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Background: The current SARS-CoV-2 pandemic has 
highlighted a need for easy and safe blood sampling 
in combination with accurate serological methodol-
ogy. Venipuncture for testing is usually performed 
by trained staff at healthcare centres. Long travel 
distances to healthcare centres in rural regions may 
introduce a bias of testing towards relatively large 
communities with closer access. Rural regions are 
therefore often not represented in population-based 
data. Aim: The aim of this retrospective cohort study 
was to develop and implement a strategy for at-home 
testing in a rural region of Sweden during spring 2021, 
and to evaluate its role to provide equal health care 
for its inhabitants. Methods: We developed a sensi-
tive method to measure antibodies to the S-protein of 
SARS-CoV-2 and optimised this assay for clinical use 
together with a strategy of at-home capillary blood 
sampling. Results: We demonstrated that our ELISA 
gave comparable results after analysis of capillary 
blood or serum from SARS-CoV-2-experienced indi-
viduals. We demonstrated stability of the assay under 
conditions that reflected temperature and humidity 
during winter or summer. By assessment of capillary 
blood samples from 4,122 individuals, we could show 
both feasibility of the strategy and that implemen-
tation shifted the geographical spread of testing in 
favour of rural areas. Conclusion: Implementation of 
at-home sampling enabled citizens living in remote 
rural areas access to centralised and sensitive labora-
tory antibody tests. The strategy for testing used here 

could therefore enable disease control authorities to 
get rapid access to information concerning immunity 
to infectious diseases, even across vast geographical 
distance.

Introduction
The coronavirus disease (COVID-19) pandemic caused 
by the severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2) has resulted in severe consequences 
for individuals and societies worldwide. Real-time 
monitoring of virus transmission has been achieved 
by extensive testing and analysis of virus RNA in res-
piratory samples. Additionally, as previous exposure 
reduces the risk of severe or fatal COVID-19 [1,2], sero-
logical studies designed to assess immune responses 
and durability of immunity in the population have also 
been of importance. Moreover, real-time epidemiologi-
cal serosurveillance has been critical to support gov-
ernmental decision-making during the pandemic [3].

Individuals who have been infected once with SARS-
CoV-2 have a higher degree of protection from severe 
disease after reinfection than during primary infection 
[4]. Individuals who have had both a SARS-CoV-2 infec-
tion and have boosted immunity through vaccination 
manifested an even higher level of protection [5-7]. 
Accordingly, information of exposure to SARS-CoV-2 
before vaccination can be used to estimate likelihood 
of severe disease in a population, and to devise and 
monitor strategies to reduce additional cases of severe 
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COVID-19. This includes the allocation and prioritisa-
tion of healthcare resources and vaccine rollout [8-10]. 
Most patients with COVID-19 develop robust antibody 
responses to SARS-CoV-2 between 1 and 2 weeks fol-
lowing disease onset [11,12]. A large majority of all 
SARS-CoV-2 infections were asymptomatic or manifest 
with mild disease [13,14], and not all individuals devel-
oped strong and uniform antibody responses to all 
proteins of SARS-CoV-2. In addition, vaccine-induced 
immune responses to the spike (S)protein also forms 
the basis of currently used COVID-19 vaccines. As 
such, methodologies that measure antibodies towards 
the S-protein can be used both for serosurveillance 
of infections and for assessment of vaccine-induced 
responses.

Remote sampling has previously been used surprisingly 
rarely in the context of public health. The technology 
has been utilised to access and sample populations 
that are otherwise difficult to reach [15]. As such, 
remote sampling is thus very suited in geographical 
regions that are sparsely populated, with health care 
facilities located far from the inhabitants. The recent 
advent of quantitative dried blood spot (DBS) sampling 
kits makes large scale serological surveillance possi-
ble. The added advantages being that factors such as 
distances and climate may become irrelevant for sam-
ple acquisition.

Here, we describe the development and evaluation 
of a sensitive assay that was optimised for detection 
of early or low-level anti-SARS-CoV-2 IgG responses 
using capillary dried blood spot (DBS) or venous blood 
samples. The assay was subsequently implemented 
in clinical practice at the University Hospital of Umeå, 
Sweden. Using a retrospective cohort study, we investi-
gated the feasibility of remote sampling in combination 
with highly sensitive diagnostics, thereby providing 
equal care to all individuals of a sparsely populated 
geographic region of northern Sweden. Collectively, 
the findings reported here provide a blueprint for 
population-based immunosurveillance of SARS-CoV-2 
exposure or vaccine coverage that is not limited by 
geographical constraints.

