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Abstract

Although visual lateral flow immunoassays (LFIAs) are advantageous analytical tools, they typically suffer
from low sensitivity in the competitive format (cLFIA). Optimizing sensitivity in this format is challenging as it
depends on the inhibition of a visual signal. To optimize the sensitivity of a cLFIA, an experimental design-
based approach is proposed and illustrated for the detection of cortisol. Gold nanoparticles (AuNPs) are used
to label monoclonal anti-cortisol antibodies (Ab) to generate the probe. The Ab:AuNP ratio, the amount of
probe and competitor on the test line are proposed as relevant parameters for optimization. As
discriminatory conditions for sensitivity, the simultaneous disappearance of the color in the presence of a
certain level of cortisol and a clearly visible color in its absence were assumed. A decision process called 4S
(start, shift, sharpen, stop) is proposed for the interpretation of the response surfaces obtained after
multivariate modelling of the data set. Using this approach, sensitivity was improved >500-fold (visual LOD
=20.5+1.0 ng/mL, LOD=0.28 ng/mL) after 13 experiments and 10-fold (vLOD=2.2+0.1 ng/mL, LOD=0.07
ng/mL) after 21 additional experiments. Reagent consumption was simultaneously reduced 40-fold. The
feasibility of cortisol detection in human saliva samples was established with a satisfactory recovery of 70-
109%. The strategy from this work is useful for designing highly sensitive cLFIAs by unravelling the full
potential of the immunoreagents and labels employed, with a limited number of experiments and reagent

consumption, and without sacrificing the simplicity and affordability of visual, stand-alone LFIAs.

Keywords: Point-of-care testing, Rapid test, Immunosensor, Gold Nanoparticles, Cortisol,

Immunochromatographic assay, visual LOD
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Since its first appearance, in 1956, the Lateral Flow Immunoassay (LFIA) has progressively gained the
attention of analyst [1,2]. Today, it is a well-established and world-widely diffused technique, employed for
many applications, including, but not limited to, clinical[3-5], veterinary, toxicological[6,7] and food
safety[8,9] fields. The LFIA relies on the specificity of the antibody-antigen binding [10], similarly to the
Enzyme Linked Immunosorbent Assay (ELISA)[11]; however, it enables the realization of the assay outside
the laboratory and at the point-of-care. A simplified schematic of a LFIA device (Figure 1a) includes a porous
membrane through which the liquid sample flows by capillarity, some specific bioreagents (i.e. antibodies
and antigens), which are immobilized onto the membrane, perpendicularly to the flow, to form specific
reactive zones, and a labelled bioreagent (again an antigen or an antibody), which interacts with the analyte
in the sample and with the reactive zones. The binding of the labelled bioreagent to the reactive zones is
revealed by detecting the signal of the label.

Although different detection strategies and various labelling materials have been proposed to be used in the
LFIA platform, the colorimetric detection based on the visual read-out of results is the most diffused format
both in the literature and, especially, on the market. The reasons behind the popularity of visual LFIAs,
especially the ones including gold nanoparticles (AuNP) as the labels, are numerous (i.e.: cost-effectiveness,
robustness, simplicity in use and interpretation, portability, etc...) and are summarized by the ASSURED
(affordable, sensitive, specific, user-friendly, rapid, equipment-free, delivered) criteria established by the
World Health Organization[12]. Despite several advantages, the most widely recognized drawback of
colorimetric (visual) LFIA is the poor sensitivity[13,14]. Nevertheless, among the colorimetric probes (such as
latex encapsulating dyes, colored microparticles, and metal nanoparticles) the plasmonic materials, and
AuNPs above all, provide a way more intense detectability[15—17]. This is due to the unique features of the
material itself, which led them to be the most employed probe in visual-readout LFIA[9].

To address this limitation though preserving advantages connected to the visual read-out, various colored
nanomaterials were proposed, including large AuNPs [18], composite nanomaterials [19], and carbon-based
nanomaterials [20] Some authors introduced some enhancing steps, which followed the antigen-antibody
reaction to increase the overall signal (such as, for example, the addition of other gold nanoparticles[21],
the deposition of a second layer of gold formed locally by the reduction of gold ions[22] or others approaches
[9,13,23-25]. If the colorimetric LFIA is made without the gold nanoparticles, using an alternative label
instead, this is generally optimized for its own synthetic characteristics and involvement within the assay[26—
31]. These methods enabled significant improvement in terms of sensitivity, however complicating the use
of the devices and reducing their practical applications. Additionally, guidelines for designing and optimizing
LFIA devices and especially to maximize the sensitivity have been reported for non-competitive LFIA [32].
The optimization of the sensitivity of LFIAs has been approached in several ways over the years. When the
topic was not related to gold-based colorimetric LFIA but the employment of a new label, strategy, or

