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A B S T R A C T

Creating molecules capable of inhibiting ice recrystallization is an active research area aiming to improve the
freeze-thaw characteristics of foods and biomedical materials. Peptide mixtures have shown promise in pre-
venting freezing-induced damage, but less is known about the relationship between their amino acid composi-
tions and ice recrystallization inhibition (IRI) activities. In this article, we used Ni2+ immobilized metal affinity
chromatography (IMAC) to fractionate pulse protein hydrolysates, created by Alcalase and trypsin, into mixtures
lacking and enriched in His, and Cys residues. The aim of this study was to fractionate pulse protein hydrolysates
based on their amino acid compositions and evaluate their resulting physicochemical and IRI characteristics.
Ni2+ IMAC fractionation induced IRI activity in all of the evaluated soy, chickpea, and pea protein hydrolysates
regardless of their amino acid composition. Ni2+ IMAC fractionation produced chemically distinct fractions of
peptides, differing by their molecular weights, amino acid composition, and IRI activities. The resulting peptide
mixtures’ molecular weight, amino acid composition, secondary structure, and sodium ion levels were found to
have no correlation with their IRI activities. Thus, we demonstrate for the first time the ability of Ni2+ IMAC
fractionation to induce IRI activity in hydrolyzed pulse proteins.

1. Introduction

The recrystallization of ice can damage foods and biomedical ma-
terials, often affecting their sensory characteristics and bioactivity
(Zhang et al., 2023). Commonly exacerbated by temperature fluctua-
tions during storage and transportation, the recrystallization of small ice
crystals to larger crystals can cause damage to cells by puncturing
membranes and increasing osmotic stress, affecting the quality and
functionality of the frozen product (Zhang et al., 2023). Thus, the cre-
ation and subsequent implementation of ice recrystallization inhibiting
molecules is an active research area aiming to improve the freeze-thaw
characteristics of food products and the survival rate of cells (Biggs et al.,
2019; Tian, Zhu, & Sun, 2020). While ice recrystallization inhibition
(IRI) agents occur naturally, such as anti-freeze proteins (AFPs) and
glycoproteins, their minuscule concentration and costly extraction have
led to efforts to create bio-based mimetics from sources such as food
proteins and carbohydrates (Li, Zhao, Zhong,&Wu, 2019; Voets, 2017).
Pulses are of great interest for this application because of their abundant
globulin storage proteins such as vicilins (7S) and legumins (11S), with
well-documented food safety, and scalable production quantity.

Additionally, a multitude of bio-based and synthetic molecules have
been found to possess IRI activity, including varieties of protein and
other structures including non-hydrolyzed proteins, peptide mixtures
and single amino acids, synthetic and bio-based dyes, carbohydrates,
synthetic polymers, etc. (Biggs et al., 2019; Warren, Galpin, Bachtiger,
Gibson, & Sosso, 2022). Resulting from their individual and diverse
molecular features, several mechanisms have been proposed for these
compounds’ IRI activities. Regarding proteins, previous studies have
shown relationships between IRI activity and numerous molecular
characteristics, including but not limited to molecular weight, amphi-
philicity, secondary structure, and amino acid composition, making the
characterization of molecules important in understanding IRI activity
(Biggs et al., 2019; Zhang et al., 2022). Specifically, the amino acid
composition of proteins has been suggested to play a role in their IRI
activities. A previous study performing structural and functional
modeling of AFPs found that seven AFPs were highly hydrophobic and
lacked three amino acids specifically, cysteine, histidine, and trypto-
phan (Bhattacharya et al., 2018). Additionally, it was found that in
preparation of enzymatically hydrolyzed collagen, that the amino acid
composition of the active fraction lacked tryptophan and cysteine,
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possessing only a small amount of histidine (Cao et al., 2020). Thus the
manipulation and removal of particular amino acids such as tryptophan,
cysteine, and histidine, may result in peptide products with increased IRI
activities.

