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In recent years, there has been an increasing interest in the application of optical fiber sensors for in situ
monitoring of chemical pollutants, including volatile organic compounds, regarding air quality assurance.
In order to enhance the usefulness and applicability of this methodology to environmental analysis, a
proper study of the analytical signal and an adequate calibration model are required. This contribution is
focused on the model for optical fiber sensors calibration, discussing some problems associated with the
estimates of the figures of merit of these analytical systems. We also suggest and discuss a calibration
model based on a cumulative symmetric double sigmoidal (SDS) function, as a suitable and general
alternative to the more limited and classical linear calibration model.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Over the last several years, the development of chemical sen-
sors and biosensors based on optical fiber (OF) technology has
been investigated resulting in highly suitable devices for various
analytical applications. The use of OF devices offers some particu-
lar advantages (i.e., immunity to electromagnetic interference and
electrically passive operation, small size, robustness, versatility,
high sensitivity and accuracy, portability, remote and real-time
sensing) over conventional electronic sensing techniques, which
make them very suitable for bio/chemical and environmental mon-
itoring purposes [1-22].

The successful application of these sensors depend on the accu-
rate processing of the analytical signal of the OF device, which
can often be very complex and extensively characterized by non-
linearities. In fact, the general major disadvantage of the OF
sensors is either its logistic [23,24] or sigmoidal [6-10] response
which produces a limited useable linear region [6-15]. Several sig-
nal processing methods [25-29], consisting of development/use
of techniques for enhancing the analytical measurements, and
calibration models [30-34], have been applied for modeling
the analytical response of OF analyzers and to overcoming the
analytical problems associated to its complexity. Linear mod-
els are often preferred, because they are simple to apply and
amenable to straightforward physico-chemical interpretation. For
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instance, Chang et al. [35] established a linear relationship between
alpha-fetoprotein in human serum (in log scale) and fluorescent
fiber-optic signal. Such a logit linearization allowed to evalu-
ate and compare localized surface plasmon coupled fluorescence
fiber-optic biosensor with the conventional ELISA and radioim-
munoassay (RIA). The same approach was been implemented by
Jin et al. [36], Kocincova et al. [37] and Solis et al. [38] for dealing
with the non-linear behavior of the OF chemical sensors. Capitan-
Vallvey et al. [39] have developed a method for linearization of
the analytical response of optical devices, based on the logarithmic
transformation of the sigmoidal calibration curve with the conse-
quent expansion of the range of linear calibration.

Although in previous studies by Silva et al. [6-10], the OF devices
sensitized with polymeric siloxane films also showed a sigmoid like
response during volatile organic compounds (VOCs) monitoring,
the use of linear models based only on the central part of the sig-
moid curve proved to be practical and satisfactory for OF sensors
calibration. However, such a truncation of the entire calibration
range highlighted the loss of full analytical information besides pro-
viding estimates of the figures of merit, such as the detection limit
and sensitivity, with no practical significance. This work aims at
the determination of the calibration model that fits best the exper-
imental data obtained in the case of the response observed for OF
sensors and also to assess the practical meaning of choosing the
appropriate model, in the estimative of the various parameters that
characterize the quality of the analytical process. In order to attain
such a goal a cumulative symmetric double sigmoidal (SDS) model
is applied to optical fiber sensors, as an alternative for both classical
sigmoidal and linear calibration models.
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Fig. 1. Experimental set-up of the OF sensors for aromatic compounds determination: OC—optical coupler (Y 50:50), OF—optical fiber, PC—laptop for data acquisition and

processing.
2. Calibration experiments of the OF sensors

The modeling of the analytical response of the OF sensors was
performed, taking into account the sensor behavior for aromatic
compounds reported elsewhere [6-10]. Fig. 1 shows a generic dia-
gram of the design of the OF devices under study. In general terms,
the OF devices are constituted by an injection system component
and a detection component, which is constituted by an optical
source (laser diode) to generate the interrogating signal, a photodi-
ode to measure the intensity modulated signal and an OF with the
top end surface coated with a nanometric film of siloxane polymers
(sensor head). These OF analyzers can also incorporate a miniatur-
ized column which promotes the separation of organic compounds
mixtures. The sensing principle underlying these sensor devices is
based on the changes of the reflected optical power, taken as the
analytical signal, when organic vapors are present in the analytical
tube, containing the sensitized OF (i.e., the sensor head). The inter-
action of organic vapors with the polymeric film (sensitive surface)
promotes reversible changes in its optical properties (refractive
index), leading to a detectable modulation of the light power guided
through the OF. The intensity of the modulated reflected signal
(analytical signal, in dB) is proportional to the amount of analyte
present at the analytical tube and depends on the sensitive film of
siloxane polymer, waveguide and analyte properties, as well on the
interactions between analyte and polymeric sensitive film.

