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Abstract

The salt content is one of the most important gqualnd safety parameters in the manufacturing
process of marinated herring, which needs to bé&aked during processing. Standard methods are
often destructive and time consuming, and theretoneondestructive and fast method needed.
Near-infrared (NIR) spectroscopy was measured annade samples from herring marinating
process in order to investigate the potential dR [k a fast method to determine the salt content in
marinade and in fish. The spectral region 1100-13®0had the highest positive correlation with
the measured salt values. A principal componenlyaisaperformed on the NIR spectra showed
that the first principal component described theleton of the spectra according to the determined
salt values. A partial least-squares regressioneioetween the selected region of the NIR spectra
and the salt content of the fish gave a correlatioefficient of 0.81 and a prediction error
(RMSECV) of 0.41 g/100 g with the prerequisite thalt concentration in fish and marinade was in
equilibrium. The results indicate that NIR speotaysy can be used as a fast and non-destructive
method for assessing the salt concentration indiging the herring marinating process in order to

ensure product safety.

Keywords: Marinated herring; Food Safety, Salt; talriate calibration; NIR spectroscopy

1. Introduction

Marinated herring products are traditionally consdmin Northern European countries and
manufactured by a process using a solution of sodibloride and acetic acid in order to increase
the ionic strength and decrease pH and hereby mpregethe fish making it available for

consumption most of the year (Rodger, Hastingsn&ng Bailey, 1984). This process is based on

passed down experience and years of traditionsoéied consists of an intermediate salt brining
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followed by the marinating process using a solutifnsalt and acetic acid. Marinated herring
products are semi manufactured products with nor pirieezing step and no sequential heat
treatment. Salt is one of the key preservativegHese herring products, but is also an important
factor for the sensory characteristics (quality)tué product. One of the main safety issues is the
presence and viability of thanisakis larvae. A study showed that the mortality of #asakis
larvae was mostly influenced by the salt conceiatnain the muscle liquid phase compared to the
concentration of acetic acid and an adequate salient in the fish liquid phase is important in
order to achieve a safe product (Karl, Roepstéttfss, & Bloemsma, 1995). Salt is an important

guality and safety parameter, which needs to beraéted and controlled during processing.

Quality control is typically conducted at the erfdtlee herring marinating process, where samples
of fish are collected for analysis and visual eatibn. A common method for salt analysis involves
an aqueous extraction of salt from the sample aradion with standardized silver nitrate (AOAC
976.18). This method is accurate, but also desteieind time consuming and difficult to run in a
production setting. In some productions the fina&ldgy control is conducted using near-infrared
(NIR) spectroscopy, where samples of fish are ctdld for analysis, however, preparing the
samples for analysis is destructive and can be tomsuming as well. Besides, it is known that
variability between herring fillets occurs, espdgian the fat content (Aidos, van der Padt, Luten,
& Boom, 2002; Lane, Westgate, & Koopman, 2011; &&al Hyldig, Nielsen, & Nielsen, 2005),
and sampling of some fillets may not be appropriateharacterize the whole batch. Sampling of
the surrounding brine is very attractive and mayroge representative and indeed more accessible
than sampling the whole fish during processingthiis way the concentration of the marinade,
when in equilibrium with the herring muscle, canused as a quality parameter throughout the

entire herring marinating process.
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Non-destructive and rapid methods for salt detactoe promising and studies show that NIR
spectroscopy was used to determine the salt comegueous solutions (Hirschfeld, 1985; Lin &

Brown, 1993), in meat (Begley, Lanza, Norris, & bichka, 1984), in cod (Galvis-Sanchez, Tath,
Portela, Delgadillo, & Rangel, 2011), in cured satnmmoe (Huang, 2001) and in hot smoked salmon

(Lin, Cavinato, Huang, & Rasco, 2003).

