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Abstract The interaction between b-cyclodextrin (bCD)

and N-phenyl-1-naphthylamine has been studied spectro-

fluorimetrically and found to form a 1:1 (bCD:NPN)

inclusion complex at optimum conditions of pH 8 with the

formation time of 120 s. The association constant of the

complex was established to be 6.0 9 102 M, while a

remarkable enhancement in fluorescence intensity was also

observed at 445 nm with excitation of 334 nm. A spec-

troflurometric method for the detection of N-phenyl-1-

naphthylamine has been developed having a dynamic range

linear up to 4.67 9 10-7 M with a limit of detection of

0.58 nM. The repeatability study at two different bCD

concentrations of 1.0 9 10-4 and 4.0 9 10-4 M was

found to give RSD values of 2.40 and 1.42%, respectively.

Artificial neural network (ANN) has been utilised to model

the analytical system and successfully extended the ana-

lytical dynamic range up to 8.0 9 10-7 M from the ori-

ginal 4.67 9 10-7 M, brief network training and the

optimum parameters of are described in this work.

Keywords Inclusion complex � b-Cyclodextrin �
N-Phenyl-1-naphthylamine � Fluorescence � Artificial

neural network

Introduction

N-Phenyl-1-naphthylamine (NPN) is a lipophilic crystal-

line solid that is mainly used as antioxidant in rubber,

greases, lubricating oil and transformer oil [1, 2]. It is also

used as raw material for the production of dyes and other

organic chemicals. NPN is believed to be toxic and the

effect towards health is of much concern [3]. This is

especially for those who are working directly under envi-

ronments with high exposure of NPN such as at the pro-

duction plants, rubber related industries or those oils

related activities. Besides that, the release of NPN directly

or indirectly to the environment is of high possibility due to

its wide usages [4, 5]. This may be due to leakage of close

system of greases and lubricating oils, the leakage of jet

oils and the indirect discharge or decay of rubber related

products. Upon entering the environment, it may causes

carcinogenic effect and illness like Dermatitis to living

organisms that have been directly in contact with it [6–11].

The detection and quantification of NPN is commonly

carried out using established conventional methods such as

mass spectroscopy and chromatography [12, 13]. These

methods no doubt can produce accurate and sensitive

detection of NPN, but the methodology of these methods

involve highly skilled personal, time consuming and the use

expensive instrumentations. It will be of great advantage to

develop a simple and cheap method for the detection of

NPN. This is a challenging task as NPN is lack of specific

chemical functional groups that can be used to interact with

any detection system or ligand. However b-cyclodextrin

(bCD), a cyclic oligosaccharides consisting of seven D-(?)-

glucopyranose units has the potential to be used as sensing

reagent for NPN. It is due to the well-known properties of

bCD in forming inclusion complexes with various guest

molecules of different polarities and physical dimensions
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[14–17]. Based on this, bCD has been readily adopted in

various applications such as for developing analytical

methods [18, 19], enzyme-subtract interactions [20], drug

deliveries [21] and catalytic activities [22]. In addition, the

formation of inclusion complex can alter the photochemical

and photo-physical properties of the guest molecules, which

turns to be useful for quantification purposes.

Generally, inclusion complexes formed between bCD

and guess molecules have lower value of association con-

stant compared to the interaction of metal ions with che-

lating ligands. Due to this, the typical double reciprocal

(Benesi–Hildebrand) plots can be adopted to evaluate the

formation constant of the system [23]. In cases where

optical signal change is detected upon complexing, it can

be used for quantification purpose but the linear range of

the calibration curve is often short due to this weak

inclusion interaction. This directly narrows down the

detection range and causing limitation for real in situ

applications. Therefore, a powerful tool for data modelling

such as artificial neural network (ANN) can be utilised to

overcome the short linear range weakness. ANN is a

computational model that imitates the working system of

human brain. The network consists of many individual

‘nods’ working in parallel, which is interconnected to each

other with different weights. These weights are generally

obtained by the network during the training sessions while

the network architecture is still under construction. Once a

neural network model is completely constructed, it has the

ability to predict an output of a trained system with rea-

sonable accuracy even if the variables of the system are not

fully understood [24]. Due to this, ANN application has

gained many interests in various different fields including

analytical chemistry in simplifying various variable of a

complex system. Conventional statistical methods have not

managed to achieve such an outcome yet.