Fig. 2a shows the sensor response for different amounts of ben-
zene, toluene and xylene (p-xylene) in a range between 0.02 and
0.10 ug, performing five repeated evaluations for each amount
tested. The OF device shows different analytical responses and
calibration sensitivity (inferred from the slope of the calibration
curves)for the different aromatic compounds under study: benzene
(751dB pg-1), toluene (891dB wg~!) and p-xylene (941dB ug1).
The analytical sensitivity increases in the same order as the increase
of the analyte boiling temperature in°C (80.1 for benzene <110.6
for toluene <138.4 for p-xylene) and the decrease of vapor pres-
sure in mmHg at 25°C (95.2 for benzene >28.4 for toluene >8.8
for p-xylene). This sensor behavior, that is, the different response
and sensitivity based on the different analyte properties (i.e. boiling
temperature and vapor pressure) has been also reported elsewhere
[6,9].

From the results obtained during the analysis of different
amounts of aromatic compounds, it could be verified that for very
low quantities of analyte the system remains essentially dormant,
producing variations of no practical interest to Analytical Chemistry
purposes. Once reached a certain minimum value of the concen-
tration or quantity of analyte, the sensor response increases at an
almost constant rate with increasing analyte quantities. Finally, at

high values of analyte the sensor response reaches a plateau in
terms of its detection capability and from which it also reaches
an area of no further practical interest to Analytical Chemistry. In
summary, it could be verified that the OF sensor provides an area of
rapid change in the analytical signal, centered between two areas of
slightly pronounced change of the analytical signal (see Fig. 2a). The
shape of the above described response profile may derive from a
combination of several factors of sensing and instrumental nature,
such as optical source and photodetector properties, and sensitive
layer characteristics (chemical and optical properties of the sensing
material, thickness, and surface morphology).

This type of response profile was also verified for different
designs of OF devices, such as enzymatic based biosensors [4].

Fig. 2b shows the OF device response profile for different
amounts of toluene (used as proxy for volatile organic compounds)
evaluated, ranging from 0.03 to 0.09 p.g. Fig. 2c shows the low vari-
ability of the OF sensor response in the determination of 0.04 pg
of toluene in five consecutive experiments. The signal correspond-
ing to 0.04 g of toluene shows a variation of 1.8% measured as the
coefficient of variation. This kind of devices shows typically a high
stability during different weeks of continuous operation. Fig. 2d
shows, as an example, the sensor response (mean and standard
deviation of five repeated evaluations) for 0.06 j.g of toluene dur-
ing four weeks; the ANOVA applied to the obtained results showed
that there is not a statistically significant difference between weeks
(p=0.448).

3. Linear range of the analytical response of the OF sensors

Fig. 3a shows the linear range of the sensor response for toluene
determination (used as proxy for volatile organic compounds),
which will be studied according to the classical approach of linear
regression by the least squares method. The analysis of the resid-
uals constitutes a very important tool for assessing how suitable
the linear calibration is, in our case. A calibration curve properly
adjusted should provide errors with an uniform distribution, of zero
mean and constant variance (homogeneity) [40,41]. Fig. 3b shows
the distribution of the residuals obtained for the linear model used
for calibration and its inspection allows concluding about the suit-
ability of the applied linear model, as the residuals vary in a range
of about £2% and in only two cases, in a total of 25, reaches values
higher than 2%, that is, —3% in one case and +5% in another.

