dot
lines: cut-off calculated as mean + SD for 14 non-vaccinated. *p <
0.05, **p < 0.002, ***p < 0.0001, ****p < 0.0001 vs. matched indi-
viduals at 1 week after dose 1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 3†). IgM and IgA showed a slightly different trend between
3D and 2D platforms, with IgM peaking at 3 weeks post dose 1
and IgA peaked at 1 week post dose 2 in 3D S1-RBD-PCL. While
in 2D TCP, both IgM and IgA peaked at 3 weeks post dose 1.
However, we are uncertain about the factors that are contrib-
uting to this phenomenon. Increasing the sample size may be
able to justify this.

When comparing matched data between 3D and 2D plat-
forms, OD450 readings in the 3D assay were 1.5 to 4-fold higher
than the 2D assay for all three Ig subtypes (Fig. 3), with IgG at 1-
and 3 weeks post-dose 2 and IgA at 3 week post-dose 1 as
exceptions. The same was found when we evaluated the
percentage of participants exhibiting a positive immune
response (higher than cut-off values) to S1-RBD protein (ESI
Table 2†). This shows that S1-RBD-functionalised PCL scaffolds
have higher sensitivity for detecting Ig immune response
against SARS-CoV-2 S1-RBD in subjects post BNT162b2
vaccination.

The levels of salivary IgG, IgM and IgA against SARS-CoV-2
S1-RBD protein observed in the current study are consistent
with recently published data on antibodies against the spike
glycoprotein being present in the saliva of BNT162b2 vaccine
recipients.14,15 Of note, 3D S1-RBD-PCL scaffolds showed higher
detection values than 2D TCP; this is consistent with other
research that demonstrates increased bioactivity of functional-
ized 3D MEW constructs, such as bronectin- and laminin-
immobilized PCL nanober scaffolds exhibit higher neuronal
tissue regeneration.39 Since there is a limited 3D PCL platform
for COVID-19 antibody detection in the eld, we speculate that
the larger surface area available for increased antigen protein
binding, together with greater sample perfusion enabled by the
interconnected porous network in the 3D construct (i.e., more
Fig. 3 Matched samples comparison between 3D and 2D platforms in
detecting anti-SARS-CoV2-S1-RBD Ig antibodies following vaccina-
tion. *p < 0.05, **p < 0.002, ****p < 0.0001 vs. matched individuals at
2D TCP.
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space for sample binding42), may account for this nding. It is
worth noting that 3D S1-RBD-PCL scaffolds have higher back-
ground noise compared to 2D TCP. This is expected given they
may have non-specic binding due to their increased surface
area; however, this requires further studies to explore how to
remove background noise.

There are several limitations to our study. It is noted that the
positive sample provided by the kit is blood samples that may
compromise the sensitivity of saliva samples; however, all
samples showed higher OD values than internal negative
controls. Additionally, we didn't use the standard curve to
analyze our original OD values. The second limitation is the
absence of patient-matched pre-vaccination data and serum.
Future studies investigating functionalized MEW PCL scaffold
in detecting COVID-19 antibodies are required to validate
antigen-conjugated 3D MEW PCL platform can further provide
higher sensitivity compared to a standard 2D TCP system. A
limitation of MEW technology is its limited large-scale high
throughput for mass commercial viability.50 Another limitation
is a lack of data on the stability performance of our developed
S1-RBD-PCL scaffold system. Thus, future experiments should
be carried out using S1-RBD-PCL scaffolds at different temper-
atures (room temperature, 4 �C and 37 �C) to explore the
function of the 3D platform aer storage at various conditions
for 1, 3, 7 days, 2 and 4 weeks. Despite limitations, the use of
MEW PCL scaffolds provides a highly porous, interconnected
and structurally dened 3D environment which enabled
increased binding potential for the S1-RBD antigen leading to
improved platform sensitivity with a 4-fold increased detection
limit (ESI Fig. 2†). With this technology undergoing rapid
advancement to address such limitations it could be suited for
self-assessment or specic point-of-care applications, providing
a low-cost alternative with improved sensitivity.

Overall, this study has revealed new insights for the
enhancement of current diagnostic platforms for the detection
and monitoring of SARS-CoV-2 antibodies following the mRNA
vaccine, using 3D platforms with increased binding potential
compared to a 2D microwell plate.
4. Conclusions

We developed a 3D binding antibody test using highly porous
MEW PCL scaffolds comprising SARS-CoV-2 S1-RBD antigen
immobilized to the PCL bre surface by carbodiimide cross-
linker chemistry. Our 3D platform exhibited enhanced detec-
tion of immunoglobulin antibodies compared to a standard 2D
TCP platform, as evidenced by the consistently higher OD450

values determined by indirect ELISA. These ndings support
the utilization of 3D MEW PCL platforms for the detection of
SARS-CoV-2 antibodies through a non-invasive biouid, saliva,
over more traditional 2D techniques. From the authors'
perspective, although the cost of this 3D system is relatively low
(�$1 per 5 mm disc of S1-RBD scaffold), utilizing current 3D S1-
RBD-PCL scaffolds as commercialized products is still in its
infancy since MEW and S1-RBD functionalization can only be
performed by trained researchers. It may be feasible to combine
24854 | RSC Adv., 2022, 12, 24849–24856
3D S1-RBD-PCL and LFA techniques to enable rapid immunity
detection; this however, requires further investigation.
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U. Lamminmäki, T. Shrivastava, S. Bhatnagar and G. Batra,
Front. Microbiol., 2021, 11, 618097.

23 C. Zhou, G. Bu, Y. Sun, C. Ren, M. Qu, Y. Gao, Y. Zhu,
L. Wang, L. Sun and Y. Liu, J. Med. Virol., 2021, 93, 2857–
2866.

24 K. Ditte, T. A. Nguyen Le, O. Ditzer, D. I. Sandoval Bojorquez,
S. Chae, M. Bachmann, L. Baraban and F. Lissel, ACS
Biomater. Sci. Eng., 2021, DOI: 10.1021/
acsbiomaterials.1c00727.

25 G. Liu and J. F. Rusling, ACS Sens., 2021, 6, 593–612.
26 Z. Fu, W. Zeng, S. Cai, H. Li, J. Ding, C. Wang, Y. Chen,

N. Han and R. Yang, J. Colloid Interface Sci., 2021, 604,
113–121.

27 P. Ranjan, V. Thomas and P. Kumar, J. Mater. Chem. B, 2021,
9, 4608–4619.

28 M. A. Ali, C. Hu, S. Jahan, B. Yuan, M. S. Saleh, E. Ju, S. J. Gao
and R. Panat, Adv. Mater., 2021, 33, e2006647.
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