Methods

Study setting and population
Region Västerbotten in northern Sweden comprises 
an area of 55,185 sq kilometers. This rural region 
is populated by 274,563 inhabitants (source:  www.
regionfakta.com  on December 2021), of whom more 
than 200,000 live in one of two urban areas, Umeå 
or Skellefteå. Three hospitals (University Hospital 
of Umeå, Skellefteå Hospital, Lycksele Hospital), 33 
regional primary healthcare centers and four privately 
run primary healthcare centers serve the population. 
Health services are tax-funded in Västerbotten, as 
throughout Sweden.

This study takes advantage of a Swedish government 
mandate [16] that allowed voluntary antibody testing 
for COVID-19 of the public at a subsidised price, organ-
ised by the regions in Sweden. In Region Västerbotten, 
all residents aged >16 (ca 220,000 individuals) were 
eligible to do an antibody test, using two different sam-
pling methods at two separate time intervals. Between 
November 2020 and January 2021, venous blood sam-
ples were taken by phlebotomists at select sites in 
Umeå and Skellefteå, and by transient ambulatory 
teams outside of these areas. Between March and May 
2021, residents could order an antibody test online, and 
a capillary blood sampling kit would be sent to their 
home for self-sampling. allowing increased access to 
rural regions. The accessibility of testing between the 
two periods was compared to examine the propensity 
of at-home sampling after the shift of COVID-19 testing 
to rural regions.

The COVID-19 vaccine roll-out was ongoing in Sweden 
during the study period, starting in December 2020 
with the oldest individuals living at nursing homes, 
i.e. people aged 80 years and above, and healthcare 
staff, continuing with individuals aged >70 and risk 
groups and subsequently individuals aged >18 [17]. At 
the end of the study period (May 2021), about 20% of 
the residents in Region Västerbotten aged 18–59 years 
were vaccinated with the first dose (personal commu-
nication Therese Thunberg, Västerbotten, Centre of 
Disease Control).

Venous and capillary blood sampling for public 
antibody testing
The majority of serum or capillary samples used for this 
study were part of the voluntary public antibody test-
ing for COVID-19 collected by the University Hospital of 
Umeå for clinical purposes within the realm of provid-
ing healthcare in Region Västerbotten, Sweden.

Venous blood samples were collected by phlebotomy 
between 16 November 2020 and 21 January 2021 in 
accordance with clinical practice. The residents could 
book an appointment for sampling at select sites in 
Umeå and Skellefteå. Transient ambulatory teams per-
formed sampling outside of these areas.

Capillary blood samples were collected by self-sam-
pling between 1 March and 18 May 2021. An antibody 
test could be ordered on-line by the residents and 
capillary blood sampling kits were sent by mail to 
their home. A sampling kit comprised a quantitative 
DBS sampling card (qDBS, Capitainer AB, Stockholm, 
Sweden), a contact-activated lancet (BD Microtainer 
#366594), a return pouch, an alcohol swab, gauze, 
self-sampling instructions, a sample bar code and a 
pre-paid return envelope. The qDBS sampling card 
comprised two filter discs for collection of 10  µl cap-
illary blood each, according to the manufacturer’s 
instructions (Capitainer AB). At least one of two fil-
ter paper discs filled with 10 µl blood was needed 
to conduct the following antibody analysis. Venous 
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blood samples and qDBS samples were returned to 
the Clinical Microbiology Laboratory at the University 
Hospital of Umeå, and samples were analysed for 
SARS-CoV-2 N- and S-specific IgG.

Test results were returned to the individual under 
confidentiality in accordance with clinical practice. 
Anonymised demographic data for evaluation of the 
at-home sampling or venous blood sampling strategies 
were provided by Region Västerbotten.