In this paper, bCD has been used to determine the

concentration of NPN by monitoring the enhancement of

fluorescence intensity due to inclusion complex formation.

The basis chemistry behinds the inclusion complex for-

mation was studied using the standard fluorometric

approach. As for analytical application, ANN has been

used as a tool for data processing and modelling, which

consist of an input layer, hidden layers and an output layer.

The network was optimised and constructed for the best

data fitting and data prediction using various optimization

parameters. The training of the ANN was carried out based

on pattern recognition of the fluorescence spectrums

obtained during the formation of inclusion complex. The

main objective of this study is to demonstrate the ability of

bCD used as sensing reagent for NPN to sub-nanomolar

range based on the exclusive inclusion complex phenom-

enon. The use of ANN as tool for facilitating the analytical

application will be evaluated.

Experimental

Reagents and chemicals

All chemicals and reagents used are of analytical grade

unless otherwise stated. The solution of bCD

(1.5 9 10-2 M) was prepared by dissolving accurately

0.8513 g of bCD (purchased for Fisher Scientific) into

50 mL of double-distilled deionised water. Stock solution

of N-phenyl-1-naphthylamine (NPN) (2.0 9 10-3 M) was

prepared by dissolving 0.0219 g of NPN (purchased for

Fisher Scientific) in an opaque 50 mL volumetric flask

using acetonitrile (Aldrich). The working solution of NPN

was prepared accordingly by further diluting the stock

solution into the appropriate concentration of acetonitrile.

The buffer solution was prepared as reported using potas-

sium hydrogen phthalate (PHP), (BORAX) and (TRIS) (all

from Aldrich) and pH was adjusted using hydrochloride

acid (HCl) (37%) (from Fisher) and sodium hydroxide

(NaOH) (from AnalaR).

Apparatus and instrumentations

All fluorescence measurements were recorded using Per-

kin-Elmer LS55 spectrofluorometer with standard quartz

cell of 1.0 cm. pH for solution was checked using HI 9815

pH meter with the accuracy of pH 0.1. All digitised data

obtained were processed using Microsoft Excel. The ANN

network was constructed with Matlab 7.0 programme using

a Pentium IV, 1025 RAM personal computer.

Procedure

Complex formation

A 0.015 mL portion of NPN (8.0 9 10-5 M) working

solution was added with 1.0 mL of buffer solution (pH 8),

followed by 1.0 mL of bCD and the total volume of the

mixture was made up to 3.0 mL using deionised water.

The mixture solution was stirred homogenously before

transferred to as standard quartz cuvette. The fluorescence

emission spectrum of the formed host–guest complex was

recorded at the range of 350 to 600 nm with an excitation

at 334 nm. Same protocol was used to record the bCD and

NPN fluorescence spectrum except not mixing the

reagents together and the spectrums were recorded

individually.

Optimisation of experimental variables

The optimum pH of the system was determined using

buffer solutions with different pH values (pH 3–12) and the

optimum pH was defined as the one gives the highest
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fluorescence enhancement after complex formation. The

volume of pH buffer added was also determined by varying

the amount of buffer from 0.5 to 2.0 mL with an interval of

0.5 mL. The kinetic of the complex formation was fol-

lowed generally by recording the intensity of the emitted

fluorescence upon mixing the bCD with NPN in buffer

solution. The influence of bCD concentration was studied

using a fix concentration of NPN (2.5 9 10-7 M), but

varying the concentration of bCD from 1.0 9 10-3 to

1.0 9 10-2 M.