detection technique the optimization focused on the particular variables of the new material[33-35],
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technology [36,37] or experimental conditions in general[38—41]. In these cases, comparisons with gold-
based colorimetric LFIA were made but this latter was generally not optimized. When the optimization was
conducted on a colorimetric LFIA, it regarded the device materials (such as the membrane, the conjugate and
sample pads) [42,43]. Colorimetric LFIA based on gold nanoparticles have been optimized, especially for
challenging applications in terms of sensitivity (e.g: mycotoxins detection)[44—46]. Among these papers, the
ones involving a competitive format applied various strategies. Some of them measured the signal in the
absence of the analyte and at one concentration point [44], few points[26,47] or built the whole calibration
curve[27,45,46]. These approaches were functional to reach high sensitivity, but many experiments were
needed, and the reagents consumption was remarkable after the whole optimization process. Most
important, all these optimization works have been carried out by using a sequential approach and there are
very few examples of the employment of a multivariate approach for such purpose.

For competitive LFIA, the format needed for detecting small molecules, the “less is more” rule has been
suggested to increase the sensitivity, that is the less the antibody used in the assay, the higher the sensitivity
reached. [23] In immunoassay theory, competitive assays require the use of a limited amount of antibody
[48]. This is because there is competition between the analyte and the competitor (labelled or anchored
analyte derivative) for binding to a limited number of antibody sites. The signal is provided by the antibody-
competitor complex and is inversely related to the amount of analyte. The sensitivity of the assay is then
determined by the ability of the analyte to inhibit antibody-competitor complex formation to a measurable
extent. The lower the amount of antibody, the lower the amount of analyte required to occupy antibody
sites and reduce the sites available for binding to the competitor. Reducing the amount of competitor also
favours the analyte in the competition. However, the amount of competitor must be sufficient to give an
intense signal in the absence of the analyte, otherwise no decrease in the signal itself will be observed in the
presence of the analyte. This is a general rule for all competitive immunoassays, regardless of the platform
used (ELISA, CLIA, biosensors, etc.), but it is particularly true for LFIA, where the immunoreactions take place
in a flow and there is no time for equilibration[23]. Other parameters, particularly affinity, affect the optimal
concentration of antibody, so the amount to be used must be optimised for each particular antibody. The
achievement of high sensitivity is especially challenging when competitive assays are realized[18,49].
Moreover, the definition of the limit of detection for visual LFIAs complicates it further. In fact, the visual
limit of detection (vLOD) of a colorimetric LFIA is defined as the concentration of the analyte that provides
the appearance/disappearance of the signal at the analyte-responsive reactive line, thus providing a simple
yes/no interpretation. In non-competitive LFIAs, the vLOD reflects the minimum detectable amount of the
analyte (vLOD=LOD), while for competitive LFIAs the vLOD corresponds to the complete inhibition of the
binding of the labelled antibody to the antigen, which usually occurs at the upper limit of quantification of

the assay (Figure 1b).
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Figure 1: Schematic of: (a) the working principle of the lateral flow device; (b) the analytical signal for non-competitive
and competitive LFIAs and the correspondence with the visual output; (c) the competititve LFIA for cortisol detection
developed and optimized in this work.

The LFIA development rarely includes a systematic unbiased optimization of the experimental conditions to
maximize the sensitivity because of the large number of experiments required and the consume of (expensive
and finite) reagents. Nonetheless, by means of an appropriate approach based on experimental design, the

number of experiments can be restricted[50-52]. Recently, we evaluated the application of the experimental
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design for the optimization of a non-competitive LFIA for the simultaneous detection of two strains of the
bovine Foot-and-Mouth Disease Virus[53]. The approach was then employed in other non-competitive LFIAs
showing significant improvement of the sensitivity [54,55].

Here, we proposed a general strategy based on the use of the experimental design (DoE) with the aim of
guiding the development of high-sensitive visual LFIAs in the competitive format, which may be employed
for the detection of several classes of relevant (bio)markers, such as hormones[56], drugs[57], toxins[58,59],
etc... The strategy was resumed in four actions, named Start, Shift, Sharpen, and Stop (4S) (Figure 2). The
idea underlying the 4S process was the execution and the elaboration of sequential DoE, up to achieving the
maximal (or required) sensitivity. The 4S process included a first DoE designed for the exploration of the
variables into a ‘rational’ interval (Start); after the elaboration, the operator decided whether: i) not
proceeding (Stop), because the satisfying sensitivity was reached; or ii) proceeding with a second exploration
in a different intervals of the variables (Shift), in case of insufficient sensitivity); or iii) zooming in a narrower
interval and tightening the criteria (Sharpen), in case of partially satisfying sensitivity. Variables to be
optimized were derived from the ELISA theory[60] and encompassed the quantity of the specific antibody
and of the competitor. Usually, the antibody/competitor concentrations are defined upon maximizing their
binding in the absence of the analyte. However, better performance in competitive ELISA have been achieved
by optimizing simultaneously the competition ability along with the binding capability [61]. Similarly, we
decided to investigate the variables both in the absence (“negative” sample) and in the presence of a certain
amount of the analyte (“positive” sample), along the sequence of DoE. The 4S decision making process was
based on the color intensity of the test line, which were defined as “intense”, “faint” and “not visible”. We
included arbitrary thresholds (intense corresponds to signals = 80 a.u., not visible to signals <15 a.u. in our
measurement system, while signals comprised between 16 and 79 were classified as faint). Faint signals were
considered as false positive, in case of “truly negative” sample, while they were assigned as false negative
when they occurred with “truly positive” samples. On the other hand, intense test lines indicated a true
negative in the case of a “truly negative” sample, while not visible test lines were considered true positive in
the case of a “truly positive” sample. The co-presence of true positives and true negatives will be considered
a satisfactory result in the 4S and will lead to a Stop, or to a Sharpen, of the process. In the absence of such