The adjustment of the calibration curve using all the exper-
imental points (in a range between 0.04 and 0.08 wug), based
on the linear calibration model was performed using Table-
Curve2D [42] and is shown in Table 1. The parameters and
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Fig. 2. Response of the OF sensor for different amounts of benzene, toluene and xylene injected in a range between 0.02 g and 0.10 pg (a); response of the OF sensor for
different amounts of toluene (b); sensor response obtained during the determination of toluene (0.04 n.g) in five sequential experiments, R1-R5 (c); sensor response (mean
and standard deviation of five repeated evaluations) for 0.06 j.g of toluene during four weeks (d).

the ANOVA results obtained for the linear calibration model,
allow concluding that the linear model provides an appropri-
ated adjustment to the set of experimental data evaluated.
That is, the relationship between the dependent variable (opti-
cal power decrease) and the independent variable (analyte
mass) can adequately be depicted through a straight line. This
conclusion relies mainly on the high values of the determina-

tion coefficient (R?) and F-test with their level of significance
p<0.0001.

4. Determination of the calibration model of the OF sensors

The use of only the linear range of the OF sensor response
does not describe either completely or correctly the analytical



1406

L.LB. Silva et al. / Talanta 82 (2010) 1403-1411

_ 50
e (@)
=)
8 40 4
(1]
o
[&]
3 3
S
]
3
a 20 -
T a=-249+03
2 b=2891+5
8 10 - R2=0.9994 (p< 1.0 x 107
0.04 0.05 0.06 0.07 0.08
Mass (ug)
6
(b) o
4 o
= 2 g .
s
w 3 [ ] [ ]
C 7 T S — g e Y e e | SRR
> pe (] .
B . s
7] o
&J L]
24 e
[ ]
_4 -
% : i : . .
0.04 0.05 0.06 0.07 0.08
Mass (ug)

Fig. 3. Linear response of the OF sensor for amounts of toluene in a range between 0.04 and 0.08 g (a); residuals obtained for the linear model used for calibration (b).

performance of the sensor system in the full range of working con-
centrations or amounts of analyte. A calibration model valid for the
whole range of the analytical response of the OF sensor would be a
breakthrough of practical interest in this area of Analytical Chem-
istry, allowing to define proper estimates for the detection limits
of the sensor.

The attempt to find the best calibration function was performed
using the curve fitting software TableCurve2D [42]. Taking into
account the prior knowledge of the general shape of the curve of the
sensor response, the fitting was assessed by transition type func-
tions. The TableCurve2D [42] built-in transition functions consist
of a set of equations, that includes sigmoidal, Gaussian cumulative,
Lorentzian cumulative, cumulative symmetric double sigmoidal,
log normal cumulative, asymmetric sigmoidal, pulse cumulative,
just to mention a few.

The calibration model that produces the most appropriate fit of
the analytical response of the OF sensor is a cumulative symmet-
ric double sigmoidal (SDS) function, with the highest R?, Rfu. and F
values and the lowest standard error, in comparison to the other
listed fifteen types of transition equations by TableCurve2D [42].

Fig. 4a shows the calibration model obtained for the entire range
of the OF sensor response, including all repeated evaluations for the
9 amounts of toluene tested, in a total of 45 results. It can be seen
that the fitting of the experimental points is perfectly appropriate
and well described as a cumulative symmetric double sigmoidal
(SDS) curve instead of a sigmoidal curve as initially foreseen. The
same fitting was obtained for benzene and xylene cases.

Fig. 4b shows the residuals obtained for the SDS calibration
model and allows to infer about the adequacy of the applied model,
as the residual deviation varies between 1% and 5% and in only 2
cases, in a total of 45, reaches values higher than 5%, that is, —13%
in one case (for determination of 0.02 g of toluene) and +12% in
another one (for determination of 0.03 g of toluene).

The parameters of the SDS model calibration together with
their statistics, obtained with TableCurve2D [42], are also shown
in Table 1.

The results of the ANOVA confirm the argument that the fitting
ofthe experimental results of calibration to a SDS model is a suitable
approach, since the value of the F-test and its significance is very
high (p<1 x 10-6).

5. Estimative of the figures of merit of the OF sensors based
on the SDS calibration model

5.1. Study of the properties of the SDS function as a calibration
model

The study of the properties of the first and second derivatives of
the SDS function was carried out in order to evaluate the possible
applicability of this function as a calibration model for this type of
sensors. It will show the variation of the sensor calibration sensi-
tivity besides setting the lower and upper limits of the analytical
system.
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Parameters and ANOVA obtained for both the linear and the SDS models used for the calibration of the OF sensor: DF—degrees of freedom, SS—sum of the squares, MS—mean
squares, F—test F, p—probability.