Assay development

Venous and capillary blood samples for assay 
development
For SARS-COV-2 S ELISA assay development, we used 
blood samples that were collected for clinical purposes 
at the University Hospital of Umeå. We used 30 serum 
samples from 25 symptomatic hospitalised COVID-19 
patients with qPCR-confirmed SARS-CoV-2 infection 
sampled 2–30 days post-symptom onset. For compari-
son, we also used 144 serum samples from anonymised 
individuals who had been diagnosed with other coro-
navirus infections, other virus infections or rheuma-
toid arthritis before the emergence of SARS-CoV-2. For 
comparison between the S ELISA and N-directed Abbot 
Architect SARS-CoV-2 assays and the LIASON SARS-
CoV-2 S1/S2 assay (DiaSorin, Inc.), we used a subset 
of the previously mentioned pre-pandemic (n = 30) and 
the qPCR-confirmed SARS-CoV-2 (n = 23) serum sam-
ples used in the S ELISA validation. For further compar-
ison between S ELISA and Abbot Architect SARS-CoV-2 
assay, we used 145 anonymised samples that had been 
collected by the University Hospital of Umeå for the 
purpose of infection prevention.

Protein production
A plasmid encoding the 2019-nCoV S protein was 
kindly provided by Jason McLellan and has been previ-
ously described [18]. Protein was produced using the 
Freestyle MAX 293 Expression System (ThermoFisher 
Scientific). Briefly, plasmids encoding the SARS-CoV-2 
S protein (Wuhan strain) was transfected into the 
cells using Freestyle MAX reagent in a 1x106  cells/ml 
culture and grown for 4–5 days in 8% CO2 and 120 rpm. 
The supernatant was then cleared of cells and debris 
by centrifugation and by passage through a 0.2 µM 
filter. The supernatant was then flowed over column 
packed with His-pure Ni-NTA resin (ThermoFisher 
Scientific) at a rate of ca 0.5ml/minute. Subsequently 
the column was washed with 10 column volumes of 
20mM imidazole/phosphate-buffered saline (PBS) pH 
7.4 and then eluted with 250  mM imidazole/PBS pH 
7.4. The resulting eluate was concentrated, and buffer 
exchanged to PBS pH 7.4 by Amicon spin columns with 
a cut off < 100  kDa (Sigma Aldrich). In an alternative 
set-up for purification of S protein for competition 
assays, the S protein was first captured via glycans 
in lentil-lectin chromatography (GE Healthcare), 
washed with PBS and then eluted with 0.5  M methyl-
α-D-mannopyranoside before loading of the elute on 
a nickel-nitrilotriacetic acid (Ni-NTA) packed column. 
Protein purity was determined by SDS-page, native gel 
electrophoresis and concentration was determined by 
a BCA Protein Assay kit (ThermoFisher Scientific).

SARS-CoV-2 spike ELISA assay
In this study, we used two SARS-CoV-2 spike ELISA 
protocols. For both assays, clear flat-bottom Immuno 
MaxiSorp 96-well plates (Thermo Scientific) were 
coated with 200 ng/well of purified SARS-CoV-2 S 

What did you want to address in this study?
Individuals with past SARS-CoV-2 infection have a higher degree of protection from severe COVID-19 after 
reinfection and better protection after vaccination. Although important, information was initially lacking on 
immunity in the population at large and in particular in remote areas. We wished to devise an easy strategy 
to accurately track which individuals produce antibodies against SARS-CoV-2 in a large human population.

What have we learnt from this study?
We find that the test results for seroconversion to SARS-CoV-2 following at-home sampling are comparable 
to the results obtained by regular sampling performed at a health clinic. We conclude that at-home sampling 
is convenient, easy to do by oneself and gives individuals living in rural areas the same access to the test 
as urban dwellers.

What are the implications of your findings for public health?
Our testing scheme enables public health authorities to get rapid information concerning immunity of 
the population to infectious diseases, even in remote areas. The methodology may be used not only for 
measuring the rate of infection in the community, but also if and how vaccines are effective in a given 
population.

