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Abstract

Benchtop diffusion nuclear magnetic resonance (NMR) spectroscopy was used

to perform quantitative monitoring of enzymatic hydrolysis. The study aimed

to test the feasibility of the technology to characterize enzymatic hydrolysis

processes in real time. Diffusion ordered spectroscopy (DOSY) was used to

measure the signal intensity and apparent self-diffusion constant of solubilized

protein in hydrolysate. The NMR technique was tested on an enzymatic hydro-

lysis reaction of red cod, a lean white fish, by the endopeptidase alcalase at

50�C. Hydrolysate samples were manually transferred from the reaction vessel

to the NMR equipment. Measurement time was approximately 3 min per time

point. The signal intensity from the DOSY experiment was used to measure

protein concentration and the apparent self-diffusion constant was converted

into an average molecular weight and an estimated degree of hydrolysis. These

values were plotted as a function of time and both the rate of solubilization

and the rate of protein breakdown could be calculated. In addition to being

rapid and noninvasive, DOSY using benchtop NMR spectroscopy has an

advantage compared with other enzymatic hydrolysis characterization

methods as it gives a direct measure of average protein size; many functional

properties of proteins are strongly influenced by protein size. Therefore, a

method to give protein concentration and average size in real time will allow

operators to more tightly control production from enzymatic hydrolysis.

Although only one type of material was tested, it is anticipated that the

method should be applicable to a broad variety of enzymatic hydrolysis

feedstocks.
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1 | INTRODUCTION

1.1 | Enzymatic hydrolysis of food by-
products

Primary industries have an incentive to increase sustain-
ability and decrease the burden on natural resources.
Most industries produce significant waste streams that
typically get diverted to low-value feed stock. In the fish-
ing industry, low-value by-products, for example, heads,
tails, or entrails, are mostly sold only to be turned into
fish feed.1 Agricultural by-products are also commonly
used as livestock feed. Although, these by-products often
contain valuable protein, harvesting it in an efficient
manner has been challenging.2 Recent advances in enzy-
matic hydrolysis have shown that the method can be
used to break the waste products down into their primary
components, such that higher value products can be
manufactured from them.3–5 For example, hydrolysis of
proteinaceous by-products can produce valuable func-
tional peptides for use in the nutraceutical, pharmaceuti-
cal, and beauty industries.6 In order to be used in higher
value products, peptides of the proper size must be pro-
duced from the by-products. Functional properties such as
foaming capacity, emulsification capacity, and solubility
all have a dependence on protein size.7 Taste is another
factor, as smaller peptides are associated with bitter flavor
that makes them unsuitable for use in food products.8

However, hydrolysis is a complicated process that is not
fully understood. The products of enzymatic hydrolysis,
hydrolysates, will depend on the starting materials, the
enzymes used, and the reaction conditions.9–12 A method
to monitor the enzymatic hydrolysis process in real time
would be valuable in order to consistently produce pep-
tides of the desired size.

To date, it has not been possible to monitor changes
in protein size during enzymatic protein hydrolysis
(EPH) in real time. Most studies that follow
hydrolysis reactions deactivate the hydrolytic enzymes
prior to analysis. The pH-stat method is commonly used
to monitor the degree of hydrolysis (DH) during EPH
reactions. The method is based on the number of protons
released during hydrolysis, which are measured by pre-
venting pH drift by the titration of hydroxide. This is lim-
ited to small reaction sizes that can be titrated in-situ or
subsamples of larger reactions that have been deacti-
vated. Chromatography lacks the temporal resolution
required for following hydrolysis reactions, is time con-
suming, and often requires careful calibration. This
leaves a gap in direct monitoring hydrolysis on an indus-
trial scale. Standard spectroscopy techniques like
Fourier-transform infrared are currently being investi-
gated13,14; however, these methods cannot currently be

performed online and are indirect measurements that
typically rely on multivariate models to predict hydroly-
sate progress. Multivariate models are prone to develop-
ing local calibrations that are not globally applicable.
This can make them unstable when applied to highly var-
iable materials like by-products, where the composition
and ratios of different constituents will often change sig-
nificantly from batch to batch.