Immobilized metal affinity chromatography (IMAC) can separate
peptide mixtures based on their ability to form coordination complexes
with immobilized metal ions, dependent on amino acid composition and
peptide structure (Porath, 1988). Particularly, histidine, tryptophan,
and cysteine residues can form coordination complexes with metal ions
(Porath, 1992). These coordination complexes are formed because of
transition metal ions’ ability to act as Lewis acids, accepting lone pair
electrons from atoms such as oxygen, nitrogen, and sulfur (Holmes &
Schiller, 1997). Additionally, different metal ions possess unique affin-
ities to different atoms dependent on the Pearson system that categorizes
metal ions as hard, intermediate, and soft based on their reactivity to-
ward nucleophiles (Porath, 1988). Hard metal ions prefer oxygen, in-
termediate ions nitrogen, oxygen, and sulfur, while highly polarizable
soft metal ions prefer sulfur (Porath, 1988). Ions such as Fe3+ and Ca2+

are categorized as hard metal ions and used for specialized fractionation
such as calcium binding peptides or phosphopeptides (Holmes &
Schiller, 1997; Lv, Bao, Liu, Ren, & Guo, 2013). Ni2+ and Co2+ are more
suitable to complex a diverse group of proteins and peptides, such as
hydrolyzed food proteins (Gutiérrez, Martín del Valle, & Galán, 2007;
Porath, 1992).

Thus, we hypothesize that separating peptide mixtures according to
their ability to form coordination complexes (isolation based on His,
Cys) with Ni2+ immobilized metal ions will create peptide fractions with
enhanced IRI activity, resulting from the imitation of amino acid com-
positions identified from studied IRI peptides and proteins. Further, we
hypothesize that IMAC fractionation of hydrolyzed pulse proteins into
bound (enriched in His, Cys) and unbound fractions (lacking His, Cys)
will result in a bound fraction lacking IRI activity, and an unbound
fraction with enhanced IRI activity. In this article, we for the first time
implement Ni2+ IMAC fractionation to study the relationship between
peptide amino acid compositions and their IRI activity, separating
peptide mixtures by their His and Cys residues. Additionally, we eval-
uate the ability of Ni2+ IMAC fractionation to create anti-freeze mate-
rials from non-IRI active food sources, evaluating a new IRI agent
creation strategy. The aim of this study was to fractionate pulse protein
hydrolysates based on their amino acid compositions and evaluate their
resulting physicochemical and IRI activities.

2. Materials and methods

2.1. Materials

Soy protein isolate (13.3% carbohydrate, 0% fat, 83.3% protein) and
pea protein (0% carbohydrate, 8.7% fat, 70% protein) were purchased
from bulk supplements.com (Henderson, NV). Chickpea protein (3.1%
carbohydrate, 4.7% fat, 78.1% protein) was purchased from Green Boy
Group (Los Angeles, CA). Alcalase was purchased from Millipore Sigma
(Burlington, MA) and trypsin was purchased from Alfa Aesar (Ward Hill,
MA) and used at 0.176 Au/g and 280 Au/g, respectively.

2.2. Enzymatic hydrolysis of pulse protein isolates

Soy, chickpea, and pea protein isolates were hydrolyzed by Alcalase
and trypsin. Briefly, a 10% dispersion of the protein isolates was sus-
pended in deionized (DI) water and the pH was adjusted to optimum
conditions (both at pH 8) using a NaOH solution. The dispersions were
then placed in a shaking water bath under optimum temperatures for
each enzyme (Alcalase 55 ◦C and trypsin 37 ◦C) and allowed to equili-
brate for 15 min. The enzyme was then added (Alcalase at 0.176 Au/g
and trypsin at 280 Au/g). The trypsin hydrolysis time was 2 h for the soy
isolate and 4 h for the pea and chickpea isolates. The Alcalase hydrolysis
time was 10 min for all the protein isolates. Different hydrolysis times

were selected to create a proper range of molecular weight distributions
for the subsequent IMAC treatment. The samples were then placed in a
boiling water bath for 10 min to denature the proteases, and centrifuged
at 20,000g, 15 min, 4 ◦C. The supernatant was then separated from the
residue and lyophilized to produce a powder used for all subsequent
treatments.