Determination of complex stoichiometry

and association constant

The stoichiometry and association constant of the inclusion

complex were evaluated under the optimum experimental

parameters using the established experimental method. The

concentration of bCD was varied in an increasing manner

to a fix concentration of NPN and the enhancement of the

fluorescence intensity was recorded. Assuming that the

complex has host-guess ratio of 1:1, the following

expression can be written

bCDþ NPN� bCD�NPN ð1Þ

The association constant (Kas) can be derived as,

Kas ¼
bCD�NPN½ �
bCD½ � NPN½ � ð2Þ

where [bCD], [NPN] and [bCD–NPN] are equilibrium

concentrations. The typical double reciprocal (Benesi–

Hildebrand) plots can be used to evaluate the association

constant as given below:

1

F� F0ð Þ ¼
1

F1 � F0ð ÞKas bCD½ �0
þ 1

F1 � F0

ð3Þ

where [bCD]0 denotes the initial concentration of bCD; F0

is the NPN fluorescence intensity in the absence of bCD;

F? is the fluorescence intensity when all NPN formed

complex with bCD and F is the observed fluorescence

intensity at each bCD concentration tested. When a plot of

1/F - F0 versus 1/[bCD]0 is constructed, linear plot will be

obtained for complex having 1:1 ratio.

For complex having the stoichiometry of 1:2 ratio, the

following expression is obtained:

1

F� F0ð Þ ¼
1

F1 � F0ð ÞK0as bCD½ �0
� �2

þ 1

F1 � F0

ð4Þ

A linear plot will be obtained for the plot of 1/F - F0

versus 1/([bCD]0)2 when the complex stoichiometry is 1:2.

Upon obtaining the stoichiometry of the complex, the

association constant can be determined by dividing the

intercept by the slope of the corresponding linear plot.

Repeatability study

Repeatability study of the system was carried out with a

fixed final concentration of NPN of 2.5 9 10-7 M. Two

different final concentrations of bCD of 1.0 9 10-4 and

4.0 9 10-4 M respectively were used for the study. The

study was conducted in pH 8 buffer solution and having as

stirring time of 10 min before recording the fluorescence

measurements. Each of the bCD concentration fixed was

repeated for 10 times using same protocol and condition.

ANN construction and training

The construction of or the ANN network was based on the

simple Back-Propagated Delta Rule Networks (BP), which

the overall network consisting of three layers; an input

layer, output layer and hidden layer(s) which sandwiched

in between the two layers. The network topology was

constrained to feed-forward protocol, where the neural

nodes were connected from the input layer to the hidden

layer before reaching the output layer. Each layer was

associated with its neurones and each neurone has its own

activation function. For the construction of a best network

for this study, optimisation of the network parameters was

carried out by a back-propagating training process, where

hidden layer learns to record and provide a representation

for the input data. During this process, unit error obtained

from the network output compared to experimental data

was used to alter weights on the output units. Then the

error at the hidden nodes was calculated by back-propa-

gating error approach at the output. After obtaining these

values, the values were used to alter the weights on the

hidden nodes to minimise the error of the output. The

network parameters identified to be optimised were the

number of hidden layer, number of epoch (cycle/period of

training) and the learning rate. In this particular study, the

fluorescence intensity spectral corresponded to different

concentrations of NPN will be feed as the input pattern for

the construction of the network as illustrated in Fig. 1.

Result and discussion

Fluorescence spectra

NPN was fluorometrically measured and the spectral

characteristics result showed a maximum emission at

462 nm with an excitation wavelength of 334 nm (Fig. 2).

When bCD was introduced into the NPN solution, a blue

shift of approximately 17 nm on the maximum wavelength

of the emission was observed. The newly formed emission

spectra have an obvious increment in the fluorescence

intensity. The bCD was observed to give low or no
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fluorescence intensity under the same condition of study.

So the possible reason for the intensity enhancement

observation was due to the formation of inclusion complex

between NPN and bCD. NPN can enter the hydrophobic

core of bCD under the acting forces such as Van der Waals

bond and hydrogen bond. Besides that, the highly hydro-

philic environment of the aqueous media can force the

hydrophobic molecule into the cavity. This reduces the

degree of motion freedom of the NPN molecule, which

decreased the probability of the radiationless transition.

