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A B S T R A C T

Fluorescence spectroscopy is a powerful method for protein analysis. Its sensitivity and selectivity allow its use
for the detection of blood meal and blood products. This study proposes a novel approach for the detection of
hemoglobin in animal feed by synchronous fluorescence spectroscopy (SFS). The objective was to develop a fast
and easy method to detect hemoglobin powder and blood meal.

Analyses were carried out on standard reference material (hemoglobin and albumin) in order to optimize SFS
method conditions for hemoglobin detection. The method was then applied to protein extracts of commercial
feed material and compound feed. The results showed that SFS spectra of blood meal and blood products (he-
moglobin powder and plasma powder) could be used to characterize hemoglobin. Principal component analysis
(PCA) applied to area-normalized SFS spectra of artificially adulterated samples made it possible to define a limit
of detection of hemoglobin powder or blood meal of 0.5–1% depending on the feed material. The projection in
the PCA graphs of SFS spectra of real commercial compound feeds known to contain or to be free from blood-
derived products showed that it was possible to discriminate samples according to the presence of hemoglobin.

These results confirmed that SFS is a promising screening method for the detection of hemoglobin in animal
feed.

1. Introduction

Nowadays, feed safety is an important issue for consumers. In
Europe, since the “mad cow disease” crisis, the use of animal by-pro-
ducts in animal feed has been highly regulated. Ruminant blood-de-
rived products may not be used in feed for farm animals. In contrast,
blood meal and blood products of porcine origin are both authorized in
aquafeed, while only porcine blood products are allowed to be used in
feed intended for other non-ruminants. The detection of these banned
products uses a combination of two methods: polymerase chain reac-
tion (PCR) and optical microscopy [1]. Until now, official controls have
been based exclusively on these two methods. However, the planned
lifting of the feed ban requires the development of a strategy to assess
the absence of illicit materials in feedingstuffs.

Several options have been studied in order to help the official
control to complement the strategy by improving the identification of
animal by-products in general and blood-derived products in particular.
Imaging techniques such as near-infrared microscopy (NIRM) [2–4],

light microscopy [5,6] or fluorescence in situ hybridization [7] have
been extensively studied. Some combinations of methods have also
been evaluated [8,9]. More recently, novel developments have focused
on protein-based methods such as immunological assays [10,11] and
proteomics [12–16].

Another way to identify these by-products could be based on an-
other intrinsic characteristic of these materials: their fluorescence. The
literature associates the fluorescence of hemoglobin with aromatic
amino acids (mainly tryptophan and to a lesser extent tyrosine and
phenylalanine) as well as with the hemic group [17–19]. The structure
of bovine hemoglobin contains 6 tryptophan residues and 10 tyrosine,
34 phenylalanine and 4 heme moieties. Pig hemoglobin consists of 6
residues of tryptophans, 8 tyrosines, 30 phenylalanines and 4 hemic
groups [20].

Constant-wavelength synchronous fluorescence spectroscopy (SFS)
consists of scanning both the excitation and emission monochromators
simultaneously at the same speed and with a fixed wavelength offset
between them. In comparison with conventional fluorescence methods,
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SFS generates spectra with highly improved resolution, as the spectrum
of each component is simplified and the bandwidth is narrowed.
Complex overlapping peaks are reduced to one or few narrow peaks,
and any interfering Rayleigh and Raman scattering is avoided [21]. SFS
is an excellent method for characterizing proteins. Its advantage is that
it is a very sensitive and non-destructive way of tracking biological
molecules such as hemoglobin. For proteins, the usual aim is to identify
tyrosine and tryptophan residues. The literature showed that use of a
low offset (15 nm, 17 nm or 20 nm) makes it possible to characterize
tyrosine residue, while large offset values (60 nm or 80 nm) correspond
to tryptophan residue in the 200–600 nm spectral range [22–25].
Moreover, Hirstch [17] reported that, for hemoglobin, an offset of
17 nm was also considered for heme-destruction species and the micro-
environment of tyrosine and tryptophan [22]. The spectral resolution is
often set to 1 nm, 5 nm or 10 nm [22,26,27], depending on the spectral
resolution needed. On the other hand, the concentration of hemoglobin
and the solvent have a considerable effect on the spectra recorded and
so have to be considered. The hemoglobin concentration is generally
low (< 5 μM) in order to avoid quenching phenomena [17]. The sol-
vent commonly used is phosphate buffer pH 7.2, Tris buffer with pH
between 1.9 and 11.5 and acetate buffer at pH 5 [19,27,28]. It should
be noted that a variation of pH significantly influences fluorescence
spectra [29].

