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Abstract

®

CrossMark

This work describes a procedure to obtain the limit of detection (LoD) of a biosensor device

from a set of measurements that we call immunoassays, which consists of testing the device’s
response to different concentrations of the molecule, which has to be detected throughout its

working range. The procedure, based on the recommendations of international organizations,
provides general expressions to estimate the uncertainty throughout its working range and the
LoD. In the metrological model, the contributions to the uncertainty, due to the determination

of the parameters of the calibration curve, the resolution, the lack of repeatability and others
are taken into account. The model is applied to experimental data from the calibration of

a biosensor. Using iterative weighted least squares techniques, a general logistic function
(6-parameters) has been fitted and used as a calibration curve. The example studied shows
that the lack of repeatability is not always the most important contribution to the LoD. The
final expression of the LoD is equivalent to that of the expanded uncertainty (for a coverage
probability of 99.9%) assigned to the concentration when ¢ 22 0. This result permits seeing the
LoD as the smallest concentration ¢ measured with the device, whereby uncertainty interval

[c — Ugg g% (¢), ¢ + Ugg oy (c)] does not include negative values.

Keywords: uncertainty, limit of detection, biosensors, calibration functions, immunoassays

(Some figures may appear in colour only in the online journal)

1. Introduction

The development of new biosensing devices and their appli-
cation to the detection of different types of biomolecules has
been a remarkably dynamic field in recent years (Fan et al
2008, Sang et al 2015, Zancheta et al 2017). The biosensors
selectively recognize that a certain molecule causes a mea-
surable response. This response has a mathematical relation-
ship with the concentration of the biomolecule that we call the
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calibration curve or calibration function (see the International
Vocabulary of Metrology (VIM) JCGM/BIPM 2012, defini-
tion 4.13 and Barwick and Prichard 2011, section 2.2). The
calibration curve relates the target molecule concentration ¢ to
some measurable physical property y (see figure 1). Most of
the works in this field published in scientific journals or con-
ferences have in common the realization of an immunoassay,
which consists of testing the response of the device to dif-
ferent concentrations of the molecule that has to be detected
throughout its working range. With these experimental mea-
surements, a calibration curve can be inferred by adjusting

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. Relationships between measured responses yo, Yo, ¥ 3
probabilities of false positive («v), false negative (/3), critical value
(CC,) and LoD (CCy).

different mathematical functions to the data set. Once the
calibration curve is known, it can be used to relate the signal
to the concentration, but not only that; the experimental data
used to obtain it determines the uncertainty that we will attri-
bute to the measured concentrations, the limits of detection
(LoD) and quantification (LoQ). This method of determining
the LoD is called the Method Detection Limit, as opposed to
the Instrument Detection Limit that is based on the repetition
of null or very low concentration measurements (Magnusson
et al 2014 section 6.2.1).

The LoD is one of the parameters used to define the quality
of the sensor device and, in this way, to be able to compare dif-
ferent techniques. By analyzing the scientific literature in this
field, we have observed that the way to calculate the LoD is
not uniform. We believe that the cause may be that, although
different international organizations (IUPAC, Eurachem, ISO,
etc.) perfectly define the procedures to be used in the analysis
of all types of experiments (ISO 1997, IUPAC 1997, Barwick
et al 2011, Magnusson et al 2014), this information is spread
and sometimes not accessible or difficult to understand for
non-specialists. Our group has recently published a paper
where the objective was to help standardize the determina-
tion of uncertainty and the limit of detection (LoD) in label-
free biosensors (Lavin et al 2018). This work established and
clarified a simple procedure, based on the recommendations
of international organizations, in which, from the data of an
immunoassay, a linear calibration curve for the device was
determined, as well as an estimation of the expected uncer-
tainty at every point of the calibration line. The value of the
LoD derived naturally in this model as the limit at which the
uncertainty tends when the concentration tends to zero. This
work adds to valuable previous attempts to clarify the pro-
cedures for obtaining the LoD and point out some common
mistakes (Look et al 2012, Evard et al 2016).

In the current work, a more general metrological model is
presented. The model starts from a general calibration curve
that fits the data. The calibration curve can be polynomial of
degree one or greater; or can be sigmoidal or logistic. Even
other types of calibration curves can be considered: rational
functions, logarithmic, exponential, etc (Sit et al 1994).
Starting from the parameters that determine the calibration

curves and their uncertainty, the concentration uncertainty
throughout its working range is obtained, as well as the crit-
ical value (CC,) and the LoD (CCp, LoD).