Linear calibration model

Equation Number of determinations Correlation coefficient (R) Determination coefficient (R?) Adjusted R? (R:j) Standard error
y=-249+891x 25 0.9997 0.9994 0.9994 0.326
Coefficients Standard error t D
Intercept —249 0.3 -87.5 <0.0001
Slope 891 5 193 <0.0001
ANOVA
DF SS MS F p
Regression 1 3969.94 3969.94 37251.05 <0.0001
Residual 23 245 0.11
Total 24 3972.39 165.52
Normality test Passed (p=0.731)
Constant variance test Passed (p=0.925)
SDS calibration model
R? 0.9992
R%aj 0.9991
Standard error 0.5220
F 12289.02
Coefficient Value Standard error t p
A 4.3123 0.1693 25.4744 <1x10°6
B 43.2568 0.2376 182.0782 <1x10°6
C 0.0571 0.0002 295.6867 <1x107
D 0.0486 0.0006 80.4716 <1x10-
E 6.29x 104 0.0011 0.5531 0.5832
ANOVA
DF SS MS F p
Regression 4 13394.38 3348.60 12289.02 <1x10°6
Residual 40 10.90 0.27
Total 44 13405.28

5.1.1. First derivative of the SDS function
Re-writing the SDS function obtained from TableCurve2D [42]:

y=A+B(2E(In(exp((x+ D/2)/E) + exp(C/E))In(exp((C+ D/2)/E) + exp

(x/E)))+D)/(2D)) under the following form:

y= (A n g) 4 I%E In [e(x/E+D/2E) + eC/E] _ I%E In [e(C/E+D/2E) +ex/E] (13)
and defining new coefficients as follows:
B BE _ 1 D C c

Atgz=a F=b g=c¢ =4 F=) F

itresults: y=a-+bln (el 1el) —bin (e +e™) (1c)

which can be further simplified to: y=a+bIn(he®™ +i)— bIn(j +e%)
where ed =h, ef =i, e8 =j
The first derivative y’ of the SDS function will then become:

, 1 1
y'=be (1 Tkex 1 +je*fx) (2a)

D
tox=f+d=g  (1b)

after taking

% —k (2b)

The first derivative of the SDS function displays three notable
regions: (a) a region where the slope is approximately zero for low
values of x; (b) aregion where the slope is almost constant and close
to a value of about 900 for intermediate values of x; and (c) finally
aregion where the slope tends again to zero for higher values of x.

Setting the first derivative equal to zero in order to determine
the existence of extremes:

11
1+ ke~ 14 je~

Y =0 =0s ke X=je Xsk=j (3a)

There is no value of x that effectively nullifies the first derivative.

As l<=%=eH and j=ef=¢*4 then 1+ke ™ <1+je (3b)

Therefore y’ >0 for all x, and consequently the SDS function is
always increasing as x increases, as it can be observed in Fig. 4.

5.1.2. Second derivative of the SDS function

The second derivative of the SDS function y” shows the curvature
of the function, and allows the evaluation of the inflexion points.
By derivation of the first derivative of the SDS function:

_ Lp—CX _ip—CX
y' = be [ ———ke S — (4a)
(1 + ke—cx) (1 +je=—)
That is,
k j
y" = bce~* - (4b)
(1+ke=x)* (1 + je—cx)?
Equating (4b) to zero results,
X1=j£, yi=a (5a)

or, in terms of the original parameters:

B
x=C yi=A+5 (5b)

which are the coordinates of the inflexion point of the SDS function.
In fact:

=0 - =0 = x (1+k =+(1 5c
VIO ke argeep O Vixtriem =) 9
thus,
x,:—1 lnl=—1(lnl—lnef):£:%:C:0.06
c ef C c 1/E (Sd)
x=-11n (i> = impossible in %.
c ef
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Fig. 4. Adjustment by SDS calibration model of the OF sensor response to the amounts of toluene tested (in a range between 0.02 and 0.10 n.g) (a); residuals obtained for the

SDS model (b).

