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Analysis of biofluids in aqueous environment based
on mid-infrared spectroscopy

Heinz Fabian Abstract. In this study we describe a semiautomatic Fourier transform
Peter Lasch infrared spectroscopic methodology for the analysis of liquid serum
Dieter Naumann samples, which combines simple sample introduction with high
Robert Koch-Institute sample throughput. The applicability of this new infrared technology
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to the analysis of liquid serum samples from a cohort of cattle natu
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Eomail: naumannd@rki.de rally infected with bovine spongiform encephalopathy and from con-

trols was explored in comparison to the conventional approach based
on transmission infrared spectroscopy of dried serum films. Artifical
neural network analysis of the infrared data was performed to differ-
entiate between bovine spongiform encephalopathy-negative controls
and animals in the late stage of the disease. After training of artifical
neural network classifiers, infrared spectra of sera from an indepen-
dent external validation data set were analyzed. In this way, sensitivi-
ties between 90 and 96% and specificities between 84 and 92% were
achieved, respectively, depending upon the strategy of data collection
and data analysis. Based on these results, the advantages and limita-
tions of the liquid sample technique and the dried film approach for

routine analysis of biofluids are discussed. © 2005 Society of Photo-Optical
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1 Introduction absorptions, with weak features from the dissolved species

Biological fluids (blood, serum, synovial fluid, amniotic flyid ~ SUP€rimposed on the strong water absorption bands.

are ideal candidates for diagnostic analyses, because bio- DrYing the sample to form a film disk on an infrared-

chemical changes associated with numerous kinds of disease%,ra”Sp‘e_‘reT1t sample carrle; m_aétertlal suitable ftc;r_ absobrlbance/
influence their composition and since they can easily be iso- ransmission measurements aids to overcome this probiem, an

lated from the body. Therefore body fluids are routinely ana- approgch often usedtrl]n |m;rat1'red %“mzal CheT'wﬁ/ﬁTr; "
lyzed by clinical chemists to attain information on pathologi- procedure preserves the refative abundance ot eac active

cal processes. For many pathological conditions, however, ::ci?stltuent Irt] the fwal, butt;[heb.sark?ple. m:egrltytls Iost..The.
there is no single analyte which alone is predictive for the atter prevents, €.g., to prob€ biochemical events ongoing in

. the original sample. In addition, the distribution of the con-
presence or the stage of a disease. Instead, complex change

. . S . - ; sﬁltuents over the sample area of the dried film may vary.
in fluid composition involving many chemical species are the . .

. . Moreover, control of the drying process and of stable environ-

more general case. Diagnostic approaches that are able to de- " -

mental conditions is mandatory because the spectral features

tect many or even all biochemical species at the same time are . .
L . . . of many IR absorption bands may be affected by changes in
vibrational spectroscopic techniques, infrarg®) and Ra-

The vibrational : f a bioloaical fluid is th the relative humidity of the film. Another sampling technique
man. The vibrational spectrum of a biological TiuId 1S € SU- e 5 optain IR spectra of biofluids is attenuated total re-

pgrposition of all \{ibrationally gctive components weighted flection (ATR) spectroscop§. For ATR measurements, the
with respect to their concentration. As a consequence of.the sample is prepared on the surface of an IR-transparent crystal
complex spectra obtained by IR or Raman methodologies, 5 the IR beam is guided through the crystal in such a way
sophisticated techniques of spectral data analysis are oftenynay 5 few total reflections take place at the surface. Since the
required to extract diagnostic relevant information. Moreover, |R heam provides an evanescent wave entering into the me-
biological fluids contain mostly water. This is of little conse-  gjym of lower refractive indexi.e., the biofluid, the deposi-
quences for other techniques, but important for IR spectros- tion of IR absorbing matter on the crystal surface causes the
copy due to the high water absorptivities in the mid-IR region. |R |ight to be partially absorbed. The penetration depth of the
Thus, IR spectra of biological fluids are dominated by water |R radiation in this arrangement is dependent on the wave-
length and may be up to a few micrometers. The measured IR
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spectrum thus contains only information on a very thin layer three different ZnSe windows of a multisample cuvette and
of the sample that is in close proximity to the surface of the allowed to air dry for 15 min at 37 °C. The cuvette was her-
crystal. This allows a spectrum of a sample in water to be metically sealed with a KBr window and then transferred to
obtained relatively easily, without much interference from IR the Fourier transform infraredFTIR) spectrometer. Each
absorption of bulk water. Detrimental to practical use, surface multisample cuvette carried up to 15 samples.

