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Summary. A method based on near-infrared spectroscopy (NIRS) was

developed for the rapid and non-destructive determination and quantifica-

tion of solid and dissolved amino acids. The statistical results obtained after

optimisation of measurement conditions were evaluated on the basis of

statistical parameters, Q-value (quality of calibrations), R2, standard error

of estimation (SEE), standard error of prediction (SEP), BIAS applying

cluster and different multivariate analytical procedures. Experimental opti-

misation comprised the selection of the highest suitable optical thin-layer

(0.5, 1.0, 1.5, 2.0, 2.5, 3.0 mm), sample temperature (10–30 �C), measure-

ment option (light fibre, 0.5 mm optical thin-layer; boiling point tube;

different types of cuvettes) and sample concentration in the range between

100 and 500 ppm. Applying the optimised conditions and a 115-QS

Suprasil+ cuvette (V¼ 400ml), the established qualitative model enabled

to distinguish between different dissolved amino acids with a Q-value of

0.9555. Solid amino acids were investigated in the transflectance mode,

allowing to differentiate them with a Q-value of 0.9155. For the qualitative

and quantitative analysis of amino acids in complex matrices NIRS was

established as a detection system directly onto the plate after prior separa-

tion on cellulose based thin-layer chromatography (TLC) sheets employ-

ing n-butanol, acetic acid and distilled water at a ratio of 8:4:2 (v=v=v) as

an optimised mobile phase. Due to the prior separation step, the estab-

lished calibration curve was found to be more stable than the one calcu-

lated from the dissolved amino acids. The found lower limit of detection

was 0.01 mg=ml. Finally, this optimised TLC-NIRS method was success-

fully applied for the qualitative and quantitative analysis of L-lysine in

apple juice. NIRS is shown not only to offer a fast, non-destructive de-

tection tool but also to provide an easy-to-use alternative to more compli-

cated detection methods such as mass spectrometry (MS) for qualitative

and quantitative TLC analysis of amino acids in crude samples.
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Introduction

One of the forerunners of modern near-IR applications,

Karl Norris of the U.S. Department of Agriculture, used the

near-infrared (NIR) wavelength region in the mid-1960s

for the spectral analysis of many substances such as the

moisture content of grain and seeds (Norris and Hart, 1996).

Today, near-infrared spectroscopy (NIRS) has become

an important and widely accepted tool for not only the

qualitative but more importantly for quantitative analysis

(Ciurczak and Drennen, 2002). The NIR region covers the

overtone and combination transitions of the C–H, O–H

and N–H groups in a wavenumber range from 4000 to

12800 cm�1 (2500–780 nm). NIR absorption bands are

much weaker and harder to identify in comparison to

mid-IR (MIR, 2500–25000 nm) spectra because of the

higher grade of excited bondings. Wavelengths from

190–650 nm are those that most bio molecules absorb

fluorescent. The NIR wavelength region provides higher

sensitivity for detection of biomolecules because of the

lack of high background (auto fluorescence) caused by the

molecules themselves (190–650 nm) and thus better signal-

to-noise (S=N) ratio (Raghavachari, 2001). Therefore, NIR

spectrometry coupled with multivariate methods (e.g., prin-

cipal component analyses, PCA; partial least squares, PLS;

