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This work describes the development of a flow injection method to determine hydroxyproline (HYP), one of
collagen's most abundant amino acids. Collagen is a protein with several applications and high nutritional
value. Evaluating the feasibility of using collagen from fish skin over its mammalian source is essential.
The determination of HYP requires the pre-treatment and hydrolysis of the fish skin to break down
collagen into its amino acids, and the HYP value quantified relates to the collagen content. The
determination was based on the HYP oxidation with permanganate in an alkaline medium and the
consequent decrease of colour intensity registered. Under optimal conditions, the developed method
enables the determination of the HYP within the dynamic range of 23.8 to 500 mg L™, with a limit of

detection (LOD) of 2.6 mg L™ and a limit of quantification (LOQ) of 23.8 mg L. Different samples were
Received 8th September 2023 . . .
Accepted 10th October 2023 processed, and the digests were analysed by the proposed method and with the conventional procedure
with good correlation (relative error < 7%). Moreover, the analyte quantification is performed faster,

DOI: 10.1039/d3ay01589k simpler, and more accurately, with less toxic solutions. The reproducibility of the developed method was
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also evaluated by calculating the relative standard deviation of the calibration curve slope (RSD < 1%).
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1. Introduction

Collagen is one of the most valuable proteins, as it is used in
various applications, such as in food, biomedical and cosmetic
fields."* Despite being extracted from natural sources, this
polymer has other advantageous properties, such as its low
toxicity, weak antigenicity, high nutritional value, and flexi-
bility, as well as its biodegradability and biocompatibility.**

Its extraction from mammalian sources, ie., bovines, is
decreasing due to health and environmental problems,®> and,
therefore, fish has become a good alternative collagen source. In
fact, the decrease in collagen extraction in land animals can be
explained by the possible human infections resulting from the
outbreak of diseases in stock animals. Moreover, religious
reasons are another limiting factor for using mammalian
collagen in some industries.*®

Ezequiel R. Coscueta is a junior researcher at CBQF and Invited
Assistant Professor at ESB-UCP. He has a PhD in Biological Sciences
(National University of Rosario, 2018) and BSc in Biotechnology
(National University of the Littoral, 2013). He is a technology
developer within the circular economy approach with expertise in
green chemistry, peptidomics, and nanotechnology for the food and
nutraceutical industries. His career consists of 8 years in Food
Sciences, Biotechnological Engineering, and Nanotechnology,
particularly in the isolation, purification, analysis, and delivery of
bioactive compounds. He's specialized in the development of novel
green technology for the valorisation of agri-food by-products, in
a sustainable and efficient way. Likewise, his current interests align
with the development of alternative matrices and ingredients for the
next generation of food and nutraceutical products, and the resil-
ience of food systems. He is an author of 25 international peer-
reviewed articles, one book, and five chapters. He is also an
editor of 4 issues in high-impact international journals and a co-
author of 1 patent.

Maria Manuela Estevez Pintado has a BSc in Pharmacy from the
Faculty of Pharmacy of the University of Porto (1991) and PhD in
Biotechnology from the Portuguese Catholic University (UCP)
(1999). She is Associate Professor, Director of CBQF — State Asso-
ciate Laboratory and Associate Director of the College of Biotech-
nology of UCP. She is the leader of the Biobased and Biomedical
products group and coordinates the Bioactives and Bioproducts
Research Laboratory. She has established strong interaction with
industry mainly in the food sector. Her main research interests
include development and characterization of bioactives and by-
product valorization through bioprocesses and extraction
processes aiming to obtain high-added value products to be
applied to food and other industries. She has co-authored ca. 400
papers in international journals, is a creator of 20 patents, has
been involved in the supervision/co-supervision of 34 concluded
PhD theses and has coordinated/co-coordinated ca. 90 externally
funded projects.
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The extraction of this protein from fish reflects the need to
value fish sub-products and utilise the unused biomass of its
production, making extraction possible from fish skin, carti-
lage, scales, and bones. Marine collagen shows remarkable
properties such as the capacity to retain water, higher absorp-
tion capacity and “no irritant potential”.*’

