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Implementation of Experimental Design Techniques to
Optimize Immunoglobulins Detection with Ultrasensitive
Sandwich Immunoassays

Cecilia Scandurra, Paolo Bollella, Ronald Österbacka, Francesco Leonetti,
Eleonora Macchia,* and Luisa Torsi

The ultrasensitive measurement of protein markers plays a pivotal role in the
early diagnosis of infectious and progressive diseases. Recently, digital
methods such as those enabled by the Simoa Planar Array technology (SP-X
System) have made significant progress in reaching ultrasensitive detection
with clinically relevant protein biomarkers. The elicited Simoa technology is
based on printing high-density capturing antibodies layers on the bottom of
the wells of a microtiter plate, followed by a standard sandwich-type
immunometric chemiluminescent detection. Such assay, reaching
limit-of-detections (LODs) in the low femtomolar range, can be conveniently
customized. An optimized Simoa SP-X assay for detecting and quantifying
immunoglobulin M (IgM, non-specific indicator of inflammation) is developed
herein and optimized. A full factorial experimental design is undertaken to
optimize the assay, leading to a reduced experimental effort and increased
quality of the information obtained concerning the traditional
one-variable-at-a-time approach. The optimization process leads to an IgM
LOD of 4 fm that compares well with those achieved with commercially
available Simoa Planar Array kits. Remarkably, depositing both the capturing
and detecting layer from a solution (0.1 μg mL−1) one order of magnitude less
concentrated than in standard kits is needed, and the assay’s cost is sizably
reduced.
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1. Introduction

Identifying proteins, peptides, and ge-
netic markers with femtomolar detection
limits have been recently considered a
fundamental task to enable early diagnos-
tics. Indeed, the possibility to detect clini-
cally relevant biomarkers at very low con-
centrations might allow a better under-
standing of the etiology of many illnesses
states and enable early diagnosis of pro-
gressive and infectious diseases.[1–4] Con-
sequently, it is of paramount importance
to endow clinicians with powerful analyt-
ical tools for the accurate and sensitive
detection of biomarkers. Although stan-
dard medical analysis usually foresees
nucleic acids or proteins and peptides as
biomarkers,[5] genetic ones, such as DNA
or RNA strands, are most often employed
in a wide range of clinical applications.[6]

Indeed, the use of genetic biomarkers for
clinical purposes can be dated back to
1999[7] to differentiate among two differ-
ent forms of leukemia and later, has been
employed to identify oncogenes alter-
ations through a wide variety of different

genomic markers.[8–10] Next-Generation Sequencing (NGS) tech-
nique, being the most sensitive approach to genetic markers with
a limit of detection (LOD) of one single DNA or RNA copy,[11]

has a significant advancement in the identification of genetic
markers for early detection of progressive diseases. On the other
hand, a pivotal role in the early diagnosis of many pathological
states is also played by peptide and protein biomarkers.[12] Con-
sequently, a huge effort has been dedicated to ultrasensitive pro-
teins detection.[13–16] However, ultrasensitive protein detection
remains an extremely challenging task.

Recently, the Simoa Planar Array technology (SP-X System)[17]

has been developed based on a multiplex ELISA system en-
compassing digital chemiluminescent imaging of an array of
capture antibodies.[18,19] The Simoa SP-X technology can sense
proteins markers with LODs in the femtomolar (10−15 m)
range, corresponding to 105–106 proteins in a sample volume
of 100 μL, hence being sensitive to a far less extent than
NGS. Such femtomolar sensitivity relies on printing arrays of
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highly packed antibodies onto detection spots holding an area of
0.13 mm2.[20–22]

The user-customizable Simoa SP-X Homebrew assays, com-
bining contact printing technology with anchor antibody/peptide
tag pairs, have recently been demonstrated[23] to detect different
analytes for specific requirements with femtomolar sensitivities.
However, each specific application’s consistency and assay per-
formance need to be assessed, typically encompassing the op-
timization of many experimental parameters, such as the con-
centrations of capture and detection antibodies involved in the
sandwich immunoassay. In this study, a full factorial experimen-
tal design approach has been undertaken to optimize the sensi-
tivity of a Simoa SP-X Homebrew assay to detect and quantify
IgM, a non-specific indicator of inflammation, used as a proto-
type system. Indeed, factorial experimental design techniques are
beneficial for determining essential parameters and their effects
on the assay while minimizing the number of experiments.[24,25]