Established methods for determining molecular
weights of protein mixtures include sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and size
exclusion chromatography (SEC). Although SDS-PAGE is
common in protein analysis, it is not frequently used in
EPH analysis, where SEC is the dominant method. Infra-
red spectroscopy coupled with multivariate analysis has
recently shown promise as a faster method for characteriz-
ing protein hydrolysates. This has been calibrated with
molecular mass average measurements calculated from
the SEC profiles.13 SEC is a chromatography method that
separates proteins by hydrodynamic radius as they flow
through a tortuous stationary medium. The small mole-
cules get obstructed by beads, while the larger molecules
flow around them, resulting in a chromatogram with elu-
tion times inversely correlated to hydrodynamic radius.
The hydrodynamic radius of proteins and peptides is deter-
mined by molecular weight and packing efficiency, which
is often influenced by hydrophobic and charged composi-
tion of macromolecules. The standard detector for SEC is a
UV absorption spectrometer, which is most sensitive to
the amide bond of proteins and peptides and tends to miss
individual amino acids. In addition, SEC relies on a lim-
ited molecular weight range of the column and requires
frequent calibration.15

Nuclear magnetic resonance (NMR) is an established
method for measuring the hydrodynamic radius of pro-
teins and peptides using pulsed field gradient methods.16

The hydrodynamic radius scales with the size and mass
of the molecule. In general, the diffusion coefficient of a
molecule is inversely proportional to its hydrodynamic
radius. Molecules with larger hydrodynamic radii diffuse
more slowly because they experience more interactions
with surrounding molecules than smaller molecules,
which have less resistance and can move more freely.
Therefore, by using pulse field gradient methods to mea-
sure the distribution of diffusion coefficients in a solu-
tion, NMR is able to estimate molecule weights of
proteins.17–22 It is important to note that in certain cases,
the relationship between molecular diffusion and hydro-
dynamic radius can be more complex, in particular when
considering nonspherical or complex-shaped molecules.

Recently, benchtop NMR was used to perform online
monitoring of hydrolysis in real time by observing the
solubilization of peptides from raw materials and the
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subsequent increase in hydrolysate concentration.23 Due
to its relatively low cost and maintenance requirement,
benchtop NMR has the potential to be deployed online at
processing facilities. This work extends this method to
include molecular sizing from high resolution diffusion
ordered spectroscopy (HR-DOSY). These two measure-
ments can quantitatively follow hydrolysis in real time
both through direct measurement of yield (total protein)
and average protein size, allowing the operator to stop
the enzymatic process when the desired size has been
reached. This will enable better control of many impor-
tant chemical and physical properties of the product,
such as bioactivity, flavor, and emulsification ability. The
average protein size can also be used to calculate a degree
of hydrolysis (DH), which is commonly used to follow
the hydrolysis progress and evaluate the enzymatic rates.
In this work, we show that benchtop NMR can be used
to monitor the reduction in average molecular size in real
time during the hydrolysis process.

1.2 | NMR theory

1.2.1 | Diffusion measurements

Pulsed-field gradient NMR is an established method to
measure the self-diffusion coefficients of molecules.24 As
translational velocity through a fluid is related to molecu-
lar size, the self-diffusion coefficient can be used to derive
a molecule's molecular weight. The pulsed field gradient
experiment is performed by collecting a free induction
decay (FID) at increasing gradient encoding strengths to

create a two-dimensional data set, with time on one axis
and gradient strength on the other. As the gradient
strength increases, the NMR signal becomes more sensi-
tive to the motion of the molecules. The signal attenua-
tion due to diffusion in the applied gradients follows the
Stejskal–Tanner equation25:

S¼ S0e
�Dγ2δ2g2Δ0 ð1Þ

where S0 is the signal observed in the absence of a gradi-
ent, D is the diffusion coefficient of the molecule the
signal originates from, γ is the magneto-gyric ratio of the
observed nucleus, δ is the gradient duration, g is the gra-
dient amplitude, and Δ0 is the diffusion time in the limit
of a small gradient duration as compared with the separa-
tion of the gradient pulses. When the time dimension is
Fourier transformed into a standard NMR spectrum and
the gradient dimension is fit to one or more diffusion
coefficients and amplitudes, a frequency-dependent diffu-
sion coefficient map with spectrum on one axis and diffu-
sion coefficient on the other is produced. This can then
be used to associate a diffusion coefficient with a specific
species within the sample such as the water, or the pro-
tein at the aliphatic or the aromatic region of the spec-
trum (Figure 1).