The aim of this study was to develop a fast and easy method, based
on synchronous fluorescence spectroscopy (SFS), for detecting any use
of blood meal and blood products through the identification of he-
moglobin signature. Based on the literature review, the SFS acquisition
parameters were selected and used in order to define a hemoglobin
fluorescence signature on standards and on feed materials. The SFS
method was then applied on adulterated feeds in order to evaluate the
limit of detection of the method by the development a PCA model. The
study was conducted on various types of feed in order to evaluate the
robustness of the method. Finally, this PCA model was applied on a
larger amount of commercial feeds to evaluate the applicability on real
adulteration conditions.

2. Materials and methods

2.1. Material

2.1.1. Reference material
Lyophilized bovine hemoglobin, porcine hemoglobin and bovine

serum albumin (BSA) were obtained from Sigma-Aldrich (Diegem,
Belgium) and used for standards preparation. These reference materials
represent the main proteins present in blood (blood plasma and blood
cells included).

2.1.2. Feed material and compound feed
Feed materials and compound feeds were selected from the sample

bank of the European Union Reference Laboratory for Animal Proteins
in Feedingstuffs (http://eurl.craw.eu/) coordinated by the Walloon
Agricultural Research Centre (CRA-W). The samples are originated
from various European industries.

A total of 15 feed materials were selected: 11 blood products (9
hemoglobin powders (including Hb pwd01 and Hbpwd02) and 2
plasma powders) and 4 blood meals (including Blm01 and Blm02).
These blood-derived products were of porcine, bovine or mixed origins
(porcine and bovine). These species represent the main sources of
blood-derived products in terms of volume. Their common fluorescence
signature has been investigated.

Three types of compound feed were used in this study (Table 1):
One feed intended for horse (HorsF), one feed intended for pig (PigF)
and 16 feeds for aquaculture (AQF). For AQF, the feeds were classified
in two categories depending on the absence (AQF01 to AQF09) or
presence (AQF10 to AQF16) of blood-derived products as feed material.
Before starting the sample preparation, sub-samples of the feeds were

ground to 2mm with a rotor mill (ZM200, Retsch, Haan, Germany)
previously decontaminated with DNA Erase™ (MP Biomedicals Europe
N.V., Belgium). Feed materials were not ground as the particle sizes
were lower than 2mm.

2.2. Sample preparation

2.2.1. Preparation of the standards
Standards were prepared by dissolving reference materials in

phosphate buffer pH 7.2 (Fisher Scientific, New Jersey, USA) or in DIGE
labelling buffer (DLA) (urea 7M (Merck KGaA, Darmstadt, Germany),
thiourea 2M (GE Healthcare, Chalfont, UK), Tris 30mM (Merck KGaA,
Darmstadt, Germany) and CHAPS 4% (VWR, Ohio, USA)), at a final
concentration of 3 μM for hemoglobin standards and 10 µM for BSA
standard to avoid any quenching effect.

2.2.2. Preparation of the adulterated feeds
Adulterated feeds (HorsF, PigF and AQF09) were prepared using the

stepwise dilution procedure [30] in order to ensure homogeneity in the
test portions. Seven increasing levels (0%; 0.01%; 0.05%; 0.1%; 0.5%;
1%; 5%; 10% (w/w)) were prepared. HorsF was adulterated with two
different types of hemoglobin powder (Hb pwd01 and Hb pwd02) and
blood meal (Blm01 and Blm02) while PigF and AQF09 were adulterated
with one hemoglobin powder (Hb pwd01) and one blood meal (Blm01).
This sample set is summarized in Table 2.