Figure 1 shows the relationships between the responses or
signals (y,,ys) measured in a particular biosensor and the
concentration values mentioned above: CC, and CCy. The
critical value is an essential concept for defining the detec-
tion limit of the method. If we look at the ordinate axis of
figure 1 we can define the response for the critical concentra-
tion as the response y,, the exceeding of which leads, for a
given error probability «, to the decision that the concentra-
tion is not zero when measuring a measurand without an ana-
lyte (false positive). The probability density function (PDF)
corresponding to the sensor response for a measurand without
an analyte (¢ = 0) is the red curve. The mean value of this
red PDF is yg. Similarly, the LoD is the concentration whose
response produces a PDF (plotted with a blue line), with mean
value equal to y g, in which the probability of obtaining a value
below the critical one y,, is [ (false negative). The values of
the responses associated with the critical value, y,, and the
LoD, yg, correspond to the critical concentration, CC,, and
the LoD, CCg through the calibration curve (ISO 1997, Currie
1999, Barwick et al 2011). We are following definition 4.18
included in the VIM (JCGM/BIPM 2012).

Following the IUPAC definition, the LoD, expressed as con-
centration CCjp, is derived from the smallest measure y 3, which
can be detected with reasonable certainty for a given analyt-
ical procedure (IUPAC 1997, Magnusson 2014). If we assume
Gaussian probability distributions of standard deviation o for
all our measurements in the vicinity of ¢ = 0, and 5% as a
reasonable probability of false positive o and false negative
0, as IUPAC recommend, then y, — yo = ko0 = 1.650 and
¥8 — Yo = kgo = 1.650, which leads us to yg — yo = 3.30.
For a linear calibration curve with sensitivity, a, in which the
uncertainty of its parameters is negligible (Long 1983, Currie
1995), we could use the following expression for the calcul-
ation of CCg:

CCg = 3.3% (1)

The above formula or similar expressions are widely used
in determining the LoD and, in most cases, would provide a
fair value. However, we consider that it is important to reflect
critically on the situations in which we apply it. The following
section presents a more general metrological model that takes
into account some sources of uncertainty that affect the deter-
mination of the LoD.

2. From calibration curve to uncertainty and limit of
detection (LoD)

Let us consider, as the starting point, that a calibration curve
has been previously fitted. The process of determining this
calibration curve is out of the scope of this work, but it will
be admitted that the parameters a; defining that the curves are
known, as well as their uncertainties u(a;) and correlation
coefficients r(a;, a;). It should be emphasized that these corre-
lation coefficients are very important because the correlation
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between a; parameters is not negligible; in contrast, this cor-
relation is usually very strong.

The most common calibration curves in the field of biosen-
sors for adjusting immunoassays are shown below: y repre-
sents the output signal provided by the sensor and lower case
c is the concentration of the analyte that is being measured:

Linear:

y(i)=a-c+b=a+ay-c 2)

Polynomial:
y(C):a1+a2-C+...+an,cn71 3)

Sigmoidal (4-parameter or 5-parameter logistic function)
(Findlay and Dillard 2007, Xiang et al 2018). For example,
the SPL would be:

a)p — ag

A-D
G—M+gjgﬁﬁ )

c\B
1+ (&)
Generalized logistic function (6-parameters) (Richards
1959):

y=D+

a) — ag

las + a3€7”26]1/06 ©)

No matter the type of calibration curve chosen, this could
be expressed as follows:

y=fle.ar,az, -+ ,an) (©6)

In our metrological model, the estimated value for y, sup-
posing we have an estimation for the concentration c¢ as it
happens during the calibration process, is obtained adding the
following corrections to the previous estimation of the cali-
bration curve:

e Jyg due to sensor/instrument resolution.

e 0y, due to sensor/instrument repeatability s,. If heteroce-
dasticity is significant, a function s, = s,(c) is assumed to
be known.

® 0ys due to other uncertainty sources (environment,
reproducibility, drift, bias, stability, etc...) with uncer-
tainty u(0yres) = Upes-

It would be supposed that all these corrections have null
mean but, probably, not null uncertainties u(dy;).