KEY PUBLIC HEALTH MESSAGE
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protein and incubated at + 4°C overnight. The following 
day, wells were washed once with PBS-0.05% Tween 
(PBS-T) and incubated for 1 h at room temperature (RT) 
with blocking buffer (1% non-fat dry milk in PBS-T). In 
the alkaline phospahate (AP) S ELISA protocol, dupli-
cates of human serum samples were diluted 1/100 in 
blocking buffer and added to the ELISA plate. For 
each plate, control serum samples from a highly anti-
S IgG-positive individual, and blank wells with block-
ing buffer alone was also included. Subsequently, the 
plate was incubated for 1 h at RT and then washed four 
times with PBS-T. Goat-anti human IgG AP-conjugated 
antibody (Thermo Scientific) was diluted 1/6,000 in 
blocking buffer and 100 µl was added to each well and 
incubated for 1 hour at + 37 °C. The wells were then 
washed four times with PBS-T, followed by addition 
of 100µl/well of AP colourimetric substrate contain-
ing 1  mg/ml phosphatase substrate (Sigma-Aldrich) 
dissolved in diethanolamine buffer. The plate was 
incubated at + 37 °C for 30 min, and the reaction was 
stopped with 50 µl 3 M NaOH. Detection of anti-S IgG 
was then analysed at 405nm with the Tecan Sunrise 
reader. The final optical density (OD) was calculated 
as OD405nm(sample) − OD405nm  (blank well). In some 
instances, we used a horseradish peroxidase (HRP)-
conjugated anti-human IgG as secondary antibody 

(Thermo Scientific) at a dilution of 1/5,000 dilution in 
blocking buffer. Colourimetric change using the 1-Step 
Ultra TMB-ELISA (Thermo Scientific) was measured at 
450nm after 2M H2SO4 had been added to stop the 
reaction. Because of the relatively rapid colourimetric 
change and increased background by the HRP-
conjugate in comparison to the AP-conjugate, the latter 
was deemed more suitable for the large-scale sampling 
strategies described herein.

Spike competition assay
A spike protein competition assay was performed to ver-
ify inconsistent positive SARS-CoV-2 antibody results 
that differed between the S ELISA and the Architect 
or Liaison instruments. Serum was diluted 1/10 in PBS 
and purified S protein (100 µg/ml) or mock (PBS) was 
added and incubated for 1  h at RT. The serum/S pro-
tein mixture was diluted 10-fold with blocking buffer to 
obtain a final serum dilution of 1/100 and 100 µl per 
well was added in duplicates to an S ELISA plate.

Virus and plaque neutralisation assay
Vero E6 cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; D5648 Sigma-Aldrich) sup-
plemented with 5% fetal bovine serum (FBS; HyClone), 
10 units/ml penicillin and 10 µg/ml streptomycin 

Figure 1
Validation of ELISA methodology to detect binding and neutralising anti-SARS-CoV-2 S-specific IgG, Region Västerbotten, 
Sweden, March–May 2020
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A. Single point validation of S ELISA set-up. Shown are samples from qPCR-confirmed COVID-19 patients 1–5 days post-symptom onset (n = 5), 
6–14 days (n = 12), > 14 days (n = 13), hCoV (n = 20), other viral infections (n = 55), rheumatoid arthritis (RA) (n = 9), and healthy controls 
(n = 43). Dotted lines indicate the threshold to define a positive sample (OD = 0.7).

B. Correlation between S ELISA and microneutralisation at serum dilution 1/50 for qPCR confirmed SARS-COV-2 positive individuals (n=30) 
sampled 2-30 days post-symptom onset.

C. Comparison between S ELISA and Abbott Architect SARS-CoV-2 IgG (N) for detection of SARS-CoV-2 infection using serum from qPCR 
confirmed COVID-19 patients (n = 23) and serum from patients with other viral infections and healthy controls (n = 30). Blue circles indicate 
individuals positive for anti-S IgG in the S ELISA test. Dotted line indicate threshold to define a positive sample (OD: 0.7).

D. Competition ELISA where remaining anti-S reactivity was measured in paired serum samples after pre-incubation with soluble S-2P protein 
to remove S-directed antibodies, or with PBS as a negative control.
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Figure 2
Verification of at-home capillary blood self-sampling test methodology, Region Västerbotten, Sweden, September–November 
2020
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A. The binding of antibodies extracted from 11 individuals sampled with qDBS sample cards to S-2P in concentrations 1/50 to 1/718,250.

B. Comparison of ELISA OD readout from venous and matched qDBS sample cards from 145 individuals, where 65 were defined as SARS-CoV-
2-experienced (blue dots) and 84 as naive (black dots).

C. Analysis of plasma from SARS-COV-2 positive (n = 8) and negative (n = 2) individuals extracted from qDBS cards (n = 150) stored under 
conditions that mimic extreme summer (red, n = 50) or winter (black, n = 50), and RT (grey, n = 50).