Collagen has a triple helix structure formed by its amino acid
sequence (19 amino acids), where the most significantly present
are glycine, hydroxyproline and proline.>®® One way to quantify
the collagen present in fish skin to obtain high-value fractions is
the determination of hydroxyproline (HYP). The analysis of this
molecule from fish skin requires pre-treatment, with prior
proteolytic digestion and hydrolysis of a skin section, to break
down collagen into its amino acids. The quantified value is
compared to the amount of pure collagen studied for each type
of fish and was previously assessed to be around 38 pg of HYP
per mg of pure collagen.**

To quantify the amount of HYP present, its oxidation is
necessary. The most typically used methods are based on the
oxidation of the amino acid to form a chromophore with p-
dimethylaminobenzaldehyde, with chloramine T or hydrogen
peroxide.'*™ However, another redox reaction of HYP with
permanganate in an alkaline medium uses a smaller number of
reagents that have the advantage of being less toxic and
harmful.**

The main goal of this work was to develop a faster and
simpler way to quantify HYP in fish skin samples and to auto-
mate this determination; with this goal, a flow injection analysis
(FIA) method is proposed. Flow-based techniques, combined
with spectrophotometric detection, allow the miniaturisation of
chemical analysis, minimal operator intervention, reduced
volume of samples and reagents, and low waste production.”
This kind of system includes plastic tubes and a peristaltic
pump that aspirates the solutions (carrier and reagents) along
the defined system manifold.'® The reaction time is determined
by the tube lengths and peristaltic pump speed, and the sample
is inserted into the carrier stream through an injection valve. In

Antonio Osmaro Santos Silva Rangel is Full Professor at Uni-
versidade Catélica Portuguesa (ESB-UCP), Porto, Portugal. He is
President of the Scientific Board of ESB and member of the
Direction Board of the Research Center. He holds a degree in
Chemistry (Univ. Porto, 1985) and a PhD degree in Biotechnology
(UCP, 1991). He has a 35 year teaching activity involving general
chemistry and analytical chemistry courses. His research interests
are focused on flow-based methods for the automation of (bio)
chemical assays in the environmental, food, and biomedical
sectors. He has supervised 20 PhD theses and is co-author of more
than 200 papers.
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the detection unit, the signals obtained for a determination
with a FIA method are peaks proportional to the analyte
concentration for a given determination," in this case, HYP.

2. Materials and methods

2.1. Reagents and solutions

The solutions were prepared with analytical grade chemicals
and Milli-Q® Water (resistivity > 18.2 MQ cm, Millipore, Bed-
ford, MA, USA).

The permanganate solution was prepared with boiled water
by diluting a stock solution of 0.1 M to a final concentration of
5 mM. A stock solution of 0.1 M permanganate was prepared by
dissolving 1.58 g of sodium permanganate in 100 mL of water.

A 1.5 M sodium hydroxide stock solution was prepared,
dissolving 30 g of sodium hydroxide (PanReac, Spain) in 500 mL
of water.

A HYP stock solution of 1000 mg L ™" was prepared by dis-
solving 10.0 mg of 1-hydroxyproline (Sigma Aldrich, Germany) in
10.0 mL of water. The working standards within a range of
25.0mg L™ " to 500 mg L~ " were prepared from the stock solution.