The value of the SDS function at the inflexion point can be
obtained by replacing x; = C:

y(x1) = (a+b In(he™ + i) — b In(e™ +j))x=f/c=c)
a+b(ne®™ + &) —In(e +&*9)=a+bx(0)

a:A+§:25.9 (6a)

That s, the SDS function has an inflection point at x; = C= 0.06 whose
value is:

yI:A+§:25.9 (6b)

The second derivative, and thus the curvature, is always positive
to the left of the inflexion point but only deviates significantly from
zero at points very close tox=0.04 pug. Symmetrically, the curvature
is always negative to the right of the inflexion point, only devi-
ating significantly from zero around x=0.08 g. This means that,
between these two points, the particular SDS function obtained
with the parameters of Table 1 is practically no distinguishable

from to a straight line with positive slope; outside this region the
SDS function is very nearly equal to its asymptotes.

5.1.3. Approximating to a straight line
The first derivative of the SDS function in the region between
the above mentioned two points, which can be seen as defining
the width of the transition, will enable the estimative of the linear
equation included within the SDS calibration model, allowing also
the calculation of the slope and therefore the determination of the
calibration sensitivity.
The derivative gives the slope of (x) at each point of x, which is
the slope of the tangent at the indicated point:
1-e2 1-0

~ ~ b
1+4e-2d 4 2ed C1+0+0 ¢

(7)

"(x1) = bc 1 1 =
yix)= 1+ ke-<U/e) 14 je—e) | ~

N SV S
y <X,7E7C> ~ bc ~
(1) ~ 890

Thus, it is possible to infer that in the zone of constant non-

zero slope observed for the first derivative of the SDS function,
a value of 890 can be established. Such is almost the same value
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of the slope in the linear model used for calibration as shown in
Fig. 3b.

5.2. Calibration sensitivity of the OF sensors based on the SDS
model

After the determination of x; (x;=C) and y; (y;=A+B/2) the
expression of the equation of the tangent line at the inflection point
can be determined defining t as:

_e-2d
po_1-€% (8)
14 e-2d 4 2e-d

and resulting

B BC B
y—y,:m(x—xI)Qy:(A+§—Ft)+(5t>x 9)
Replacing the constants A, B, C, D and E by their particular values
in this study case, t becomes very close to 1 and the equation for
the tangent can be written as:

y = —24.9 + 890x (10)

The sensitivity of the OF sensor obtained by the SDS calibration
model (890dB pg~1) is almost the same value as calculated from
the linear model (y = —24.9+891x) to the linear response range of
the OF sensor. This conclusion suggests that although more com-
plex, the SDS function is a general calibration model with a linear
region and applicable to the full working range of the determinant.

5.3. Detection limits of the OF sensors based on the SDS model

A typical response of an OF sensor to volatile organic compound
could be characterized by three analytical regions. The first one is
referent to the sensor behavior for lower amounts of analyte, in
which no significant changes in signal occurs. In the second region,
a rapid change in signal occurs over a narrow range of analyte
amounts. Finally, the third region reflects the sensor behavior for
higher analyte amounts, at which the system reaches a maximum
plateau in terms of its detection capability and an almost constant
signal could be observed for increasing values of analyte.

This sensor behavior and regarding the estimative of the capa-
bilities of analytical system, implies the establishment of both a
lower detection limit and an upper detection limit.

For the calculation of the lower detection limit several different
approaches can be considered. Firstly, and considering the linear
behavior of the sensor, the estimate of the detection limit obtained
for the OF sensor was found to be 1.1 ng taking into account the clas-
sical criterion based on 3 times the residual standard deviation [43].
However, replacing the x value of 1.1 ng (0.0011 pg) in the linear
equation an optical power variation of —23.9 dB is obtained, which
represents an increase of power of about 24 dB, with no physical
meaning in the case of the developed sensor. This calculated pos-
itive value of optical power variation, is due to the fact that the
sensor does not follow an analytical linear response for amounts
much less than 0.04 p.g (lowest amount of the calibration curve) as
assumed in the linear model.

In this case, the classical criterion for calculation of the detection
limit based on yp; =yg+3sp [43] is not appropriate for assessing
the detection limit of the OF sensor. This figure of merit must be
redefined in the case of the OF sensor, when the response is not
linear, in order to have physical meaning and any use in analytical
terms.

