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Alginate and HM-pectin in sports-drink give rise to
intra-gastric gelation in vivo

Luca Marciani,

2P Patricia Lopez-Sanchez, ¢ Stefan Pettersson, ‘
Caroline Hoad, & )

® Nichola Abrehart, @2 Martin Ahnoff 2 ¢ and Anna Strom (2 *&f

The addition of gelling polysaccharides to sport-drinks may provide improved tolerability of drinks with
high concentration of digestible carbohydrates (CHO), otherwise known to increase the risk of gastro-
intestinal complaints among athletes under prolonged exercise. The physico-chemical properties of a
drink containing 14 wt% of digestible CHO (0.7:1 fructose and maltodextrin-ratio), 0.2 wt% of HM-
pectin/alginate and 0.06 wt%. sodium chloride were examined under in vitro gastric conditions using
rheology and large deformation testing. The in vivo gelling behaviour of the drink was studied using
magnetic resonance imaging of subjects at rest together with blood glucose measurements. The in vivo
results confirm gelation of the test drink, with no gel remaining in the stomach at 60 min and blood
glucose values were similar to control. The physico-chemical characterisation of the acidified test drink

rsc.li/food-function

1. Introduction

Fuel substrate depletion (i.e. muscle and liver glycogen) and
dehydration (>2% loss in body mass) have been identified as
main factors decreasing performance during prolonged (>2 h)
moderate to high-intensity exercise."”* To counteract dehydra-
tion and to sustain euglycemia and high carbohydrate (CHO)
oxidation rates during competition and prolonged key training
sessions, general recommendations encourage athletes to
consume <8% glucose polymer and/or mono and disaccharide
solutions including 20-50 mEq L™" sodium over water alone to
enhance performance.** However, if fluid needs are low (e.g.
cooler conditions) and exercise duration exceeds 2.5 hours, it
may be difficult for performance oriented athletes to provide
carbohydrates at recommended rates (up to 1.5 g carbo-
hydrates per min).” Furthermore, excessive hypotonic fluid
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confirms the formation of a weak gel through which low M,, CHO can diffuse.

consumption (e.g. traditional sports drink formulations or
water) is a major mechanism involved in exercise-induced
hyponatremia® whereas a more concentrated CHO solution
may provide a practical strategy to sustain exercise perform-
ance and health for both elite and slower recreational level
athletes. However, hypertonic drinks have been suggested to
increase water retention in the intestines that, together with
malabsorption of residual CHO, might increase the risk of gas-
trointestinal (GI) discomfort.”

Attempts to change the basic formulation of CHO-rich pro-
ducts for sports nutrition involves the formation of a gel in
various ways.*® Leiper et al. reported high gastric emptying
rates for a drink containing a gel-forming high-molecular
weight glucose polymer.® Lopez-Sanchez et al. loaded alginate
gel beads with low M,, CHO (60%). Low-M,, CHO was shown to
diffuse unhindered through the beads under simulated gastric
and intestinal conditions.’ Furthermore, a field study on elite
long-distance runners reported high tolerability of an alginate
containing drink with 30 wt% of CHO when used in individual
training programs.'’ The effect of adding polysaccharides,
such as alginates, to food or drinks, on uptake of CHO in vivo
is not clear. While some studies report reduced gastric empty-
ing rate, increased feelings of fullness'>™® and attenuated
peak glucose and insulin response'”*® upon addition of poly-
saccharides to solid foods or drinks, others report absence of
any effect of added fibers."*>*> The contradictive results are
possibly related to variation in physico-chemical properties
(such as viscosity and gel strength) of the consumed food and
drinks as it has been suggested that food and/or gels above a
certain strength (>0.65 N) may be retained in the stomach.'*"®

This journal is © The Royal Society of Chemistry 2019
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Attenuated or reduced CHO uptake is not wanted during pro-
longed exercise, where maintenance of blood glucose and
increased rates of exogenous CHO is pivotal for performance.