Thus, the model function used to estimate uncertainty
during the calibration according to ISO-GUM (JCGM 2008a)
is the following:

y:f(c’a1’a2"" ’an)+5yR+5yr+6yres (8)

Propagating uncertainties using the mainstream GUM pro-
cedure (JCGM 2008a, Ellison et al 2012) in this model func-
tion gives the following result (expression 9):

2 2

Sy
u)zzuz(y):uj%(y)+ﬁ+ﬁ+uzes (9)

where () = 3 i) + 23S - rana) - ulaula)

where we have used the standard deviation of the mean
u (6y,) = s,/+/N for the estimation of the uncertainty associ-
ated with the lack of repeatability where N is the number of
repeated measures; the expression u (§yg) = ug = R/+/12 for
the uncertainty component associated with the resolution R of
our measuring system assuming a uniform distribution along
the interval [—R/2, +R /2] JCGM 2008a, Ellison et al 2012);
parameters f; are the sensitivity coefficients f; = 9f/0a; and
us(y) represent the uncertainty component due to the calibra-
tion. Please note that correlation coefficients r(a;, a;) have to
be taken into account because they are generally not null as
we will show during the numerical example.
In the linear case (expression 2) we obtain:
u)2 =u* (y) = u® (b) + * - u* (a)
R 5
+2c-r(a,b) -u(a)u(b)+ T + Nr +u%, (10)
Atc =0, yo = f(c = 0) and the uncertainty of the signal
output is:

2 2 R 5 2
u (yo):u (b)+§+ﬁ+ures (11)

The critical value CC,, can be calculated as follows:

Ya = Yo +kq - u(y()) and CC, :fil(yoé)

In a similar way, the LoD concentration (cpop = CCp) can
be estimated using the following formula:

Ya =ys — kg -u(yg) andcLop = CCs = ' (y3)

In the general case, evaluating CCs = f~!(y3) could be
cumbersome. But the distance between yy and yg is usually
small enough to permit the linearization of the calibration
curve in this interval. So, it would be possible to replace
the original non-linear calibration curve with the linearized
version, y(c¢) =a-c+b being a=9f/0c at ¢ =0 and
b =f(c=0)=yy, where a is the slope of the calibration
curve (the sensitivity) in the vicinity of the zero concentra-
tion and b the value of the calibration curve at zero concen-
tration. Using this approximated linear calibration curve we
obtain:

Ya = b+ka . M()’O)

Y8 =Ya+kp-u(ys) =b+ka-u(yo)+ks-u(ys)

ko - u(yo) + kg - u (ys)
a

_ ys—b
CCs=f"" (vp) = 7—— =

As yg is assumed to be close to yo, then it is possible to
approximate u(yg) = u(yo) and taking into account that
ko = kg = 1.65, we obtain the following expression (12):

2
a

CLoD — CCB =3.30
(12)
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where u (b) is the only uncertainty component coming from
calibration. Special care must be taken to avoid forgetting
other uncertainty sources: resolution, repeatability and others
included in u.s (environment, reproducibility, stability, drift,
etc...). If we do not consider u,s and the resolution uncer-
tainty component and we assume that parameter b of the cali-
bration curve is determined without uncertainty, expression
12 becomes expression (1), which ended the first section of
this article. Recently, our group pointed out the importance of
the term of uncertainty associated with the resolution R?/12
to guarantee that the uncertainty of the signal is at least of the
order of magnitude of the resolution and, therefore, the LoD
is consistent with this fact (Lavin et al 2018).

3. Uncertainty throughout the working range

The model function for the measured concentration ¢, when
using a calibrated device, is now the following:

c :f_l (y_ 6yR - 6yres»al,a2, te »an)

_ 13
:g(y_(SyR_(syreSaal,ab"',an) (13)

where g = f~! is the inverse calibration curve and y is
the average of N repeated measurements y; over the meas-
urand which concentration ¢ we want to know. Please note
that now the input value is the measured signal y provided by
the biosensor and our goal is to estimate concentration ¢ and
its uncertainty. By propagating uncertainties using the main-
stream GUM method (JCGM 2008a), but retaining terms asso-
ciated with usually non-null correlation coefficients r(a;, a;),
we obtain the following combined standard uncertainty for c:

52 2
2 (e) =gt (5 + 5+ ) + S g (@)
F2 I S gigy - rai a)ulan)u(ag) (14)

where g; = dg/0a;.and g, = dg/dy.