The experimental design represents an extremely powerful tool
when optimizing assays encompassing many parameters, offer-
ing many advantages concerning the traditional one-variable-at-
time (OVAT) approaches. Indeed, to the best of our knowledge
experimental design has never been proposed to optimize Sin-
gle molecule array (Simoa) assays. Indeed, currently the devel-
opment and optimization of Simoa SP-X assays is performed
with a OVAT approach.[21] Moreover, only one study reports an
optimization of a sandwich ELISA assay based on a Plackett–
Burnman screening design aiming at determine the best enzyme
label as well as the substrate incubation time.[26] Instead, the goal
of our study is to develop for the first time an assay for IgM pro-
totype system minimizing the reagent consumption of the final
assay, using a model based on a full factorial 22 experimental de-
sign. Remarkably, the experimental design approach herein pro-
vided rather detailed knowledge of the impact of the concentra-
tions of the capture and detection antibodies on the assay sensi-
tivity in the whole experimental domain. To this end, the experi-
mental design has been used to detect the minimum set of experi-
ments resulting in the highest possible information in any point
of the experimental domain, which has been predicted using a
22 factorial model. Moreover, such approach allowed to elucidate
and taking into account the main trends and interactions among
the capture and detection antibodies concentrations involved in
the assay. The proposed model has been validated, showing an ex-
cellent prediction capability and settling the assay conditions that
minimized the LOD of the IgM assays. Remarkably, a LOD as low
as 4 fm has been achieved with minimum capture and detection
antibodies consumption. Indeed, the LOD herein demonstrated
with polyclonal anti-IgM capture and detection antibodies well
compared with the LODs typically achieved with commercially
available Simoa SP-X kits[17,19] reducing the involved antibodies
concentrations by one order of magnitude and hence dramati-
cally reducing the costs of the assay. Therefore, the novelty of this
study relies on the use of a model based on a full factorial design
to develop for the first time a customizable Simoa immunoas-
say, where IgM has been used as a prototype system. Remarkably,
given the general approach involved in the optimization of the as-
say, this multivariate optimization process is in principle applica-
ble to different sandwich immunoassays with a wide spectrum of
bio-markers.

2. Results and Discussion

2.1. Results

The main steps of the IgM Simoa SP-X assay are given in Fig-
ure 1. The assay encompasses a 96-well ELISA plate, shown in
Figure 1a, hosting 12 distinct circular spots, 600 μm in diame-
ter, in each well, as shown in Figure 1b.[17] The anti-IgM peptide-
tagged capture antibodies first bind the plate-bound anchor anti-
body deposited in the first place of each well. Then the assay work-
flow, schematically depicted in Figure 1c, proceeds as customary
for sandwich immunoassay format: the analyte is sandwiched be-
tween the peptide-tagged capture and biotinylated detector anti-
bodies. In particular, each IgM standard solution, with concentra-
tions ranging from 2.5 pg mL−1 (2.5 fm) to 10 ng mL−1 (10 pm),
was incubated in each well, and the microtiter plate was shaken at
a controlled temperature. The target analyte was captured at the
specific spot hosting the anti-IgM capture antibodies. Then, the
microtiter plate was washed thoroughly and incubated with the
anti-IgM detection antibodies labeled with biotin, forming sand-
wich immunocomplexes with the capture antibody–antigen com-
plexes. Afterward, the plate was washed to remove unreacted an-
tibodies and incubated with SA-HRP to label the immunocom-
plexes with enzymes. Eventually, luminol and H2O2 were incu-
bated in each well. Consequently, the enzyme-substrate reaction
yielded light emitted locally from the immunocomplexes. The
intensity of the signal is directly proportional to the concentra-
tion of analyte in the analyzed solution and imaged on a charge-
coupled device (CCD) camera.