2.2.3. Protein extraction
All test portions from feed materials, compound feeds and adulter-

ated feeds were prepared in duplicate and extracted separately. The
protocol used was based on the protocol described by Lecrenier,
Marbaix, Dieu, Veys, Saegerman, Raes and Baeten [12] with minor
modifications. Extraction was performed in 2ml test tubes containing
200mg of test portion in which 1.8 ml of trichloroacetic acid (Acros
organics, Geel, Belgium) / acetone solution (Merck KGaA, Darmstadt,
Germany) (10:90 v/v) with 0.3% dithiotreitol (DTT) (Merck KGaA,
Darmstadt, Germany) was added. The tubes were stored overnight at
−20 °C. The test tubes were then centrifuged for 10min at 16000 g at
4 °C. The supernatants were discarded and the pellets were incubated
twice in 1.8 ml of pure acetone with 0.3% DTT and once in 1.8ml of
90% acetone with 0.3% DTT at −20 °C for 1 h, 30min and 30min re-
spectively. Tubes were centrifuged after each washing. The super-
natants were discarded and the final pellets were air-dried for a few
minutes followed by the addition of 1ml of DLA in each tube. Pellets
were dispersed using ultrasonication (UIS250V, Hielscher, Ultra-sound

Table 1
List of compound feeds, their types and concentration of blood derived pro-
ducts.

Destination Blood derived product type Concentration (%) Name

Horse feed 0% HorsF
Pig feed 0% PigF
Aquafeed 0% AQF01

0% AQF02
0% AQF03
0% AQF04
0% AQF05
0% AQF06
0% AQF07
0% AQF08
0% AQF09

Blood meal 7% AQF10
Hemoglobin powder 10% AQF11
Hemoglobin powder 10% AQF12
Hemoglobin powder 11% AQF13
Hemoglobin powder Unknown AQF14
Hemoglobin powder Unknown AQF15
Hemoglobin powder Unknown AQF16
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Technology, Germany, cycle 0.5, amplitude 70%) for 3× 10 s on ice.
They were then mixed for 1 h at 1400 rpm at 12 °C in a thermomixer
(Eppendorf Thermomixer comfort, Eppendorf, Germany) and, after a
centrifugation for 10min at 16000g at 12 °C, the supernatants were
stored at −20 °C until analyses. For SFS analysis, 20 µl of each protein
extract was diluted in 2.98ml of DLA.

2.3. Synchronous fluorescence spectroscopy

Synchronous fluorescence spectra were obtained with a
Fluoromax®-4 spectrofluorometer using FluorEssence™ V3.5 software
(Horiba Scientific via Acal BFi Nederland B.V). The analytical para-
meters used were based on a review of the literature in which acqui-
sition parameters were investigated. The excitation and emission slits
were fixed at 5.5 nm and 6 nm respectively. The excitation and emission
wavelengths were scanned simultaneously using a wavelength resolu-
tion of 1 nm in the 200–600 nm range between them. Appropriate
conditions (solvent) and constant wavelength interval (offset) were
determined for hemoglobin detection during the optimization work.
Standards and all extracts of feed materials were analyzed in triplicate.
Duplicate measurements were made on 79% of the compound feed
extracts and data were averaged in order to have one spectrum per
extract. The rest has been measured only once due to technical issues.
That was possible regarding the good repeatability of fluorescence
spectroscopy measurements. The relative standard deviation for re-
peatability was equal to 1.43%. It has been calculated on the basis of
values of the intensity of the most important band of hemoglobin at
485 nm. This value is due to common errors of solution preparation that
induces variation in fluorescence intensity but still in the range defined
for pharmaceutical compounds (relative standard deviation of 1.0% for
a drug substance and of 2.0% for a drug product assay) [31].

2.4. Statistical analysis

Data were area normalized then treated by Principal component
analysis (PCA). This method has the advantage of extracting the sys-
tematic variations in one data set [32]. PCA is oriented towards mod-
eling the variance/covariance structure of the data matrix into a model
which represents significant variations and which considers noise as an
error [33]. It is an unsupervised exploratory method in which classifi-
cation may be done on the basis of the scores, and the characteristics of
each species are established by the interpretation of these specific
loadings.