adsorption of proteins to the ATR crystal, however, may sig-

nificantly change structure and spectra of analytes. The 2.2 FTIR Spectroscopy

amount of the adsorbed molecules varies widely depending on
the specific proteifi.Since the ATR technique samples pref- trometer (Bruker Optik GmbH, Ettlingen, Germahy For
erentﬁally the molecules close to the crystal surface, the con- measurements of the liquid samples, a liquid-nitrogen cooled
tribution of Fh_ose molecules to the_ absorban_ce measured MaYhroadband mercury cadmium tellurid®CT) detector was
not b_e negligible. Moreover, data interpretation is more Com- 7o tha allowed, in combination with an optical cutoff
plex in ATR (e.g., due to the wavelength dependence of the fiyer 4 ophtain IR spectra with very high signal-to-noise ratio
penetration depjhthan in transmission spectroscopy. Beyond in the region between 1000 and 3100 ¢mThe measure-
that, ATR crystals are expensive and not easy to clean opticalyonis of the dried film spectra were performed in transmis-

materials. . . sion using a deuterated triglycine sulfa@eTGS) detector,

An alternative approach, that can be used to bring the \ nieh iy contrast to a MCT detector can operate without lig-
strong water absorption into an absorbance range, which is iy nitrogen cooling. Moreover, DTGS detectors have the ad-
low enough in the mid-infrared region that solute absorptions vantage of an extended linear range., are linear at higher
may be recovered by subtracting the spectrum of the aqueous, s, rhance values than MCT detec)o’md thus may be the
medium, is to use transmission cells with optical path lengths yetector of choice for dried film measurements under certain
of only 5-8um." However, such short path lengths limit the .1 itions. For each sample, 128 interferograms were co-

mtehnsmes IOf the IR bands of interest. Cgr}sequ:ently, relatively 4qqed and Fourier transformed to yield spectra with a nominal
Igh sample concentrations are required for the measurement, o) iion of 4 cr®. Typically, three replicate samples were

Bflc:)(_)d selrumlsamp(ljeshrepresent hlllghly cg?celrgrated So.lm!onsmeasured for each serum specimen. The sample chambers and
of biomolecules and, thus, are well suited for IR transmission ., ic \vere purged with dry air in order to keep the water

spectroscopy. Here, we present a semia_utqmatic analyticalvapor level constantly low.
technique, which allows to carry out transmission IR spectros-
copy of serumand other biofluidsin aqueous environment.
To demonstrate the performance of this approach, we re- ¢ )
corded IR spectra of liquid bovine serum samples from a co- Rough data pre-processing of the IR spectralculation of
hort of bovine spongiform encephalopatlpSE-positive derivatives or mean specjraas performed gpplylng routines
cattle and from BSE-negative control cattle. In parallel, spec- Of the oPUSIR software packageBruker Optik GmbH. Data

tra of the identical sera were collected by using the dry film Pre-processing for ANN analysis, network training, and clas-
technique. The infrared data were analyzed by artifical neural sification was performec_l _by using _Synthon‘s NeuroDevelpper
network (ANN) methodologies in order to differentiate be- Software package specifically designed for ANN analysis of
tween samples originating from BSE-positive and BSE- infrared spectral datgSynthon GmbH, Heidelberg, Ger-
negative cattle. The advantages and limitations of the liquid Many. Data pre-processing included tests for spectral quality,
and the dried film approach are discussed in the context calculation of second derivativéSavitzky-Golay algorithm,

of a mid-IR spectroscopy-based routine method for biofluid five smoothing points vector normalization in the spectral
analysis. region 2820-2985 ciit, and averaging three adjacent data

points. After defining spectral windows, the spectral informa-
. tion from these regions was used for feature selectfon
2 Materials and Methods details see Ref. 20For ANN analysis the data were split into
2.1 Sample Preparation subsets for teaching, internal and external validation. Spectra

Serum samples from cattle were obtained from the Veterinary ©f the three independent measurements on each sample were
Laboratory Agency(VLA ), Weybridge, U.K., and from BSE- always grogped such that they appgared in only one OE t_he
negative cattle from the Federal Animal Research Center, COTésponding subsets. The calculation of the so-called *dif-
Braunschweig, Germany. All BSE-positive samples were ob- feréntiation indices’(D values and the signal-to-noises/N)
tained by the VLA and originated from cattle that had been atios was carried out by usingaTLAB -based software devel-
tested to be BSE-positive by histopathological examination or ©P€d in-hous&The MathWorks, Natick, MA, USAon the
immunocytochemistry methods. Serum was stored &Q °C. paS|s of thg secqnd derivativéSavitzky-Golay algorithm,
Sample storage and handling was done 3% laboratory. V€ Smoothing pointsof the IR spectra.