The aim of this study was to test the hypotheses that a
drink formulation containing low concentrations of HM-pectin
and alginate together with a high concentration (14 wt%) of
digestible CHO (fructose and maltodextrin) (1) is able to form
a weak intra-gastric gel, and (2) has not a major effect on CHO
uptake. For this investigation we carried out:

(a) An in depth in vitro characterization of the gels includ-
ing rheology, microstructure and release of digestible CHO,

(b) In vivo magnetic resonance imaging (MRI) of the intra-
gastric behavior of the sports drink in healthy volunteers.

2. Materials and methods

Food grade sodium alginate of high guluronate content
(Manugel DMB) was obtained from FMC Biopolymers and the
pectin was a commercial citrus pectin (Genu Pectin Type B
from CP Kelco, Denmark). The alginate had a guluronate
content of 60-70% as defined by the supplier. The pectin had
a degree of methylesterification (DM) > 50 as given by the sup-
plier. Both alginate and pectin are anionic linear polymers,
where the alginate is composed of (1,4)-linked p-p-mannuronic
acid and a-t-guluoronic acid residues and the pectin contains
(1,4) linked a-p-galacturonate. Food grade maltodextrin (D.E.
16-19.9) was obtained from Cargill and food grade fructose
(Fructopure 500) was obtained from Tate & Lyle. For simplicity,
fructose and maltodextrin will from now on be referred to as
digestible CHO. Glucono-delta-lactone (GDL) and NaCl used
for in vitro experiments were obtained from Sigma-Aldrich,
Sweden. For in vivo studies food grade NaCl (table salt) was
used. Simulated gastric fluid without enzyme (pH 1.1-1.3, con-
taining 0.7 M HCI and 0.1 M NaCl) and simulated intestinal
fluid without enzyme (pH 6.5-6.6, containing ~ 0.62 g L™"
sodium hydroxide and ~ 6.8 g L™' potassium phosphate
monobasic) were obtained from Sigma Aldrich.

2.1 Preparation of samples

Preparation of test drink. The alginate, pectin, maltodextrin,
fructose and NaCl were dry-mixed before adding to deionised
water. For in vivo studies bottled water was used. The total
polysaccharide concentration was 0.2% (in the dissolved
drink) and the ratio of alginate to pectin was 60 : 40. The total
digestible CHO (low molecular weight CHO, maltodextrin and
fructose) concentration was 14 wt% and the ratio between
maltodextrin and fructose was 1:0.7. The NaCl concentration
was 0.06%. Osmolality of the drink was 490 mOsm kg~ and
PH 6.0. The details are summarised in Table 1.

Preparation of control drink. Maltodextrin, fructose and
NacCl were used at the same concentrations and ratio as above,
dry-mixed and added to water to yield a drink containing
14 wt% CHO and 0.06% NaCl. Osmolality of the drink was
485 mOsm kg~ ' and pH 7.2. The details are summarised and
compared to test drink in Table 1.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Characteristics of test and control drinks

Test drink Control
Contents per serving (g)
Total carbohydrates 31.7 31.7
Maltodextrin 18.1 18.1
Fructose 13.6 13.6
Sodium (Na*) 0.20 0.20
Water 201 224
Other ingredients Alginate, pectin —
pH 6.0 7.2
Osmolality” (mOsm kg™ H,0) 490 485

¢Osmolality was measured using a Type 13 Autocal osmometer
(Roebling Messentechnik, Bremen, Germany).

2.2 Characterisation of the gel

Rheology. Rotational rheology was used to determine the vis-
cosity of the drink and oscillatory rheology to determine the
pH of gelation and gel strength of the acidified drink. The
rheometer used was stress controlled from Physica, Anton
Paar, Germany, model MCR 300. A cone and plate geometry
was used. The cone had a diameter of 50 mm and an angle of
1° (gap 50 pm). A shear sweep from 1 to 100 s~ was selected to
carry out viscosity measurements. GDL (0.75 g) was added to
the drink (10 mL), quickly mixed until GLD was dispersed and
loaded on the rheometer prior to gelation. To reduce evapo-
ration a solvent trap was used. A small amplitude oscillatory
shear test was carried out at a strain of 0.5% (chosen from the
linear viscoelastic region) and frequency of 1 Hz. The change in
pH over time was followed in parallel on a sample standing on
the lab bench and measured using a pH meter. The measure-
ments were performed at 37 °C controlled by a Peltier system.