multiple linear regression, MLR; principal component re-

gression, PCR) has been successfully used for the simulta-

neous analysis of various compounds (Burns and Ciurczak,

1992). That means if a particular component provides an

NIR absorption spectrum and its concentration is high

enough that the spectrum contributes meaningfully to the

NIR absorption profile, then it is in principle possible to

perform analysis by using NIR spectroscopy. There are

many studies of the feasibility and efficiency of Raman,

mid- and near-IR spectroscopic detections of amino acids

(István et al., 2003), di-, tri- (Troy and Tran, 2001) and tetra

peptides (Tran and Kong, 2000), proteins (Suyrewicz and

Mantsch, 1996), different clinical (Jackson and Mantsch,



1996), pharmaceutical (Cogdill and Drennen, 2005), agri-

cultural and food (Siesler et al., 2002) applications. The most

important advantages of near-infrared spectroscopy to other

spectroscopic techniques are the fast sample preparation,

the possibility to use optical thin-layers up to centimetres

(Siesler et al., 2002) and the avoidance of fluorescence and

laser-induced sample damage. So it is worth to investigate,

develop and improve the spectroscopic analysing technique

in the NIR wavelength region. Today NIR spectrometers are

very user-friendly and highly sophisticated analysing sys-

tems, equipped with fast and very sensitive detectors. Light

fibres in different length, variety of very precise wavelengths

selection modules with great reproducibility and high res-

olution, a wide range of measurement options and power-

ful software packages (Stark and Luchter, 2005) are avail-

able. In addition to that reliable in- and online monitoring

can be performed with well-equipped instruments, what

makes NIRS very popular in agricultural, food and clinical

science (Murray and Cowe, 1991).

Amino acids possess at least two or more C–H, O–H

and N–H groups, so NIR spectroscopy is useful for study-

ing hydration and hydrogen bonds in peptides and pro-

teins (Siesler et al., 2002). For instance the potential of

generalised 2-D NIR correlation spectroscopy in protein

research has been demonstrated (Wang et al., 1998) for

ovalbumin solutions. Heise et al. (1998) described an as-

say of blood substrates of total protein. Since the 1970s

there has been a continued interest in the application and

development of combining separation techniques, such as

thin-layer chromatography (TLC) and near-infrared spec-

troscopy (Fong and Hieftje, 1995), because of fast, simple

and relatively inexpensive sample analysis (Ciurczac et al.,

1991). In situ spectroscopic evaluation of separated zones

on TLC plates has been used mainly in the UV, visible and

infrared regions (Stahlmann and Kovar, 1997). Several

authors have described direct NIR (Fong and Hieftje,

1995) and Raman (Istvan et al., 2003; Everall, 1992)

measurements of different TLC layers based upon silica

high-performance thin-layer chromatographic (HPTLC)

plates, silica gel plates 60 Å, Si 60 F254s Raman silica

gel HPTLC-Raman plates and Aluminium Oxide 60

F254 alumina sheets. If the materials are not coloured or

fluorescent, derivatisation is necessary, and the poor re-

producibility of the derivatisation process decreases the

accuracy of measurements (Yamamoto et al., 1991). To

avoid the need for derivatisation, NIR or MIR spectro-

scopy can be used. Compared to other analytical techni-

ques such as liquid chromatography (LC; Stecher et al.,

2003), capillary electrophoresis (CE; Huck et al., 2003) or

on-=off-line mass spectrometry (MS), NIRS enables a

very fast and easy analysis (Huck et al., 2005). Because

of the quick sample preparation and short scanning-times,

samples can be measured within seconds, enabling high-

throughput analysis (Siesler et al., 2002). In this work

qualitative and quantitative analysis of amino acids are

described. The goal is to distinguish between different

amino acids, which were measured either in solid or

liquid optimised condition. In addition a method for the

direct measurement of amino acid spots on TLC sheets

using a Fourier-transform NIR is presented. NIR spec-

troscopy turns out to be a suitable analysing method for

investigating amino acids, peptides and proteins and the

advantages of rapid, easy and inexpensive measurements

makes it a very interesting and important tool in chemical,

agricultural, food, pharmaceutical and especially clinical

science for e.g. blood analysis (Elwell and Beard, 2005).

Materials and methods

Materials and reagents

L-forms of glutamic acid, glutamine, lysine, isoleucine, phenylalanine,

tyrosine, cysteine, aspartic acid, asparagine, arginine, threonine, alanine,

methionine, tryptophan, histidine, proline and serine (all with 99.9%

purity) were purchased from Serva Biochemica (Heidelberg, Germany).

Ammonium acetate (analytical gradient grade) was purchased from Arcos

Organics, NJ, USA and water was purified by a Nanopure – unit

(Millipore, Barnstead, MA, USA). Samples were measured in three dif-

ferent ways. Dissolved amino acids were placed either into a specially

prepared glass stovepipe (V¼ 15 ml) or into cuvettes made of Suprasil+

(Hellma, Jena, Germany) consisting of types 100-QS (V¼ 3500ml),

104-QS (V¼ 1400ml), 115-QS (V¼ 400ml), 105.201-QS (V¼ 100ml) and

optical glass (Starna, Pfungstadt, Germany) type 7G (V¼ 3500ml). Solid

samples were measured directly with an optic glass fibre.