2.5. Software

ORIGIN software was used for synchronous fluorescence spectra
collection.

Chemometric treatments (Area normalization and PCA) were per-
formed by the UNSCRAMBLER software version X.5 from CAMO
(Computer Aided Modeling, Trondheim, Norway).

3. Results and discussion

3.1. Optimization of acquisition parameters of fluorescence spectra

For this study, preliminary analyses were conducted with standards,
mainly to determine the nature of the appropriate solvent and the most
suitable wavelength offset. Because compounds are usually diluted in
buffer solutions, phosphate buffer was tested, as well as DLA as this was
the solvent employed for protein extraction. SFS spectra were then
collected with a low (17 nm) and a high (80 nm) offset value.

The spectra obtained by SFS analysis of the standard solutions (BSA,
porcine and bovine hemoglobin) in the phosphate buffer (pH=7.2)
and DLA (pH=10.5) using the offset values of 17 nm and 80 nm are
shown in Fig. 1. The spectra of DLA and phosphate buffer are also
presented.

From this figure, we can observe that:

– Spectra of hemoglobin standards (Fig. 1a) diluted in DLA collected
with an offset of 17 nm show four bands at 360 nm, 406 nm, 484 nm
and 538 nm. Fluorescence bands of BSA are pointed at 360 nm and
406 nm with a small shoulder at 484 nm. DLA presents almost the
same spectrum as that of BSA. The only difference is the absence of
the small shoulder visible at 484 nm. The bands observed at 484 nm
and 538 nm are therefore characteristic of hemoglobin.

– Spectra of hemoglobin standards (Fig. 1b) diluted in DLA recorded
with an offset of 80 nm show bands at 440 nm and 518 nm with a
shoulder at 548 nm. On the spectrum of BSA, only one band is ob-
served at 427 nm with a shoulder at 518 nm. DLA presents a broad
band with two maxima at 410 nm and 440 nm in addition to a
shoulder pointed at 518 nm. With this offset, it seems that the
characteristic band of hemoglobin appears at 518 nm with the
shoulder at 548 nm. However, the problem is the overlap with the
fluorescence, even if it is weak, of BSA and DLA, which is also visible
at 518 nm.

– Spectra of hemoglobin standards (Fig. 1c) diluted in phosphate
buffer obtained with an offset 17 nm exhibit a fluorescence band at
308 nm close to that of BSA visible at 302 nm. Hence this region
cannot be employed for hemoglobin detection. The weak band
composed of two maxima pointed at 445 nm and 470 nm can be
used for the detection of hemoglobin, but the problem is its weak-
ness which makes detection difficult at low concentrations.

– Spectra of standards (Fig. 1d) diluted in phosphate buffer collected
with an offset of 80 nm show an overlap between bands of he-
moglobin diluted in the buffer and BSA: hemoglobin has a fluores-
cence band at 352 nm while that of BSA is at 355 nm. This band
cannot be used for the identification of hemoglobin. On the other
hand, at higher wavelengths (400–500 nm), a remarkable overlap
between hemoglobin and BSA still exists which makes it difficult to
assign a specific band to the detection of hemoglobin. However, this
region could be interesting if the aim is to discriminate porcine
hemoglobin and bovine hemoglobin, which seem to have different
spectral profiles in this region. Finally, the band at 518 nm could be
used, but it is very weak and hence unsuitable when working with
very low concentrations.

From these results, DLA and the 17 nm offset were selected as the
best parameters for the purpose of this work: the detection of he-
moglobin in feed material. The combination of these two factors makes

Table 2
Sample set of adulteration samples.