2.2. Flow injection manifold and procedure

The flow injection manifold (Fig. 1) was composed of a Gilson
Minipuls 3 peristaltic pump (PP in Fig. 1) equipped with three
PVC tubes (F117938), a miniature CCD detector (Flame, Ocean
Insight) connected to a halogen lamp light source (UV-VIS-NIR,
Mikropack, DH-2000-BAL), and a 1 cm light path flow cell
(Hellma 178.710-QS). The three channels of the flow manifold
consisted of Gilson polytetrafluoroethylene (PTFE) tubes (inner
diameter 0.8 mm, 008T16-080-20) attached to a four-channel
confluence and connected to the flow cell. For sample/
standard insertion, a six-port injection valve (Omnifit 1106
rotary valve) was placed at one of the three channels, the water
stream (carrier, C in Fig. 1).
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A 0.65 mL min " flow rate for the HYP determination was set
for all the channels. The sample was inserted into a water
carrier (C) stream, mixing with both permanganate (R;) and
hydroxide (R,) at the confluence. Then, the mixture went
through a heated 2 m reaction coil (L,) to promote the reaction.
The L; reactor was connected to a water bath set at 30 °C.
Afterwards, a 52 cm reaction coil (L,) was placed before the flow
cell to allow the mixture to cool down prior to detection. An
absorbance signal decrease, caused by a loss of colour in the
permanganate solution, was observed because of the perman-
ganate reduction by hydroxyproline. The signal was acquired
with a computer equipped with SpectraSuite® software.

2.3. Sample treatment and hydroxyproline determination

The dermal tissue of the blue shark, which emerged as
a secondary product during the filleting operations by Brasmar-
Trade Food Ltd for human dietary intake, was utilised as the
primary research substrate. Before they were ready for HYP
determination, the by-products were processed using an
industrial grinder. These cryogenically preserved samples were
conserved under optimal conditions, awaiting subsequent
treatments. All specimens underwent further procedural inter-
ventions by ETSA - SGPS, Ltd (Empresa Transformadora de
SubProdutos Animais) under conditions bound by industrial
confidentiality. Then, an acidic hydrolysis was performed to
break down collagen into its amino acids. HYP was determined
in the extract, and the collagen quantity was assessed through
a previously established correlation of HYP content in pure
collagen (38 pg of HYP per mg of pure collagen).

To maximise the available extract volume, a tenfold dilution
was made before insertion in the developed flow injection system.

2.4. Conventional procedure - comparative method

The same samples were analysed in the developed FI method
and with the conventional determination based on the HYP

S/st
PP v
¢ Water bath
30°C
]
|

R, :I L, I | L, I ICCD w

_____ | H
R;

] &P
s’

Fig.1 Flow injection manifold developed for the HYP determination in fish skin. PP, peristaltic pump; S/St, sample/standard; C, water; Ry, 5 mM
permanganate solution; Rp, 1.5 M sodium hydroxide solution; Ly, reaction coil 2 m length; L, reaction coil 52 cm length; 1V, injection valve; CCD,

detector (L = 526 nm); W, waste.
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oxidation by chloramine T," and the results were compared for
method validation.

3. Results and discussion

3.1. Preliminary studies

The first approach was to develop a FI based on the conventional
determination with chloramine T, previously adapted to a flow
approach.* This reaction would have the advantage of observing
colour formation by chloramine reduction. However, that deter-
mination requires heating at 85-90 °C, which results in signal
interference due to the formation of air bubbles. Additionally,
more reagents were involved with higher toxicity, namely
perchloric acid (70%) and propanol (about 30%). Consequently,
the automation based upon the chloramine T reaction was
abandoned, and the alternative hydroxyproline oxidation by
permanganate was chosen for developing the FI system.

The oxidation of HYP with permanganate in an alkaline
medium results in the loss of colour of the reagent with the
consequent decrease of absorbance (at 526 nm). When the
reaction was carried out in the flow injection approach, it was
observed that the baseline values had slight variations before
each peak (ESI Fig. 1), so a subtraction of the baseline value
from the peak value was considered. Two calibration curves were
established to evaluate if subtracting the baseline values would
affect the determination sensitivity (calibration curve slope), one
with subtraction of the baseline and the other without (ESI
Fig. 21). Despite the change from negative to positive (due to
subtracting the higher value of the baseline), there was no
difference between them with a deviation of the calibration curve
slopes of 1.5%, so it was set to subtract the baseline.