After thawing, the serum samples were warmed to room tem-

perature, and filtered through disposable high performance2-4 Mass Spectrometry

liquid chromatographyHPLC) sample microfilters of 0..um For matrix-assisted laser desorption/ionization time-of-flight
porosity to remove particles prior to injection into the flow- (MALDI-TOF) mass spectrometry, the sera were diluted
through IR cuvette. In parallel, a small portion of each filtered 100X by water, 1:1 mixed with matrix solutio60 mM sina-
serum sample was stored aB0 °C for subsequent measure- pinic acid in acetonitrile/trifluoroacetic acid mixtyreand
ments as dried film samples. For this purpose, after re- then spotted on a stainless steel target plate supplied by
thawing ~2.6 ul of each sample were pipetted onto each of Bruker Daltonics. The mass spectra were acquired using an

Infrared spectra were recorded with an IFS 28/B FTIR spec-

2.3 Data Pre-Processing and Analysis
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amide | centered at 1653 crhand amide Il at 1548 cit).
Because IR spectroscopy is an averaging technique, the amide
absorptions in the serum spectra contain contributions from
all the proteins of the serum. As such, it is very difficult, if not
impossible, to assign specific amide | absorptions to charac-
teristic secondary structures of any particular protein within
the mixture. However, from the frequency maxima of the
amide | and Il bands it is possible to infer that the serum
spectrum shown in Fig. 1 is dominated by proteins with
mostly a-helical conformatiorf:**

Although the use of the custom-made IR cells allowed us
to obtain high-quality IR spectra of biofluids, this approach is
not very efficient for large-scale measurements of samples.
1000 1500 2000 2500 3000 Thus, we have designed an apparatus that combines simple

Wavenumber / cm”? sample introduction with high sample throughput for large
scale series measurements of different liquid samples. A sche-
matic diagram of the apparatus is shown in Fig. 2. The com-
mercially available principle elements of the system are a
HPLC pump model 110@Agilent Technologies, Palo Alto,
CA, USA), an Agilent 1100 series manual injector with a
Autoflex MALDI-TOF mass spectrometéBruker Daltonics ~ Rheodyne 7-port sample injection vali@odel 7725, Rheo-
GmbH, Bremen, GermanyTypically, each spectrum repre- dyne LP, Cotati, CA, USA a cheminert valve model C2
sents an average of 100 laser shots. 1/16' (Valco International, Switzerlandand a flow-through
cell AquaSpec AS 1100Mmicro-biolytics, Freiburg, Ger-
many). In front of the IR cell a bulk-head filter with a remov-
able 2 um screen(model ZBUFR1C 1/1§ Valco Interna-

2.0

Absorbance

Fig. 1 (a) IR spectrum of bovine blood serum (solid line) and of water
(dashed line). (b) Difference spectrum generated by subtraction of the
spectrum of water from the spectrum of serum.

3 Results and Discussion

3.1 An Apparatus for Measurements of Liquid tional) is mounted, which allowed us to remove possible
Samples with Simple Sample Introduction and High residual particulate matter from the samples and, thus, to
Throughput minimize the danger of damage of the expensive hardware
Flow-through cells with Luer-lock fittingsCaF, windows, (AquaSpec cell The AquaSpec cell is a specially designed

and spacers covering path lengths of 640 are often used  microfabricated flow-through cell with a spacer from a sealant
for IR transmission measurements of aqueous samples. Thes@naterial of defined elasticity, which ensures high-pressure sta-
cells are commercially available, but have some disadvan- bility and fast relaxation for a constant effective sample
tages in their practical use. They are typically difficult to clean thickness***Both, the form and the thickness of the spacer
and to fill without accidentally trapping air bubbles at the can be customized to fit the experimental requirements. Typi-
windows. To circumvent these problems, we used custom- cal path lengths for our experiments were in the order of
made IR cells of a different design, which consisted of a flat 6—8.5 um. Valve switching, triggering of sample injection,
cover disk(made ofCaR,) and a second disk of the same and control of HPLC pump were synchronized by means of
material, with the center deepened to form a recessed parallethe microcomputer of the pump. To start a measurement, rins-
surface surrounded by a troughTo seal the cell, the cover ing of the flow cell with distilled water is stopped, and a
disk was then pressed onto the sample disk which containedbackground spectrum of the cell filled with water is recorded.
the solution or suspension. Depending upon the diameter andAt the same time, the sample loop of the injection port is
the depth of the recessed surface of the windioev, the path  filled manually with sampl¢Fig. 2/A)]. To bring the sample
length of the cell, only a few microliters were required to fill  solution into the flow, the injection port is switched manually
the cell. This type of cell can very easily be filled with a into the injection positioriFig. 2B)]. After a defined time, a
sample solution, assembled and disassembled, and cleanetfigger signal is sent to the stop/flow valve to stop the flow
between measurements. Figure 1 shows a representative IRhrough the IR cell after proper filling of the IR cell with the
spectrum of bovine serum measured in such a custom-madesample[Fig. 2(C)]. After releasing the pressure, the spectrum
IR cell with a path length of~6 um. Comparison with the  of the sample solution is measured. During the measurement,
spectrum of water measured in a matched second cell ofthe sample injection port can be switched back to its initial
slightly lower path length, which takes into account the position and refilled for the next measurement. In order to
slightly lower water concentration in the serum sample, dem- rinse the system with water, the stop/flow valve is switched
onstrates that water contributes significantly to the IR spec- back to its initial position after the measurement.