Near-infrared spectroscopy

NIR spectra were recorded on a single beam polarisation NIR Fourier-

Transform spectrometer (FT-NIR; B€uuchi, Flawil, Switzerland) equipped

with a tungsten-halogen lamp, a temperated lead sulfide detector (30 �C)

and a standard 2 m optic glass fibre (silica glass, Infrasil, Bes Optics Inc.,

Warwick, Great Britain, optical thin-layers 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 mm).

Transflectance, transmittance and diffuse reflectance modes were em-

ployed depending on the measurement method and sample state-of-matter.

With Fourier-transform spectroscopy, the interferogram is obtained by

scanning the difference in the optical path lengths of two beams of a

two-arm interferometer. The optical system of the said spectrometer con-

tains a triangular prism of high refractive index which moves perpendicu-

larly to the optical axis to change the optical distances of the two polaris-

ing components of the incident light, that pass through the crystal. Wave-

number ranges from 4000 cm�1 to 10000 cm�1 (1000–2500 nm). The

instrument offers a resolution of 12 cm�1, an absolute wavelenght accu-

racy of �2 cm�1 and a relative reproducibility of 0.5 cm�1.

Spectra were recorded in transflectance (solutions; light fibre, optical

thin-layers 0.5–3.0 mm), transmittance (solutions; cuvettes, optical thin-

layer 10.0 mm and boiling point tube, optical thin-layer 2.0 mm) and

reflectance modes (solid samples; light fibre direct on sample). The sample

temperature was regulated by a heater (Julabo – model PC=4, Seelbach,

Germany) that stabilized the temperature of the water bath with a variation

limit of �0.1 �C.
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Chemometrical software NirCal 4.21 (B€uuchi) was used for creating

a model, i.e., selection of spectra and wavelengths, mathematical pre-

treatment and statistical analysis performing cluster analysis, principal

component analysis (PCA) and principal component regression (PCR).

Spectra were randomly divided into a so called learning-set (67%, C-set),

i.e., calibration samples, and a test-set (33%, V-set), i.e., samples for testing

the calibration equation. The optimum number of factors used for the

individual prediction was determined by cross-validation and quality of

cluster analysis was described in Q-value calculated by the NirCal 4.21

software. The selection of the best quantitative regression model is based

on the following calculated values:

1) BIAS, i.e., the average deviation between the predicted values (yn) and

the actual values (xn) in the calibration-set, should be close to zero.

BIAS ¼ 1

N

X
ðxn � ynÞ

2) PRESS, Predicted Residual Error Sum Square is the sum of the square

of the deviation between predicted and reference values. The PRESS

value of the validation set should be as small as possible and similar to

that of the calibration set.

PRESS ¼
X

ðxn � ynÞ2

3) SEE, Standard Error of Estimation, i.e., the standard deviation of the

differences between reference values and NIRS-results in the calibra-

tion set.

SEE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X
ðxn � yn � BiasÞ2

r

4) SEP, Standard Error of Prediction, i.e., the counterpart for the test-set

samples. SEE and SEP should be as small as possible.

SEP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X
ðxn � yn � BiasÞ2

r

5) The correlation coefficient (R2) should approach 1.

Preparation of standard solutions

Amino acids were measured at 0.5 mg=ml concentration in ammonium

acetic buffer (50 mmol=ml), made up in deionised H2O. The pH was

adjusted to 4.0 by adding appropriate volumes of acetic acid. All samples

and buffers were freshly prepared at 20–23 �C and pH was checked with

an electronic pH meter (WTW, model multilab 540).

Thin-layer chromatography (TLC)

The cellulose based thin-layer chromatography sheets (TLC, Carl

Schleicher & Sch€uull, Dassel, Germany) were added with the samples (1ml

capillary) of various concentrations, i.e. 100, 150, 200, 250, 300, 350, 400,

450 and 500 ppm, 10 times each (Rf¼ 0.44). Afterwards they were brought

into the mobile phase (�3 h), made up of n-butanol, acetic acid and distilled

water at a ratio of 8:4:2 (v=v=v). The sheets were brought into an oven at

95 �C for 15 minutes. Ninhydrin spray reagent was taken as a contrast agent.