2.3. Ni2+ IMAC fractionation of the protein hydrolysates

An iminodiacetic acid (IDA) IMAC column was created by packing a
glass buret with layers of fiberglass, silicon dioxide, and 10 mL of IDA
Chelating Sepharose Fast Flow purchased from Cytiva (Marlborough,
MA). Modified from a previous study (Lin et al., 2021) to fractionate the
samples, the column was first drained of 20% ethanol used for storage
and the resin was washed with 5 column volumes (CV) of DI water,
followed by 3 CV of 0.2 M nickel (ii) sulfate hexahydrate. Then, an
additional 2 CV of 0.2 M nickel (ii) sulfate hexahydrate was added to the
resin and incubated for 30 min. After incubation, 5 CV of DI water was
passed through the column followed by 5 CV of the elution buffer (0.05
M Na3PO4, 0.5 M NaCl, pH 4) to remove loosely bound metal ions.
Following, 5 CV of equilibrating buffer (0.05 M Na3PO4, 0.5 M NaCl, pH
7.4) was passed through the column to equilibrate the resin for frac-
tionation. Approximately 40 mg of the hydrolysate samples were added
to 1 mL of equilibrating buffer, vortexed, and added to the column.
Then, 3 CV of equilibrating buffer was passed through the column,
collected, and labeled the “unbound fraction” followed by 3 CV of
eluting buffer collected and labeled the “bound fraction”. The fraction-
ation of the samples into the “unbound” and “bound” fractions was
determined by monitoring the pH of the eluent. The bound fraction was
collected when the pH of the eluent decreased from 7.4. After the bound
fraction was collected, 3 CV of equilibrating buffer was used to wash the
column to prepare for the next fractionation. Following, another 40 mg
of the same hydrolysate sample was added into the column and the
procedure was repeated 2 more times for a total of 3 fractionations per
sample (~120 mg per isolate sample). The metal ions were eluted (using
0.2 M EDTA) and recharged for different protein hydrolysate sample
fractionations. After the final fractionation, the column was washed
with 5 CV of DI water and stored in 2 CV of 20% (v/v) ethanol.

2.4. Dialysis and lyophilization of IMAC fractions

Before dialysis, the IMAC fractionated pulse hydrolysates were
partially lyophilized to reduce sample volume. To desalt the IMAC
fractions, SnakeSkin™ dialysis tubing with a cut-off of 3.5 kDa was used
(Thermo Fischer Scientific, Waltman MA). Dialysis tubing was cut and
presoaked in DI water before use. The fractions were added to the
dialysis tubing and placed in approximately 200x – 500x the sample
volume of DI water, changing the water every 2 h, 4 times a day, after
which the samples were stored overnight at 4 ◦C. Water changes and
overnight storage were repeated for a total of 4 days and upon
completion, the samples were placed in pre-weighed 50 mL centrifuge
tubes. These samples were lyophilized until a fine powder was obtained
and used for all sample characterizations.

2.5. Quantification of remaining sodium ions in IMAC samples after
dialysis

Briefly, lyophilized IMAC fractions were solubilized in 1× PBS to
achieve a concentration of 2% (w/v) and allowed to stand at room
temperature (RT) to achieve temperature equilibrium. All other solu-
tions measured were allowed to stand until RT. A Horiba Na-11
Laquatwin Sodium Ion (Na+) Meter (Kyoto, Japan) was calibrated
using 150 ppm and 2000 ppm NaCl solutions. Once calibrated, solutions
containing known quantities of sodium ions (1× PBS, 10 mM NaCl, 100
mM NaCl) were quantified by placing 300 μL of each solution on the
sensor. Similarly, the IMAC fractions were quantified by placing 300 μL
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of solution on the sensor. To calculate the final Na+ concentration, the
ppm quantity of sodium measured was converted to mM Na+ using the
following formula:

2.6. IMAC fraction molecular weight distribution measured by size
exclusion chromatography-high performance liquid chromatography (SEC-
HPLC)

The IMAC fractions with a concentration of 20 mg/mL (in PBS) were
diluted with HPLC-grade water to achieve a concentration of 1 mg/mL.
The sample was then filtered through a 0.45 μm PTFE chromatography
syringe filter and added to 2 mL autosampler HPLC vials for SEC-HPLC.
The fractions were analyzed by SEC-HPLC using an Agilent 1200 HPLC
system for 20 min as previously described (Saad & Dia, 2023). Briefly,
samples were separated using a BioSep-SEC-S2000 column (300 × 7.80
mm, Torrance, CA) with a mobile phase containing 45% acetonitrile and
0.1% trifluoroacetic acid in water, with a flow rate of 1.0 mL/min, an
injection volume of 20 μL. Samples ran for 20 min at ambient temper-
ature and were detected at a wavelength of 214 nm. The average mo-
lecular weight was calculated using standard curve created from a
mixture of proteins and peptides with known molecular weights con-
taining albumin (66,000 Da), aprotinin (6500 Da), glucagon (3482 Da),
bradykinin acetate (1060 Da), bradykinin fragment 1–5 (573 Da), L-
glutathione (307 Da), and glycine (75 Da).