trum of serum. The major water absorptions in the mid-IR

region are due to the O-H stretching vibration centered near3-2 IR Spectroscopy of Blood Serum Samples

3400 cm* and the H-O-H bending vibration near 1645 ¢tm Typical mid-IR spectra of two serum samples measured as a
The intense absorption below 1000 tharises primarily liquid (traces a and’aand as a film dried onto a ZnSe win-
from theCaF, windows of the IR cell. The IR spectrum of the dow (traces b and B, respectively, are shown in Fig. 3. Se-
sample after digital subtraction of water reveals the character-rum, derived from plasma with clotting factors removed, con-
istic infrared bands of the serum sample. The major absorp-tains 60—80 mg of protein/ml in addition to small molecules
tion features of the spectrum are attributed to protéemg., including lipids, amino acids, sugars, and sé&ttas a conse-
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Fig. 2 Schematic diagram of the apparatus developed for series measurements of biofluids. (A) Injection port in fill position, stop/flow valve in flow
position. (B) Injection port in inject position, sample is transported into the flow cell. (C) Stop/flow valve in stop position, sample is measured.

quence, the IR spectra of sera are dominated by the absorp-or carbohydrates. Lipids also give rise to a number of absorp-
tions of the protein constituents, with spectral features of tions in IR spectra. The most intense of these absorptions are
other molecular species superimposed upon the protein ab<found in the range 2800—3000 ¢ attributed to asymmetric
sorption profile. The prominent band in the range 1600—-1700 and symmetric stretching vibrations 6H; and CH, groups
cm ! (amide ) arises primarily from the €O stretching of the acyl chains. The latter region also contains the corre-
vibrations of all the amide groups. This band is a sensitive sponding stretching vibrations from amino acid side chains of
indicator of protein secondary structur€. The amide II the proteins.

(N—H bending and C—N stretching vibration, which occurs Figure 3 also illustrates that the infrared features-&f.6
between 1520 and 1560 ¢h) and amide 11I(C—N stretching pl serum measured as a film dried onto an IR-transparent
and N—H bending, which occurs in the range 1220-1320 window are~20X more intense than those of the same serum
cm 1) may also provide conformational information. In addi- measured as liquid in a flow-through cuvette-68 um path

tion to these bands arising from the protein backbone, bandslength. Moreover, varying absorbance values indicate varia-
due to amino acid side chains are also seen, for example ations in film thickness between the two dried samplese
1400 cm?' (symmetric stretching vibration of carboxylate traces b andhin Fig. 3. In case of the liquid technique these
groups. The range 1000—1200 crhcontains infrared bands  variations are much less pronounced, as indicated by almost
associated with stretching vibrations of carbon—carbon andidentical traces a and’ an Fig. 3. The liquid technique al-
carbon—oxygen single bonds, such as those present in sugarbbwed us to obtain highly reproducible IR spectra of serum,
such as that illustrated in Fig(4) for three independent mea-
surements of a given serum sample. Only minor differences
between these measurements are indicated by the correspond-
ing infrared difference spectidrig. 4B)]. The negative fea-
tures above 3000 cr and in the amide | region of the serum
spectra after subtraction of watd¥ig. 4(A)] indicate a slight
overcompensation of the water absorption bands. This is due
to the identical path length of the IR cell used to obtain the
spectra of water and serum, which prevents a perfect compen-
sation of the water absorption bands. The corresponding nega-
tive spectral features are not seen when using matched IR
cells of slightly different path lengthsee Fig. 1b)].