Results and discussion

Optimisation of experimental parameters

Optical thin-layer (OTL)

Measurements with the optical light fibre have been per-

formed by using different optical thin-layers (0.5, 1.0, 1.5,

2.0, 2.5, 3.0 mm). Lysine in water has been measured at

a concentration of 0.5 mg=ml with regard to the most

intense absorption bands in a wavenumber range from

4000–10000 cm�1 (2500–1000 nm). A specially prepared

glass stovepipe (V¼ 15 ml) has been used as a vessel to

analyse the samples in transflectance mode. The use of dif-

ferent optical thin-layers showed an optimum at 0.5 mm,

which resulted in spectra (average of 10 scans at T¼ 23 �C)

of various absorption intensities and quality. Excitations

at 5320 cm�1, 5630 cm�1, 7160 cm�1, 7440 cm�1 and

8700 cm�1 showed clear peaks (Fig. 1; kind of vibration

is discussed later on) with all the tested optical thin-layers

and on the basis of its 1st Derivative Taylor 3 Points

statements concerning the involved molecular bondings

Fig. 1. NIR-absorption spectra of dissolved amino acid lysine in water by applying different optical thin-layers. Conditions: wave number range,

4000–9996 cm�1; optical thin-layers: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 mm; scans, 10; temperature, 23 �C, 1st Derivative Taylor 3 Points
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were made. Looking at the original absorption spectra at

4500 cm�1 only the optical thin-layer of 0.5 mm showed

satisfactorily results in the form of a clear peak allowing to

distinguish between different amino acids, while larger

OTL did not. Further optimisation was conducted with a

standard 2 m optical fibre with an optical thin-layer of

0.5 mm ensuring the highest signal-to-noise ratio (SNR).

Amino acid samples were measured in transflectance

mode over a wavenumber range from 4500–10000 cm�1.

Absorption spectra of asparagine, glutamic acid and ala-

nine showed total reflectance over the wavenumber range

mentioned above. That is why an OTL of 0.5 mm is not

the best suitable choice for measurements of amino acids

in transflectance mode. Another reason for the unsuitability

of this analysing mode is, that recorded spectra of dissolved

amino acids show clear separation at higher wavenumbers

from 5496–6600, 7596–8208 and 8700–9996 cm�1.

Figure 2 shows higher sensitivity for the cuvette type

100-QS (V¼ 3500ml) at higher wavenumbers in contrast

to the optical light fibre (0.5 mm OTL). These facts lead to

the deployment of a cuvette with an OTL of 10.0 mm for

further amino acid investigations. Because of small sample

volume (400ml) and higher sensitivity at wavenumbers

from 7000–10000 cm�1, cuvette type 115-QS made of syn-

thetic glass (Suprasil+) turned out to be the best choice.

Sample temperature

Adjusting the sample temperature also led to spectra with

different absorption intensities. Figure 3 shows the effect

of sample temperature on the absorption energy, measured

between 10 and 30 �C at 2 �C steps. Shifts of the absorp-

tion bands were observed at temperature changes within

�0.5 �C. The model depicted in Fig. 3 illustrates the

absorption intensities of the two most intense peaks on

the basis of its pretreated spectra (1st Derivative Taylor

3 Points) at 5320 cm�1 (C–H and C¼O stretching,

1880 nm, Peak 1) and 7160 cm�1 (C–H stretching first

overtone, 1397 nm, Peak 3). Between 10 �C and 20 �C the

absorption intensity stayed stable. In a range from 20 to

23 �C the intensity rose slightly and above 23 �C a dis-

tinctive fall of the absorption intensity could be observed.

That means, the sample temperature has to be monitored

precisely otherwise important information could be over-

looked. Based upon these results all further measurements

of liquid samples have been performed at a temperature

range from 20 to 23 �C.