As we are only interested in the interval between ¢ =0
and the LoD, we can use instead, the linearized version of
the calibration curve. Then, in the linear case, the new model
function is:

(y - 5YR - 5Yres) - b

c= (15)
a

And the estimation u(c) of the uncertainty of the measured
concentration would be:

1 (s R u* (b
uz(c):—z-(—’+—+uis)+ a(z)

0t (L)

When working near the origin (¢ = 0, y = b), previous
expression can be simplified:

Table 1. Calibration data.

Concentration Output Repeatability
Ci Signal y; s min(y;) max(y;)
(ug ml™") (nm) (nm) (nm) (nm)
1 0.09 0.05 0.00 0.15
2.5 0.33 0.18 0.03 0.52
5 0.53 0.14 0.35 0.72
7.5 0.75 0.16 0.51 0.90
10 1.22 0.23 0.85 1.43
15 2.01 0.18 1.71 2.22
20 3.16 0.32 2.60 3.40
30 3.73 0.40 3.14 4.18
50 4.39 0.39 3.73 4.82
70 5.05 0.22 4.77 5.38
100 5.61 0.30 5.05 6.14
0.4 : ; © : 5 : : : ;
0.35 1
03 o}
E §
£ o025} ]
> °s o
= o02f § ]
8 o io0
© N
:,;’ 015 O‘_? 1
0.1F 1
005 .

0 . I I I . 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Concentration ¢ (ug/mL)

Figure 2. Observed repeatability s; versus concentration c.

1 (s> R? u? (b)
2 o~ (2 2 17
u(c) a? (N + 12 +ures> + a? (an
SR 0 2
‘o) Vi +E i+ () )

a

If we choose a coverage probability of 99.9% the cov-
erage factor (assuming normality) is kg9 99, = 3.30. So, the
expanded uncertainty near the origin (¢ = 0) would be:

52 2
VS B R a0
a

Ugo.0% (¢) = kog.o% - u (c)

Therefore, Ugg oy (c) near the origin is equal to the LoD
(when choosing o = 8 = 5%):
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Table 2. Calibration curve: fitting results.

Value Uncertainty
Parameter a; u(a;) Matrix of correlation coefficients r(a;, a;)
a K 0.0064 0.0046 1 +0.20 +0.11 +0.32 —0.18 —0.27
a B 0.079 0.011 +0.20 1 +0.55 +0.73 —0.52 —0.58
as (0] 0.034 19 0.003 71 +0.11 +0.55 1 +0.52 —0.80 +0.11
as A —0.33 0.16 +0.32 +0.73 +0.52 1 —0.76 —0.70
as C 0.965 53 0.004 29 —0.18 -0.52 —0.80 —-0.76 1 +0.15
as 4 0.012 613 0.001 410 —-0.27 —0.58 +0.11 —0.70 +0.15 1
b fo 0.014 0.048 1 —0.32
a fe 0.075 0.016 -0.32 1

Usgo.0% (¢ = 0) = cLop (19)

4. Experimental example

Table 1 shows experimental results from a biochip calibration
(Hernandez er al 2016). This biochip, formed by six BICELLSs
(Biophotonic Sensing Cells), (Holgado et al 2010) is going to
be used as an antibody-based (anti-IgG) label-free biosensor.
The calibration has been performed over m = 11 calibration
points from ¢; = 1 pg ml~!'to ¢;; = 100 pg ml~! where uncer-
tainties are negligible against other uncertainty sources. The
output signal y; is the resonant dip shift, expressed in nm,
observed when the sensor is exposed to antibody concentra-
tions ¢;. The readout instrument resolution is R = 0.12 nm.
Values y; = vy /6 represent the average output over six
BICELL readouts, and y; and s; represent the observed
repeatability at this calibration point.

If we plot observed repeatabilities s; versus concentration ¢
(see figure 2) we can observe that, for lower concentrations, repeat-
ability increases with concentration. But for ¢ > 30 pg ml~!,
observed repeatabilities s; pass the Hartley’s test (Hartley
1950) indicating that repeatability remains constant over
30 pg ml~ . In this range (30-100 g ml~!') we have estimated
the repeatability using the root mean square of s;:

sy (¢ =30 pgml_l) = Z 5?2 = 0.34 nm
¢;>30 pgml—!

For concentrations lower than 30 pg ml~! we have supposed
that repeatability increases linearly with concentration:

sy (¢) 2 ag - c+ by

In order to estimate parameters a;, by we have used a weighted
least squares procedure with weights inversely proportional to
observed repeatabilities s; as described in section 5.3.2 of ISO
11843-2 (ISO 2000). The final result is:

s,(c) = (0.049 +0.0126 - ¢ [ugml~']) nm

Now, the normalized repeatibilities s; = s,(c;)/s; pass the
Hartley’s test, indicating that the estimated function s,(c)
explain satisfactorily the variation of the repeatability along
the range 0-30 pg ml .