Compound feeds

HorsF PigF AQF09

Adulteration levels 0.01 Blm01/Blm02/Hb
pwd01/Hb pwd02

Blm01/Hb
pwd01

Blm01/Hb
pwd01

0.05 Blm01/Blm02/Hb
pwd01/Hb pwd02

Blm01/Hb
pwd01

Blm01/Hb
pwd01

0.1 Blm01/Blm02/Hb
pwd01/Hb pwd02

Blm01/Hb
pwd01

Blm01/Hb
pwd01

0.5 Blm01/Blm02/Hb
pwd01/Hb pwd02

Blm01/Hb
pwd01

Blm01/Hb
pwd01

1 Blm01/Blm02/Hb
pwd01/Hb pwd02

Blm01/Hb
pwd01

Blm01/Hb
pwd01

5 Blm01/Blm02/Hb
pwd01/Hb pwd02

Blm01/Hb
pwd01

Blm01/Hb
pwd01

10 Blm01/Blm02/Hb
pwd01/Hb pwd02

Blm01/Hb
pwd01

Blm01/Hb
pwd01

# adulterated samples: 28 14 14
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it possible to highlight fluorescence bands of hemoglobin at 484 nm and
538 nm independently if it is of bovine or porcine origin.

3.2. Identification of the hemoglobin fluorescence signature

As can be observed from Fig. 1a, porcine and bovine hemoglobin
standards have the same fluorescence spectral signature with an im-
portant band around 484 nm and a small band around 538 nm. Two
other very small bands appear around 360 nm and 406 nm which are
due to the presence of DLA as solvent. DLA has almost the same profile
as BSA.

As already reported in the introduction, bands observed on he-
moglobin's spectra are mainly due to fluorophores present in its struc-
ture that are aromatic amino acids (mainly tryptophan, tyrosine and
phenylalanine) in addition to the hemic group [18,19]. According to
the literature the maximum emission of tryptophan, tyrosine and phe-
nylalanine is at 350 nm, 303 nm and 282 nm respectively [34,35].

In our study, using an offset of 17 nm, hemoglobin diluted in
phosphate buffer showed a fluorescence band at 308 nm that can be
attributed to tyrosine [22,24,36]. When hemoglobin was diluted in
DLA, the spectral profile changed. Bands at 360 nm, 406 nm, 484 nm
and 538 nm were pointed. DLA contains 7M of urea (10.5 g per 25ml of
distilled water), which is a denaturing agent that can lead to a partial
loss of the secondary structure of hemoglobin [37]. This denaturation
may influence the hemoglobin's fluorescence [19,38], as it has been
known for many years that urea is a chemical agent which induces

protein denaturation by disturbing the non-covalent interactions
[39–42]. Accordingly, Carvalho, Santiago and Tabak [43] reported that
high concentrations of urea (> 4.0M) lead to significant structural
disorder and changes in the native state, promoting oligomeric dis-
sociation, protein denaturation and alteration of the coordination
sphere of the heme iron. However, in our case, fluorescence bands of
BSA and DLA are pointed at 360 nm and 406 nm, overlapping with
those of hemoglobin. It is therefore difficult to observe the change in
the micro-environment of tyrosine due to the presence of DLA. This
means that only bands pointed at 484 nm and 538 nm are characteristic
of hemoglobin. In their study of human hemoglobin structural and
functional alterations and heme degradation on interaction with ben-
zene, Hosseinzadeh and Moosavi-Movahedi [22] reported that the in-
terval of Δλ=17 nm was also used to determine the new chromophoric
heme destruction species produced in the reaction samples due to the
effects of benzene on hemoglobin. In our case, the same could be true;
what we observe is due to conformational changes of heme after de-
naturation of hemoglobin by DLA.

In order to explain these bands, a parallel can be made with the
study of the stability of the extracellular hemoglobin of Glossoscolex
paulistus in the presence of urea. This was conducted by Carvalho,
Santiago and Tabak [43], who observed absorption bands at 360 nm,
404 nm, 531 nm, 567 nm and 631 nm on the spectrum of that he-
moglobin at high concentrations of urea (8M), suggesting a mixture of
several species in equilibrium: aquomet hemoglobin, penta-coordinate
hemoglobin, hemichrome, and high-spin species iron complexes

Fig. 1. Synchronous fluorescence spectra of standard solutions (BSA, porcine and bovine hemoglobin) in DLA (a & b) or phosphate buffer (c & d) using the offset
values of 17 nm (a & c) or 80 nm (b & d).
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[44,45].
The fluorescence bands observed in this study at 484 nm and

538 nm are very probably due to these species. These associations need
to be confirmed by other analytical methods as UV–Vis absorption and/
or circular dichroism techniques.