Measurement options

The choice of the measurement options turned out to be a

very important basic optimisation, regarding the quality of

recorded spectra. A comparison of four completely differ-

ent measurement options pointed out how various optical

thin-layers, sample volumes and detection modes influ-

ence the sensitivity and quality of near-infrared absorp-

tion spectra. Spectra recorded with an optical light fibre

(0.5 mm optical thin-layer), a boiling point tube (2.0 mm

optical thin-layer) and two different types of cuvettes

(optical thin-layer 10.0 mm) were compared directly. The

light fibre offers the most flexible way to perform mea-

surements owing to the possibility to analyse both liquids

and solids. Solid samples can be analysed by simply plac-

ing the light fibre inside or on the sample and record

Fig. 2. The five most intense absorption peaks of the pretreated spectra

of lysine in water measured with four different options recorded in

transmittance or transflectance mode. Conditions: wave number range,

4000–9996 cm�1; optical thin-layer, light fibre 0.5 mm, boiling point

tube 2.0 mm, cuvettes 10.0 mm; scans, 10; temperature, 21 �C; 1st Deriv-

ative Taylor 3 Points; Peak 1, 5320 cm�1; Peak 2, 5630 cm�1; Peak 3,

7160 cm�1; Peak 4, 7440 cm�1; Peak 5, 8700 cm�1

Fig. 3. Effect of temperature on the two most intense peaks out of five of

lysine in water on the basis of its pretreated 1st Derivative Taylor 3 Points

spectra. Conditions: wave number range, 4000–9996 cm�1; optical thin-

layer, 0.5 mm; scans, 10; sample-temperature: 10, 12, 14, 16, 18, 20, 22,

24, 26, 28, 30 �C
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spectra in transflectance or reflectance mode. Cuvettes

offer the possibility to analyse samples in transmittance

mode, therefore cells with different volumes and optical

thin-layers up to 10.0 mm can be utilized (Hellma, Starna).

Particularly if there is only a small amount of sample

volume available, one prefers using cells or cuvettes with

small volumes. Figure 2 shows the five main peaks of

the pretreated recorded spectra (1st Derivative Taylor 3

Points) of dissolved lysine in water (0.5 mg=ml) at wave-

numbers 5320 cm�1, 5630 cm�1, 7160 cm�1, 7440 cm�1

and 8700 cm�1. This makes it clear that the light fibre

with an optical thin-layer of 0.5 mm is superior to the

other measurement options concerning the intensity of

recorded absorption spectra over the whole wavenumber

range. The boiling point tube only shows weak absorption

bands at wavenumbers mentioned above. The worst inter-

pretable spectra showed the cuvette type 7G (V¼ 3500ml),

made of optical glass, due to an optical thin-layer of

10.0 mm. Hardly any reliable statement could be made

affecting the involved molecular bondings, so this cell was

not selected for further measurements. The cuvette type

100-QS showed intense peaks at high wavenumbers, espe-

cially at 7440 cm�1 and 8700 cm�1. So four different cuv-

ettes (types 100-QS, 104-QS, 115-QS, 105.201-QS – all

made of Suprasil+) have been investigated concerning their

absorption behaviour in NIR wavelength region. Cuvette

type 115-QS (V¼ 400 ml) turned out to be the best suita-

ble cell for measuring solutions in transmittance mode in

combination with the NIRVIS FT-NIR spectrometer. It

showed the most intense absorbance signals out of the

four tested cuvettes over the whole wavenumber range

from 4000–10000 cm�1 on the basis of the 1st Derivative

Taylor 3 Points pretreated spectra. However, compared to

the absorption spectra measured in transflectance mode

with the light fibre, 0.5 mm optical thin-layer, the signal

is much weaker especially in the lower wavenumber

region from 4200–4800 cm�1 recorded in transmittance

mode. It also emerged that ultra-micro cells such as type

105.201-QS are not suitable for measurements in com-

bination with the NIRVIS FT-NIR in transmittance mode

because of the slim inner-width of 2 mm. Depending on the

light diameter of electromagnetic radiations by the source,

light can pass side wall of the cell which can lead to

errorneous results. Intensities of the transflectance spectra

recorded with a light fibre, 0.5 mm optical thin layer, were

always higher in the lower wavenumber regions than

those of the spectra recorded in transmission mode, even

higher than those measured with the best suitable cuvette

(type 115-QS, V¼ 400 ml). In case of the amino acid anal-

ysis, higher wavenumber regions were the most important

and best interpretable regions. So further measurements

have been performed with the cuvette type 115-QS made

of Suprasil+, as also the broader optical thin-layers en-

hance signal-to-noise ratio (SNR).