1.2.2 | Molecular sizing

The self-diffusion coefficient, D, of a molecule in a fluid
is related to its hydrodynamic radius, RH, by

26

FIGURE 1 A typical two-

dimensional DOSY map of

hydrolysate with a 1D spectrum

above.
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D¼ kBT
6πηRH

ð2Þ

where kB is the Boltzmann constant, T is temperature,
and η is the viscosity of the solvent. The hydrodynamic
radius is related to molecular weight, M, through the
scaling law

RH /Mν ð3Þ

where ν is the Flory exponent dependent on the solvent
quality and space filling properties of the molecule. The
molecular weight and peptide length can then be esti-
mated through this relationship. The scaling factor can
be determined from a set of calibration standards and fit-
ting to the equation:

ln Dð Þ¼�υ ln Mð ÞþC ð4Þ

This requires that the viscosity and temperature
remain the same for each experiment.

Alternatively, for small molecules, a molecular weight
can be estimated by making assumptions regarding the
Stokes–Einstein equation.27 This method is designed for
small molecules that are densely packed and under
1.5 kDa. Of the 12 calibrations proteins used in this
study, only 5 of them meet this requirement. Another
method for controlling for the effect of viscosity and tem-
perature during measurements is to include a calibration
standard such as dioxane.16

The radius of hydration has been measured for many
proteins,17 and the radius of gyration has been calculated
from structures found in the Protein Database for even
more.18,28 These predict a scaling factor with peptide
length of 0.39 for proteins between 311 and 11,448 amino
acids. This only covers the range of lysozyme to albumin
in this work, and this is for proteins in a compact folded
state, so this is not completely applicable. For peptide
and proteins in a highly denatured state, that scaling fac-
tor increases to 0.58.16 This is the other extreme where
the protein has been highly solubilized.

Peptides within hydrolysates are very likely to contain
inflated radii of hydration relative to the compact sphere
assumed by the Stokes–Einstein equation due to the pep-
tide fragments being highly soluble, but these radii are
likely to be well below that of highly denatured proteins.
Therefore, the calibration samples, which are a mixture
of proteins and peptides, will only roughly represent
average molecular weight of the sample. This issue will
equally impact calibration of SEC as it will NMR calibra-
tion. A series of representative peptide fragments would
provide a more precise calibration curve. However, even
a semiquantitative characterization hydrolysate has

already been found useful. Therefore, by using these
known shortcomings in the evaluation of sizing data, the
analyst is able to put limitations on possible size range
during measurement design.

1.2.3 | Degree of hydrolysis

The molecular weight distribution of protein
hydrolysis sample is correlated to the degree of hydroly-
sis, which is the percentage of peptide bonds hydrolyzed,
and can thus be used to estimate DH by

DH ≈
maa

mh
�100% ð5Þ

where maa is the mean molecular weight of an amino
acid in the starting protein and mh is the mean molecular
weight of the peptides in the hydrolysate. While the DH
is not necessary to characterize the products, it is a com-
monly used way to describe the progress of an enzymatic
hydrolysis reaction in absence of information on molecu-
lar size. Calculating it allows for comparison of our diffu-
sion NMR results with other analysis methods and
provides a quantitative state of the reaction that can be
used to evaluate the enzyme kinetics of the hydrolysis
reaction. The enzyme kinetics were analyzed using a
model proposed by M�arquez and V�azquez29 for the
hydrolysis of hemoglobin by Alcalase