For quantification of the reproducibility, the so-called “dif-
ferentiation indices’D of pairs out of three independent mea-
surements of a serum were calculated by the equdfion
=(1— «)1000,where « is the so-called Pearson’s product-
momentum correlation coefficieft.The calculatedD values

Amide |

2.0

o

o

v,(C-H) of CH,
] v,o(C-H) of CH,

15
Amide Il

Absorbance
1.0
Amide [lI
v,(COO")

05
V(C-0) , V(C-C)

AN

a, a'
1000 1500 2000 2500 3000

<
o

Wavenumber / cm'* for selected spectral regions of the IR spectra of the sera are
Fig. 3 Comparison of IR spectra of two blood serum samples mea- ShO_Wﬂ in Table _1’ which illustrates that the reproducibility
sured as a liquid (a and a’, bottom traces) and as a film dried onto a V?-“es asa fupctlon Of.the spectral region selected. The analy-
ZnSe window (b and b’, top traces). sis of the amide | region revealed very Idwvalues of 0.3
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Fig. 4 IR spectra showing the reproducibility of the liquid sample
technique. (A) Overlaid IR spectra of three independent measure-
ments of a liquid serum sample in a 8 um flow-through cell. (B) IR
difference spectra: (a) spectrum 1 minus spectrum 2; (b) spectrum 1
minus spectrum 3; and (c) spectrum 2 minus spectrum 3. Note that the
absorbance scale for the difference spectra in part B was expanded by
a factor of 10 compared to the scale in part A.

Table 1 Quantification of reproducibility: Differentiation indices (D
values) of the IR spectra of the sera measured as liquid and as dry film,
respectively. Average D values and the corresponding standard devia-
tions have been calculated from the second derivatives of the spectra
in the amide I region (1600-1700 cm™), the spectral region 1050~
1500 cm™, and the CH stretching region (2800-3100 cm™).

Spectral window Liquid samples Dry samples

([em™) (D values)* (D values)*

1600-1700 0.33x0.09 8.87+8.8

1050-1500 1.31+0.16 1.62+0.81

2800-3100 10.00+2.14 0.69+0.46

* D=(1-a)1000, where a=Pearson’s productmomentum correlation
coefficient.

techniques were obtained when analyzing the information
contained in the spectral range 1050—1500 tm

Another issue in this context is the S/N ratio of the spectra
obtained by the two different approaches. In order to be able
to estimate this quantity, we have calculated the S/N ratio of
the spectra of sera obtained by the liquid and the dry film
technique. The data illustrate that the S/N ratio for the dried
film spectra was similafin the amide | regionor approxi-
mately 4< higher (in the region 1350—1450 cm) compared

(i.e., almost identical speciréor the liquid spectra but almost  to those of the liquid spectrésee rows four and seven in
30X higherD values in the case of the spectra obtained by the Table 2, despite the fact that the peak intensities of the cor-

dry film technique. This is most likely due to variations of

the responding IR bands were more than one order of magnitude

dry film thickness from sample to sample, which occasionally higher in the case of the film spectra. Similar S/N ratios of the
yield amide | absorbance values even above 2, which in turn spectra obtained by the two techniques indicate that the spec-
may create problems in quantitative analysis due to nonlinear-tra of the liquid samples contained significantly less absolute

ity of the DTGS detector at very high absorbance values

. Justnoise than those of the dried filnisee rows two and five in

the opposite was observed for the spectral region 2800—-3100Table 2. The IR spectra of the liquid samples were recorded
cm L. In this region, the reproducibility of the weak spectral using a liquid-nitrogen cooled MCT detector which, together
features of the liquid serum samples is limited by the broad with optical filters, typically allowed us to obtain spectra

and very strong O—H water absorption centered near

34000f a much higher quality than those recorded with a DTGS

cm L. Comparable and very lo® values for both sampling  detector.

Table 2 Quantification of noise and signal-to-noise ratio of the IR spectra of sera measured as liquid and

as dry film, respectively. Mean values plus/minus
intensity, (iii) maximum absorption in the region

standard deviations are given: (i) noise, (ii) amide | peak
1050-1500 cm™ (»,COO™ at 1400 cm™), and (iv) S/N

ratio. The amide | peak intensities and the peak intensities at 1400 cm™' were taken from the absorbance
spectra. To estimate the peak-to-peak noise in the spectra of the liquid serum samples placed in the
AquaSpec cell, we collected and processed the single beam “background” spectra and the single beam
sample spectra from one and the same sample. The same procedure was applied for the dried samples
deposited onto the ZnSe window of a multisample cuvette.