Quenching that occurs in the aqueous environment will be

also at its minimal level due to the shielding by the bCD

shell. Hence the quantum efficiency of the fluorescence

will increase. The correlation between the enhancement in

fluorescence intensity and the formation of inclusion

complex is well validated in the literature. For instance in

the work by Abdel-Shafi and Al-Shihry [25], similar

observation has been recorded in term of intensity

enhancement, and their further study with proton nuclear

magnetic resonance (1H NMR) spectroscopy has proven

the formation of inclusion complex. Latest, Bakkialakshmi

and Menaka [26] proved the same correlation in their work

dealing with the complexation of rhodamine 6G with bCD.

Such observation was also recorded in our previous work

that deals with the development of bCD imprinted polymer

for the detection of NPN [27].

Optimisation of experimental variables

Influence of pH

bCD was reported to be instable in very low pH due to

hydrolysis. Thus, the study has excluded the use of strong

acidic buffer to avoid the degradation of bCD. The change

in relative fluorescence intensity of NPN before and after

the forming of complex as a function of pH from 3 to 12

was studied. The results obtained (Fig. 3) have showed a

constant increment in fluorescence enhancement as the pH

increases from 3 to 8. The maximum enhancement was

recorded to be at the pH range of 8–11 before showing a

drastic decrease upon reaching pH 12. This decrease may

Fig. 1 Illustration of the basic

of ANN architecture based on

the fluorescence spectra

recorded due to the inclusion

complex formation of bCD with

various concentration of NPN

Fig. 2 Excitation and emission spectra recorded from (a) NPN with

the present of bCD, (b) NPN with the absent of bCD and (c) bCD

with the absent of NPN. Concentration of NPN; 2.5 9 10-7 M, bCD;

5.0 9 10-3 M
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be due to the formation of fully hydrolysed bCD molecule,

which is incapable to form inclusion complex. Optimum

pH was determined to be between 8 to 11 range and pH 8

has been chosen for this study.

Influence of buffer volume

Buffer strength of the system was studied by varying the

volume of the buffer added to the system. As the volume of

the buffer added from 0.5 to 2.0 mL with an interval of

0.5 mL, the effect on the fluorescence enhancement was

observed to be not significant. It was identified to have a

decrease of only 6.45% in the enhancement when the

volume of the buffer was increased.

Response time

Sufficient time for the formation of inclusion complex

between NPN and bCD is needed before the intensity of

the fluorescence can be recorded. This is to ensure con-

sistency and reliability of the results. The results obtained

(Fig. 4) from the study showed that the fluorescence

intensity increase drastically upon the injection of bCD

into the system and reached a stable signal after 10 min.

The signal remained constant for over another 10 min

without significant fluctuation. Hence, all the fluorescence

recordings were performed after a minimum of 10 min,

after all the involved ingredients were mixed together. The

response time recorded here was under static condition

after mixing of the ingredients without external physical

stimuli like shaking of stirring. Time taken under this

condition is assumed to be the maximal period required for

the complexation to complete. However, the response time

can be reduced by external stimuli if a more rapid analysis

is needed for a specific application. It was reported by

Algarra Gonzalez and Hernandez Lopez [28] that the

response time was great reduced by sonication in their

work dealing with the study of inclusion complexes of

cyclodextrins and its derivatives with polyaromatic

hydrocarbons (PAHs).

Influence of bCD concentration

The effect of bCD concentration on the fluorescence

enhancement is shown in Fig. 5, where the insert is the raw

fluorescence spectrum recorded with different concentra-

tions of bCD. It is obvious that the intensity increases as more

bCD was added at the initial stage. A gradually increment in

the fluorescence intensity was recorded until reaching the

concentration of about 6.0 9 10-3 M due to the formation of

complex. No further enhancement was observed as the

concentration of bCD was further increased up to

8.0 9 10-3 M. The fluorescence intensity showed a

decrease as the concentration of bCD exceeded

8.0 9 10-3 M. This may be due the common factor of self-

quenching phenomena as the concentration of the reagent

reached a very high value.