3.3. Validation on feed materials (hemoglobin powder, plasma powder and
blood meal)

In order to confirm that the bands observed with standards are also
present in protein extracts of commercial feed material derived from
blood, the selected settings were applied to some selected feed mate-
rials.

Because blood meal contains plasma powder as well as hemoglobin,
it was essential to examine their respective spectral signatures when
they are extracted from feed materials. At the same time, DLA's fluor-
escence signal had to be considered since, as explained above, all
samples studied in this work were diluted / extracted in DLA.
Synchronous fluorescence spectra of these compounds were recorded
and are presented in Fig. 2.

As can be observed from this figure, the spectrum of plasma powder
extracts presents a band around 406 nm with a shoulder at 360 nm. A
little peak can be noticed around 484 nm. DLA has the same signature
as plasma powder extracts without the little peak at 484 nm. The
spectrum of hemoglobin powder extracts present four signals around
360 nm, 406 nm, 484 nm and 538 nm. The most intense is the one
pointed at 484 nm. Therefore, it can be concluded that the bands ob-
served at 484 nm and 538 nm are characteristic of hemoglobin. Blood
meal extracts present the four indicated bands with approximately

equal intensity, with a slightly higher value for the band at 406 nm.

3.4. Application of the SFS method for the analysis of adulterated feed and
commercial aquafeeds

Compound feeds (HorsF, PigF and AQF09) adulterated at various
contamination levels were also analyzed in order to experimentally
determine the limit of detection. The collected spectra were area-nor-
malized and then subjected to PCA in order to differentiate samples
according to both feed type and adulteration percentage.

Fig. 3 shows these samples separated according to the origin of feed
independently of the adulteration material (hemoglobin or blood meal).
In both cases of adulteration, samples are distributed according to the
second component, corresponding to 14% and 26% of the explained
variance for hemoglobin and blood meal adulterated compounds re-
spectively. The highest values of explained variance are due to the
percentage of adulteration: Figs. 4a and 5a show the distribution of
samples according to the adulteration rate (from 0.01% to 10%) along
the first component, corresponding to 79% and 57% of the explained
variance for hemoglobin- and blood meal-adulterated compounds re-
spectively. This may indicate that whatever the type of feed, adul-
teration with hemoglobin or blood meal can be detected and has a
significant effect.

Fig. 4a shows the PCA applied on extracts of feed samples adulter-
ated with hemoglobin from 0.01% to 10%. As observed, the most highly
contaminated samples (5% and 10%) are clearly distinguished. How-
ever, through the traced line, it can be observed that adulteration can
be detected from lower percentages of between 0.5% and 1% de-
pending on the sample. The next step in verifying if real feed samples
can be evaluated on the basis of this PCA model is presented in Fig. 4b,
in which the samples have been projected in the space of the PCA he-
moglobin adulteration model. Commercial aquafeeds known not to
contain any blood-derived products (AQF01, AQF02, AQF03, AQF04,
AQF05, AQF06, AQF07 and AQF08) are situated in the zone of samples
which are not adulterated or contain a maximum of 0.5% of he-
moglobin. Aquafeeds with a high percentage of hemoglobin powder
(10% and 11%) (AQF11, AQF12 and AQF13) are superimposed on
those adulterated at 10% and even higher. Samples with an unknown
percentage of adulteration (AQF14, 15, 16) seem to have a hemoglobin
value of between 5% and 10%.

In order to evaluate the performance of the projection of those real
samples into the PCA hemoglobin model, spectral residuals and
leverage values were studied. Results show that most of projected
samples are superimposed to calibration ones. The residual variance is
included between 2e-07 and 1e-06 while the leverage values are be-
tween 0.016 and 0.15. However, some commercial samples (AQF01,
AQF03, AQF04 and AQF07) present a high residual variance (included
in the range between 2e-06 and 1e-05) meaning they are less described
by the original model. That observation is expected because commercial
samples, even they are all aquafeeds, are different from the calibration

Fig. 2. Synchronous fluorescence spectra of protein extracts of commercial feed
material derived from blood diluted in DLA (Δλ=17 nm).