Compression tests. GDL (2.25 g) was added to 30 mL of the
drink while mixing until GDL was dispersed. The solution was
poured into cylindrical moulds (10 mm diameter and 10 mm
height) and the gels were let to cure for 48 hours at room
temperature. After 48 hours the gels were gently removed from
the moulds and their compression strength was measured using
a texture analyser (HDi, Stable Micro Systems). Measurements
were performed with a cylindrical probe of 20 mm diameter.
Emery paper was glued to the probe and the bottom plate to
reduce slippage. The compression speed was 0.1 mm s .
Average stress and strain at fracture of 8 gels were calculated. The
final pH of the gels after 48 hours curing was 2.1.

Transmission electron microscopy. The microstructure of
the alginate/HM pectin gels was studied by transmission elec-
tron microscopy (TEM). The gels were fixed in 2% glutaralde-
hyde solution. Dehydration was performed in a graded ethanol
series starting at 30% ethanol, ending with propylene oxide
prior to resin infiltration in TLV resin (TAAB Low Viscosity
Resin). The samples were embedded in TLV resin and polymer-
ized for 20 hours at 60 °C. Ultra-thin sections, approximately
100 nm thick, were prepared with a diamond knife using an
ultramicrotome (PowerTome XL, RMC Products, Boeckeler
Instruments, Tucson, AZ). The ultrathin sections were placed
on 400-mesh gold grids and stained to visualise the polysac-
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charides. The staining was done according to (Thiery, 1967)
using periodic acid, thiosemicarbazide and silver proteinate.
The thin-sectioned alginate gels were characterized with a
TEM (LEO 706E, LEO Electron Microscopy, Oberkochen,
Germany) at an accelerating voltage of 80 kV equipped with a
very light sensitive CCD camera (Proscan).

Drink gelation in simulated gastric fluid. The test drink
(20 mL) was gelled in simulated gastric fluid SGF (10 mL) in 7
different beakers. The formed gel was collected from each
beaker after 0.5, 1, 2, 5, 10, 30 and 60 min, with the help of a
metal sieve, and its weight measured. The CHO content in the
remaining liquid was measured using a brixmeter (refract-
ometer PAL-3, Atago, Tokyo). Measurements were done in
duplicates. Results are shown as cumulative release as a func-
tion of time in gastric fluid:

. C
Cumulative release = —- (1)

w0
where C stands for the solute mass released in the medium at
time (¢) and infinite time (o). C., was set to equilibrium con-
centration, why a cumulative release of 1 would represent
0.093 g ml~" small M,, CHO. The results were corrected by the
brix (%) in gastric fluid which was 0.4%. The experiment was
repeated twice.

2.3 Invivo MRI study

Participants. The University of Nottingham Faculty of
Medicine and Health Sciences Research Ethics Committee
granted Ethics approval for this study and all participants gave
written informed consent. Table 2 outlines the characteristics of
the study participants showing the subjects having BMI between
15 and 23 kg m >, age 19 and 33, 2 males and 6 females.

Experimental design. This was a 2-way randomized, double-
blind, crossover study in healthy adult volunteers. The partici-
pants attended in the morning after an overnight fast.
Following a protocol similar to previous work with carbo-
hydrate drinks,”® they underwent a baseline fasted scan
45 min before receiving the test drink, provided in an opaque
sports drink bottle. The test and control drinks were prepared
and provided to the participants by a research fellow not
involved in the data analysis, following a randomization blind
code that was broken only after data analysis was completed.
The participants ingested the control and/or test drink at a

Table 2 Characteristics such as gender, age, weight and height of MRI
study participants