NIR spectroscopy is a useful analytical techniquebiological samples and works by measuring
the amount of light, which is absorbed by the samgd a function of the wavelength (Galvis-
Sanchez et al., 2011). The method is based ontibeh modes of molecules mainly C-H, O-H,
and N-H functional groups, which can be observedwastones and combinations in the NIR
spectrum (Huang, 2001; Svensson, Nielsen, & Br®420While, sodium chloride (NaCl) has no
specific absorption band(s) in the NIR regionsiknown that salt in solution causes changes in the
height, width and position of the absorbance bawofdgs/ater (Hirschfeld, 1985; Lin & Brown,
1993). The bands become narrower and shift to ateshavavelength with increasing NaCl
concentration compared with the bands of pure waier & Brown, 1992). For that reason, it is
expected to find information about the changesaih @ncentration in the marinade over time in
the herring marinating process. NIR is a good ahdac quality control, not only can it be used to
determine the salt content during the manufactuohmarinated herring, but also simultaneously
determine other parameters such as protein, sughifad content (Begley et al., 1984). Despite
being a promising technique there are also someldreks to consider, e.g. water is the major
constituent of herring marinade, which stronglyreleterize the spectral information in NIR with

peaks around 1450 nm and 1886 nm.

The marinade is a heterogeneous medium consistifag, orotein and water, which all absorbs in

the NIR region resulting in overlapping signals4&si, Amigo, Lyndgaard, Foschino, & Casiraghi,
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2014). For that reason, the use of chemometricaesded in order to extract the relevant
information from the NIR data. The objective of theesent study was to investigate if NIR

spectroscopy could be used to determine the satenbin fish water phase in marinated herring
fillets by obtained spectra of marinade. Multivégidata analysis and prediction modelling between
NIR spectroscopy and salt concentration in mariret in fish were used in order to study the

relation between the NIR measurements and thelazliaoncentration.

2. Materialsand methods
2.1 Experimental data
The effect of the increasing salt concentratiothim spectra was studied by obtaining NIR spectra
of 0, 13, 16 and 26 g/100 g NaCl. The main expemintgends to mimic the industrial marinating
process of herring fillets, and consists on brinfiejowed by marinating. The brining was
performed using different concentrations and tifkégure 1), while the marinating was carried out
in a solution of 6.7 g/100 g of acetic acid and/50§ g salt during 35 days at@ A different
container was used for each of the stages andafdlch batches.

An overview of the experiments is shown in Figure 1

At each sampling time herring fillets were drairfed 1-2 min using a sieve and two individual
brine samples (app. 15-25 ml brine/marinade) anektfillets were taken from each bucket. Upon
analysis, the brine was centrifuged at 3800 g fbrn at 5C to remove tissue part and insoluble
matter and brine and fish samples were kept atG4mtil analyses were carried out. Herring fillets
were rinsed under running water in order to avoidess salt crystals on the flesh surface before
chemical analyses were carried out. The samplmggiwere 0.5,1, 2, 3, 4, 5, 6, 24, 48, 72, 216,

432, 648 and 840 h giving 28 brine samples andlkéBsfrepresenting each batch.
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2.2 salt and moisture content

The salt content of brine, marinade and fish (flastl skin was minced) was determined by titration
with AgNQO; (Titrator, 785 DMP Titrino with a magnetic stirréetrohm) in accordance to AOAC
methods (AOAC 976.18 in combination with 937.07)OAC, 2000a, 2000b). The dry matter
content of fish samples was determined after hgdtie sample at 105°C for 48 h where a stable
sample weight was achieved. The salt and dry mattetent were measured on different samples

from the same fillet.

2.3 Near-infrared spectroscopy

NIR spectra of brine/marinade were measured wRbwrier transform spectrometer (QFA-flex, Q-
interline) using a cuvette with a light path lengfh8 mm in transmission mode. Each sample was
measured with the average of 128 scans (total idaraipproximately 40 sec.) over the spectral
range of 1000 to 2500 nm (10.000 to 4.000'kmith a spectral resolution of 16 €mAll samples
were brought to room temperature by placing theebsamples in a water bath at@ifor 30 min

and in room temperature for 30 min before measuwaimdjthen the samples were measured over the
course of two days. Air was used as the backgrdandll spectra obtained and measured before

the samples were measured each sampling day.