conditions, the variables must be explored into another neighborhood of variables (Shift).
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Figure 2: (a) Scheme of the ‘4S’ strategy proposed in this work to optimize competitive LFIA and reach the highest
analytical sensitivity through sequential DoEs. Once defined the target sensitivity level, a DoE is designed (START) and
levels are investigated by analyzing a negative sample (no analyte) and a positive sample (containing the analyte at the
target sensitivity). Results elaboration may include a TP+TN area (both the NEG and POS samples give back the expected
results), in which variables combinations provide the desired LFIA performance (STOP). Eventually, a second DoE is
designed and proven by using a lower concentration of the analyte (SHARPEN) to further improve the sensitivity (or
enable lower reagents consumption). If unsatisfactory results are obtained by exploring the space in the DoEs, as no
TP+TN areas are evidenced, the trends of the contour plot is used to identify a new variables space to be explored
(SHIFT), and the process is iteratively repeated until reaching the goal. (b) Images of LFIA devices for the four results

occurring at the test line: no analyte and signal = 80 a.u (TN); no analyte, but signal < 80 a.u. (FP); analyte above the cut-
off level and signal > 15 a.u (FN), analyte above the cut-off level and signal < 15 a.u. (TP).



166

167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192

193

194

195
196
197
198
199

To illustrate the 4S approach and to verify the potential benefits for the development of truly sensitive visual
competitive LFIAs, we applied it to redevelop a LFIA for the detection of cortisol in human saliva[62]. The
original device included cortisol-BSA as the competitor (spotted to form the analyte-responsive sensitive line,
test line), and a labelled anti-cortisol monoclonal antibody (linked to gold nanoparticles Ab_AuNP) as the
label (Figure 1c). As previously reported, the LFIA was able to discriminate levels of cortisol above and below
4 ng/ml in human saliva. Nevertheless, the visual readout was based on comparing the intensity of the color
at the test and the control lines (a second reactive line, incorporated into LFIA for assessing the functioning
of the device) rather than on the disappearance of the test line. Although interesting, these performance
were insufficient to meet requirements for diagnosing some specific pathological conditions and, above all,
for applying the device to the ascertainment of stress in humans and animals, which require ultrahigh
sensitive detection of salivary cortisol [63,64]. As an example, the diagnosis of the Cushing syndrome requires
the measurement of night salivary cortisol, which cut-offs vary between 1.2 and 5.5 ng/mL [64—69]. Stress-
related increase of cortisol have been reported in the range 2.0-10 ng/mL for humans, and variable levels are
found in animals, from 0.6 at rest to 1.5ng/mL post training for horses[70], ranging 3.5-25 ng/ml for
macaques depending on the stress condition[71]. The lowest concentration of cortisol detected in cattle
saliva varied from 1.4 ng/ml [72] to 0.024 ng/ml[73].

In contrast to the use of different labels and detection techniques to improve the LFIA technique, at the
expense of affordability, user-friendliness, deliverability, and/or by using equipment-dependent approaches,
this strategy should allow to improve the sensitivity by disclosing the maximal potential of the employed
immunoreagents and labels. Then, the aim of the work was to improve the performance of the device for the
detection of cortisol and, at the same time, to establish a viable route for achieving high sensitivity by
competitive LFIA, while maintaining unaltered the numerous advantages and the perfect adherence to the
ASSURED criteria of visual devices. The use of the design of experiments in the optimization of an LFIA device
represents an absolute novelty in the field of immunoassays. Moreover, its combination with the elaboration
of a potentially universal decision strategy based on thresholds that can be easily adapted according to the

required application makes this work a potential game changer for competitive immunoassay developers.

Experimental Section

Execution of the LFIA and acquisition of the analytical response
LFIA devices were fabricated as previously reported[53-55], with minor modifications detailed in the ESI.
For the development and optimization of the LFIA, standard solutions of cortisol diluted in the running buffer

were used. Running buffer formulation was phosphate buffer 20 mM pH 7.4 supplemented by 1% w/v BSA
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and 0.1% v/v Tween20. The assay execution consisted in the addition of 80uL of standard solution to the
sample well and the evaluation of the results after 15 minutes of capillary flow (room temperature). The
color intensity of the test lines was visually inspected and digitally acquired by means of a scanner (OpticSlim
550scanner, Plustek Technology GmbH, Norderstedt, Germany). The area including the colored lines was
elaborated by means of QuantiScan 3.0 software (Biosoft, Cambridge, UK) and the area of the peak at the

test and control lines was used as the “color intensity” expressed in arbitrary units.