Catalysis

Enzyme
Inact ivat ion

where it is assumed that the substrate concentration, S, is
equal to the initial substrate concentration, S0, and
is much greater than the Michelis–Menton constant, KM,
catalysis, k2, is a zero-order reaction, and enzyme inacti-
vation, k3, follows a second order rate. The degree of
hydrolysis, DH, as a function of time, t, follows the
equation:

DH ¼ 1
b
ln 1þabtð Þ ð6aÞ

where

a¼ k2E0

S0
; b¼ k3KM

k2
: ð6bÞ

In this work, we evaluate using benchtop diffusion
NMR spectroscopy as a potential method for following

4 MCCARNEY ET AL.
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hydrolysis reactions in order to control or optimize the
process for industrial use. Signal from large proteins in
solid material, such as tissue, relaxes very quickly and will
not be measured by the techniques used here. Therefore,
we measure only on the protein in solution that has been
solubilized by the hydrolysis process or was created during
sample preparation. The rate of change in protein weight
will be dependent on the current size of the protein and
how susceptible it is to further hydrolysis, among other
enzyme kinetics rate determinants. This suggests that the
NMR signal intensity will provide the overall yield of the
hydrolysis and the diffusion derived molecular weight will
characterize the protein size. In this work, while we have
not controlled or optimized hydrolysis in real time from
the NMR data, similar examples have been published for
chemical reaction systems.30 We believe the key step for
on-the-fly control of hydrolysis is good information feed-
back from the NMR methods developed here. Although
this study performed measurements at-line, the process
could easily be performed online as well.

2 | MATERIALS AND METHODS

2.1 | Calibration samples

Two types of calibration samples were used in this study.
First, commercial protein and peptide standards were
purchased from Sigma Aldrich. The commercial stan-
dards provide a test case for DOSY NMR over a wide
range of molecular weights (Table 1).

Second, a set of calibration samples were created by
enzymatic hydrolysis of poultry. Four types of raw

materials and three types of enzymes were used to create
a set of 12 hydrolysis products. Enzymatic hydrolysis was
performed on the materials at 50�C for 80 min, and then
the reaction ended by thermal inactivation of the
enzymes. Average molecular weight of the hydrolysis
products was obtained by SEC analysis. More informa-
tion on sample creation and characterization can be
found in the Materials and Methods section of Lindberg
et al.31 Table 2 contains information on the raw material
and molecular weight. The poultry hydrolysis products
were used to test the ability of DOSY NMR to distinguish
molecules more similar in molecular weight.

2.2 | Enzymatic hydrolysis

Enzymatic hydrolysis was performed on red cod (Pseudo-
phycis bachus) samples obtained from a commercial ven-
dor. Water was added to red cod fillet in a ratio of 3 to
1, homogenized in a blender, and then transferred to a
reaction vessel and heated to 50�C. Alcalase 2.4 L
(Novozymes, Denmark) was added to initiate the hydro-
lysis at a 0.15% by weight of the fish protein. The reaction
was allowed to continue for 2 h and then was terminated
by heating the sample to 90�C. Hydrolysate samples for
NMR analysis were transferred from the reaction vessel
to a 5-mm NMR tube and data was collected immediately
without deactivating the enzymes. Because of the small
sample volume (�400 μl), the hydrolysate samples cooled
almost immediately to ambient temperature once dec-
anted and temperature could be assumed to be stable
during NMR measurement. Although enzymes were not
deactivated, once the sample temperature has dropped to

TABLE 1 Calibration samples and molecular weights.

Sample
Molecular
weight (g/mol)

Tryptophan HCl 204

Val-Tyr-Val 379

[D-Ala2]-leucine enkephalin (N/A) 570

Bradykinin fragment 1–7 757

Angiotensin II human 1046

Renin substrate tetradecapeptide porcine 1759

Insulin chain B oxidized from bovine
pancreas

3496

Aprotinin from bovine lung 6511

Lysozyme 14,300

Carbonic anhydrase 29,000

Albumin from chicken egg white 44,287

TABLE 2 Calibration samples and average molecular weights.