Magic Weight Height BMI

D Gender DOB Age  (kg) (m) (kg m™2)
1 M 1998-03-10 19 80 1.75 23

2 F 1987-01-02 30 58 1.58 18

3 F 1994-10-29 23 62 1.71 18

4 F 1995-09-13 22 53 1.64 16

5 F 1987-07-25 30 50 1.63 15

6 F 1995-10-23 22 61 1.63 19

7 F 1984-09-09 33 76 1.73 22

8 M 1997-04-30 20 74 1.77 21
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volume of 500 ml after which they underwent a second MRI
scan 15 min later, followed by another scan every hour for 5 h.
At each MRI imaging time point the volunteers were asked to fill
in an abdominal symptoms score questionnaire as previously
used.”* Capillary blood glucose levels were measured using the
finger prick method. Single-use lancets (Unistix Owen Mumford,
Oxfordshire, United Kingdom) and a hand-held blood glucose
meter (Accu-check, Roche Diagnostics), were used.

MRI. MRI was carried out in the supine position on a 3 T
Philips Achieva (Philips, Best, the Netherlands) scanner using
a parallel imaging body coil wrapped around the abdomen. An
axial HASTE (half-Fourier single shot turbo spin echo)
sequence was acquired across the abdomen to measure gastric
volumes and hence assess gastric emptying. Slice thickness
was 10 mm with 30 axial slices acquired to cover the full
stomach anatomy. This set of images was also used to select
the axial imaging plane for quantitative 7, mapping measure-
ment of the transverse relaxation time of the gastric con-
tents.>® Each image set was acquired on a short breath hold.

Data analysis. Commercial software (Analyze 6, Biomedical
Imaging Resources, Mayo Clinic, Rochester, MN) was used to
trace manually around the region of interest (ROI) on each
axial MRI image of the stomach contents. Text files containing
the volumes or their signal intensity of each ROI for a given
time point were extracted and the gastric volumes and 7,
values respectively calculated.

3. Results and discussion

The composition of the test drink, in terms of type and ratio of
alginate and pectin was chosen so to form gels in the presence
of acid.”"*® The contents of maltodextrin and fructose (multiple
transporter CHO solutions) for the control and test drink were
chosen based on previous research demonstrating increased
intestinal CHO absorption and higher exogenous CHO oxi-
dation rates for fructose-glucose/glucose polymer mixtures com-
pared to isoenergetic glucose/glucose polymer intake only.>”

3.1 Physico-chemical characterisation of the test drink

The test drink, prepared as outlined in the Materials and
methods section, is characterized by a Newtonian flow and with
a shear viscosity of 6.5 £ 0.9 mPa s. The gelation of the drink
was followed in vitro as a function of pH where pH was reduced
using the slowly hydrolysed lactone, GDL. The GDL was dis-
persed into the test drink, added to the rheometer while still a
fluid, and let to set on the rheometer prior measurements of
storage (G') and loss (G") modulus (Fig. 1A). A gel (here defined
as G' > G") is formed already at pH 3.4 (pK, of both alginate and
pectin being ~3.5), which strength increases with reduced pH
(Fig. 1A), in agreement with previous studies.”**® Strém and co-
workers have further shown that the formation of a HM-pectin
and alginate gel occurs within minutes®® once the pH is
lowered close to the pK, of alginate and pectin.

The gel will be subjected to forces such as shear and com-
pression in the stomach, especially as it is pushed through the

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 G’ (triangle) and G" (square) moduli of the test drink as a function of pH, determined at a strain of 0.5% and frequency of 1 Hz, all measure-
ments performed at 37 °C (A) and a representative stress—strain curve for acidified test drink with a final pH of 2.1 (B).

antrum. The response of the gel to compression was therefore
tested by forming cylindrical gels using a mould (H = 10 mm
and D = 10 mm) in which the freshly prepared test drink plus
GDL dispersion was poured and let to set for 24 hours. The
cylinders were carefully removed after 48 hours and subjected
to compression tests. The stress strain curves show a stress to
fracture value of 7 + 1 kPa, representing 0.5 N and a strain of
fracture of 27 + 1.6% (Fig. 1B). Such value of stress to fracture
is just below the stated 10 kPa at force to fracture of gels pre-
in the
stomach,'® the formulation presented here should thus
quickly pass on to the intestine.