Design of experiments for the optimization of the LFIA
Variables explored simultaneously investigated in the DoE were: the amount of the anti-cortisol antibody
adsorbed onto AuNP (Ab), the amount of the conjugate included in the assay (measured as the optical density
of the Ab-AuNP solution, OD) and the concentration of the cortisol-BSA spotted to form the test line (T). The
number of experiments was defined by using the D-optimal algorithm similarly as previously described. [53]
The first design (DoE I) included four levels of the Ab (4.0-2.0-1.0-0.5ug), three levels of OD (4-2-1), and 3
levels of T (1.0-0.5-0.2mg/mL), with a full-factorial number of 36 experiments, reduced at 13 experiments by
D-optimal. The second design (DoE Il) included three levels of Ab (1.0-0.5-0.25ug), three levels of OD (8-4-1),
and 2 levels of T (0.1-0.05mg/mL), with a full-factorial 18 experiments, reduced at 13 experiments by D-
optimal. The DoE Il included two levels of Ab (0.25-0.10ug), two levels of OD (2-1), and 2 levels of T (0.05-
0.025mg/mL), with a full-factorial 8 experiments, which was not reduced. In the different DoE, the levels
were centered on the median value and coded considering simple function (linear, exp) connecting codes
and values of the variables.
All the conditions were triple assessed in the presence of a defined concentration of cortisol (POS) and in the
absence of analyte (NEG). The concentration of cortisol in the POS experiments was 1.0 ng/mL. The level of
cortisol for the POS sample was reduced to 0.1 ng/mL (0.3 nM) in the DoE IlI. All experiments were done in
duplicate and the mean intensity of the color at the test line was considered.
Chemometric Agile Tool software, developed by the Italian Group of Chemometrics (by Prof. Riccardo Leardi
et al.) of the Italian Society of Chemistry (SCl), freely available on internet, within the R version 3.1.2 version,
was employed to for multiple regression analysis (MLR) model computation and visualization (coefficient
plots and response surfaces). The regression coefficients of the model that describes the effect of the
variables (Ab, OD, T) on the response (R, the color intensity of test lines) was computed considered, other
than the constant term (ao), the linear effect of the three variables (a; to as), their pair combinations (a3 to
ag), and the quadratic terms of the variables (as to a):
R=ap+ a1 Ab + a, OD + a3 T + a; Ab*OD + as Ab*T + as OD*T + a; Ab? + ag OD? + ag T?
For the DoE Ill, in which two levels for each variable have been considered, only the linear terms have been

calculated.
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The p-values of the regression coefficients were evaluated to identify the statistically significant parameters
and to visualize the nature of the relationships of the parameters involved in the DoE. The significance of the
variables within each DoE was visualized, with the convention of low * = p-value < 0.05, moderate ** = p-
value < 0.01 and high significance *** = p-value < 0.005.

The experiments at the different experimental conditions were performed randomly to reduce the impact of

potential systematic error on the calculated model.

LFIA for cortisol detection

Calibration curves were conducted by analyzing standard solutions of cortisol, in the range 0-10000 ng/mL
for the unoptimized LFIA (LFIA 0), and 0-250 ng/mL for the optimized ones. The LFIA 0 condition represents
a starting point for the development of the device were the immunoreagents are screened for their suitability
into the expected format and main parameters are not optimized. The minimum stabilizing amount of
antibody adsorbed onto AuNPs was used (4ug/OD), and standard concentration of probe (OD1) and
competitor (Img/mL) were used. It was used also to understand the optimization efficiency of the different
depths of the employed 4S approaches.

Each calibrator was measured in three replicates. Calibration curves were fitted by means of four-parameters
logistic curves using SigmaPlot 14.0 (Systat, Palo Alto, CA) software and the following parameters were
calculated: color intensity in absence of cortisol (Amax), the half-maximal inhibition capacity (ICso), dynamic
range (IC0-1Cg0), and the visual limit of detection (vLOD). The vLOD was calculated by substituting the 15 a.u.
in the 4PL model.

Reproducibility and stability of the LFIA 2.1

The between-batch variability of the LFIA 2.2 production was investigated by preparing three batches of LFIA
device and measuring: Amax, OD, width of localized surface plasmon resonance (LSPR) band of the Ab_AuNPs
preparation and was expressed as the CV% (coefficient of variation). In addition, calibration curves were
obtained from each batch and the CV% of the parameters (Amax, 1Cso, Hill’s slope), together with the CV% of
the vLOD were calculated.

The stability of the LFIA was evaluated after 1-2-4-7 days of accelerated aging in dark bag storage at 37°C
mimicking one year of room temperature aging. At each time point, the standard curves were assessed and

the t,/to % were calculated for Amax and the vLOD.