2.4 Data processing

Initial multivariate data analysis was performed fmyncipal component analysis (PCA). The
spectra were pre-processed using Standard Normiet¥@SNV) in order to minimise the effect of
additive and multiplicative effect to the spectrimaseline (psychical effects due to the sample
matrix) as well as noise and highlight modificasafue to the chemical composition (Rinnan et al.

2009).
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Partial Least Squares regression (PLS) models tugle in order to relate the NIR spectra to the
concentration of salt in brine/marinade based oa téference measurements from storage
experiments. The spectra were pre-processed aslaesearlier. The pre-processed data as well as

the variable to predict were mean centred befdtedfwith PLS models.

Cross-validation was conducted using Venetian Bliwith 10 splits including 4 samples per split
ensuring that replicates were kept together. Tlegliptive performance was tested using the root
mean squared error of cross validation (RMSECV) #m correlation coefficient @R of the
predicted value and the reference value. An avevalyee of the salt content in the fish flesh (n=3)
is used in order to correlate the value to the @alicentration in brine/marinade. The RMSECYV is

given by comparing the predicted value and thereefe values as shown in eq. 1.

2 (1)
RMSECV = fZ(yT_y)

Wherey andy represent the measured reference (salt g/100dyjrenpredicted value (salt g/100
0), respectively, and is the number of samples. The number of Latenabées (LVS) included in
the models was evaluated by inspecting the roonrsgaare error of cross-validation (RMSECYV),
selecting the number of LVs where the curve for FA@Y flattened out or had a minimum.
Additionally, in order to find the uncertainty die prediction error for each PLS components, an
additional Monte Carlo cross validation was conddcby randomly dividing the dataset into a

calibration and validation set and calculatingMSEC, RMSECV and RMSEP 100 times.

All models were developed in the PLS Toolbox (Eigmstor Research Inc., Wenatchee, WA)

working under MATLAB 2016a v. 8.1.1 (The MathWorkgatick, MA USA)
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3. Resultsand discussion
3.1 Influence of the increasing salt concentration on NIR spectra

Figure 2 shows the NIR spectra (SNV) of four sodehioride solutions varying between 0 and 26
0/100 g (w/v), which were used to study whether Nffectroscopy could detect the salt in different
concentrations. The four water absorbance bands iweated around 980, 1200, 1450 and 1780
nm (Figure 2). The main peak around 1450 nm idedlto O-H first overtone of water (Grassi et
al., 2014), and the light is heavily absorbed bytewaand here considered as noise. Weaker
absorption was seen at 980, 1200 and 1780 nm. IRiisgadifferent concentrations of NaCl in
water resulted in changes in the wavelengths atedsity of the water bands. For the region 1600-
1700 nm increasing salt concentration resulted de@ease in absorbance intensity and the water
bands became narrower and shifted to the shorteelerzgth (Figure 2a). Figure 2b shows a linear
increase in the water absorbance bands around®00ith the increasing salt concentration. The
changes in the water absorbance bands due to sodnlonide are probably related to the
weakening or strengthening of the hydrogen bondetgvork (Lin & Brown, 1992), where chloride

is thought to have the greatest effect (Begley.e1884).

Since water absorption is lower in the shorter wengths (Pedersen, 2002) and the change in salt
concentration can be observed as a linear charttpe iwater bands (around 1200 nm), it is believed
that the change in salt concentration in the mdenig best observed in the shorter wavelength
region. Thus, even though sodium chloride has meeiBp absorption bands in the NIR region it is
possible to detect the change in salt concentraliento salts effect on the water absorbance bands

(Huang, 2001), and these results provide a basthéoapplication to biological matrices.