A second approach for the calculation of the lower detection
limit could be based on the 95% confidence interval of the first
point of the calibration curve using xg + tsx,, (n —2) [43] degrees

of freedom, where sy, is given by,

Sx =S 1+1+7(y0—)7)2 . (11)
° b nob2Y N (x - %)

Using this criterion and considering the linear behavior of the
OF sensor, the detection limit was found to be 40.3 +0.9 ng.

A more exactly determination of the detection limits, both the
lower and upper detection limit, can be performed by using the
SDS calibration model. Since OF sensors are often characterized by
a limited dynamic range of analyte measurement, the estimative
of the upper detection limit becomes a useful tool regarding the
evaluation of the analytical performance of the OF sensor.

The interception of the tangent of the inflection point with the
horizontal asymptotes, allows determining the lower limit of detec-
tion (xn) and the upper limit of detection (xy;) of the SDS calibration
model.

A line with the equation y=U is a horizontal asymptote of the
function, if any of the limits Xlirin f(x) = Uis observed. Determining

—> 00

the limit of the SDS function when x approaches +oo, gives:

. B BE D
XETOOyza-i-bd: (A+§) + (3) (ﬁ) =A+B

lim y = 47.6

X——+00

(12)

The horizontal asymptote to the left has a value of 47.6 dB.
Determining the limit of the SDS function when x approaches
—00, gives:

lim y= lim (F+G In(Ne"™+P)—G In(e"*+Q))=F—GH=A

X——00 X——00
lim y =4.31 (13)
X——00

The horizontal asymptote to the right has a value of 4.31 dB.

Intersecting the tangent at the inflection point with the two
asymptotes of the function, an approximate value of the points xp,
(minimum or lower) and xj; (maximum or upper) can be deter-
mined.

The interception of the tangent at the inflection point with
the asymptotes of the function gives the points: x,, = C— D/2t and
xp = C+D/2t, which define the function’s width as follows:

XM — Xm = ? (14)

Since t= (1-e=24)/(1+e~24 +2e~9) and d=D|2E, it can be seen
that when d — oo then t — 1. Therefore the width of the function
approaches D, and the tangent of the inflection point approaches:

y=(a+5-5)+(5)~ (15)

(i) Calculation of the lower limit of the sensor
Intercepting the tangent at the inflection point, with the hor-
izontal asymptote y =A, gives:

A:<A+§,£)+(E)x@xm=C—§=0.033

) D (16a)

Therefore the lower detection limit (x;;) obtained for the sensor

with the SDS model is 0.033 p.g.
(ii) Calculation of upper limit of the sensor

Intercepting the tangent at the inflection point, with the
asymptote y=A+B, gives:
B BC B D

At B= (A+§—3) + (E)X¢>XM:C+§ —0.081 (16b)
Therefore the upper limit (x);) obtained for the sensor with the SDS
model is 0.081 p.g.
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Fig. 5. Schematic representation of the tangent at the inflection point, the horizontal asymptotes of the SDS function and the lower and the upper detection limits.

Fig. 5 summarizes and shows a schematic representation of the
tangent at the inflection point, the horizontal asymptotes of the
SDS function and the lower and the upper detection limits.

6. Analytical advantages of the SDS calibration model in
relation to linear model

The SDS calibration model includes not only the analytical linear
response of the sensor defined by the equation y = —24.9 + 890x, but
also considers the response of the OF sensor beyond the lower and
upper limit of this linear zone. The linear calibration model restricts
the analysis of the analytical response of the OF sensor to the linear
response zone. In the past [6-10], the use of a linear model for the
estimative of the figures of merit of the sensor, namely the detection
limit, caused some problems in terms of their analytical usefulness.
Thus, the SDS calibration model constitutes an adequate alternative
to the linear calibration model, since it includes the full working
range of the target analyte, also describing accurately the sensor
performance through the appropriate estimative of its figures of
merit.

7. Conclusions

A cumulative symmetric double sigmoidal (SDS) function has
been proposed as a general model for describing the analytical
response of an OF sensor. The SDS model includes a linear cali-
bration zone for which is possible to calculate the sensitivity of
the method (890dB pg—1), established between a lower (0.033 .g)
and an upper detection limit (0.081 g) of the analytical system.
This calibration model was shown to be valid for the whole entire
range of the analytical response of the OF sensor and compares
more advantageously with a linear model, since it provides esti-
matives of the figures of merit of the sensor system with analytical
interest and statistical significance.
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