Testing human saliva samples with the LFIA 2.1
The LFIA 2.1 device was used to analyze 9 human saliva samples. The sample collection was approved by the
ethical committee (Prot. n. 0452970 del 28/07/2023). Participants in the study were kindly invited not to eat,

smoke and drink in 30 minutes and not to do strong exercise in the 2 hours that preceded the saliva collection.

10



269
270
271
272
273
274
275
276
277
278
279
280
281

282

283

284

285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302

They were also asked to communicate the use of therapeutic drugs, especially in the case of hormonal drugs,
such as contraceptives, corticosteroids and anabolic steroid drugs. Saliva samples were collected by using
the SalivaBio Oral Swab from Salimetrics (Salimetric LLC, CA, USA) and following supplier’s instructions.
Collected samples were immediately refrigerated at 4°C and transported to the laboratory where they were
stored at -20°C. For the analysis, samples were thawed at room temperature, centrifuged for 15 minutes at
2000 x g the resulting saliva extract was subjected to ELISA determination without any further treatments.
The cortisol concentration in these samples was measured by means of a commercial ELISA kit
[https://www.ibl-international.com/en/cortisol-saliva-elisa]. According to manufacturer, the limit of
detection, the range of linearity, and the mean precision of the ELISA kit were 0.3 ng/mL, 0.5 - 30 ng/mL, and
13.2 %, respectively. For the LFIA testing of human saliva, samples were diluted 1:10 with the running buffer
and applied to the device. Samples were analyzed in three replicates to examine the precision of the data.
The recovery (R%) was calculated as

the ratio between the cortisol concentration obtained from the LFIA 2.1 and the one measured by the ELISA:

Cortisol (LFIA)]/

_
R% = [Cortisol (ELISA)

]><100

Results and Discussion

The ‘4S’ sequential optimization of the LFIA
A novel strategy denoted ‘4S’ was proposed herewith aimed at allowing for rapidly (and cost-effectively)
reaching the highest sensitivity achievable with a defined set of immunoreagents and materials (Figure 2a).
Concerning the variables to be investigated, we took inspiration from the ELISA theory[60] and identified the
following relevant factors affecting the sensitivity of competitive LFIA: (i) the concentration of the competitor
(the antigen anchored onto the membrane to form the Test line), (ii) the concentration of the labelled
bioligand (the specific antibody linked to AuNPs), and (iii) the modification index of the detector, which is the
ratio between the antibody and the colorimetric label (AuNP). All these variables needed to be modulated to
favor the competition, which implies maintaining a visible signal in the absence of the analyte (“negative”
sample, NEG), while no perceivable color at the test line was required to identify “positive” samples (POS),
containing cortisol above a defined level). To convert these qualitative criteria into measurable signals, we
decided two cut-off values according to the visual inspection of results. We arbitrary set 80 arbitrary units
(a.u.) as the signal threshold corresponding to unequivocally colored lines, while signals below 15 a.u. were
considered as undetectable as they were not visible by the unaided eye (Figure 2b). The cortisol cut-off value
(1 ng/ml) was selected for the general purpose of developing a sensitive LFIA (the ng/mL is generally assumed
as far beyond the sensitivity of the technique when small molecules are analyzed[13,14]) and for the
particular application of detecting salivary cortisol at clinically relevant concentrations[68]. Responses were

11
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classified as true negative (TN) if the NEG sample provided a colored line with intensity above 80 a.u., while
conditions in which the NEG sample gave lower signals (< 80 a.u.) were classified as false positive (FP). In
analogy, responses were classified as true positive (TP) if the POS sample provided an undetectable signal (<
15 a.u) and false negative (FN) in case of appreciable coloring of the test line (= 15 a.u). The existence of at
least one combination of parameters that simultaneously fulfilled both criteria (TP+TN zones) was used as
the indicator of achieved/not achieved goal, and guided decisions on following with additional DoE or not.
In the first DoE (DoE 1), we explored four levels of Ab, and three levels of OD and T (Table S2). From a full
factorial design including 36 experiments, 13 were selected by the D-optimal algorithm (Figure S3). Among
the NEG results, 100% were classified as TN, while the POS were 100% FN (Table S3).

The computation, performed by means of CAT, of the models describing the test line color intensity for NEG
and POS experiments showed explained variances of 91.4% and 92.7%, respectively, meaning a good fitting
of the experimental dataset. The Ab and OD variables resulted in low and moderate positive correlation,
respectively, while T was lowly (p-value > 0.05) and negatively correlated (Figure S4). The coefficient plot was
similar in POS and NEG experiments, which means that, in the considered intervals, variables were not useful
to increase the sensitivity. By observing the response surfaces (Figure S5), a small sector among the predicted
combinations could be individuated that fulfilled the criteria of TP+TN. The central condition of this area was
decodified as Ab=-1 (0.5 pg); OD=-0.5 (1.375); T=-1 (0.25mg/mL) and will be hereafter referred to as LFIA 1.
According to the 4S strategy, a second DoE (DoE IlI) was designed to explore a different combination of
variables (SHIFT), which included three lower Ab levels (0.25-1.0ug), a wider OD range (1-8), and lower T
levels (0.05-0.1mg/mL) (Table S4). From the full factorial design including 18 experiments, 13 were selected
by the D-optimal algorithm (Figure S6). From this set of experiments, most results (11 out of 13) were
classified as TN and FN, while 2 were characterized by a TP and FP response (Table S5).