The stability of the gel in gastric fluid and the release of low
molecular weight (M,,) CHO is shown in Fig. 2. The test drink
was added to a beaker containing simulated gastric juice,

viously shown to resist mechanical breakdown

upon which a gel was formed instantaneously. The gel was
stable i.e. no extensive shrinking or swelling occurred over the
60 minutes test in simulated gastric juice, contrary as was
observed for calcium alginate beads.'® The release of CHO
from the gel was fast, with CHO concentration outside the gel
reaching 70% of C,, within ten minutes. In simulated intesti-
nal juice the gel is expected to disintegrate, as pH of the gel
increases to above the pK, of the polysaccharides, thus depro-
tonating the polysaccharides leading to electrostatic repulsion
and disintegration of the gel.

In general, the main driving forces for solute transport
from gel matrices are related to the gradient in chemical
potential, often expressed as the concentration difference of
active solute between the gel matrix and the bulk according to
Fick’s law. Other factors that will impact the diffusion are the
swelling or degradation and erosion of the matrix, which is
not observed in simulated gastric juice.

The driving force for release of digestible CHO here is thus
the gradient in chemical potential between the digestible CHO

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Cumulative release of low M,, CHO (filled circles) and average
gel weight (open circles) as a function of time for the gel formed upon
addition of the test drink to simulated gastric juice at T = 37 °C.

entrapped within the gel and the absence of digestible CHO in
the simulated gastric juice.

Further, the voids and pores present in the HM pectin -
alginate network are large (several 100 ds of nanometer), as
observed using TEM (Fig. 3) and in agreement with previous
studies on alginate HM-pectin gels*® and calcium alginate."’
The polysaccharide network as visualised using TEM is corres-
ponding to the black lines and dots. Keeping in mind that the
size of the digestible CHO to be released, fructose with M,, of
~180 Da and maltodextrin with M,, ~180-1500 Da, it is un-
likely that the gel formed hinder the release of the CHO from
the gel other than it is reducing coverage of the stomach wall
as it is in its gelled state and not a solution.

Food Funct, 2019, 10, 7892-7899 | 7895
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Fig. 3 Transmission electron microscopy (TEM) images of gelled drink at two different magnifications (scale bar represents, from left to right,
1000 nm and 200 nm). White arrows indicate the presence of aggregates and thin strands.

It can be hypothesized from the physico-chemical charac-
terisation of the formulation that upon ingestion of the test
drink a gel will be formed in the acidic environment of the
stomach, from which low-M,, CHO will be released via non
hindered diffusion. The gel is however weak, suggesting little
or no retention in the stomach. Once in the intestine, the
increase of pH will force the gel to disintegrate owing to de-
protonisation of the polysaccharides electrostatic repulsion.

3.2 Magnetic resonance imaging

The study was well tolerated by the participants and no
adverse events were recorded. One of the subjects did not
comply with the overnight fasting restrictions as their stomach
showed the presence of food and liquid at the baseline scan.
This participant was therefore excluded from the study.

It was possible to observe gelling of the test drink in the
stomach of the seven remaining participants. The 7, weighted
images taken after ingestion of the test drink showed two dis-

Control

Stomach

tinct components in the stomach, one bright (consistent with
a fluid component) and one darker (consistent with a gelled
component). This is shown in Fig. 4 on the right hand panel.
Conversely on the control drink study days the stomach con-
tents were mostly bright (as seen in Fig. 4 on the left hand
panel), with some artifacts probably due to flowing/moving
fluid in the stomach. Looking at progressively longer echo
times (i.e. images taken at different interval and collecting the
signal later in time so that more of the signal from shorter
time constants will have decayed) the fluid component
remained brighter and did not change shape or appearance
whilst the gelled component disappeared from the images, a
clear sign that the darker component of the sports drink
images had a much shorter 7, than the brighter component.
Intragastric gelling did not seem to be long-lived and in many
subjects was not detectable by 7= 60 min and beyond (Fig. 5).
Where apparent, separate regions of interest were drawn for
the gel and fluid components visible in the stomach. If a