Raw material Enzyme

Molecular
weight
(g/mol)

Chicken carcass Alcalase 1742.7

Chicken carcass Corolase 2Ts 1902.4

Chicken carcass Flavorzyme 1139.7

Mechanically deboned chicken Alcalase 1502.4

Mechanically deboned chicken Corolase 2Ts 2030.3

Mechanically deboned chicken Flavorzyme 1404.3

Turkey carcass Alcalase 1572.7

Turkey carcass Corolase 2Ts 2016.6

Turkey carcass Flavorzyme 1310.0

Mechanically deboned turkey Alcalase 1599.8

Mechanically deboned turkey Coralase 2Ts 1829.2

Mechanically deboned turkey Flavorzyme 1380.7

MCCARNEY ET AL. 5
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approximately 25�C, the reaction rate is slowed
significantly.

2.3 | NMR data acquisition

2.3.1 | Calibration samples

Calibration samples were dissolved in deionized water at
concentrations ranging from 1.7–50 mg/ml depending on
sample availability and solubility except for Val-Tyr-Val,
which was dissolved in 5% trifluoroacetate. NMR data of
the calibration samples were collected using the BPP-
LED NMR sequence32 on both benchtop (Magritek,
43 MHz) and high-field (Jeol 500 MHz) systems. Due to
the large range in molecular weights, a range of NMR
acquisition parameters were needed in order to ade-
quately measure the anticipated diffusion coefficients of
different samples. These are shown in Table 3 as well as
described as follows: for the bench top NMR, this
required a gradient pulse ranging in duration from 1.75
to 5 ms, a diffusion time from 60 to 200 ms, a LED delay
of 20 ms, and a maximum gradient strength varying from
300 to 650 mT/m. There were 16 to 128 averages required
to obtain adequate signal to noise depending on sample
concentration. For the high-field system, the maximum
gradient was 300 mT/m, gradient duration varied from
2.5 to 5 ms, diffusion delay ranged from 100 to 200 ms,
and LED delay was between 20 and 50 ms. The NMR sig-
nal at high field was averaged for 16 to 64 scans. Diffu-
sion is sensitive to temperature, so samples were
equilibrated in the benchtop system prior to measure-
ment at 27�C. The measurements in the high-field system
were done at ambient temperature of 21�C.

2.3.2 | Reaction monitoring

NMR data were collected using a modified pulsed field
gradient stimulated echo sequences called Oneshot4533

using a maximum gradient of 0.75 T/m, a 3-ms trapezoi-
dal gradient pulse, and a diffusion time of 50 ms. Nine
gradient steps were collected, and the first one was dis-
carded due to excessive water signal overlapping with the
peaks of interest and distorting the baseline. The total
NMR experiment time was 3 min 36 s (16 scans, 1.5-s
cycle time). The spectrum from the second gradient step
(287 mT m�1) was extracted (Figure 1) from each hydro-
lysis time point to follow the reaction process using spec-
troscopy. The Oneshot45 sequence reduces the minimum
scans needed for phase cycling and allows for better time
resolution.

2.4 | Hydrolysis diffusion processing
procedures

An HR-DOSY contour map was created for each hydroly-
sis time point using General NMR Analysis Toolbox
(GNAT)34 in Matlab (Mathworks), Figure 1. The spectra
were manually zero-order phase corrected, and then 3 Hz
of line broadening and a second-order baseline correction
were applied. Diffusion coefficients were determined
from the fit of peak heights at 0.95 and 2.15 ppm to
Equation (1), which were subsequently averaged together
to give a single value with reduced scatter.

3 | RESULTS

3.1 | Calibration of molecular weight

We confirmed that using DOSY NMR produced accurate
calculated molecular weights by two methods. The first
used a range of pure proteins of known molecular
weights. The second used hydrolysates with different
molecular weight distributions characterized by gel filtra-
tion chromatography.

3.1.1 | Protein and peptide standards

The protein and peptide standards were measured on
both benchtop and high-field NMR system. Some sam-
ples were of so low concentration such that only the
high-field data were able to measure a diffusion coeffi-
cient. The diffusion coefficients were used to predict
molecular weight using the Stokes–Einstein Gierer–Wirtz
estimation27 and plotted against the actual molecular
weight in Figure 2a. This shows that diffusion coefficients
can be used to reliably predict molecular weight of pro-
teins and peptides over a range applicable to protein
hydrolysates and monitoring the hydrolysis process.