The point where straight lines s, (¢) = 0.34nm and
sr(c) 22 (0.049 +0.0126 - ¢ [ugml~!]) nm intersect is
¢’ =23 pg ml~! (see figure 2, dotted red lines). Therefore,
the final result for the whole range 0—100 pg ml~! would be:

(0.049 4+ 0.0126 - ¢ [ugml~!]) nm

L Je<23pgml!
$r(e) = { 0.34 nm

¢ >23ugml!

Back to the estimation of the calibration curve, we have used
an iterative weighted least squares procedure to fit a general
logistic function (6-parameters) to the points (c;, y;) . Weights
have been chosen inversely proportional to observed repeat-
abilities s;. The uncertainty propagation has been performed
using Monte-Carlo simulation (JCGM 2008b). The fitting
results are presented in table 2, where fy and f, represent the
parameters b = f(c = 0) and a = 9f/Oc at ¢ = 0 of the lin-
earized calibration curve y = b+ a - c¢. Figure 3 represents
the fitted calibration curve (red line) with uncertainty bands
Fkoo gy - ur (green lines) and calibration data (blue circles
and error bars). Remember that u; represents the uncertainty
contribution coming from calibration, see expression (9).

Introducing results from table 2 in the expression of the
LoD (expression 12) we obtain:

2 52
Vie (0) + 5 + 5 + iy
a

cLop = 3.30 =3.30

\/ (0.048 nm)? 4 (0:A2mm)°  (009mm)” 4

0.075 ugml—! x nm—!

=29pugml!

where we have supposed that:

e we repeat the measurement three times (N = 3);

o the repeatability s, is close to s,(c = 0) = 0.049nm;

o the uncertainty component i, is negligible in comparison
with the previous ones.

Butinc = 2.9 pg ml~! the repeatability is s, (¢) = (0.049+
0.0126 - 2.9) = 0.085 nm, which is a value significantly higher
than s,(c = 0) = 0.049 nm. Therefore we have to reevaluate
cLop using, in this case, the value of s,(c) at the center of the
interval 0-2.9 pg mL~:

1
5 (c =529 u%) = (0.049 + 0.0126 - 1.45) = 0.067 nm
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Figure 3. Calibration curve.
40
35
_30F
-
E
g 25
(8]
c
S 20r
S
5
@15
e
o
o
10 -
5
0 s . . . . . ! |
0 0.5 1 1.5 2 25 3 3.5 4
Signal y (nm)
Figure 4. Inverse calibration curve: full range.
=
£
(o2}
&
o
C
i)
S
<
[0
o
c
o
o
0 . . . s s )
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Signal y (nm)

Figure 5. Inverse calibration curve: near ¢ = 0.
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Figure 6. Distribution of measured concentration ¢ at LoD
(3.1 pgml™h.

The final estimation of ¢ ,p would be:

\/(0.048nm)2 + W N w 10
0.075pugml~! x nm~!

cLop = 3.30 =3.1 pgml™!

In this particular case, the most important contribution to
the LoD is the uncertainty u(b) of parameter b = fy = f(c = 0)
(intersection of the calibration curve with the y-axis).
Contributions of repeatability s, and resolution R are very
similar.

Using Monte-Carlo simulation techniques again, it is pos-
sible to estimate the uncertainty u(c) of the measured concen-
tration ¢ using model function (13). This is the uncertainty
estimation needed when we use the biochip after calibration.
Figure 4 shows the inverse calibration curve ¢ = g(y) (red line)
with uncertainty bands (Ugg oy (¢) = kggov - u(c), magenta
lines) assuming that the measurement of the output signal y
has been repeated N = 3 times. It has been assumed that all
the random variables involved are normally distributed. This
inverse calibration curve serves to obtain the estimate of the
measured concentration ¢ from the output signal y provided
by the sensor.

For example, let us suppose that the observed output signal
is y = 2.00 nm (y is the average of N = 3 measurements).
Then, the estimated concentration would be ¢ = 14.9 ugml ~!
with an expanded uncertainty Ugg gy, (¢) = 4.3 ugml~!.