Test drink

Stomach

Stomach

Fig. 4 T, weighted (TE = 300 ms) axial images of the stomach of one of the participants after they ingested the test drink on one study day (right
hand panel) and the control drink on the other study day (left hand panel). The test drink image on the right shows two distinct components in the
stomach, one bright (consistent with a fluid component) and one darker (consistent with a gelled component). Conversely on the left the stomach
contents after the control drink are seen mostly bright, with some artifacts probably due to flowing/moving fluid in the stomach.
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TE=300ms

TE=60mSs

Stomach

Fig. 5 The panel shows for corresponding axial images taken at
different times (about 1 min apart from each other) from participant M7
on the test drink study day. Each image is from a similar location in the
stomach but taken with progressively longer echo time TE, from 60 ms
to 800 ms. At longer echo times most of the body organs and gel com-
ponent have decayed (hence they appear black) leaving only bright
signal form fluid water components.

single fluid component was visible, as in the case of the
control drink, then one single region of interest was drawn.
The signal decay sampled in the regions of interest was then
fitted to a relaxation time model. Fluid values are more vari-
able due to increased artifacts in the fluid regions, possibly
due to the motion of the drink in the stomach reducing the
signal intensity, so lower values (~0.5 s) could be assumed to
be underestimated. Most of the areas identified as gel seemed
to have a T, around or below 0.2 s as shown in Fig. 6.

Measurement of blood glucose levels using the finger prick
method over 120 min showed that control and test drinks gave
rise to similar blood glucose levels (Fig. 7).

The MRI study confirmed the formation of a gel in the
stomach 15 min after ingestion of the test drink, and the
absence of gel in the stomach upon ingestion of the control
drink. Furthermore, the study showed that no gel seemed to
remain in the stomach at the second MRI scan (60 min later).
It is worthwhile to note that none of the participants reported
gastric distress or increased fullness upon ingestion of test
drink in line with the hypothesis that the strength of the gel
formed from the test drink used in this study is too weak to
affect feeling of fullness or attenuate blood glucose levels, thus
enabling efficient use of digestible CHO.

Considering that there seems to be a link between endur-
ance performance, CHO ingestion rate and high exogenous
CHO oxidation,*?° sport drinks should be formulated to
maximize CHO delivery without causing negative GI symp-
toms. The formulation tested here appears promising in this
respect and randomized studies on exogenous CHO oxidation
rates should be performed.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Bar chart of the transverse relaxation time T, measured at the
first imaging time point (T = 0) after ingestion in healthy participants
who consumed 500 mL of test drink or control. Where apparent, separ-
ate regions of interest were drawn for the gel and fluid components
visible in the stomach. If a single fluid component was visible as in the
case of the control drink then one single region of interest was drawn. n
indicates the number of subjects in whom a measurement was possible.
The data are shown as mean + SD.
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Fig. 7 Capillary blood glucose levels in participants of the double blind
magnetic resonance imaging trial upon consumption of test and control
drink.

4. Conclusions

We have shown that HM-pectin and alginate (0.2 wt%), in com-
bination with digestible CHO (14 wt%), forms a weak gel
under acid conditions, through which low-M,, CHO easily
diffuses. MRI scanning confirms the presence of a gel in vivo
in the stomach upon the first scan 15 minutes after ingestion
of the test drink. Scanning the stomach 60 minutes after inges-
tion show that the gel is not retained, in line with the hypoth-
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esis of the gel being weak enough to easily be emptied from
the stomach. While a gel is present at early times in the
stomach, the blood glucose level remains similar as for the
control. No negative GI symptoms was observed for either of
the test drink or the control despite their high content of
digestible CHO. In order to gain more insight in the potential
of polysaccharides to alleviate GI distress in conjunction with
high-intensity exercise, further studies are needed, where con-
ditions are more likely to provoke severe symptoms of gastric
discomfort. Future studies should also involve a double-blind
and randomized study on exogenous CHO oxidation.
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