Liquid samples Dry samples
Noise, region 1600-1700 cm™' (1.140+0.227)x10°* (1.811£1.420)x10°®
Amide | peak intensity 0.110+0.013 1.500=0.353
S/N ratio, amide | region 965+223 828+677
Noise, region 1350-1450 cm™ (1.987+0.321)x107° (9.345+2.160)x 1073
Peck infensity at 1400 cm™! 0.0236+0.0028 0.378=0.092
S/N ratio at 1400 cm™' 1192+238 4047+1355
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Fig. 5 (A) Comparison of mean IR spectra (second derivatives) of 115 Wavenumber / cm™
BSE-positive (solid line, a) and 108 BSE-negative (dashed line, a’) lig-
uid samples of sera, each sample measured in triplicate. Inset: com- Fig. 6 Comparison of the IR spectra (second derivatives) of two sera
parison of the expanded amide | region. (B) IR difference spectra (BSE- (solid and dashed lines) originating from (A) BSE-negative and (B) BSE-
negative minus BSE-positive) of the second derivatives shown in (A). positive cattle. Characteristic spectral features of the proteins are
In the top trace, the absorbance scale was expanded by a factor of 5. marked.
) constituents of serum include album{c~ 35-50 mg/ml,
3.3 IR Spectra of Bovine Serum from Cattle Infected immunoglobulins, transferrin, haptoglobulin, and
with BSE and from Controls lipoproteins* In addition to these major constituents, serum

The mean second derivative IR spectra obtained from the lig- also contains many other proteins that are synthesized and
uid sera of 115 BSE-positive animals and of 108 BSE- secreted, shed, or lost from cells and tissues throughout the
negative controls, respectively, are shown in Fig. 5. We cal- body. Up to10* different proteins may be commonly present
culated the second derivatives to compensate for smallin serum, most of which present at fairly low relative abun-
baseline drifts within the spectra and for minor differences in dance. The prion protein, if present at all in serum, would
the solute-to-water ratio of the sampléBig. 5A)]. Only certainly be one of those very low abundance proteins. As IR
small spectral differences were observed, most pronounced inspectroscopy is an averaging technique, the amide absorptions
the amide | region. A slightly more intense band centered at in serum represent the mean of the amide absorption charac-
1638 cm?! is observed in the mean spectrum of the BSE- teristics arising from all proteins in the serum, weighted ac-
positive serdsee inset of Fig. ®)], which results in a posi-  cording to the concentration of each protein. It is therefore
tive feature in the difference spectrufBSE-negative minus  impossible to attribute particular amide absorptions to indi-
BSE-positive [Fig. 5(B)]. Beside the amide I/ll region, minor  vidual low-abundant proteins in serum. Thus, the small spec-
spectral differences were also observed in the range 1000-tral differences between the mean IR spectra of sera of BSE-
1500 cm X, An amide | band centered at 1638 chindicates positive and BSE-negative are certainly not directly
the presence op-sheet structures! Thus, a slightly more associated with the presence of the prion protein. Rather, it
intense band at 1638 crhsuggests that there should be more seems that a majority of serum constituents is slightly
B-sheet proteins present in the sera of the BSE-positive changed as suggested by the complex spectral difference pat-
animals. tern shown in Fig. 88). Moreover, a detailed inspection of
The crucial step in transmission and manifestation of the the spectra of each individual serum revealed large variations
prion diseases is the conversion of benign cellular prion pro- in the amide I/1l region from sample to sample. Extreme cases
tein exhibiting mainly anx-helical structure to the pathogenic are shown in Fig. 6. For example, we obtained spectra of sera
B-sheet rich oligomeric isofortf. The IR feature at 1638  dominated bys-sheet proteingband components at 1638 and
cm 1, however, cannot be associated with the presence of1690 cmi?, dashed traces in A and)BAt the same time, we
misfolded prion proteins in serum, because the prion protein detected sera whose spectra were dominated-bglical pro-
(which is not detectable in serum by the most sensitive west- teins(band component at 1655 ¢ solid traces in A and B
ern blot assays available to dateould be well below the In order to understand the rationale behind the variations in
detection limit of the IR technique. Blood serum is a complex the protein composition from serum to serum, a number of
body fluid that contains various proteins ranging in concen- BSE-negative serum samples were examined by classical
tration over at least 9 orders of magnitude. The major protein clinical serum protein analysis and by MALDI-TOF mass
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Fig. 7 MALDI-TOF mass spectra in the high mass range
(m/z 20 000-180 000) recorded from two BSE-negative sera. (A)
Spectrum of serum a, whose IR spectrum [dashed line in Fig. 6(A)]
was dominated by B-sheet structure features. (B) Spectrum of serum b,
which revealed pronounced a-helical features in its IR spectrum [solid
line in Fig. 6(A)].

spectrometry. The MALDI-TOF mass spectra of two typical

B-sheet toa-helical proteins is significantly different between
the two sera. The increased amount @&heet proteins in
serum a of Fig. 7 correlates with the pronoungedheet fea-
tures in its IR spectrurpdashed trace in Fig.(8)]. This con-
clusion was confirmed by serum protein electrophorétasa

not shown. The differences observed in the amide | region
between the mean spectra of the liquid serum samples of
BSE-positive and BSE-negative animals, together with char-
acteristic differences in the ranges 1000-1500 and 2800—
3000 cm?, were also observed in the mean IR difference
spectra of the dried samples of the corresponding [szna-
pare Figs. 8A) and(B)].