Figure 5 shows the inverse calibration curve near the origin
(c = 0). In this figure we have represented the LoD estimated
previously. Please note that the lower end of the uncertainty
interval [c — Ugg gy, (¢), ¢ + Uggoy(c)] iS zero at ¢ = crop
according to expression (18).

Figure 6 shows the histogram (blue vertical bars, estima-
tion of the PDF) of measured concentration ¢ at LoD for
N = 3. The distribution is slightly asymmetric but differences
from a normal distribution (red line) are small.

Figure 7 shows the histograms of the estimated signal
y at ¢ =0 (red line) and at c op = 3.1 ugml~! (solid blue
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Figure 7. Distribution of estimated signal y at ¢ = 0 (red line),
at ¢ = 2.9 pgml~! (first estimation of LoD, blue line) and at
¢ = 3.1 ugml~! (final estimation of LoD, dotted blue line).

line) according to the model described by expression (8).
This is figure 1 particularized for the data of the numerical
example. Using the red histogram, we can estimate CC,.
Choosing « = 5% (probability of a false positive) we obtain
Yo = CC, = 0.117nm.

Using the solid blue histogram we can now estimate
B=Pr{y<yalc=crop =3.1 pgml~'} =1.6%  (prob-
ability of a false negative). This value is smaller than the
objective 3 = 5%. The reasons are that we have estimated
CLoD assuming:

e a linear calibration curve near the origin ¢ =0, but
figure 4 shows a slight nonlinearity;

e all random variables involved are normally distributed,
but figure 6 shows a slight difference from a normal dis-
tribution, mainly in their tails;

e repeatability is constant in the interval 0 < ¢ < cop ,
but figure 2 shows that there is a significant variation in
repeatability along this interval;

e u(yo) = u(ys) but, in the example, u (yg) = 0.086 nm is
clearly higher than u (yo) = 0.063 nm.

In order to get a better estimation of ¢y ,p we can follow a trial
and error procedure. For example, with cio,p = 2.7 ug ml~!
(see figure 7, dotted blue line, final estimation of LoD) we get
B =Pr{y<yalc =cLop = 2.7 ugml~'} = 4.9%, which is
very close to the objective 8 = 5%. Therefore, a better esti-
mation of the LoD would be ¢ op = 2.7 ngml—'.

5. Conclusions

We have presented a procedure to estimate the uncertainty of
the concentration measured with a biosensor that has been
calibrated fitting a general calibration curve.

We have also shown a procedure to estimate the LoD,
based on the definition of the VIM that is a somewhat more
rigorous version than that of the IUPAC, which permits taking
into account uncertainty components such as resolution and
calibration that sometimes can be more important than repeat-
ability, as we have shown in an example.

The final expression of the LoD is equivalent to that of the
expanded uncertainty (for a coverage probability of 99.9%)
assigned to the concentration when ¢ 2 0. This result permits
us to see the LoD as the smallest concentration ¢ where uncer-
tainty interval [c — Ugg gv, (¢) , ¢ + Ugg 99 (¢)] does not include
negative values.

Acknowledgments

This work was supported under the projects: AllerScreening
(H2020-NMBP-768641) and HERON (TEC2017-84846-R).

ORCID iDs

Jesus de Vicente
Alvaro Lavin

https://orcid.org/0000-0001-5746-1543
https://orcid.org/0000-0001-9981-2372

Miguel Holgado @ https://orcid.org/0000-0001-9299-1371
Maria F Laguna © https://orcid.org/0000-0002-1580-4509
Rafael Casquel © https://orcid.org/0000-0003-2433-9159

Beatriz Santamaria ® https://orcid.org/0000-0003-3714-7922
Sergio Quintero © https://orcid.org/0000-0002-4545-7819
Ana L Herndndez ©® https://orcid.org/0000-0002-4415-1826
Yolanda Ramirez ® https://orcid.org/0000-0003-0468-5871

References

Barwick V J and Prichard E (ed) 2011 Eurachem Guide:
Terminology in Analytical Measurement—Introduction to VIM
3 (www.eurachem.org)

Currie L A 1995 Nomenclature in evaluation of analytical methods
including detection and quantification capabilities Pure Appl.
Chem. 67 1699-723

Currie L A 1999 Detection and quantification limits: Origins and
historical overview Anal. Chim. Acta 391 127-34