3.2. Chemical parameters - reagent concentrations

Since NaOH is used to ensure an alkaline medium, the influ-
ence of its concentration on the determination sensitivity
(calibration curve slope) was studied. Calibration curves were
established using different concentrations of sodium hydroxide
(Ry), 0.5, 1.0 and 1.5 M. The one that provided a higher sensi-
tivity was 1.5 M, so this concentration was chosen (ESI Fig. 37).
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Then, the impact of MnO,  concentration on the determi-
nation sensitivity was also assessed, and four concentrations
were compared, 1 mM, 2 mM, 5 mM, and 7 mM. The concen-
tration of 5 mM was chosen as it resulted in a higher sensitivity
(ESI Fig. 41).

The following studies were conducted with 1.5 M hydroxide
and 5 mM permanganate.

3.3. Reactor length - reaction extension

Different reactor lengths were studied to optimise the reaction
extension and, subsequently, the method's sensitivity, 1.1 m,
1.6 m, 2 m, 2.5 m, and 2.75 m (Fig. 2A). The results led to the
conclusion that the sensitivity increased with the increase of the
reactor length (higher reaction extension). However, the cali-
bration curve slope increase comparing the reactor length of 2.5
m and 2.75 m was insignificant (RD < 10%), so the reactor
length chosen was 2.5 m.

3.4. Sample volume

The influence on the calibration curve slope of increasing the
sample/standard volume was assessed to improve the method
sensitivity further.

Three volumes were tested, 130 uL, 380 puL and 630 pL
(Fig. 2B), and although higher volumes provided higher sensi-
tivity, the difference between 380 pL and 630 pL was not
significant (relative deviation of the slope < 10%). For this
reason, the volume of 380 puL was chosen.

3.5. Temperature influence

The influence of temperature was evaluated by immersing the
reaction coil in a water bath and testing different temperatures.
Calibration curves were established for each of the tempera-
tures tested, namely, 20 °C (room temperature), 25 °C, 30 °C,
35 °C and 40 °C (Fig. 3A). As expected, the increase in temper-
ature increased sensitivity (calibration curve slope). However, at
40 °C, too many air bubbles were formed inside the reaction coil
and interfered with the measurement, so the calibration curve
at this temperature was discarded. When comparing the

(B)

Slope (L/mg) Intercept
8.00E-04 - 1.300
1
—— ) 1 1295
6.00E-04 - 1290
5.00E-04 1285
4.00E-04 - 1.280
3.00E-04 - t 125
566608 ] 1270
1.00E-04 - 1.265
0.00E+00 1.260

130 380
Loop volume (pL)

630

Fig. 2 Sensitivities achieved with (A) different reactor lengths and (B) different loop volumes; the respective intercept values are represented by

the dotted line; error bars represent a 10% deviation.
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Fig. 3 A) Sensitivities achieved with different heating temperatures and the respective intercept values are represented with the dotted line (error
bars represent a 10% deviation); (B) reactor arrangement and heating module.

calibration curves at temperatures of 30 °C and 35 °C, it was
possible to conclude that the difference between them was not
significant (relative deviation between slopes < 10%) and, so,
30 °C was the chosen temperature for the water bath.

As the reactor length previously chosen was 2.5 m, a reactor
of 2 m was placed inside this hot bath. A 52 cm long reactor was
placed outside the heating module (Fig. 3B), allowing the
solutions to cool down slightly before reaching the detector.

3.6. System manifold

The mixture of the solutions was compared using two different
manifolds: with one confluence, where the solutions were all
mixed together before reaching the reactor (Fig. 4A), and the
other with two confluences, where the sample inserted was first
mixed with NaOH and only later with permanganate. In the last
case, three reactor lengths to mix the sample and NaOH were
studied (Fig. 4B).

Looking at Fig. 4C, it is possible to observe that, with one
confluence, the sensitivity obtained was slightly higher, and it is

(A)
H,0 +sample

(€)

easier to mix all the solutions with no extra confluence and no
extra reactor. Due to this fact, the manifold using just one
confluence was chosen.