The sensitivity of the Simoa SP-X homebrew assay with the
IgM/anti-IgM prototype system has been optimized through an
experimental design approach, encompassing two factors: the
concentration of the anti-IgM capture antibody and the concen-
tration of the detection antibody. The typical experimental setting
for capturing and detecting antibodies’ concentrations used in
the sandwich immunoassay system has been used as a starting
point.[16,27,28]

In particular, the explored experimental domain encompasses
anti-IgM capture and detection antibodies’ concentrations rang-
ing from 1 to 50 μg mL−1 as starting point, based on the
antibodies concentrations typically employed in immunoassay
development.[17,27,29,30] Following a two-level design, those two
quantitative variables have been coded as X1 and X2, representing
the capture and detection antibodies concentration respectively,
settled at low and high level, namely −1 and +1. The graphical
representation of the experimental domain explored by the 22 fac-
torial design is schematically depicted in Figure 2a.

From a geometrical point of view, the 22 factorial design ex-
plores the corner of a square, meaning that, unlike in the OVAT,
in which variable X1 is changed while variable X2 is kept con-
stant, the model herein developed allows both variables to change
simultaneously. The output of the experiment performed at the
corners of the experimental domain, marked by the black points
(in Figure 2a, has been used to feed the model. In addition, two
experiments have been performed at the center point, shown as
a red dot in Figure 2a, have been used to assess the model’s pre-
diction capability. The experimental matrix and the experimental
plan have been summarized in Table 1. It is worth mentioning
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Figure 1. a) Picture of the 96-well ELISA plate pre-spotted with the anchor antibody. b) Schematic representation of the single well with 12 distinct spots,
where the first spot highlighted in red is covered with highly packed printed anchor antibodies, holding a high affinity for the peptide tag. c) Workflow of
the Simoa Homebrew assay developed for detection of IgM target molecule.

Figure 2. a) Graphical representation of the 22factorial design. b) Simoa SP-X assay layout used to develop the model along with the microtiter plates
read on the SP-X imager (Quanterix Corporation) by the CCD camera. c) Calibration curve for IgM registered with 1 μg mL−1 of capture and detection
anti-IgG antibodies. Error bars are shown for two replicate measurements of IgM sensing (black squares) and six replicate measurements of blank (red
square). d) Graphical representation of the coefficients of the model of the LOD of 22 factorial design. The error bars are the confidence level at p = 0.05,
while the stars indicate the significance of the coefficients (*= p < 0.05, ** = p <0.01, *** = p < 0.001).

that, while the experimental matrix contains the coded values of
variables X1 and X2, namely −1 and +1, the experimental plan
reports the real values of the concentrations of the capture ([CA])
and detection ([DA]) antibodies expressed in μg mL−1.

As apparent from the experimental plan in Table 1, six Simoa
SP-X assays have been conducted under different conditions,
namely using concentrations of 1 μg mL−1 for both capture and
detection antibodies as triplicate, 50 μg mL−1 of capture antibody

and 1 μg mL−1 of detection antibody and vice versa, and finally
50 μg mL−1 for both antibodies. Since the following mathemati-
cal model has been foreseen

Y = b0 + b1X1 + b2X2 + b12X1X2 (1)

four assays are necessary to estimate the constant term, two lin-
ear terms, and one two-term interaction while having two degrees

Adv. Sensor Res. 2022, 2200009 2200009 (3 of 7) © 2022 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH

 27511219, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsr.202200009 by U

niversity D
egli Studi D

i B
ari, W

iley O
nline L

ibrary on [02/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advsensorres.com

Table 1. Experimental matrix, experimental plan, and responses of the 22

Full Factorial Design, along with the center point used for the model vali-
dation..