Ellison S L R and Williams A (ed) 2012 Eurachem/CITAC
Guide: Quantifying Uncertainty in Analytical Measurements
(https://www.eurachem.org/images/stories/Guides/pdf/
QUAM2012_P1.pdf)

Evard H, Kruve A and Leito I 2016 Tutorial on estimating the limit
of detection using LC-MS analysis, Part I: theoretical review
Anal. Chim. Acta 942 23-39

Fan X, White I M, Shopova S I, Zhu H, Suter J D and Sun Y 2008
Sensitive optical biosensors for unlabeled targets: a review
Anal. Chim. Acta 620 8-26

Findlay J W A and Dillard R F 2007 Appropriate calibration curve
fitting in ligand binding assays AAPS J. 9 29

Hernandez A, Casquel R, Holgado M, Cornago I, Ferndndez F,
Ciaurriz P, Sanza F J, Santamaria B, Maigler M V and
Laguna M F 2016 Resonant nanopillars arrays for label-free
biosensing Opt. Lett. 41 5430-3


https://orcid.org/0000-0001-5746-1543
https://orcid.org/0000-0001-5746-1543
https://orcid.org/0000-0001-9981-2372
https://orcid.org/0000-0001-9981-2372
https://orcid.org/0000-0001-9299-1371
https://orcid.org/0000-0001-9299-1371
https://orcid.org/0000-0002-1580-4509
https://orcid.org/0000-0002-1580-4509
https://orcid.org/0000-0003-2433-9159
https://orcid.org/0000-0003-2433-9159
https://orcid.org/0000-0003-3714-7922
https://orcid.org/0000-0003-3714-7922
https://orcid.org/0000-0002-4545-7819
https://orcid.org/0000-0002-4545-7819
https://orcid.org/0000-0002-4415-1826
https://orcid.org/0000-0002-4415-1826
https://orcid.org/0000-0003-0468-5871
https://orcid.org/0000-0003-0468-5871
http://www.eurachem.org
https://doi.org/10.1351/pac199567101699
https://doi.org/10.1351/pac199567101699
https://doi.org/10.1351/pac199567101699
https://doi.org/10.1016/S0003-2670(99)00105-1
https://doi.org/10.1016/S0003-2670(99)00105-1
https://doi.org/10.1016/S0003-2670(99)00105-1
https://www.eurachem.org/images/stories/Guides/pdf/QUAM2012_P1.pdf
https://www.eurachem.org/images/stories/Guides/pdf/QUAM2012_P1.pdf
https://doi.org/10.1016/j.aca.2016.08.043
https://doi.org/10.1016/j.aca.2016.08.043
https://doi.org/10.1016/j.aca.2016.08.043
https://doi.org/10.1016/j.aca.2008.05.022
https://doi.org/10.1016/j.aca.2008.05.022
https://doi.org/10.1016/j.aca.2008.05.022
https://doi.org/10.1208/aapsj0902029
https://doi.org/10.1208/aapsj0902029
https://doi.org/10.1364/OL.41.005430
https://doi.org/10.1364/OL.41.005430
https://doi.org/10.1364/OL.41.005430

Meas. Sci. Technol. 31 (2020) 044004

J de Vicente et al

Hartley H O 1950 The maximum f-ratio as a short-cut test
for heterogeneity of variance biometrika Biometrika
37 308-12

Holgado M, Barrios, C A, Ortega F J, Sanza F J, Casquel R,
Laguna M F, Bafiuls M J, Lépez-Romero D, Puchades R
and Magquieira A 2010 Label free biosensing by means of

periodic lattices of high aspect ratio SU-8 nanopillars Biosens.

Bioelectron. 25 2553-8

ISO 11843-1 1997 Technical Committee ISO/TC 69 Subcommittee
SC6 Capability of Detection: Part 1: Terms and Definitions
(ISO: Geneva)

ISO 11843-2 2000 ISO Technical Committee ISO/TC 69
Subcommittee SC6 Capability of Detection: Part 2:
Methodology in the Linear Calibration Case
(ISO: Geneva)

IUPAC 1997 Compendium of Chemical Terminology, 2nd ed. the
‘Gold Book’ (Blackwell Scientific Publications: Oxford)

JCGM/BIPM 2008a Evaluation of Measurement Data—Guide to
the Expression of Uncertainty in Measurement. JCGM 100
(https://www.bipm.org/en/publications/guides/)