3.2 Herring marinating study

Figure 3 shows the concentration development ofheing water phase salt (WPS) and the

marinade. As it can be seen, there is an abrugt idrgalt concentration of the herring WPS and a



191 simultaneous and equally abrupt increase in thecsaicentration of the marinade. This behavior
192 was observed in all six batches, and can be exgaady the higher salt concentration in the herring
193 water phase after brining compared to the initedd soncentration of the marinade. This way, the
194 transport occurs from the herring to the marinaohi] the concentration in the water phase of the
195 herring is equal to the salt concentration in treinade (Birkeland, Sivertsvik, Neilsen, & Skara,

196 2005). As a general trend, the salt concentratidhe fish water phase was a little higher compared
197 to the concentration of the marinade (Figure 3e $alt concentration ranged from 4.4-9.2 g/100 g
198 for marinade and 6.2-10.7 g/100 g in fish watergehaOne batch of fish (E) did not reach

199 equilibrium with the marinade and was discardedhftbe data set.

200 Figure 4a shows the herring WPS concentration séit concentration in the marinade for all the
201 time points for which sampling is available. In qmamison, Figure 4b shows the same data, but only
202 for the time points between 24 h and 35 days ofimating. A Pearson correlation coefficient was
203 computed to assess the relationship between theaatentration in marinade and fish for the full
204 marinating time (0.5-35 days) and after 24 h ofraje to 35 days, confirming the positive
205 correlation between the two variables with r=0.68 &0.90, respectively. This higher correlation
206 coefficient for the samples taken after 24 h wgseeted, since that is the time point after whiah th
207 system can be considered in equilibrium, and gmesndication that the concentration in the
208 marinade gives a reasonable concentration of th& \WMRhe fish, provided that the system is in
209 equilibrium.

210

211 3.3 NIR spectroscopy
212  Figure 5a shows the NIR spectra (SNV) collectedhftbe marinade during the herring marinating
213 process. The spectra were similar to the spectlacted from the salt solutions in the preliminary

214  study with four main water absorbance bands. Lygdg heavily absorbed at 1450 nm (related to O-
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H first over tone) and considered as noise likewisthe preliminary salt study (Figure 2). Figure
5b shows in detail the spectral region 1150-1300wiare the increase in salt concentration is well
highlighted with the increase in intensity (absord®).A sharp decent is seen in the region 1550-
1650 nm, where the intensity decreased with inangasalt concentration (Figure 5a) similarly to
the preliminary salt study (Figure 2). The cornelat coefficients were calculated for each
wavelength of the NIR spectra (SNV) against thentbal determined salt values of the marinade
in order to find the region in the spectra that Hasl highest correlation (Figure 5c¢). The region at
approximately 1100-1300 nm gave the highest pasiterrelation with the measured salt values
and the region around 1500-1800 nm gave the highegative correlation. The average NIR
spectra (SNV) were colored according to the cotimiacoefficients (Figure 5d) in order to
visualize the wavelengths containing most inforova@bout the salt concentration changes and that
could be favorable to include in the calibrationd®lb The spectral region 1170-1290 nm was
selected for further analysis because of the haghetation to the actual salt concentration values
hence contributing the most to the predictive pentnce and the reduced impact of water in this

region (Pedersen, 2002).

3.4 Principal component analysis

Prior to regression analysis, an exploratory amslgéthe spectral data was performed in order to
gain an overview of the data and find possibletekssamong the samples collected from the six
batches of marinade. PCA was conducted on thetsdlegegion 1170-1290 nm because of the high
correlation between this region and the actualhsdites that was described in sections 3.1 and 3.3.
Figure 6a shows the score plot of the first andsbeond principal components, PC1 and PC2,
respectively, with samples classified accordinth&r batch number. As it can be seen, the spectra
group reasonably well in function of their batchhmer. The differences between the six batches

have two immediate explanations. The first and nestient one is the different (pre-brining)