NIRS of dissolved amino acids

Figure 4 shows a 3-D graphic of the recorded original ab-

sorption spectra of alanine, arginine, asparagine, glutamine,

glutamic acid, histidine, isoleucine, methionine, phenylala-

nine, proline, serine, threonine and tryptophan dissolved

in ammonium acetate buffer, pH 4.0. The graphic clarifies

that differences in NIR absorption spectra only occur in

the higher wavenumber regions (7500–10000 cm�1), and

therefore it was important to record spectra with a cuvette

(transmittance mode) because of higher sensitivity at

higher wavenumbers (Fig. 2). Prior to calibration spectra

pretreatments were implemented with regard to eliminate

disruptive factors like scattering effects. Pretreatments

consisted of multiplicative scatter correction (MSC full)

and relating to gain better signal-to-noise ratio (SNR). The

averaged absorption spectra of 20 measurements and 10

scans for every single amino acid sample were used for a

calibration over a wavenumber range from 5496–6600,

7596–8208 and 8700–9996 cm�1. 44 absorption spectra

were assigned to the calibration set (C-set, 67%) and 21

spectra to the validation set (V-set, 33%). The two-dimen-

sional factor plot depicted in Fig. 5 shows the correlation

between the recorded pretreated spectra based on their

loading values. Three primary factors were chosen from

Fig. 4. Three-dimensional view of the original absorption spectra of 13

dissolved amino acids recorded with cuvette type 115-QS, optical thin-

layer 10.0 mm. Conditions: wave number range, 5496–6600, 7596–

8208, 8700–9996 cm�1; scans, 10; measurements, 20 each amino acid;

temperature, 22 �C; 1. MSC full, averaged spectra
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the calculated PRESS (Predicted Residual Error Sum

Square) function and the loading values of the absorption

spectra over the primary factors. Proper wavelengths were

chosen by means of the property wavelength regression

(PWR) that shows the regression coefficient of spectra over

the whole wavenumber range from 4000–10000 cm�1.

Also the given spectra residuals fit all within the pre-set

values calculated by the NirCal 4.21 Software. The esti-

mated values provide a robust and reliable calibration that

confirms a Q-value, quality of calibration, of 0.955473

(1¼ perfect calibration). The cluster model depicted in

Fig. 6 shows the proof that every amino acid could be

classified and assigned to a single cluster. To gain a clean

and selective cluster classification, unique spectral features

have to exist, therefore Fig. 4 shows the spectral features of

each analyte for comparison. Although it is relatively dif-

ficult to interpret NIR spectra unambiguously (Tran,

2000), tentative statements of the involved chemical bond-

ings could be assigned on the basis of the first derivative of

the recorded spectra. The 8700 cm�1 peak can be assigned

to a C–H stretching second overtone, bands in the

7440 cm�1 region to a 2�C–H stretchingþC–H deform-

ing group, the 7160 cm�1 region to a C–H stretching first

overtone bonding, the peak at 5630 cm�1 may be respon-

sible for the O–H stretchingþ 2�C–O stretching group

and a peak at 5320 cm�1 may show a C–H

stretchingþC¼O stretching group. Differences in the

absorptivities enabled the construction of a clear and reli-

able calibration (Table 1) that shows the classification of

each of the 13 amino acids into a single cluster.

NIRS of solid amino acids

The fifteen L-form amino acids methionine, isoleucine, as-

paragine, lysine, cystine, tryptophan, arginine, threonine,

histidine, phenylalanine, aspartic acid, proline, glutamic

acid, alanine and tyrosine were used in this study to classi-

fy solid amino acid samples and to create a reliable cluster

model on the basis of the recorded NIR absorption spectra.

Fig. 5. Two-dimensional factor plot of recorded pretreated absorption spectra of 13 dissolved amio acids. Conditions: wave number range, 5496–

6600, 7596–8208, 8700–9996 cm�1; scans, 10; measurements, 20 each amino acid; temperature, 22 �C; 1. MSC full, averaged spectra

Fig. 6. 3-dimensional cluster plot of recorded pretreated absorption

spectra of 13 dissolved amio acids. Conditions: wave number range,

5496–6600, 7596–8208, 8700–9996 cm�1; scans, 10; measurements,

20 each amino acid; temperature, 22 �C; 1. MSC full, averaged spectra
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Solid samples were measured directly in transflectance

mode by placing the samples between the light-fibre

end and the teflon reflectance. Eight primary factors were

chosen to calculate the cluster calibration. The spectra

showed highly overlapping bands over the whole wave-

number region from 4500–9996 cm�1; therefore the men-

tioned wavenumber range was kept for the calibration.