3.6.1. Permanganate solution flow rate. The flow rate of the
permanganate solution was also studied to see how it would
affect the reaction proportion. Equal flow rates of 0.65
mL min~" in the three channels were compared with having
a lower flow rate of the permanganate channel of 0.48
mL min'. It was concluded that, when using the 0.48
! channel, the linearity of the calibration curve
decreased, as well as the baseline value, so the flow rate of 0.65
mL min~ " was maintained.

mL min~

3.7. Features of the FIA system

Under optimal conditions, the features of the developed
method are presented in Table 1.

The limit of detection (LOD) and the limit of quantification
(LOQ) were calculated, following IUPAC recommendations,*
respectively as the concentration equivalent to three times and

Slope (L/m
MnO.- 2m+0.52m 7,205%4/ _g)
3 L [cep |
L— L 6.00E-04 - T T
NaOH 1 s I
5.00E-04 -
4.00E-04 -
(B) 3.00E-04 -
H,O0 +sample  9cm 2.00E-04 A
17cm
50 cm 2m+0.52m 1.00E-04 4
NaOH
L] o00g+00
9cm 17cm 50cm | 1 confluence
MnO,

2 confluences

Fig. 4 System manifold study. (A) Manifold with one confluence and one reactor (L); (B) manifold with 2 confluences and 2 reactors (L;, the
sample is mixed with NaOH first; L, the solution is mixed with MnO,4"7); (C) Sensitivities obtained with different manifolds in the FIA system. 9 cm,
17 cm and 50 cm represent the different reactor lengths studied for mixing the first the sample with NaOH. (Error bars represent a 10% deviation.)
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Table 1 Features of the developed FIA system for hydroxyproline quantification

Dynamic range
LOD

LOQ

RSD sample”

Sample consumption”
Reagent consumption”
Calibration curve®

@5 =13. % Per determination. ¢ n = 5.

Table 2 Composition of the most significantly present amino acids in
shark skin gelatin collagen.®

Content in shark

Amino acid skin (%)
Hydroxyproline 10.9

Alanine 11.2

Glutamic acid 10.3

Glycine 26.5

Proline 13.9

Table 3 Interference assessment of some relevant compounds from

the shark skin in the absorbance signal; the tested amounts corre-
spond to the expected amount in the skin, added to a HYP standard of
250 mg L?

Added amount Interference

Tested interferent (mgL™) percentage (%)
Alanine 250 3
Glutamic acid 250 1
Glycine 500 3
Proline 250 8

ten times the standard deviation of the intercept. The superior
limit of the dynamic range was set at 500.0 mg L * since higher
concentrations did not align with the established linear
regression. The method's precision was assessed by analysing
the RSD of two different samples (#13 measurements). The
consumption of reagents and samples was calculated based on
HYP determination, corresponding to one injection.

23.8-500 mg L !

2.6 mg L' (0.52 ug HYP per mg pre-treated fish skin powder)
23.8 mg L™ (4.76 png HYP per mg pre-treated fish skin powder)
1.8% (35.2 mg L")

0.3% (285 mg L")

380 uL (1140 pL/3 replicas)

0.39 mg of MnO, ", 39 mg of NaOH

A =1.03 x 10 [HYP] (£1 x 107°) + 2.1 x 107> (£1 x 1077)

3.8. Interferences

The collagen molecule has 19 amino acids in its constitution
and, therefore, the potential interferences of the most signifi-
cantly present amino acids in shark skin (Table 2) were studied.

A HYP standard solution of 250 mg L™ was prepared to
evaluate the potential interference with and without the
potential interfering compounds. Analysing the percentage of
each amino acid, the alanine, glutamic acid, and proline
content is similar to the hydroxyproline content in shark skin;
therefore, the amount of these amino acids added was also
250 mg L™ ". The percentage of glycine is approximately double
that of hydroxyproline, and 500 mg L™ of this component was
added. The results are shown in Table 3.

As seen in the previous table, no interferences were verified
when considering the content in shark skin. Furthermore,
higher concentrations of the possible interferents were added,
and a minimal percentage was verified when adding 400 mg L ™"
alanine and glutamic acid, 600 mg L' glycine and 273 mg L™
proline (ESI Table 17).