JCGM/BIPM 2008b Evaluation of Measurement Data—
Supplement 1 to the “Guide to the Expression of Uncertainty
in Measurement”—Propagation of Distributions Using a
Monte Carlo Method. JCGM 101 (https://www.bipm.org/en/
publications/guides/)

JCGM/BIPM 2012 International Vocabulary of Metrology—Basic
and General Concepts and Associated Terms. JCGM 200
(https://www.bipm.org/en/publications/guides/)

Lavin A, de Vicente J, Holgado M, Laguna M F, Casquel R,
Santamaria B, Maigler M V, Lépez Hernandez A and
Ramirez Y 2018 On the determination of uncertainty and limit
of detection in label-free biosensors Sensors 18 38

Long G L and Winefordner J D 1983 Limit of detection: a closer
look al the IUPAC definition Anal. Chem. 57 T12A-24A

Look H P and Wentzell D P 2012 Detection limits of chemical
sensors: applications and misapplications Sens. Actuator B
Chem. 172 157-63

Magnusson B and Ornemark U (ed) 2014 Eurachem Guide:The
Fitness for Purpose of Analytical Methods—a Laboratory
Guide to Method Validation and Related Topics 2nd edn
(www.eurachem.org)

Richards F J 1959 A flexible growth function for empirical use
J. Exp. Bot. 10 290 300

Sang S, Wang J, Feng Q, Wei Y, Ji J and Zheng W 2015 Progress
of new label-free techniques for biosensors: a review Crit. Rev.
Biotechnol. 36 465-81

Sit V and Poulin-Costello M 1994 Biometrics Information,
Handbook n° 4: Catalog for Curve Fitting (https://www.for.
gov.bc.ca/hfd/pubs/docs/bio/bio04.pdf)

Xiang Y, Donley J, Seletskaia E, Shingare S, Kamerud J and
Girovits B 2018 A simple approach to determine a curve fitting
model with a correct weighting function for calibration curves in
quantitative ligand binding assays AAPS J. 20 45

Zanchetta G, Lanfranco R, Giavazzi F, Bellini T and Buscaglia M
2017 Emerging applications of label-free optical biosensors
Nanophotonics 6 62745


https://doi.org/10.2307/2332383
https://doi.org/10.2307/2332383
https://doi.org/10.2307/2332383
https://doi.org/10.1016/j.bios.2010.04.042
https://doi.org/10.1016/j.bios.2010.04.042
https://doi.org/10.1016/j.bios.2010.04.042
https://www.bipm.org/en/publications/guides/
https://www.bipm.org/en/publications/guides/
https://www.bipm.org/en/publications/guides/
https://www.bipm.org/en/publications/guides/
https://doi.org/10.3390/s18072038
https://doi.org/10.3390/s18072038
https://doi.org/10.1021/ac00258a001
https://doi.org/10.1021/ac00258a001
https://doi.org/10.1021/ac00258a001
https://doi.org/10.1016/j.snb.2012.06.071
https://doi.org/10.1016/j.snb.2012.06.071
https://doi.org/10.1016/j.snb.2012.06.071
http://www.eurachem.org
https://doi.org/10.1093/jxb/10.2.290
https://doi.org/10.1093/jxb/10.2.290
https://doi.org/10.3109/07388551.2014.991270
https://doi.org/10.3109/07388551.2014.991270
https://doi.org/10.3109/07388551.2014.991270
https://www.for.gov.bc.ca/hfd/pubs/docs/bio/bio04.pdf
https://www.for.gov.bc.ca/hfd/pubs/docs/bio/bio04.pdf
https://doi.org/10.1208/s12248-018-0208-7
https://doi.org/10.1208/s12248-018-0208-7
https://doi.org/10.1515/nanoph-2016-0158
https://doi.org/10.1515/nanoph-2016-0158
https://doi.org/10.1515/nanoph-2016-0158

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿The uncertainty and limit of detection 
in biosensors from immunoassays﻿﻿﻿﻿
	﻿﻿Abstract
	﻿﻿﻿1. ﻿﻿﻿Introduction
	﻿﻿2. ﻿﻿﻿From calibration curve to uncertainty and limit of detection (LoD)
	﻿﻿3. ﻿﻿﻿Uncertainty throughout the working range
	﻿﻿4. ﻿﻿﻿Experimental example
	﻿﻿5. ﻿﻿﻿Conclusions
	﻿﻿﻿﻿﻿﻿﻿Acknowledgments
	﻿﻿﻿﻿﻿﻿ORCID iDs
	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿References