We used non-parametric Kruskal-Wallis test for comparisons and Dunn’s multiple comparison test for post-hoc analyses. Significance is 
indicated as follows: * p < 0.05 and **** p < 0.0001.
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(PeSt, HyClone). The patient isolate SARS-CoV-2/01/
human/2020/SWE (GenBank accession: MT093571.1) 
was provided by the Public Health Agency of Sweden, 
Stockholm. The viral stock was grown in VeroE6 cells 
for 48 h and titrated by a plaque assay. Briefly, VeroE6 
cells (4x105/well) were seeded in 12-well plates 12–24 
h before infection, and a 10-fold serial dilution of virus 
was added. After 1 h, 2 ml semisolid overlay containing 
DMEM + 2% FBS + PeSt + 1.2% Avicel RC/CL was added 
and cells were incubated at 37 °C in 5% CO2. After 65 h, 
the overlay was removed and cells were fixed with 4% 
formaldehyde for 30 min, washed with PBS and stained 
with 0.5% crystal violet in 20% MeOH for 5 min. Plates 
were washed with water and the plaques were counted. 
To perform a neutralisation assay, serum samples were 
heat-inactivated at 56 °C for 30 min and 10-fold dilu-
tions of sera were prepared in virus stock (250 PFU/ml 
in DMEM + PeSt). The virus/sera mix was incubated at 
37 °C in 5% CO2 for 1 h, then 400 µl virus/sera inoculum 
were added to VeroE6 cells and the plaque assay 
performed as described above.

Fluorescent inhibition assay
Vero E6 cells (104/well) were seeded for 12–24 h in 
96-well plates (Greiner CELLSTAR) before infection. 
Heat inactivated serum samples were diluted 1:10 in 
virus solution (104  PFU/ml in DMEM + PeSt) and then 
serially diluted fivefold in the same virus preparation. 
The virus/sera mix was incubated at 37 °C in 5% CO2 for 
30 min, then 50 µl virus/sera inoculum was added 
to the cells and incubated for another 2 h at 37 °C in 
5% CO2. The inoculum was removed and 100 µl media 
containing DMEM + 2% FBS + PeSt were added and the 
cells were incubated at 37 °C in 5% CO2. Eight hours 
post-infection, cells were prefixed by replacing 50 µl of 
media with 4% formaldehyde for 10 min at RT and fixed 
for 30 min in 4% formaldehyde. Plates were washed 
with PBS, permeabilised with 0.5% Triton X-100 in PBS 
and 20 mM glycine for 10 min at RT, followed by block-
ing with PBS containing 2% BSA for 30 min at RT. Virus-
infected cells were stained for 1 h with anti-SARS-CoV-2 
N protein rabbit monoclonal antibody (40143-R001, 
Sino Biological) diluted 1:1,000 in blocking buffer, fol-
lowed by secondary donkey anti-rabbit IgG (H + L) Alexa 
Fluor 488 antibody (Invitrogen) 1:1,000 in blocking 
buffer for 30 min and DAPI staining (0.1 ug/mL in PBS) 
for 5 min. The number of infected cells was quantified 
using a TROPHOS Plate RUNNER HD (TROPHOS SA, 
Marseille, France).

Clinical assay validation of capillary blood 
testing

Venous and capillary blood sampling for capillary blood 
test validation
We used paired serum and qDBS samples from 149 
individuals collected by the University Hospital of 
Umeå, and the Department of Clinical Microbiology, 
Umeå University, Umeå, Sweden for capillary blood 
test validation. Sixty-three of these individuals were 

asked to answer a questionnaire about how they expe-
rienced the capillary blood self-sampling procedure.

Dried blood spot sample preparation
After sampling, 10µl of whole blood was added to the 
two paper discs on the qDBS, sample card (Capitainer 
AB). The discs were extracted with a semi-automated 
puncher (Capitainer AB) and placed in a single well of 
a 96-well plate. Blood components were eluted by add-
ing 100 µl PBS-T containing protease inhibitor cocktail 
(#4693116001, Roche) and subsequent incubation in a 
shaker (170 rpm) for 1 h in RT. Blood eluate (20 µl) was 
mixed with 80 µl blocking buffer and analysed in dupli-
cate for SARS-CoV-2 S-directed IgG at a final dilution 
of 1/50.