3.4 ANN Analysis of the Data

Due to the complex pattern of both positive and negative fea-
tures across a wide spectral range, ANN analysis, a supervised
pattern recognition method, was used to differentiate between
samples originating from BSE-positive and BSE-negative
cattle based on their IR spectra. Supervised methods make use
of the fact that clinical information concerning the samples

sera, to give an example, revealed numerous spectral differ-from which the spectra were obtained is available. This infor-
ences, most pronounced in the high mass range aroundmation is used to teach the classifier in order to predict the

m/z 66 635and 147 827Fig. 7). These two mass peaks have
previously been assigned to serum albuifrim'z 66 635 and
immunoglobulin G(m/z 147 827.%" Albumin, whose struc-
ture is almost alla-helical, is the major serum protein,
whereas immunoglobulings-sheet rich proteinsbelong to
the high abundance proteins in sertfiThe intense mass
peak aroundm/z 147 827in spectrum a indicates that this

class identity of unknown spectra afterwards. The quality of

the teaching process can be assessed on-line by classifying
data of a so-called internal validation subset. The spectra of
those data sets are not used for teaching but are continuously
analyzed during teaching. When the teaching process is fin-
ished, the classifier is challenged by an third independent data
set for external validation. It is important to note that this

serum sample contains much more immunoglobulins than thelatter subset of spectrétunknown spectra)) is kept totally
serum sample of spectrum b. In other words, the ratio of separate from the teaching and internal validation procedure.

¢y

)

A W

B JV-I\J‘/\/\.M

=
2
1 1 1 1 1 1 1
800 1000 1200 1400 1600 1800 2700 2900 3100
Wavenumber / cm" Wavenumber / cm’™

Fig. 8 Comparison of second derivative difference spectra (BSE-negative minus BSE-positive) of the mean spectra of BSE-positive and BSE-negative
samples. (A) Based on spectra obtained from liquid samples; (B) Based on spectra of dried samples. The different spectral windows choosen for

ANN classification are indicated in gray.
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Table 3 Number of samples used for teaching and validating the

ANN classifiers. ]
1.0

Internal External 0.8
Teaching validation validation o A
data set data set data set = 0.6
=2
®
BSE negative 77 11 21 2 0.44
BSE positive 76 13 26 0.2 -

0.0
For ANN analysis, spectra of the data s¢ise Table 3; 1.0
triplicate measurements of both liquid serum samples and of 0.8
dried films of the sepawere pre-processed as already out-
lined: second derivative spectra were vector normalized in the
region of 2820—2985 cit. Three combinations of spectral
windows, indicated in Fig. 8, were then chosen for further
network analysis(i) The range 950—1750 cm (1) in com-
bination with the range 2800-3100 ¢M(2). (ii) Regions(1)

and (2), but excluding the amide | rangg.e., 1600—1700
cmY). (iii ) An extended wave number range 650—1750 tm
(region 3, in combination with the range 2800—3100 ¢tin

The latter combination of the spectral windows was only
available for dried samples due to the optical window material
used(ZnSe instead o€aF, for liquid samples The spectral
information from these three combinations of spectral win-
dows was then subjected to feature selection. Feature selec-
tion was based on the calculation of the covariance of the
spectral data point$:'8 After averaging three adjacent data