3.9. Application to samples

3.9.1. Accuracy assessment. To evaluate the accuracy of the
developed FIA manifold for HYP determination in fish samples,
blue shark skin samples (#8) were directly analysed with the
system, and the results were compared to a classic method
using microplates. The concentration of HYP in each sample
was determined, and the relative error between both methods
((HYP]ria and [HYP],piate) Was calculated, as shown in Table 4.

A linear relationship between the two methods was estab-
lished. The obtained equation (where the values in brackets
represent the 95% confidence interval), [HYP]ga = 1.05

Table 4 Comparison of the results obtained with the developed flow system (FIA) and comparative microplate method (uPlate), by calculating

the relative error percentage (RE); SD, standard deviation

Sample ID [HYP]gs + SD (mg L™Y) [Collagen]a (g L7 [HYP],piate £ SD (mg L") [Collagen],piace (g L) RE (%)
1 328 + 11 8.63 345 £ 10 9.07 —4.8
2 368 + 20 9.68 377 £ 3 9.93 —2.6
3 436 + 43 11.5 417 + 6 11.0 4.6
4 411 + 14 10.8 427 +18 11.2 -3.8
5 557 + 15 14.7 530 + 2 14.0 5.1
6 334 + 17 8.79 320 + 28 8.42 4.4
7 463 + 34 12.2 461 + 27 12.1 0.5
8 341 + 24 8.96 319 +3 8.40 6.7
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Table 5 Recovery studies performed with the developed FIA system for HYP determination; SD, standard deviation

Sample Initial concentration Added concentration Found concentration Recovery percentage
D (mg L™Y) £+ SD (mgL™) (mgL™") £+ SD (%)
A 176 £ 2 45.5 227 £ 6 116
90.9 269 £ 2 104
B 203 £3 45.5 253 £2 109
90.9 299 £3 106
C 183 +1 45.5 229 £ 2 101
90.9 274 + 3 929
D 193 £ 2 45.5 238 £1 100
90.9 303 £5 121
E 208 £1 45.5 252 +1 95
90.9 305+ 1 106
F 201 £ 3 45.5 245 £ 2 95
90.9 297 £2 105
G 302 £1 45.5 349 £ 4 103
90.9 415£5 125
H 193 £1 45.5 238+ 1 98
90.9 286 + 1 103

(£0.224) [HYP],plate — 13.1 (£90.9), proved that the developed
method is not significantly different from the comparative
method since neither the slope nor the intercept was statisti-
cally different from 1 and 0, respectively.*

3.9.2. Recovery studies. To further evaluate the accuracy,
recovery studies were also performed adding two different
amounts of HYP to the extract samples (Table 5).

Analysing the results, it is possible to observe some outliers
(the recovery percentage for the higher concentration added in
samples D and G). The average recovery percentage obtained
without these outliers was 103%, and the standard deviation
was 4%. Considering the outliers, the average value obtained
was 105%, with a standard deviation of 9%, indicating that
there were no matrix multiplicative interferences.”®

4. Conclusion

In this work, a flow injection system was developed to quantify
hydroxyproline in fish skin samples, specifically in blue shark
skin, to assess the present collagen content. This represents
a simple, faster, and more automated way to determine HYP
compared to classic methods that are more complex and time-
consuming. Furthermore, the developed FIA manifold uses
fewer, less harmful and less toxic reagents. It is less operator-
dependent since the operator only has to inject the sample
into the system.

To determine HYP, the sample injected reacts with NaOH
and permanganate, resulting in a signal decrease (loss of
permanganate characteristic purple colour) in the detection
unit, proportional to the HYP concentration increase. A sample
analysis takes about three minutes, including obtaining 3 peaks
for each sample. Usually, the samples must be diluted (about
10-fold dilution) due to the high content observed in blue shark
skin. The dynamic range of HYP quantification is 23.8-
500 mg L', has an RSD smaller than 2% for samples, and
enables the determination with no significant interferences of
other shark skin components.

This journal is © The Royal Society of Chemistry 2023
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