X1 X2 [CA] [μg mL−1] [DA] [μg mL−1] LOD [ng mL−1) LOD [fm]

−1 −1 1 1 0.01 10

−1 −1 1 1 0.01 10

−1 −1 1 1 0.02 18

+1 −1 50 1 0.01 10

−1 +1 1 50 0.42 442

+1 +1 50 50 0.35 368

0 0 25 25 0.22 229

0 0 25 25 0.17 180

of freedom left to define the statistical significance of the model
coefficients. Indeed, by computing the four coefficients from only
four experiments, and therefore having no degrees of freedom
available, it would be not possible to estimate the experimental
variability, thus hindering the evaluation of a statistical signifi-
cance of the coefficients. Therefore, the assay encompassing a
concentration of 1 μg mL−1 for both capture and detection anti-
bodies has been performed in triplicate, allowing to perform the
diagnostic of the model proposed in this study. The selected de-
sign gives maximum leverage of 1 only for a small part of the ex-
perimental domain, while for most of the domains the leverage is
lower, with the average leverage of 0.33. Indeed, the leverage has
been computed in the whole experimental domain, based on the
experimental matrix and the postulated model. Importantly the
leverage, multiplied by the experimental variance, corresponds
to the variance of the estimated response at that point.[31] There-
fore, a leverage of 1 means that the model will predict the re-
sponse with the same precision of the experiment, while a lever-
age <1 means that the response can be predicted with better pre-
cision than the experimental data collected under the same con-
ditions. Consequently, it is possible to infer that the model holds
an excellent predictive ability, i.e., a leverage <1, in most of the
experimental domains. The Simoa SP-X assays’ layout has been
shown in Figure 2b, along with the CCD image map collected
with SP-X imager. For each assay, the dose–response curves have
been registered in duplicate, incubating the first seven rows of
the microtiter plate with IgM standard solutions spanning the
whole dynamic range of the assay. The 8th row of the assay has
been used to measure the blank signal. Four additional wells for
each assay, highlighted with red dashed lines in Figure 2b, have
been used to register the blank signal, resulting in six replicates
of the noise level. The dose–response curves registered for the as-
say encompassing a concentration of 1 μg mL−1 for both the cap-
ture and detection antibodies are shown in Figure 2c. The black
squares are relevant to the average of the exposure to IgM ana-
lyte standard solutions evaluated with two replicates, while the
red square is the average of the signal of the blanks over six repli-
cated experiments. The black line represents the curve fit, being
a 5-Parameter Logistic (5PL) based on the following Equation:

I = a + d(
1 +

(
x
c

)b
)e (2)

where x is the IgM concentration, while I is the CCD image in-
tensity, expressed in arbitrary units. The parameters a and d rep-
resent the minimum and maximum response of the curve, b is
defined as the Hill Coefficient, c is the inflection point where the
curvature changes signs, and e is the non-symmetry term. The
fitting procedure has been repeated several times, and the coeffi-
cients have been adjusted depending on the residual errors in the
previous iteration. The LOD of each assay, taken as the response
of the 22 factorial design, has been computed as the concentra-
tion providing a response equal to

Iblank ± k𝜎 (3)

where Iblank is the average CCD image intensity of the noise level
of the six blank data plus three times (k) the standard devia-
tion of the noise (𝜎).[12,32] Indeed, IUPAC recommends a value
of k = 3 as the probability of a blank signal being threefold
higher than the Iblank (i.e., a false positive) is <1 %. The LOD
levels for each IgM assay performed at the corner of the exper-
imental domain have been evaluated according to Equation 3,
while the curve fit according to Equation 2 enables to correlate
this value to the concentration of the LOD. An average LOD of
(13 ± 5) fm (13 ± 5 pg mL−1) has been evaluated for the triplicate
assay conducted with a 1 μg mL−1 concentration for both the cap-
ture and detection antibodies. The LOD increases to 442 ± 20 fm
(0.42 ± 0.02 ng mL−1) when the detection antibody concentration
increases to 50 μg mL−1, showing that the detection antibody con-
centration plays a critical role in optimizing the sensitivity of the
sandwich assay. The error bar has been taken as the pooled stan-
dard deviation evaluated in the experimental domain. Indeed,
as it is apparent from the CCD image intensity reported in Fig-
ure 2b, by increasing the detection antibody concentration from
1 to 50 μg mL−1, the blank signal increases by ≈30%, resulting
in a lower sensitivity of the assay. Indeed, the higher blank signal
can be ascribed to possible interactions of the detection antibod-
ies with unreacted anchor antibodies, introducing spurious back-
ground signals. Indeed, to achieve low assay backgrounds, or in
other words, low noise, it is important to prevent the non-specific
binding of non-target molecule components of the assay.[17]

The multilinear regression coefficients of the model reported
in Equation 2 have been determined along with their significance
to elucidate the effect of the capture and detection antibodies con-
centrations, as shown in Figure 2d.