Pretreatment of the spectra (1. Smooth Savitzky–Golay

9 Points) helped to increase the quality of the calculated

calibration. Two measurements (10 scans each) were suf-

ficient to achieve good results out of the measurements

and to reduce duration of analysis (�1 min per sample). A

Q-value of 0.915536 confirms the clear separation of all

amino acids being investigated. Spectra residuals consid-

ered all within the pre-set values, calculated by the NirCal

4.21 software and the number of clusters per property

showed a value of 1 for all 15 amino acids. Figure 7 de-

picts the 3-dimensional cluster model of the amino acids

measured in solid phase.

Every sample could be assigned to a single cluster which

proves that NIRS offers the possibility to differentiate among

different amino acids measured in solid phase (Table 2).

Hardly any reliable statement could be made concerning

the involved chemical bondings on the basis of the pre-

treated (1st Derivative Taylor 3 Points) absorption spectra

because the strong overlapping absorption bands occurred

only in wide wavenumber ranges (4500–5300, 5650–7500,

8100–9100 cm�1). That means no clear single peak could

be identified for all the analysed amino acids.

Table 1. Calibration and validation protocol for the NIRS of dissolved amino acids

Properties in Project Proline, Asparagine, Histidine, Phenylalanine, Methionine, Alanine, Tryptophan,

Glutamic Acid, Arginine, Lysine, Isoleucine, Serine, Glutamine (total 13=13)

Properties in Calibration Set Proline, Asparagine, Histidine, Phenylalanine, Methionine, Alanine, Tryptophan,

Glutamic Acid, Arginine, Lysine, Isoleucine, Serine, Glutamine (total 13=13)

Spectra in Project 65

Spectra in Calibration Set 5, 9–11, 13, 15–18, 20–21, 23–25, 27–31, 34–35, 37–43, 46–47, 49–59, 61, 63–64 (total 44=65)

Spectra in Validation Set 1–4, 6–8, 12, 14, 19, 22, 26, 32–33, 36, 44–45, 48, 60, 62, 65 (total 21=65)

Wavelengths Calibration Set 5496–6600, 7596–8208, 8700–9996.

Data Pretreatment Sequence 1. MSC full, 5496–6600, 7596–8208, 8700–9996 (total 254=500), Mean Vector (500)

Number of Primary Factors 3

Secondary=Calibration Factors 1–3 (total 3=3)

Q-Value 0.955473

Fig. 7. Three-dimensional cluster view of 15 solid amino acids. Condi-

tions: wave number range, 4500–9996 cm�1; scans, 10; measurements, 2

each amino acid; temperature, 20 �C; 1. Smooth Savitzky–Golay 9 Points

Table 2. Calibration and validation protocol for the NIRS of solid amino acids

Properties in Project Methionine, Isoleucine, Asparagine, Lysine, Cystine, Tryptophan, Arginine, Threonine, Histidine,

Phenylalanine, Aspartic acid, Proline, Glutamic acid, Alanine, Tyrosine (total 15=15)

Properties in Calibration Set Methionine, Isoleucine, Asparagine, Lysine, Cystine, Tryptophan, Arginine, Threonine, Histidine,

Phenylalanine, Aspartic acid, Proline, Glutamic acid, Alanine, Tyrosine (total 15=15)

Spectra in Project 30

Spectra in Calibration Set 1, 3, 5–10, 12–15, 17–21, 24–25, 27, 29 (total 21=30)

Spectra in Validation Set 2, 4, 11, 16, 22–23, 26, 28, 30 (total 9=30)

Wavelengths Calibration Set 4500–9996.

Data Pretreatment Sequence 1. Smooth Savitzky–Golay 9 Points

Number of Primary Factors 8

Secondary=Calibration Factors 1–8 (total 8=8)

Q-Value 0.915536
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NIRS hyphenated to thin-layer chromatography (TLC)

A comparative study of the feasibility and efficiency of

NIRS combined with thin-layer chromatography (TLC)

has been implemented. The aim was to detect amino acid

spots on cellulose based TLC sheets in order to classify

and identify them in the right manner. Lysine in water at

different concentrations (500, 450, 400, 350, 300, 250,

200, 150, 100 ppm) was taken as a sample for this study.