The computation of the models describing the NEG and POS experiments showed, again, good fitting (99.56%
and 94.43%, respectively). The coefficient plot considered Ab and OD levels as highly significant (*** = p-
value < 0.005) in NEG experiments, whereas the significance decreased in POS experiments (** = p-value <
0.01) (Figure S7). By mapping the response surfaces, despite the absence of TP+TN combinations among the
experiments, wider areas were found predicting TP+TN, compared with DoE | (Figure S8), especially for low
T and moderate Ab and OD (Figure 3).

We, then, decided to zoom in the variables inside the TN+TP region individuated by the DoE II, exploring
lower levels of T. Thus, a third experimental set, DoE Ill, was performed without cutting algorithm. Moreover,
the POS criterium was made more stringent (0.1 ng/mL of cortisol), with the aim of pursuing higher sensitivity
(SHARPEN). The eight experiments were the combinations of two levels of each variable (Table S6). The
experimental results classified 4 combinations as TN and 4 as FP among the NEG, while none of the
experiments gave signals < 15 a.u. in the presence of 0.1 ng/mL of cortisol (100% FN) (Table S7). We

concluded that we had reached the limit of sensitivity compatible with the bioreagents and materials we had

12



338
339
340
341
342
343
344
345
346
347

348

349
350
351
352

(STOP). The inhibition of the test line color in the presence of 0.1 ng/mL of cortisol compared to the NEG
sample ranged between 15 % and 44 %. The model computation was, once more, characterized by good
fitting (97.1% and 97.2% for NEG and POS, respectively), but the coefficient plot evidenced that no variables
was significant in the description of the variation of the color intensity of test line (Figure S9). That is, the
computed model was not statistically reliable to describe the system. The response surface mapping showed
no TN+TP (Figure S10). Therefore, the best combination was individuated among the ones giving the lowest
POS signal in TN areas (Table S$8). Two conditions were found that provided the maximal signal inhibition and

were indicated hereafter as LFIA 2.1 (Ab: 0.12 pg, OD: 1.0, T: 0.05 mg/mL) and LFIA 2.2 (Ab: 0.1 pg, OD:
1.25, T: 0.05 mg/mL).

Contour PlotNeG  T=0.05mg/mlL

4o I FN=POswith
test line intensity >15a.u.
£ FP = NEG with
o test line intensity <80a.u.
=1
©
2 20 ]
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Figure 3: Detail of the TN+TP zones in the elaboration of the DoE Il. Levels refers to the signal of the NEG, the blue space
is the FN area, while the green space is the FP area. Countour plots are shown for a fixed level (-1) of one of the variables
(corresponding to T=0,05 mg/mL; Ab=0,25 ug; OD=1).
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Comparing the LFIA generations: the effect of the 4S process on the sensitivity
To check the effectiveness of the 4S strategy, we built four calibration curves for measuring cortisol by using
three LFIA devices, based on differently optimized combinations of bioreagents: the starting LFIA O prepared
by adsorbing the stabilizing amount of Ab (4 ug) to AuNPs, at the highest explored OD level (4), and the
highest explored concentration of the competitor (1 mg/mL); the LFIA 1, which was the optimized device
obtained after the first DoE elaboration; and two LFIA 2, obtained at the end of the 4S process. Combinations

were compared in terms of their analytical performances and reagents consumption (Table 1).

Table 1: Comparison of the characteristics and analytical performances of the calibration curves prepared for the
different LFIA generations.

LFIAO LFIA 1 LFIA 2.1 LFIA 2.2
9 Ab (ug/OD) 4.0 0.5 0.12 0.1
}_3 Optical density (a.u.) 4.0 1.4 1.0 1.3
s Test line concentration (mg/mL) 1.0 0.2 0.05 0.05
Visual limit E’:gd/‘:‘:‘i)ction' vLOD >10000  20.5+1.0 22+01  2.0+0.1
A~ (@.u.) 560 + 28 21749 83+6 85+3
-‘é Hill’s slope n.d.3 -1.1340.25 _16.025; '10'_120;
g Half-max. inhibi(t::;;;t;\centration, ICso nd. 19404 05401 05401
Eo Dynamic range, 1Cx-1Cgo (ng/mL) n.d. 6.6 —0.6 19-0.1 1.7-0.1
Limit of detection, LOD* (ng/mL) n.d. 0.28 0.06 0.07
Antibody consumption (ng/test) 480.0 20.6 3.6 3.8
Competitor consumption (ng/test) 400.0 80.0 20.0 20.0