The analysis provided the following model:

Y (LOD) = 0.19 − 0.018X (∗)
1 + 0.18X (∗)

2 − 0.016X1X (∗∗∗)
2 (4)

where the significance level is indicated according to the usual
convention: *p < 0.05, **p < 0.01, ***p < 0.001. The terms of
the model are all significant terms, although the linear terms of
X2 hold an absolute value larger than the other ones. The large
coefficient of X2 indicates that by increasing the concentration
of the detection antibody, an increase in the LOD of the assay is
registered, and therefore better results are obtained by reducing
this concentration. Moreover, the coefficient of the linear term of
X1 is negative, and since the LOD has to be minimized, it can be
said that the assay’s sensitivity improves working with a higher
concentration of capturing antibodies. However, since the coeffi-
cient for each term represents the change in the mean response
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Figure 3. a) Isoresponse contour plot of the LOD response of the 22 factorial design along with b) the Response Surface. c) Calibration curve for IgM
registered with 1 μg mL−1 of capture antibodies and 0.1 μg mL−1 of detection antibodies. d) Calibration curve for IgM registered with 0.1 μg mL−1 of
both capture and detection anti-IgM antibodies. Error bars are shown for two replicate measurements of IgM sensing (black squares) and six replicate
measurements of blank (red square).

associated with an increase of one coded unit in that term, while
the other terms are kept constant, it can be noted that by increas-
ing the capture antibody concentration from 1 to 50 μg mL−1, the
decreases registered in the LOD = 18 fm.

As far as concerns X1 and X2, as their interaction is signifi-
cant, it is impossible to interpret their effect by taking into ac-
count their coefficients in the model. Instead, the isoresponse
plot will be analyzed in the following (Figure 3a, vide infra). To
validate the model, the predicted response at the center point,
namely the assay performed with 25 μg mL−1 for both concen-
trations of the capture and detection antibodies, has been com-
pared with the experimental value. The predicted LOD value
in the center point is 190 fm (0.19 ng mL−1). The experimen-
tal values of the two replicates are 229 fm (0.22 ng mL−1) and
180 fm (0.17 ng mL−1), and therefore the average value is 194 fm
(0.19 ng mL−1). The experimental pooled standard deviation is
20 fm (0.02 ng mL−1), with four degrees of freedom. The semi-
amplitude of the confidence interval of the mean can be com-
puted as t ⋅ 𝜎∕

√
N, where t is the critical t-student value with a

confidence level of 0.05 and 4 degrees of freedom, and N is the
number of replicates that have been performed. Therefore, the
experimental value at the center point is (194 ± 30) fm, corre-

sponding to 0.19 ± 0.03 ng mL−1, which is not significantly dif-
ferent from the predicted value (190 fm, 0.19 ng mL−1). Thus,
the model is validated and accepted in the whole experimental
domain.

2.2. Discussion

The isoresponse contour plot, reported in Figure 3a, provides im-
portant information about the interactions among the two vari-
ables X1 and X2.

Indeed, the geometrical shape of a linear model without in-
teractions is a plane, leading to isoresponse lines that are par-
allel, while if relevant interactions are present, the contour plot
shows a distorted plane with the isoresponse lines not parallel.
From the isoresponse plot shown in Figure 3a, it can be seen
that at a higher concentration of detection antibody, the effect
of increasing the capture antibody concentration is more rele-
vant. In comparison, at lower detection antibody concentration,
the capture antibody concentration has no effect. Moreover, the
response surface in Figure 3b clearly shows that the best condi-
tion in the explored experimental domain corresponds to a lower
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detection antibody concentration. On the other hand, an increase
in the capture antibody concentration is not producing an essen-
tial improvement in the sensitivity while dramatically impacting
the cost of the reagents of the assay. As a further step, the con-
centrations of capture and detection antibodies have been fur-
ther reduced outside the experimental domain to enhance the
assay sensitivity while minimizing the cost of the assay. In Fig-
ure 3c, the calibration curve registered for IgM assay encompass-
ing 1 μg mL−1 of capture antibodies and 0.1 μg mL−1 of detection
antibodies is reported.