Complex stoichiometry and association constant

The inclusion complex stoichiometry was obtained by fit-

ting the experimental data obtained from the study with

varying concentrations of bCD into the typical Benesi–

Hildebrand equation. In order to avoid misinterpretation,

the data obtained with extreme high concentration of bCD

was excluded for the evaluation due to the quenching

phenomenon that decreases the fluorescence intensity.

The first assumption of the complex stoichiometry was

made based on 1:1 (bCD:NPN) ratio and thus Eq. 3 was

adopted for the evaluation. The plot of 1/(F - F0) versus

1/[bCD]0 was constructed and important information that

could be derived is given in Table 1. The second

assumption was made that the complex has a 2:1 stoichi-

ometry and Eq. 4 was used for the evaluation by plotting 1/

(F - F0) versus 1/([bCD]0)2. Important information from

Fig. 3 Influence of pH on the net fluorescence enhancement of NPN–

bCD complex for a fixed concentration of NPN and bCD
Fig. 4 Fluorescence intensity recorded during the formation of

inclusion complex without external stimuli. Concentration of NPN;

2.5 9 10-7 M, bCD; 5.0 9 10-3 M
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the second assumption was also compiled in Table 1 as for

comparison. From the comparison result, the stoichiometry

of the complex was confirmed to be 1:1 due to the linear

line obtained from the plot with the assumption of 1:1

stoichiometry. The second plot with the assumption of 2:1

stoichiometry was concluded as having a non-linear rela-

tionship based to the low correlation coefficient (B0.9900)

when a linear model was applied to the second plot. Based

on the conclusion of 1:1 complex formation, simulation of

the possible structure of the complex has been carried out

using PC Model software. The most stable structure of

complex was obtained by minimising the interaction

energy of the two structures as illustrated in Fig. 6.

The apparent association constant was determined from

the plot of 1/(F - F0) versus 1/[bCD]0 by dividing the

intercept by the slope of the plotted linear line. The asso-

ciation constant of the inclusion complex obtained from

this experimental condition (25 �C) was determined to be

6.0 9 102 L mol-1. This value is reasonable and consis-

tent within the range that is usually recorded for such

inclusion complex system. For instance, Algarra Gonzalez

and Hernandez Lopez [28] has evaluated a value of

4.70 9 102 L mol-1 for the association constant of a flu-

orene-bCD under quite similar condition. In this case, NPN

is portraying a stronger complex compared to the fluorene

as it has an additional nitrogen atom that can contribute

towards the formation of hydrogen bond with the hydrox-

ide groups on the main bCD structure.

Figure of merits

Under the optimum experimental conditions, fluorescence

enhancement of NPN by bCD was determined over a range

of different concentrations of NPN concentrations. The

average of four net fluorescence intensities at each con-

centration was plotted against the NPN concentrations

(Fig. 7). The dynamic range of the system was determined

to be linear up to 4.67 9 10-7 M with a correlation coef-

ficient (R2) of 0.9975 (inset figure, Fig. 7). Within the

linear range, regression equation was determined to be

F = 6.0 9 108 [bCD] - 5.7743. Due to the non-linearity

in the relationship between the enhancement and concen-

tration of NPN, only the linear dynamic range of the plot

was used for the evaluation of limit of detection (LOD).

The LOD is evaluated using 3r/s, where r is the standard

deviation obtained from the blank signals and s is the slope

of the linear calibration plot (inset figure, Fig. 7). The LOD

thus calculated was determined to be 0.58 nM. The fluo-

rescence intensity obtained from repeatability study con-

ducted with each 10 samples of two different

concentrations of bCD. The results gave relative standard

deviation (RSD) values of 2.40 and 1.42% for the con-

centration of bCD 1.0 9 10-4 and 4.0 9 10-4 M,

respectively. Since the well accepted deviation ceiling is

5%, both the RSD values were considerable low with the

indication of highly repeatable result, which gives a very

promising credit to be used for analytical application.