Calculated as the concentration of cortisol providing a Test line signal = 15 a.u.
2Signal of the blank (no cortisol)

3n.d.: not determinable

4Calculated as the concentration providing a 10% inhibition of the signal (ICs)

The LFIA 0 showed negligible inhibition (28.6%) even at an extremely high concentration of cortisol (10000
ng/mL) (Figure 4a) and parameters of the logistic equation and the vLOD could not be estimated. On the
contrary, the LFIA 1 showed adequate analytical performances (Figure 4b). In fact, a very intense signal was
observed in the absence of analyte (217 + 28 a.u.) and the ICso (1.9 * 0.4 ng/mL) fitted with clinically relevant
concentrations of cortisol [64,66-68,70,71,74—81]. The device enabled cortisol detection with a dynamic
range between 0.6 ng/mL and 6.6 ng/mL. Most importantly for the application of the LFIA as a qualitative

assay with visual inspection of results, the vLOD was calculated as 20.5 + 1.0 ng/mL.
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The reagent consumption was 20.6 ng/test of antibody and 80 ng/test of competitor (antigen), which were
23.3-fold and 5-fold lower, respectively, compared to the ones used in the LFIA 0.

The LFIA 2.1 represented a significant further improvement over the LFIA 1 (Figure 4c). In the absence of
analyte, a clearly visible colored line could still be appreciated (83 * 6 a.u.) and the ICso improved (0.5 + 0.1
ng/mL). The dynamic interval ranged between 0.1 ng/mL and 1.9 ng/mL. The vLOD also improved by an order
of magnitude and was estimated down to 2.2 + 0.1 ng/mL. The limit of detection (LOD) of the LFIAs improved
from the LFIA 0 (not computable), to the LFIA 1 (0.28ng/mL) up to the LFIA 2.1 and LFIA 2.3 that showed
similar values and a significant improvement (0.06 and 0.07 ng/mL, respectively). The reagent consumption
was 3.6 ng/test of antibody and 20 ng/test of competitor, which were 5.7-fold and 4-fold lower, respectively,
compared with the ones employed in the LFIA 1 and more than 130-folds and 20-folds lower, respectively,
than those used to produce the LFIA 0. The LFIA 2.2 showed results comparable to the ones obtained with
the LFIA 2.1 (Figure 4d).
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Figure 4: Calibration curves prepared by using unoptimized conditions (LFIA O, a), and conditions obtained trough the
application of the 4S strategy: LFIA 1 (b), LFIA 2.1 (c), and LFIA 2.2 (d). All the standard solution were triple tested and
the error bars represent the standard deviation. Blue dashed lines and circles indicates the LOD (ICs), red dashed lines
and circles indicates the visual LOD (test line intensity = 15 a.u.)

Summarizing, the 4S strategy, which, in this case, included 3 sequential experimental designs (Figure 5),
allowed us to achieve a sensitivity improvement by a factor >5000 compared to the unoptimized condition,
with an about 40-fold lower overall bioreagents consumption, while using the same materials and

immunoreagents.
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The overall number of experiments carried out was 34, which could be an acceptable effort given the
dramatic sensitivity improvement achieved through them and demonstrates the power of a systematic
unbiased approach. It is worthwhile noticing that limiting to the application of one round of DoE implied

surrendering one order of magnitude in terms of vLOD to save 21 experiments.

START DoE| Criteria
4x3x3=36exp = D-opt 13exp DoE | + NEG>80a.u.=TN
Ab (4-2-1-0.5png) *+ NEG<80a.u.=FP
oD (4-2-1) * POS(1ng/ml)<15a.u.=TP
* POS(1ng/mlL)z15a.u.=FN

Test Line (1-0.5-0.2mg/mL)

DOE Il —
3x3x2=18exp = D-opt 13exp
Ab (1-0.5-0.25pg)
oD (8-4-1) DoE Il
Test Line (0.1-0.05mg/mL) 3

elaboration

elaboration

v
<
|

v

FN
SHARPEN DoE Il
2x2x2=8 full-factorial Tightened criteria
Ab (0.25-0.1ug) TPHTN | . pos(0.1ng/mL)< 15 a.u.=TP
0D (2-1) DoE Il * POS(0.1ng/mL)>15a.u.=FN

Test Line (0.05-0.025mg/mL)

elaboration

TN
STOP

FP

Figure 5: The 4S strategy followed in this work. From DoE | (START), we shifted towards DoE II. The DoE Il was a SHARPEN
of DoE Il and enabled reaching the satisfying sensitivity (STOP).