10



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

contact time and brine concentration used for dmthh. This results in the batches brined in 26
0/100 g NaCl achieved a higher salt concentratmmpared to those brined in 13 g/100 g NaCl.
The second one is the salt diffuse to the maririeae those fillets with a higher salt concentration
at the beginning of the marinating (Figure 3). Feg®b describes the evolution of the spectra
according to the salt concentration of the marinddirinade samples collected from batch 2 and 5
with low salt concentration have negative PC1l valaed are grouped together and samples
collected from batch 1, 3 and 6 with higher salheantration have positive PC1 values are also
grouped together. Samples collected from batch t& wie highest concentration of salt, have

positive PC1 values and are separated from thesothe

3.5 Multivariate regression

Multivariate regression was performed in order aorelate the actual salt content of the marinade
and herring to the pre-treated NIR spectra. The Rlo8els were evaluated in terms of root mean
square error of calibration (RMSEC) and cross-wiah (RMSECV). The main objective of this
study was to investigate the ability of NIR spestmpy to determine the salt concentration in
herring muscle by the obtained spectra of marin&ae. that reason initial PLS models were
conducted for salt content in marinade in ordent@stigate how well the salt concentration could
be predicted in the herring marinade. Comparinglte$rom the model on the entire spectral range
(without 1400-1550 nm due to full absorption ofhligand the model including only the selected
region, performed equally well (table 1). This donk that the removed wavelengths do not
contribute in explaining the salt content of mad®@aAdditionally, this reduces the number of
spectral variables, hence the model complexity ctvhiltimately results in a better stability of the
calibration model (Ye, Gao, Li, Yuan, & Yue, 201Br the sake of comparison, the effect of using
exclusively samples after 24 h of marinating re=ilin an improved model using 2 LV? Rias

0.91 and RMSECYV was 0.27 g/100 g, which is illusan Figure 7a. The same analysis was used

11
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to determine the salt content in the herring musaeer phase leading to a 5 factor modélwRs
0.81 and RMSECYV is 0.419g/100 g including samplaésra?4 h of marinating. As expected the
predictability improves including samples aftert24f marinating compared to the full marinating

time (table 1) because of the effect of equilibridescribed in section 3.2.

The external validation procedure determines tlegliptive ability based on a sample set, which
was not included in the model. In this study, tlx¢emal validation was conducted using the
validation set of 10 samples randomly selected (i®@s) from each batch. In Figure 8 the
prediction error (RMSEC, RMSECV and RMSEP) is givana function of the number of PLS
components for the model (WPS in fish) based orséhected spectral region (1170-1290 nm). The
optimum model rank is 5 for RMSEC, RMSECV and RM$S®&Rich is also in agreement with the
results obtained of the PLS model of WPS illusttateFigure 7b. The prediction error at 5 LV is
given 0.36 g/100 g + 0.02 g/100 g, 0.40 g/100 P2®/100 g and 0.39 g/100 g +0.06 g/100 g for
RMSEC, RMSECV and RMSEP, respectively, and theselteindicate that the predictive ability

of the model was good as the difference between RBAGand RMSEP was small.
4. Conclusion

The prediction of the equilibrium concentrationMdCl in the marinade and the herring WPS is
presented here to show the potential of NIR spsctioy for fast and non-destructive determination
of salt during the herring marinating process. Sargmf marinade is easily performed compared
to sampling of the herring fillets. The preliminag#lt study suggested that NIR spectroscopy in the
range of 1170-1290 nm carry information relatedh® changes in salt concentration of sodium
chloride solutions. A PCA and inspections of theRNdpectra also confirmed that the spectral
region (1180-1290 nm) carried information assodatgéh the change in salt of herring marinade.