A decrease in the blank signal of ≈20% has been registered
with respect to the assay performed with a 1 μg mL−1 concentra-
tion for both capture and detection antibodies. Moreover, a LOD
as low as (4.2 ± 2.4) fm (4.2 ± 2.4 pg mL−1) has been achieved,
≈70% lower than the LOD registered with the assay encompass-
ing a concentration of 1 μg mL−1 for both the capture and de-
tection antibodies. Therefore, the reduction of the detection anti-
body concentration at 0.1 μg mL−1 allowed to improve the signal-
to-background ratio and thus further improve the sensitivity of
the assay. The effect of a reduction of capture antibody concentra-
tion has been investigated too. Indeed, the Simoa SP-X assay en-
compassing a concentration of 0.1 μg mL−1 for both the capture
and detection antibodies, shown in Figure 3d, produced com-
parable results in terms of signal-to-background ratio and LOD
with the assay reported in Figure 3c. In other words, reducing
the capture antibody concentration by one order of magnitude
has not significantly affected the Simoa SP-X assay. Such an oc-
currence can be explained considering that an anti-IgM footprint
occupies a surface of ≈300 nm2,[33] and thus ≈109 anti-IgM can
be hosted on the 600 μm2 pre-spotted area of the microtiter plate
wells. The anti-IgM is thus packed on the spot of the Simoa SP-X
plate at a density of 103 μm−2, being comparable to the density of
bioreceptors on the large-area detecting interface of ultrasensi-
tive biosensing platforms currently available.[14] Considering an
incubation volume of 50 μL for the capture antibody solution, a
minimum concentration of 30 pm, corresponding to 4.5 ng mL−1,
is necessary to cover the Simoa SP-X spot fully. Indeed, an IgM
assay encompassing a concentration of 1 ng mL−1 (7 pm) of cap-
ture antibody, slightly below the minimum concentration neces-
sary to saturate the detecting spot area, while keeping fixed at
0.1 μg mL−1 the detection antibody concentration, has been per-
formed, recording a signal falling into the background level.

3. Conclusion

Full factorial experimental design techniques were successfully
used to elucidate the effects of the concentrations of capture and
detection anti-IgM antibodies on the sensitivity of a Simoa SP-
X assay to detect IgM marker, used as a prototype system. The
proposed model provided an indication of the parameters’ val-
ues where the optimal conditions in terms of sensitivity may
be found. As the optimization of sandwich immunoassay typi-
cally involves using multiple parameters, the experimental de-
sign techniques are proposed in this study as part of the exper-
imental strategy to deploy and optimize Simoa SP-X homebrew
assays for many clinical applications. Remarkably, a LOD as low
as 4 fm has been demonstrated with polyclonal anti-IgM capture
and detection antibodies, reducing the involved antibody concen-
trations by one order of magnitude. Such LOD value, registered

with a cost-effective assay, well compares with the LODs typically
achieved with commercially available Simoa SP-X kits.