Stability test for seasonal changes
Anonymised positive and negative control human EDTA 
plasma samples with known S-directed IgG levels [19] 
were received from Karolinska University Hospital, 
Stockholm, Sweden. In total, two negative samples, 
four low positive, two moderate positive and two 
high positive samples were obtained. Whole blood 
from a healthy donor negative for S-directed IgG was 
mixed with the aforementioned plasma samples to a 
haematocrit of 43%, producing whole blood with dif-
ferent levels of anti-S-IgG reactivity. Spiked blood with 
negative (n = 30), low (n = 60), moderate (n = 30) or 
high (n = 30) S-directed IgG was then applied to qDBS 
sampling cards, which were divided into three identi-
cal groups with 50 sampling cards each. The qDBS 
sampling cards were placed in paper envelopes and 
incubated at RT or in a climatic chamber (MHK-800 YK, 
Terchy Environmental Technology Ltd.) with two dif-
ferent temperature and humidity scenarios to reflect 
shipping of sample cards under winter or summer con-
ditions, as specified by United States Food and Drug 
Administration (FDAs) guidance document on home 
specimen collection serology template for fingerstick 
DBS samples [20]. The 56-h summer profile consisted 
of the following temperature steps: 8  h at + 40 °C, 4  h 
at + 22 °C, 2  h at + 40 °C, 36 h at + 30 °C, 6  h at + 40 °C 
and the humidity was set to a constant 75% relative 
humidity (RH). The 56-hour winter profile consisted 
of the following temperature steps: 8  h at −10 °C, 4  h 
at + 18 °C, 2 h at −10 °C, 36 h at + 10 °C, 6 h at −10 °C and 
the humidity was set between 10 and 40% RH. After the 
qDBS sampling cards been exposed to RT or the two 
different temperature and humidity cycling programs, 
the samples were shipped in boxes by regular courier 
transportation to the laboratory of the Department 
of Clinical Microbiology at Umeå University, Umeå, 
Sweden. The shipment took 4 days. During this time, 
the boxes were handled as a standard package by the 
courier company at ambient temperature (November 
2020). Upon arrival at the laboratory, the samples were 
analysed for SARS-CoV-2 IgG using the AP S-ELISA.

Statistical analysis
Statistical analysis was performed by using Prism 
8 (GraphPad Software). We used non-parametric 

https://crossmark.crossref.org/dialog/?doi=10.2807/1560-7917.ES.2023.28.13.2200432&domain=pdf&date_stamp=2023-03-30


7www.eurosurveillance.org

Kruskal-Wallis test for comparisons and Dunn’s multi-
ple comparison test for post-hoc analyses. Correlative 
analysis was done by calculation of the Spearman r 
correlation.

Results

Validation of a SARS-CoV-2 spike 
protein-based assay for detection of early 
seroconversion
To develop a sensitive assay to detect anti-SARS-CoV-2 
S IgG from venous blood, we produced recombinant 
trimeric S proteins (S-2P) from the SARS-CoV-2 isolate 
Wuhan Wu-1 [21] and used these as antigens to develop 
an ELISA-based set-up for detection of anti-S-directed 

Figure 3
At-home SARS-CoV-2 serology testing of the population using dried blood spot sampling kits in Region Västerbotten, 
Sweden, March−May 2021 (n = 4,122)
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C. Age and sex distribution of successfully completed qDBS tests.
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(orange line) in Region Västerbotten during the same period of time (data Region Västerbotten [35].
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IgG in serum or plasma of SARS-CoV-2 infected indi-
viduals (S-ELISA). After confirmation that we could 
detect anti-S IgG in a concentration-dependent man-
ner (serum titration shown in  Supplementary Figure 
S1A shows IgG levels in serum from COVID-19 patients 
or none-exposed individuals at different dilutions), we 
proceeded to define a cut-off for positive signal when 
used in single dilution-point format against 144 pre-
pandemic samples and 30 samples from hospitalised 
patients with qPCR-confirmed SARS-CoV-2 infection. 
The mean OD value of pre-pandemic samples was 0.06 
+/−  0.12 and we set a stringent cut-off for positive 
detection of S-specific IgG to OD 0.7 or higher (OD: 
0.06; SD: 5.8). By applying this cut-off, we detected 
seroconversion in 1 of 5, 6 of 12 and 13 of 13 qPCR-
confirmed SARS-CoV-2-infected individuals at 1–5, 
6–14 or > 14 days after disease onset, respectively 
(Figure 1A). As expected, we observed a correlation 

between binding and neutralisation (Figure 1B). Of 
note, we also observed that some samples with low 
S-binding capacity enhanced the infection, as previ-
ously described [22]. 