Calibration models were established for salt in tharinade and the fish muscle water phase

12
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independent on the different brining proceduredia@o the six batches. NIR measurements area
good alternative to the time-consuming sampling @memical analysis of herring fillets in order to
determine the salt content and have potential torpéemented in the herring marinating industry.
Moreover, it opens up for new opportunities fortéasmeasurements of the change in salt during
processing and with the benefit of measuring sévessameters simultaneously. These results
contribute to the optimization of the process aonin the herring marinating industry; however,
further studies are needed. “Lab models are a fjsicapproach to study the feasibility of NIR for
process control, however, building calibration med® be used in large scale industrial food
processes should be conducted in the industriihgefThe samples chosen for the calibration
should span the variability in both the processlisas storage time, temperature, humidity and raw
material variability) and the target constituen®udh as variation in salt and acetic acid
concentration). Emphasis should be put on correchpiing to ensure that both the NIR
measurements and the reference sampling (thatgisreel for making calibration models) are

conducted with a good representation of the ebtiteh”.
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Figure captions:

Figure 1: The experimental set-up for the herring marirgarperiment.

Figure 2: NIR spectra (SNV) of salt solutions of 0, 13,&lrdl 26 g/100 g NaCl for the region 900-1900 nm
(a) and a zoom of the region 1150 to 1300 nm (b).
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Figure 3: Change in salt concentration of the brine andidrewater phase (WPS). Filled circles represents
the salt concentration in the fish (water phased,the empty circles represents the salt concémtrat
marinade during storage for one representativerexpatal batch.

Figure 4. Salt concentration in the marinade and the fist#$). Salt concentration of the marinade vs. the
water phase salt (WPS) in the fish during thedtdrage time, 0.5-35 days, r=0.63, n=156 (a), amt 24 h

to 35 days, r=0.90, n=84 (b), (-line) the targatlfor concentration equilibrium between the mateand
the fish muscle.

Figure5: NIR spectra (SNV) collected from the marinad¢hia region 900-1850 nm (a), and detail of the
region 1150-1300 nm (b) both colored accordingafo@ncentration (g/100 g). Correlation coeffi¢geaf
the NIR spectra (SNV) and the measured salt coratént (g/100 g) (c) and the average NIR spectNM)S
colored according to the calculated correlatiorffa@ents (d).

Figure 6: Principal component analysis (PCA) of the NIR e collected. Score plot of PC2 vs. PC1
colored according to batch number (a) and PC2 @4. ¢dlored according to the measured salt condeorira
in the marinade (b) for the selected region 1178012m.

Figure 7: Predicted vs. measured salt concentration inmada (g/100g) (a) predicted vs. measured salt in
fish water phase (g/100g) (b) from PLS models efMiR spectra of 1170-1290 nm using the samplesntak
after 24 h of marinating, (-line) best fit throudata, red line.

Figure 8: Predictions errors RMSEC (g/100 g), RMSECV (g/8)@nd RMSEP (g/100 g) vs. the model
complexity from external validation of WPS modeliekage error (-) and the standard deviation (frot
100 repetitions, LV: latent variables.

Table 1: Statistics of calibration models of salt concetitn in marinade and fish samples.
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Table 1: Statistics of calibration models of salt concentration in marinade and fish samples.

Parameter Spectral region (nm) Calibration

n RMSEC (91009 RMSECV (100g) R°(CV) LV
Marinade 900-1400;1550-1850 156° 0.29 0.30 0.88 4
Marinade 1170-1290 156° 0.29 0.30 0.88 4
Marinade 1170-1290 84° 0.26 0.27 0.91 2
WPS 1170-1290 156° 0.60 0.62 0.64 5
WPS 1170-1290 84" 0.35 0.41 0.81 5

WPS: fish water phase salt (g/100g), RMSEC: root mean square error of calibration, RMSECV: root mean square error
of cross validation, R% determination coefficient for calibration set, a: al samples included (0.5 h to 35 days), b:
samples after equilibrium included (1-35 days).
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Highlights

* NIRregion 1170-1290 nm carried information in relation to salt changes

» PCA described the evolution of the spectra according to the salt concentration of the marinade

» Cadlibration models were established for salt in marinade and fish independent on processing

* NIR can be used as a fast and non-destructive method for assessing the salt conc. in marinated
herring