Fig. 5 Influence of bCD

concentration on the

fluorescence intensity for a fixed

concentration of NPN

(2.5 9 10-7 M). Inset is the

raw spectra of the fluorescence

profile record for each of the

different concentration of bCD

Table 1 Information of the plots used to predict the stoichiometric ratio of the complex formation of NPN–bCD

Plot Function Linear correlation relationship R2

Equation 3 1/(F - F0) vs. 1/[bCD]0 1/(F - F0) = 5.0 9 10-6 (1/[bCD]0) ? 0.0030 0.9930

Equation 4 1/(F - F0) vs. 1/([bCD]0)2 1/(F - F0) = 4.0 9 10-9 (1/([bCD]0)2) ? 0.0039 0.9398

Both equations of the model were fitted with linear relationship
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ANN optimisation parameters

Pre-processing of data

The emission spectral (range from 370 to 570 nm) for the

different concentrations of studied NPN was plotted in 3D

(Fig. 8) to obtain an overview of the pattern that repre-

sented the data. The data points recorded over the range is

considerably too large to be used for ANN training pur-

pose, as over feeding into the network can cause problems

such as saturation of the network training algorithm or

causing the network optimization outcomes to diverge.

Data selection and pre-processing is a vital step in neural

network successful design. The pre-processing of data was

done by mapping all the inputs and the outputs in a scaled

range between ?1 and -1. As for the selection of data, it

was done through trial and error method and the one

employed in this study was taking the effective range

starting from 370 up to 570 nm with an increment of 5 nm.

Data points in this range was observed to be significantly

responding to the different concentrations of NPN, and

manage to give a good representative of the overall ana-

lytical trend for this system. The selection of such data

necessitates the input layer having 81 neurons each

corresponds to the fluorescence intensity at a particular

wavelength.

Training and optimisation parameters

To avoid network overtraining the NPN data were ran-

domly divided into three sets as the following:

Fig. 6 Simulated structure of

the NPN–bCD complex using

PC-Model software based on

1:1 ratio using energy

minimisation option. a The stick

and ball view; b the stick view

Fig. 7 Calibration plot and the

dynamic range of NPN with

bCD under standard and

optimised conditions. Inset

shows the linear range at the

lower concentration range of

NPN

Fig. 8 3-Dimension (3D) plot of NPN concentrations versus fluo-

rescence intensity at different wavelengths
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• 60% are used for training.

• 20% are used to validate that the network is general-

izing and to stop training before over fitting.

• The last 20% are used as a completely independent test

of network generalization.

The training was stopped when the validation error

started to increase, which occurred at iteration 8 epochs. A

plot of the training errors, validation errors, and test errors

are shown in Fig. 9. In this particular case, the result is

satisfactory as the final mean-square error is small and

equal to 0.000212 and R2 value is equal to 0.9930.

Validation and prediction

Figure 10 illustrates plot of experimental and predicted

concentrations versus sample while Fig. 11 shows the error

% between experimental and predicted data. The network

topology used was having three hidden layers with 20, 15

and 15 hidden neurons respectively. The network has one

output which is the concentration and 81 inputs which are

the intensity measured at 370 nm and at a step of 5 nm to

570 nm. The predicted result demonstrated that the ANN

output was fairly accurate and can be used to extend the

NPN analysis to the full concentration range studied, which

is up to 8.0 9 10-7 M.

Conclusion

A study has been conducted on the formation of inclusion

complex between NPN and bCD. Basic insights of this

inclusion complex have been review using spectrofluo-

rometry method. Along with this study, it was found that

the inclusion complex caused an enhancement of fluores-

cent intensity of the NPN. Based on this, a simple fluoro-

metric method was developed for the detection of NPN in

the sub-nanomolar range. In order to further maximise the

capability, ANN has been successfully adopted for the data

analysis and has extended the dynamic range of the system

up to the full range of concentration studied in this work.

Besides that, this work has demonstrated the use of ANN to

predict a fairly accurate concentration of NPN using fluo-

rescent intensity as input.
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Fig. 9 Plot of the training errors, validation errors and test errors

from ANN analysis

Fig. 10 Experimental and predicted concentrations of various sam-

ples recorded using the ANN as modelling tool

Fig. 11 Percentage of prediction error between experimental and

calculated data obtained using the optimised ANN architecture
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