TABLE 3 NMR acquisition parameters.

Parameter
Benchtop
NMR

High-field
NMR

Frequency (MHz) 43 500

Gradient pulse duration (ms) 1.75–5 2.5–5

Diffusion time (ms) 60–200 100–200

LED delay (ms) 20 20–50

Maximum gradient
amplitude (T/m)

0.30–0.65 0.3

Averages 16–128 16–64

Abbreviation: NMR, nuclear magnetic resonance.

6 MCCARNEY ET AL.

 1097458xa, 0, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/m

rc.5427 by N
ofim

a, W
iley O

nline L
ibrary on [12/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.1.2 | Characterized poultry hydrolysates

The hydrolysate is a complex mixture of protein chains
and small molecules such as amino acids. These have
overlapping or superimposed NMR signals that do not fit
standard models for predicting molecular weight from
the diffusion coefficient. We, therefore, empirically derive
a scaling relationship from a calibration curve of charac-
terized protein hydrolysates, which had a Flory exponent
of 0.39. The poultry hydrolysates had an average molecu-
lar weight ranging from approximately 1200 to 2400 g/
mol (Figure 2b). The peak amplitude at 2.1 ppm was used
to determine the diffusion coefficients because there was
a systematic error observed with certain samples at
0.9 ppm. This error is speculated to be due to differing fat
content of some samples. The resulting equation was
then used to calculate the average molecular weight of
the fish hydrolysates from their diffusion coefficients.
Even though these hydrolysates are complicated samples,
they match the expected diffusion coefficients for single
molecules of the same molecular weights at 27�C and a
viscosity 2% greater than water, shown by a red fit line in
Figure 2b.27

3.2 | Monitoring hydrolysate physical
parameters

Once confidence was established in the technique using
the reference samples, the method was applied to sam-
ples undergoing enzymatic hydrolysis. The measured dif-
fusion coefficients increased during the EPH, showing a
general trend of protein being broken down into smaller
components that diffuse faster (Figure 3a). This indicates
a decrease in hydrodynamic radius of the solubilized

protein molecules, which would be expected for proteins
undergoing hydrolysis. The molecular weights were cal-
culated using the calibration curve created from the poul-
try hydrolysates (Figure 3b). The peptides' weights
consistently decreased and stabilized at about 2000 g/mol
after 60 min. Molecular weights were used to calculate
the degree of hydrolysis, which is a standard measure of
progress of enzymatic hydrolysis. The degree of hydroly-
sis approached a maximum of 6% over the 2-h reaction
(Figure 3c). The integral of the aliphatic protons between
0.75 and 1.25 ppm is shown in Figure 3d. The integrals
were normalized by dividing by their standard deviation
so that they could be compared with PCA analysis and
previous work.35,36 This shows that the solubilization of
protein and peptides in the hydrolysate increases rapidly
and then stabilizes over the course of the reaction. PCA
analysis was also performed on the spectral region
between 0 and 2.75 ppm. The scores of the first compo-
nent follow the same trend as the integrals are also plot-
ted in Figure 3d. As there tends to be significant change
in the sample composition prior to the start of hydrolysis
and just after, therefore, no zero-time point is included in
the data except the degree of hydrolysis and the normal-
ized PCA where at time zero DH is also zero .

The hydrolysis data was fit to the enzyme kinetics
model (Equation 6a). The rate a was 0.36 min�1 for the
degree of hydrolysis data and 2.0 min�1 for the integrals
and the scores of the first principal component. The
enzyme kinetic rate (Table 4) was calculated from degree
of hydrolysis data and Equation (6b), where E0 was
0.75 AU and S0 was estimated to be 25% of the weight of
the fillet (46.25 g, water being the balance of the weight).
The enzymatic rate, k2, was calculated to be
22 g AU�1 min�1 (95% confidence interval [14, 31]). The
enzymatic rate cannot be calculated from the integral

(a) (b)

FIGURE 2 (a) Calibration of diffusion coefficient and molecular weight with protein and peptide standards, where blue circles are

measurements made on the benchtop NMR instrument and orange squares represent measurement on a 500 MHz high-field nuclear

magnetic resonance system. (b) Mean weight of the characterized poultry hydrolysates scale with the benchtop NMR diffusion measurement

by the Flory scaling law (fit).
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data due to the units not actually being degree of
hydrolysis.