We compared our S-ELISA assay with the Abbott 
Architect SARS-CoV-2 IgG and LIASON SARS-CoV-2 
S1/S2 that were the standard assays for SARS-CoV-2 
serology at the Clinical Microbiology Laboratory at the 
University Hospital of Umeå by using the samples men-
tioned in the methods section. Our assay had markedly 
increased sensitivity to detect low levels of S-specific 
IgG in serum samples, as shown in  Supplementary 
Figure S1B–D. As a final test of sensitivity, we screened 
145 serum samples for the presence of anti-S IgG. Here, 
we observed seroconversion to anti-S IgG in 17 of 145 
(11.7%) individuals, whereas the Abbot Architect SARS-
CoV-2 assay only detected seroconversion to anti-N 

Figure 4
Access to SARS-CoV-2 serological testing in Region Västerbotten, Sweden, by venous blood sampling, November 2020–
January 2021 (n = 8,002) and dried blood spot self-sampling, March−May 2021 (n = 4,122)
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IgG in 10 (6.8%) individuals (Figure 1C). Since binding 
to S-2P in serum from the 7 discrepant samples was 
abrogated by pre-incubation with an excess of soluble 
S-2P (Figure 1D), we concluded that the seven discrep-
ant samples were from de facto SARS-CoV-2 exposed 
individuals.

Clinical assay validation on capillary blood 
samples
After validating our assay on venous blood samples in 
a clinical setting, it was implemented in May 2020 as 
a benchmark assay at Region Västerbotten for sero-
logical assessment of previous SARS-CoV-2 exposure. 
We clinically validated the S-ELISA assay by compar-
ing parallel venous and qDBS blood sampling from 
149 individuals. We detected 65 serum samples posi-
tive for anti-S IgG and 85 negative samples by S-ELISA. 
The results verified that S-specific antibodies could 
be eluted from the qDBS, and that these could bind 
S-2P in a concentration-dependent manner (Figure 
2A). In addition, we found a strong linear relationship 
between OD values between venous and qDBS sam-
pling (r2 = 0.96; p < 0.0001, Figure 2B), and that binding 
was specific to S-2P by competition ELISA, as shown 
in Supplementary Figure S2A.

To investigate the possibility of using qDBS sample 
cards for at-home-sampling, we then tested if samples 
were affected by storage under summer or winter con-
ditions before analysis. This was done by analysis of 
S-specific IgG from qDBS sample cards that had been 
incubated under artificial winter or summer conditions 
for 56h. The qDBS sample cards had been spiked with 
SARS-CoV-2 positive (n = 8) or negative plasma (n = 2). 
Results from this experiment demonstrated that all 
positive samples were well above background and that 
results were similar for seven out of eight individual 
samples, where the qDBS had been incubated under 
summer conditions (Figure 2C).

As a final test, we performed a survey to understand 
the ease by which qDBS blood sampling could be man-
aged by unexperienced individuals (n = 62). In this 
survey, we found that two of 59 individuals reported 
difficulties with understanding how to perform the 
sampling and five of 62 individuals did not succeed 
with the sampling, as shown in Supplementary Figure 
S2B.

At-home testing of SARS-CoV-2 serology by 
self-sampling in a rural region of Sweden
During March through May 2021, 4,122 individual tests 
were distributed throughout Region Västerbotten and 
90% (n  =  3,695) were returned to the laboratory for 
analysis (Figure 3A). Of these, 96.3% (n = 3,559) were 
of adequate quality for elution of proteins from the 
dried blood spots (Figure 3B). Slightly more women 
than men were represented (45.8% men, n = 1,630, 
54.2% women, n = 1,929) and most tests had been 
requested from individuals between 30 and 59 years 
of age (Figure 3C). During the test period, there was an 

increase of individuals testing positive for SARS-CoV-2 
infection by qPCR. Consistently, we could demonstrate 
an increase in frequency of S-positive qDBS samples 
that had been analysed (Figure 3D).

During November 2020 through January 2021, a total 
of 8,002 venous blood draws had been performed 
at healthcare centres or mobile sampling centres in 
Region Västerbotten. This allowed us to compare the 
geographical distribution of venous blood sampling 
with at-home-sampling. We found that 26.3% (n = 
2,107) of the venous samples and 44.4% (n = 1,831) 
of the capillary samples originated from individu-
als living in the rural areas of Västerbotten. By this, 
we conclude that the at-home-sampling strategy had 
resulted in an increased proportion of tests in rural 
areas while the strategy of venous blood sampling was 
skewed towards the two major urban areas of Umeå 
and Skellefteå (Figure 4).