Drops of the test solution were added onto the TLC sheet

with the help of a 1 ml capillary (10 times each). As a mo-

bile phase, a mixture of n-butanol, acetic acid and dis-

tilled water at a ratio of 8:4:2 (v=v=v) was taken. The

sheets were kept for about 3 h into the mobile phase (satu-

rated chamber), and afterwards the TLC sheets were dried

in oven for 15 min at 95 �C. Ninhydrin reagent was

sprayed onto the surface for fluorescence. The developed

cellulose sheets were analysed directly in reflectance mode

with the NIR optical fibre by simply putting the fibre end

onto the amino acid spots. The property wavelenght selec-

tion function showed that unique spectral features occurred

at a wavenumber range from 4500–7308 cm�1. Qualita-

tive identification was achieved with high accuracy. The

calibration was calculated by principal component re-

gression (PCR) algorithm on the basis of 6 primary fac-

tors (C-set regression coefficient 0.9947, V-set regression

coefficient 0.9952). A small deviation between the stan-

dard error of estimation (SEE) and the standard error of

prediction (SEP), confirms the consistency of this calibra-

tion (97.922). A Q-value of 0.859136 (Table 3) gives pro-

mise to a highly accurate and reliable calibration. Every

spot was measured 3 times (30 scans) and the calibration

curve depicted in Fig. 8 shows the coherence between the

predicted property values and the true property values

calculated by the analysis software. In the NIR region,

absorption is rather weak, because it consists of overtones

and combination bands of fundamental bands in the mid-

infrared (MIR) region. Additional measurements pointed

out a detection limit of 0.01 mg=ml sample volume added

on the TLC sheet. To test the reliability of the system for

the analysis of real samples, L-lysine in apple juice was

determined following the established protocol. The found

Fig. 8. Predicted vs. actual property of dissolved lysine in water, concentration values directly measured on cellulose based thin-layer chromato-

graphic sheet. Conditions: wave number range, 4500–7308 cm�1; scans, 30=measurements, 3 each concentration level; sample concentration: 100,

150, 200, 250, 300, 350, 400, 450, 500 ppm; temperature, 20 �C

Table 3. Calibration and validation protocol for the NIRS hyphenated

to TLC

Properties in Project ppm (total 1=1)

Properties in Calibration Set ppm (total 1=1)

Spectra in Project 27

Spectra in Calibration Set 1, 3, 5–9, 11–13, 16–19,

21–23, 25–26 (total 19=27)

Spectra in Validation Set 2, 4, 10, 14–15, 20,

24, 27 (total 8=27)

Wavelengths Calibration Set 4500–7308.

Number of Primary Factors 6

Secondary=Calibration Factors 1–6 (total 6=6)

C-Set SEE 13.5461

V-Set SEE (SEP) 13.8336

Consistency 97.922

Q-Value 0.859136
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value of 4.7 mg=100 g agreed well to that published in the

literature (Souci et al., 2003). The results demonstrate the

good compatibility of these two cheap, rapid and relatively

simple analysing methods related to the investigated amino

acid spots. Thereby the linearity of the calibration curve of

the measured amino acid spots on TLC sheets points out to

be much more stable (Q-value¼ 0.859136) than the one

calculated from the amino acid solutions only (Q-value¼
0.109757). The sensitivity of the established NIRS-model in

case of the solid amino acids turned out to be three times

higher compared to that of the dissolved, which might be

related to the presence of buffer in the solutions.

Conclusion

Near-infrared spectroscopy was used to classify L-form

amino acids either in dissolved or solid condition. Regard-

ing the differentiation of amino acid concentrations of

dissolved samples, it could be shown clearly, that the

combination of thin-layer chromatography (TLC) with

near-infrared spectroscopy (NIRS) leads to the best results.

The Q-value of the calibration was increased significantly

through the combination of these methods. All measured

amino acids could be specifically attributed into single

clusters. The general task of this feasibility study was to

improve the measurement conditions for using NIRS as an

analysing tool in laboratory applications. This led to

improved performances and quality of calculated calibra-

tions for all measured samples. The technique presented

here allows a fast and easy method for classifying and

differentiating biological samples in a comprehensive way

and comments itself as a promising analysing tool in bio-

analysis, e.g. the analysis of amino acids in blood samples.
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