4 | DISCUSSION

The results show the potential of NMR benchtop spec-
troscopy for online monitoring of enzymatic hydrolysis.
The protein concentration can be derived from the NMR
signal intensity and the mean peptide size from the mean
self-diffusion coefficient of the hydrolysate. Both proper-
ties were able to be monitored at a rate that was fast
enough such that they could be used to steer decision
making about the hydrolysis process. One surprising
result was how well the rates of protein concentration
and molecular size tracked each other. It appears that for
red cod fillet, the solubilization and the further hydrolysis
of these peptides occurs at a similar rate. In the previous

study where the protein concentration alone was moni-
tored by benchtop NMR spectroscopy,23 the reaction
appeared to proceed more rapidly compared with rates
for similar reactions reported in the literature. This was
interpreted as the measurement could quantify the
amount of protein solubilized, but the further breakdown
of the proteins by the enzymes could not be captured by
the method. This meant that the measurement would
observe an initial burst of solubilization that did not rep-
resent the hydrolysis reaction properly. In this work, that
initial burst is observed by a steeper initial rise in integral
amplitude compared with the initial rise in degree of
hydrolysis. Because the measurements were performed
inline on samples that had cooled, the sample could be
assumed to be roughly at equilibrium. However, for
online NMR measurements, the sample will continue to
evolve during measurement, affecting results made with
a standard DOSY sequence. Therefore, a technique
p-DOSY, which is optimized for out-of-equilibrium sys-
tems, should be used in this situation.

Although there is a high correlation (0.88) between
degree of hydrolysis and signal intensity, as shown in
Figure 4a, this is coincidental. Once the protein is solubi-
lized, the integral will be relatively independent of the
number of peptide bonds in the peptide change. A given
mass of small peptides will produce the same integral as
the same mass of larger peptides and protein fragments.
As such, while the rates from concentration and self-

(a) (b)

(c) (d)

FIGURE 3 (a) Diffusion,

(b) molecular weight, (c) degree of

hydrolysis, and (d) integral

amplitude (blue dots) and principal

components normalized by standard

deviation (σ) (red circles) plotted

against time since initiating the

hydrolysis.

TABLE 4 Hydrolysis rate and R2 of fits to integral amplitudes,

scores, and degree of hydrolysis.

Monitoring method

Enzyme kinetics

a (min�1) b i2

Spectrum integral 2.0 (±0.4) 1.5 (±0.09) 0.987

Scores (PC1) 2.0 (±0.4) 1.5 (±0.09) 0.985

Degree of hydrolysis 0.36 (±0.006) 0.5 (±0.06) 0.974
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diffusion follow a similar arc, their final values will have
different meanings and one cannot necessarily be derived
from the other. We believe the high correlation here may
come from the choice of source material. While the red
cod fillets contained some skin and cartilage, they con-
sisted of mostly easy to digest muscle. This will not neces-
sarily be the case for all raw materials, such as one that is
more difficult to hydrolyze with high percentages of carti-
lage and bone or proteins that are less soluble until con-
siderably hydrolyzed, such as casein. Furthermore, using
protein concentration as an indicator of reaction process
will fail in a continuous reactor, where protein concen-
trations could be more or less constant or even erratic.
The diffusion coefficient, on the other hand, is indepen-
dent of sample concentration and pH and therefore can

complement intensity dependent concentration monitor-
ing measurements.