2.7. Quantification of the IMAC fraction amino acid composition

Using a modified method from a previous work (Akhlaghi, Ghaffari,
Attar, & Alamir Hoor, 2015), 50 μL of the 20 mg/mL IMAC fractions
suspended in 1× PBS was added into specific hydrolysis tubes and
combined with 1.1 mL of 6 M HCl. The hydrolysis tube was then sealed
under vacuum and placed in a pre-heated block at 150 ◦C for 30 min.
After hydrolysis, the samples were cooled to room temperature, and the
vacuum in the tubes was released. The samples were then placed into a
vacuum oven pre-heated between 50 and 60 ◦C under vacuum to dry
overnight. The dried sample was combined with 1mL of 50mMNaHCO3
pH 8.4 sample buffer and vortexed until dissolved. Following, 50 μL and
25 μL of the dissolved sample were combined with 150 μL and 175 μL of
50 mM NaHCO3 pH 8.4 sample buffer to create 2 dilutions with total
volumes equaling 200 μL. These samples were then combined with 300
μL of 4-(Dimethylamino)azobenzene-4′-sulfonyl chloride solution (1.3
mg/mL acetonitrile) and vortexed for 30 s. The samples were then
heated at 70 ◦C for 20 min, shaken periodically (5 and 15 min), and
placed in an ice bath to stop the reaction. Following, 500 μL of diluent
solution was added (50 mM sodium phosphate buffer of pH 7 and HPLC
grade ethanol at 1:1), vortexed, and filtered with a 0.45 μm nylon filter
for HPLC analysis. The samples were analyzed by HPLC, performed on a
Zorbax Eclipse Plus C18 (4.6 × 250 mm) column with a mobile phase
containing 25mM sodium acetate (pH 6.5) and 4% dimethyl formamide,
at a flow rate of 1.0 mL/min, an injection volume of 10 μL, maintained at
40 ◦C, and detected at a wavelength of 436 nm. The samples were
injected alongside a serial dilution of an amino acid standard mixture
(Sigma, AA-S-18) prepared using the same methods as the samples.

2.8. Splat assay and ice crystal quantification

A standard splat assay procedure was used to analyze IRI activity

(Knight, Hallett, & DeVries, 1988). The assay was performed using a
variety of analyte concentrations in 1× PBS buffer; with the same con-
centration (v/v) of PEG in 1× PBS buffer serving as the control. One drop
(~10 μL) was dropped from a 1.5-m height onto a precooled (−80 ◦C)
microscope slide. The slide was annealed at −8 ◦C using a cryo-stage
HCS 302 (Instec Instruments, Boulder, CO) for 30 min, with pictures
taken using light microscopy (Leica, DM2700 M, Wetzlar, Germany)
after 30 min. Quantification of ice crystals was performed using Cellpose
and Fiji using the Feret’s maximum diameter and standard deviation to
measure ice crystal size (Saad, Fomich, Día, & Wang, 2023).

2.9. Secondary structure analysis by Raman spectroscopy

The secondary structure of the protein hydrolysates and IMAC frac-
tionated samples were evaluated by Raman spectroscopy. Briefly, sam-
ples at a 2% concentration in 1× PBS were added dropwise into an
aluminum pan for evaluation. The measurement was conducted using a
Horiba T64000 spectrometer equipped with a DXR green laser (532 nm).
Data was collected with an acquisition time of 5 s and an accumulation
of 180 s. The data were processed in OriginPro (ver. 10.05) by baseline
subtraction and decomposition of the spectral region of interest (amide
I) in Voigt curves (an example of the fit spectra can be seen in Supple-
mentary Fig. 2) (Bradley, n.d.). The secondary structures of the samples
were calculated using the area under the curve of the Voigt fit curves
after spectral decomposition.

2.10. Statistical analysis

All treatments were repeated in duplicate or triplicate. Correlation
analysis of the various molecular characteristics and IRI was performed
in JMP Pro ver. 17.0.0.

3. Results and discussion

3.1. Preparation and characterization of pulse protein hydrolysates and
their IRI activities

3.1.1. Enzyme hydrolysis and MW profile
Soy, chickpea, and pea hydrolysates were prepared by Alcalase and

trypsin hydrolysis. Enzyme hydrolysis was performed to create peptide
mixtures with varying physicochemical properties that are different
from their protein’s isolates, as numerous studies have reported
improved IRI activity from protein isolates upon hydrolysis (Cao et al.,
2020; Cao et al., 2023; Fomich et al., 2023; Zhang et al., 2022). This
improvement in IRI activity is attributed to favorable peptide size
compatibilities with the ice lattice, cooperative effects among peptides
when present at an interface, changes in H-bonding abilities, and
increased amphiphilicity (Cao et al., 2020; Cao et al., 2023; Fomich
et al., 2023; Zhang et al., 2022). Alcalase is a nonspecific endopeptidase
while trypsin is an endopeptidase selective for the C-terminal side of
lysine and arginine, resulting in the creation of differing peptide com-
positions between the enzyme treatments (Tacias-Pascacio et al., 2020;
Vajda & Szabó, 1976). Lastly, soy, chickpea, and pea protein isolates
were hydrolyzed by Alcalase for 10 min to create relatively small