4. Experimental Section
Materials: Anti-human immunoglobulin M (anti-IgM) polyclonal anti-

bodies produced in goat and human IgM (Molecular weight MW≈950 kDa)
affinity ligand isolated from pooled normal human serum have been
purchased from Sigma–Aldrich. Anti-IgM has been used as capture an-
tibodies as well as detector antibodies. Phosphate buffer saline (PBS)
pH 7.2 and ionic strength 163 mm, Tween 20, Sulfosuccinimidyl 4-
[N-maleimidomethy] cyclohexane-1-carboxylate (Sulfo-SMCC), 1 m Tris
HCl pH 7.4, NHS-PEG4-Biotin, Streptavidin Horseradish Peroxidase (SA-
HRP), Horseradish Peroxidase Substrate- (SuperSignal Luminol), sam-
ple diluent (Phosphate buffer with BSA and sodium azide as preserva-
tive) were purchased from Quanterix. Universal ELISA plates pre-spotted
with an anchor (immobilized protein) were purchased from Quanterix and
stored at 2–8 °C. Anti-IgM capture antibodies against the IgM target pro-
teins were exchanged into phosphate-buffered saline (PBS) and incubated
for 30 min at 23 °C with Sulfo-SMCC. Maleimide activated capture anti-
bodies were subsequently incubated with a peptide tag purchased from
Quanterix used without further purification, at a 1.2 mg mL−1 concentra-
tion for 30 min at 23 °C. The maleimide-activated antibody with the peptide
occurs through a cysteine group on the peptide. Peptide labeled capture
antibodies have been purified via dialysis in PBS using an Amicon Ultra-0.5
Centrifugal Filter Devices. The capture antibodies solution concentration
has been adjusted to 0.25 mg mL−1 in 1X PBS, 4% BSA, 0.1% sodium
azide, and stored at 2–8 °C until ready to run the assay. According to stan-
dard protocols, anti-IgM detection antibodies were exchanged into PBS
and then biotinylated using NHS-PEG4-Biotin (50X molar excess of biotin
to antibody). The biotinylated antibodies were purified from excess biotin
by dialysis into PBS using an Amicon filter. IgM calibrator antigen stocks
were prepared through serial dilution using the sample diluent.

Assay Development: Anchor antibodies pre-spotted arrays on dried mi-
crotiter plates have been washed with 25X Wash Buffer (Tris-based buffer
with Tween 20 detergent) on a Simoa washer (Quanterix Corporation)
prior to use it. The peptide-tagged anti-IgM capture antibody solution in
the sample diluent, with a concentration in the range of 0.1–50 μg mL−1,
with a volume of 50 μL has been added to each well of the washed plates.
The plates were incubated for 30 min at 23 °C while shaken at 525 rpm.
on an orbital plate shaker. Those shaker parameters have been used for all
subsequent incubation steps. When the peptide-labeled anti-IgM capture
antibody immobilization has been accomplished, the plates were washed,
and a volume of 50 μL of IgM calibrator solutions with concentration rang-
ing from 2.5 pg mL−1 (2.5 fm, 2.5 × 10−15m) to 10 ng mL−1 (10 pm,
10−11 m) has been added into each well. Plates were incubated for 120 min
before washing and incubating with 50 μL of biotinylated anti-IgM detec-
tion antibodies for 30 min. Plates were rewashed, and 50 μL of streptavidin-
horseradish peroxidase (SA-HRP) enzyme conjugate was added to each
well and incubated for 30 min. Finally, the plates were washed before
adding 50 μL of luminol and hydrogen peroxide to each well. Plates were
imaged on the Simoa SP-X (Quanterix Corp.). Fluorescence images were
acquired (577 nm excitation and 620 nm emission) and recorded using a
CCD camera.[16]

Experimental Method: A replicated, two-factors, full factorial design
has been implemented here. The factors examined were the concentration
of anti-IgM capture antibody [CA] and detection antibody [DA], coded with
X1 and X2 variables, respectively. Following a two-level design, these vari-
ables have been set at a low and high level, coded as −1 and +1. For each
factor, the levels chosen have been 1 and 50 μg mL−1 for both capture
and detection antibodies. The concentration range selected for the cap-
ture and detection antibodies is customary to develop ELISA and Simoa
SP-X assays.[19,26,34] The experimental matrix is given in Table 1. The LOD
of each assay, computed according to the IUPAC definition,[35] has been
used as the response to the full factorial design. In addition, the LOD at
the center point in duplicate has been evaluated and used to validate the
linear model with interactions provided by the factorial design. Multilinear
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regression has been performed.[24] The full factorial 22 design and the val-
idation have been performed using CAT (Chemometric Agile Tool) open-
source software.[36]
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