Hydrolysis was previously monitored by high-field
NMR35 and FT-IR13 spectroscopies using multivariate
models. In order to compare different methods, principal
component analysis (PCA) has been used to normalize
the data.35 We compared simple integration of the NMR
spectral region used in our analysis to the scores of the
first principal component (PC1) for the aliphatic region
(0–2.75 ppm) and found a correlation of 0.999.23 How-
ever, the correlation of the integral and therefore first
component to the degree of hydrolysis is only 0.88
(Figure 4a). The first component is plotted on the nor-
malized spectra collected during the hydrolysis, exclud-
ing the zero time-point that is an outlier (Figure 4b). The
main variation in the spectra over the hydrolysis, which
is described by the principal component, mirrors the
spectrum and supports the theory that the PCA only fol-
lows an increase in spectral intensity. This is also
observed in Sundekilde et al.36 where the only negative
peaks in the first component arise from protons that are
sensitive to the pH change during the hydrolysis. NMR
signal is linear with concentration; therefore, the scores
are indicative of protein concentration, and in the context
of hydrolysis, they are describing the solubilization of the
protein. Therefore, there seems to be little advantage to
developing a PCA model over simple integration of the
relevant areas of the spectrum.

In addition to its speed and noninvasive nature, one
of the biggest advantages of using DOSY to monitor enzy-
matic hydrolysis is that it gives a direct measure of aver-
age protein size. Degree of hydrolysis is a relative
measure that is very useful for describing the enzyme
kinetics; however, it does not describe the product. Pro-
tein size influences functional attributes of the hydroly-
sate such as flavor and foaming quality, while degree of
hydrolysis is less indicative and protein concentration
possibly even less. It was noted that the calculated degree
of hydrolysis was lower than many other examples in the
literature.37–39 We believe this arises from the fact that
the measurement will only see solubilized protein. Pro-
tein that is not in solution at the start of measurement or
is very large will not be included in the initial estimate of
molecular weight. Therefore, this technique needs to be
treated with caution when comparing it to other methods
to calculate degree of hydrolysis.

While we only tested the system on a lean fish, we
expect the method should be applicable to many other
types of common hydrolysis feed stocks, including fatty
materials such as salmon by-products. In previous work,
we showed that although enzymatic hydrolysis of a fatty
fish like salmon will produce oil, the aromatic region of
the spectrum could be used to monitor the hydrolysis.23

(a)

(b)

FIGURE 4 (a) the correlation of integral intensity with degree

of hydrolysis determined from diffusion coefficient of the

hydrolysate. (b) Spectra collected in the second gradient step of

each time point (gray) and first component of principal component

analysis of the spectra (red).
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It is likely that a different calibration would be needed to
compensate for the amide protons in this area of the
spectrum that might increase the apparent diffusion coef-
ficient due to chemical exchange with water. Although
DOSY NMR measurements are less sensitive to variations
in sample composition than techniques based on multi-
variate models, sample inhomogeneity will still have an
influence on the results. Therefore, for at-line measure-
ments, ensuring the measured sample is representative of
the main batch will be important to produce reliable
results and reduce scatter.

In summary, benchtop NMR spectroscopy has both
the speed and sensitivity necessary to be applied for real-
time monitoring, enabling rapid feedback and control of
the hydrolysis process. By developing a technique that
can continuously assess protein size, adjustments can be
made in real-time to optimize enzyme dosage, reaction
time, temperature, or pH, leading to improved efficiency
and yield. This dynamic control would allow for on-
the-fly optimization, minimizing the need for lengthy
trial-and-error experiments and aiding in designing spe-
cific hydrolysis strategies to generate peptides with
desired bioactivity, solubility, or sensory characteristics.

5 | CONCLUSIONS

NMR benchtop spectroscopy shows the capacity to be
used for real-time monitoring of enzymatic hydrolysis.
The DOSY measurement has an advantage over other
types of methods because it provides the molecular
weight of the hydrolysate. The method also gives a mea-
sure of solubilized protein concentration and average
protein size in addition to an estimate of degree of hydro-
lysis. Because of the ability to separate hydrolysate con-
stituents by both spectroscopy and diffusion, the method
is expected to be applicable to monitoring enzymatic
hydrolysis of many types of feedstocks.
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