Discussion
In this study, we outline the development and clinical 
implementation of a sensitive method for detection of 
previous SARS-CoV-2 infection and the further devel-
opment of this assay for at-home sampling. The ration-
ale for the latter was to increase access to high quality 
diagnostics for all individuals living within a large but 
sparsely populated region in the northern Sweden.

In 2021, the Swedish Public Health agency performed 
a head-to-head comparison of our assay (denominated 
‘in house Region Västerbotten’) against 11 commer-
cially available assays. There, they found that in house 
Region Västerbotten had the highest sensitivity and 
specificity of all assays tested [23]. For this reason, the 
assay was subsequently used on venous blood sam-
ples for probabilistic classification of anti-SARS-CoV-2 
antibody responses [24].

When applying eluates from qDBS sample cards instead 
of serum from venous blood draws, we could demon-
strate a high correlation between the sampling meth-
ods. This adds to data were other DBS strategies have 
been used to survey for SARS-CoV-2 exposure [25,26]. 
Importantly, the detection of S-specific IgG from qDBS 
elutes were minimally affected by conditions that mimic 
climate variations in northern Sweden. Here, the strat-
egy was implemented in clinical care and over 4,000 
tests were distributed throughout the region and then 
analysed at the Clinical Microbiology Laboratory at the 
University Hospital of Umeå.

The strategy outlined herein has several benefits to 
that of serological analysis by venous blood sampling. 
These include sampling that do not require trained 
professionals, outreach to geographically challeng-
ing areas and reduced risk for spread of SARS-CoV-2 
upon sampling. Moreover, the use of qDBS allows for 
downstream processing and implementation of tests of 
with high specificity and sensitivity [27-29]. Because 
of these benefits and the scalability of the strategy, it 
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was subsequently implemented by the Swedish Public 
Health Agency for serosurveillance studies to deter-
mine country-wide exposure or vaccination during 2021 
and 2022 [30,31]. Remote sampling as a methodology 
is possible to utilise for other purposes than serosur-
veillance. Examples include monitoring of therapy 
with measuring of blood concentrations of pharma-
ceuticals, drug screening and serological diagnostics. 
Considering the low population density in northern 
Sweden, the workflow described herein is thus attrac-
tive on many levels. It is also applicable to many other 
regions in Europe with similar challenges in health care 
outreach to the population. The use of capillary blood 
sampling for large-scale serological studies is not lim-
ited to SARS-CoV-2 S protein, and the feasibility of the 
strategy for detection of antibodies to other antigens 
has previously been demonstrated [26,32-34]. It is easy 
to envision a comprehensible national surveillance sys-
tem of vaccine effectiveness, especially focussed upon 
populations that receive care outside of centralised 
hospital facilities, such as vulnerable and frail individ-
uals at nursing homes or long-term care facilities. The 
findings herein facilitate the implementation of capil-
lary sampling for such programs.

Our study has some limitations. The goal of the study 
was to investigate the potential of using at-home-sam-
pling for serological studies in a rural region. Except 
for the COVID-19 samples used for optimisation of 
our assay, we did not have data on time of infection 
with SARS-CoV-2 for any of the cohorts studied here. 
Also, we did not have access to data concerning dis-
ease severity or comorbidities in the larger population 
cohort. Moreover, we only studied one distinct time 
period. Collectively, this prohibited a more thorough 
analysis of the relationship between anti-S IgG and 
time from exposure to SARS-CoV-2, or development of 
population-based immune responses to SARS-CoV-2 
over time. In the absence of such data, we did not 
determine how a SARS-CoV-2 N-based ELISA compared 
with the S-based responses we measured here.

Conclusions
We here present a strategy for serological surveillance 
that was implemented for serosurveillance of SARS-
CoV-2 infection by at-home sampling. We show that 
method can be implemented in clinical care even during 
winter season in arctic or sub-artic areas. Importantly, 
we show that at-home testing in combination with sen-
sitive methodology reduces geographical inequalities 
for access to healthcare in rural regions. This, in the 
end, provides less biased data to inform public health 
policy.
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