Fig. 3. PCA applied to area-normalized SFS data of extracts of feed samples adulterated with hemoglobin and blood meal.
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ones; the only similarity is the absence of adulteration. That was also
confirmed by their spectral profile which shows an additional shoulder
around 454 nm (data not shown). Three other real samples (AQF11,
AQF12 and AQF13) with high percentage of hemoglobin powder (10%
and 11%) present a high leverage (included between 0.18 and 0.3).
They are projected far from the center of the original model.

The same procedure was carried out for feeds adulterated with
blood meal. Fig. 5 presents both the PCA plot of the distribution of
extracts of feed samples according to the blood meal adulteration rate
(5a) varying from 0.01% to 10% and the projection of real sample
spectra in the space defined by the two principal components (5b); the
same behavior is observable as with the hemoglobin adulteration
model. In fact the limit of detection seems to be less easy to define: the
samples are more mixed, although a slight separation from a percen-
tage of 0.5% can be observed. When aquafeeds known to be free of
blood-derived products are projected on PCA graph, here too they are
located in the same area as commercial samples which are not
adulterated or are adulterated at percentages lower that 0.5%. The
percentage of blood meal in AQF10, which is known to be around 7%,
is overestimated in this case. The sample overlaps with those adult-
erated at 10%.

In the same way as for adulteration with hemoglobin, performance
of the projection of real samples into the PCA blood meal model, values
of leverage and residual variance for the first component have been

investigated. Data show that all samples are well described by the PCA
model. Values of residuals belong to the range between 2e-07 and 2e-
06. The leverage range varies between 0.016 and 0.15. However, four
samples (AQF01, AQF03, AQF04 and AQF07) exhibit a higher residual
variance values included between 4e-06 and 1e-05. These samples are
the ones mentioned above with high residual values in the case of he-
moglobin adulteration.

To understand how these PCA models can describe this adulteration
with even hemoglobin or blood meal, the loadings corresponding to the
first components of PCA graphs of hemoglobin and blood meal adul-
teration were examined. They present the same profile, i.e. the syn-
chronous fluorescence spectrum of hemoglobin with its characteristic
band around 485 nm and 536 nm (Fig. 6). These bands located in the
negative part of the loading correspond to samples with high percen-
tages of adulteration. A small shift can be noted if we compare with the
bands of hemoglobin standard described at the beginning of the article
(484 nm and 538 nm). This can be explained by the difference of en-
vironment. In the first case, hemoglobin was analyzed alone as a
standard, whereas now it is included in a feed matrix.

The positive part of the loading clearly shows bands of DLA present
in all studied samples. The spectral profiles of hemoglobin are well
defined and guide the discrimination of samples according to their
adulteration rate.

Fig. 4. PCA applied to area-normalized SFS data of extracts of feed samples adulterated with hemoglobin (a) and the projection of real samples in PCA space (b).
Numbers correspond to the aquafeed names (AQF##).

Fig. 5. PCA applied to area-normalized SFS data of extracts of feed samples adulterated with blood meal (a) and the projection of real sample in PCA space (b).
Numbers correspond to the aquafeed names (AQF##).
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4. Conclusion

In this study, an SFS method was developed for the detection of
hemoglobin in various animal feeds. SFS combined with some simple
chemometric tools such as PCA is appropriate for detecting the presence
of hemoglobin in feed material with a limit of detection of hemoglobin
or blood meal from 0.5% to 1% depending on the feed material.
Projection of real commercial compound feeds on the PCA graph shows
the potential of the method to estimate hemoglobin or blood meal
content.

Future work will need to focus on optimizing the extraction method
in order to increase the sensitivity. Another improvement would be the
reduction of the extraction time in the context of a rapid method. The
optimized method will then have to be applied on high number of feeds
adulterated at various levels in order to build and valid a robust re-
ference PCA model.
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