Waeighting
o o -

o
S
L

= = =

points, the best 80 discriminative spectral features were ob- 02

tained for the teaching data sets. Although obtained from the 0.0 r .
teaching subsets only, these features were used also for the 500 1000 1500 2000 2500 3000
data sets of internal and external validation. The features se- Wavenumber / cm'*

lected as input for classification between BSE-positive and
BSE-negative samples are illustrated in Fig. 9, suggesting that
a |arge number Of Spectral features iS Suitable for Classifica_ Flg 9 Spectral.features selected fOI’ ANN c|a§sificati9n of BSE—positive
tion. To teach the ANNSs, spectra of 76 BSE-positive and 77 a‘nd.BSE—negaUve samples, excludmg the amide | region. (A) spectra of
BSE-negative animals were uséhble 3. The most accurate liquid sam.ples; (B) spectra of dried samples; (C) spectra'of dried
e - samples with an extended low wave number range. The higher the
classification results were obtained for feed-forward network  ejghting value, the more discriminative is the corresponding spectral
architectures of 80 input neurons, 3 neurons in the hidden feature.
layer, and 2 output neurons. The quality of teaching was as-
sessed by the classification results of spectra from the internal
validation data set originating from 13 BSE-positive and 11 result suggests the existence of specific biochemical charac-
BSE-negative animaltsee Table B After teaching, the data  teristics of those serum samples, so far not represented by our
of the external classification subsets were analyzed by ANN spectral data set used for network teaching.
classifiers. As shown in Table 3 the external validation data  These results correlate well with our data recently obtained
set consisted of spectra from 26 BSE-positive and 21 BSE- by multivariate analysis of a larger data set of infrared spectra
negative animals. The sensitiviti@sumber of correctly clas-  of dried films of unfiltered bovine sefd.The present results
sified BSE-positive samples divided by the total number of also suggest, that the evaluation of the spectral information
BSE-positive samplesand the specificitiesnumber of cor- contained in the amide | region does not improve the classi-
rectly classified BSE-negative samples divided by the total fication results. This is most likely due to the strong impact of
number of BSE-negative sampjemre given in Table 4. They  concentration variations of the high-abundant serum proteins
indicate, that more than 90% of the BSE-positive samples and (albumin and immunoglobulingn this spectral range. Typi-
~90% of the BSE-negative samples were identified correctly. cally, an increased amount of immunoglobulins in serum can
Moreover, the similar classification results suggest that the be taken as an indicator of ongoing inflammatory processes,
specific methodology of data collection has no major impact e.g., as the result of some kind of infectious diseases. Indeed,
on the differentiation between samples originating from BSE- a number of sera in our study included sera from animals
positive and BSE-negative animals. It is also interesting to suffering from a variety of “classical” viral or bacterial infec-
note that the serum samples, which were mis-classified by thetious disease¥ Finally, it is interesting to note that the best
liquid and the dry film approach, were mostly the same. This sensitivity (see column 10 in Table)4vas obtained by ana-
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Table 4 Sensitivity and specificity determined by external validation with 26 BSE-positive and 21 BSE-negative serum samples. Results of three
neuronal net approaches (ANN I-1ll) are shown. The last row gives the average of the corresponding results. The spectral regions considered for
analysis are: without amide | region (950-1600, 1700-1750, and 2800-3100 cm™); amide | region included (950-1750 and 2800-3100 cm™);
fingerprint region included (650-1600, 1700-1750, and 2800-3100 cm™).

Liquid technique Dry film technique
Without amide | With amide | Without amide | With amide | With fingerprint
ANN SENS SPEC SENS SPEC SENS SPEC SENS SPEC SENS SPEC
| 96.2 85.7 92.3 95.8 92.3 0.5 88.5 95.8 95.8 92.3
Il 92.3 81.0 92.3 85.7 92.3 95.8 88.5 90.5 96.2 90.5
1] 88.5 85.7 84.6 95.8 92.3 0.5 96.2 90.5 96.2 90.5
Average 92.3 84.1 89.7 92.4 92.3 92.3 91.1 92.3 96.1 91.1

SENS=sensitivity (%) and SPEC=specificity (%).

lyzing the spectral information contained in the extended the dried sample, and total absorption. Here is the major

wave number rang€s) between 650 and 1750 ¢rh in com- strength of the liquid sample technique, which allows IR spec-
bination with the CH stretching regiof2800—3100 cm). tra to be obtained in the conformation-sensitive amide | re-
This suggests, that the so-called fingerprint regiberlow gion with unprecedented reproducibility. This advantage,
1000 cm'?Y) of the serum spectra also contained some infor- however, could not come into play within the framework of
mation of diagnostic relevandsee also Fig. @)]. the analysis of the IR spectra of the serum samples due to the

major non-BSE associated spectral changes in the amide |
region described above. Finally, the liquid sample approach

4 Conclusions : : = e

h h h . . . | hW|II be of great advantage in studies aimed at probing bio-
We have shown that a semiautomatic experimental approachypemical events ongoing in the sample induced by internal or
for IR measurements of liquid serum samples, which com- o :arnal factors

bines simple sample introduction with high sample through-
put, allowed us to obtain high-quality infrared spectra of lig-
uid serum samples with very high reproducibility. Artifical Acknowledgments
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