Reproducibility and stability of the LFIA 2.1
As the quantity of the antibody adsorbed onto the AuNP to produce optimized LFIA was far lower than the
stabilizing amount, the robustness of the probe and the reproducibility of the results was questioned.
Therefore, the conjugation of the Ab and AuNP was repeated trice, and the conjugates were characterized
by Vis spectroscopy. The shape and maximum of the LSPR bands were consistent among preparations (CV%
of the Amax of 0.03%).
At the same time, the reproducibility of the LFIA 2.1 was evaluated by preparing three batches of the device

and obtaining a calibration curve for each batch. The 4PL parameters for the three curves were compared
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and showed very consistent results (Table S9) with CV% below 10% for all considered parameters. A slightly
lower reproducibility resulted in the vLOD (CV% = 12.6 %).
Finally, the stability overtime was verified for the LFIA 2.1 device after 1-2-4-7 days of accelerated aging at

37°C (Figure S11).

Results from testing human saliva samples with the LFIA 2.1
To assess the practical application of the optimized LFIA, it was applied to measure cortisol in human saliva,
which is a representative complex biological fluid in which, furthermore, high sensitivity is required because
cortisol is found in low concentrations [64—67]. A total of 9 human saliva samples were analyzed for their
cortisol concentration by means of a commercial ELISA kit. The concentration of 8 out of the 9 human samples
(s1-8) ranged between 2.1 ng/mL and 6.6 ng/mL, while 1 sample was below the limit of detection (s0).
Samples were also analyzed by the optimized LFIA (LFIA 2.1) after 1:10 dilution in the running buffer. The
guantification of the cortisol concentration was made by interpolating test line intensity values into the 4-PL
calibration curve, and the agreement of results with the reference values was expressed as recovery (%). The
recovery ranged between 70-109% (Table S10) and the sO was below the LOD of the LFIA 2.1 consistently
with ELISA result. Also considering the average precision of the reference ELISA kit (13.2%), results obtained
by the LFIA 2.1 were adequate. It should be remarked also that we did not study the matrix effect of human
saliva on the LFIA 2.1 and simply applied a 1:10 dilution to limit possible interference. Notwithstanding, the
results provided by the optimized and highly sensitive LFIA 2.1 were consistent with the ELISA quantification

so proving its feasibility for real world applications.

Conclusions

We proposed a general route to develop and optimize competitive visual LFIA based on the use of DoE
combined in the “4S” approach. In the presented case of study, the application of the 4S strategy allowed us
to achieve remarkably improved analytical performances with a limited number of experiments. Starting with
a not optimized condition (LFIA 0) they would have been considered underperforming. In fact, using the
minimum stabilizing amount of antibody adsorbed onto AuNPs, and standard concentration of probe and
competitor the inhibition 4PL curve is not appreciable into clinically relevant concentration of cortisol. The
suitable sensitivity was reached by a factor of >500 after only 13 experiments, and then improved up to >5000
after 34 experiments. The unparallelled visual LFIA performance reached through this approach are
comparable to those obtained by using instrumental processing of images and/or complicated assay
protocols (Table S11). Moreover, the reagents consumption for each test was reduced by a factor of ca. 40.
The strategy included the definition of two levels of the analyte concentration to be used in the evaluation

of DoE results, and a flowchart and rules to guide the optimization process.
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The variables that mostly affected the LFIA sensitivity were the concentration of the competitor forming the
test line and the amount of the antibody adsorbed per unit of gold nanoparticles, whereas the quantity of
the labelled antibody was shown to impact in a lesser extent on the assay sensitivity.

Interestingly, comparing competitive ELISA and LFIA techniques, parameters affected differently the
sensitivity of the assays (Table 2). In fact, the optimization of competitive ELISAs usually involves the
optimization of the amount of the antibody and the competitor, and the decrease of one or both reagents is
considered as the straightforward strategy to improve the sensitivity[82]. In the LFIA technique, lowering the
absolute amount of the labelled antibodies seemed less effective, except in cases where the decrease was

obtained by adsorbing less antibody per AuNP unit.

Table 2: Impact of variables on the sensitivity of the ELISA[82] and LFIA

Variable Influence on sensitivity
ELISA LFIA
Concentration of the labelled antibody high low
Antibody-to-label ratio high moderate
Concentration of the competitor high high

Other parameters have been reported to influence the performance of competitive LFIAs, such as
nitrocellulose membrane porosity and capillary flow rate[42]. These factors have been thoroughly
investigated and their effects are well established. Another important point to consider is the study
of the matrix effect, which includes the nature of the biological sample being analyzed, its viscosity,
the presence of interfering compounds, etc[10]. Although this work focused on the methodological
approach to achieve high sensitivity, we have shown that the optimized LFIA 2.1 is suitable for the
measurement of cortisol in the presence of a complex matrix such as human saliva. Although the
experiments were performed on a limited number of samples, they confirmed that the optimized
device retains its functionality in real-world applications, in addition to the advantages in terms of
speeding up the optimization process and allowing low consumption of costly reagents.

The implications of this work are generalizable to the field of competitive LFIA development. In
fact, any measurable signal can replace the color intensity of the test line used here to illustrate
the approach; it is sufficient to define a reasonable working range for the variables for the 4S
process and thresholds for interpretation to allow devices to be optimized with few resources.
This approach applies to the development of any diagnostic device that provides results in terms of

signal inhibition by competing reagents.
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