((Avg.IMAC fraction (in PBS) sodium ion ppm–PBS sodium ion ppm )/(22.99) )

= IMAC sample sodium ion mM conc.(22.99 represents the molecular weight of sodium ions)
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peptide sizes, while soy was hydrolyzed by trypsin for 2 h and pea and
chickpea were hydrolyzed by trypsin for 4 h to achieve a larger average
molecular weights than the Alcalase treatments.

Upon enzyme hydrolysis, the mass distribution (Supplementary
Table 1) of protein hydrolysates into the supernatant and residue frac-
tions varied among the samples and enzyme treatments. The recovery of
the protein hydrolysates into the supernatant fractions ranged from
44.5% to 76.4%. The supernatant fraction was used for the remainder of
the study, as the IMAC treatment requires soluble material to success-
fully fractionate the peptides by their respective amino acid.

Characterization of the pulse protein material molecular weight
profiles was achieved by SEC-HPLC to determine the effect of hydrolysis
on their molecular weight distributions. As shown in Table 1, the
Alcalase and trypsin hydrolysis greatly affected the molecular weight
distribution of the pulse protein hydrolysates. Prior to hydrolysis the
soy, chickpea, and pea protein isolates possessed 39.7%, 12.0%, and
16.8% of their molecular weight fraction between <1–5 kDa, respec-
tively. After hydrolysis, the Alcalase hydrolyzed pulses showed a greatly
reduced molecular weight distribution of 84.0%, 89.1%, and 95.4% of
the hydrolysate molecular weight between <1–5 kDa for the soy,
chickpea, and pea hydrolysates, respectively. These modified molecular
weight distributions indicate the successful hydrolysis of the pulse
protein isolates by Alcalase that created a mixture of small molecular
weight peptides. Similarly, the pulse proteins hydrolyzed by trypsin
showed a change in their molecular weight distributions after hydroly-
sis. Distinct from the Alcalase hydrolysates, the trypsin hydrolyzed pulse
proteins showed a broader molecular weight distribution range, con-
taining a higher percentage of the larger peptides with sizes ranging
from 5 to 50 kDa. While the trypsin hydrolysis preserved a higher per-
centage of larger peptides when compared to the Alcalase treatment, the
trypsin hydrolysis was still effective in reducing the molecular weight
distribution of the starting protein isolates, creating a broader molecular
weight distribution with weights ranging from >50–1 kDa. This differ-
ence in the endpoint molecular weight distribution can be attributed to

the differences in the enzyme’s specificity and treatment times. Thus,
Alcalase and trypsin were both successful in hydrolyzing the soy,
chickpea, and pea protein isolates, creating various peptide mixtures
with different molecular weight distributions for evaluation in the
subsequent IMAC fractionation.

3.1.2. IRI activity
The IRI activities of the pulse proteins hydrolysates before IMAC

treatment were evaluated to determine if the hydrolysis treatments
promoted IRI activity from the newly created peptide mixtures. Shown
in Table 1, at a 2% peptide concentration, the hydrolysis treatment did
not promote IRI activity for either the Alcalase or trypsin hydrolysates
relative to the PEG control. Interestingly, our Alcalase soy hydrolysate
did not promote IRI activity in comparison to work done by Fomich and
coworkers whose soy Alcalase hydrolysate produced potent IRI activity
upon 10-min hydrolysis (Fomich et al., 2023). Although they used a
similar concentration of analyte to our study, the random specificity of
Alcalase enzyme may affect the final composition of peptides produced
after hydrolysis. Furthermore, differences in the soy protein isolate
source and processing conditions may also affect the IRI activities of the
hydrolyzed product. Regardless, our pulse protein hydrolysates pos-
sessing no IRI activity were then fractionated by Ni2+ IMAC to evaluate
the fractionation treatment effect of their IRI activities.

3.2. Fractionation of pulse proteins hydrolysates by Ni2+ IMAC and their
IRI activities

3.2.1. Preparation of Ni2+ IMAC fractionated pulse hydrolysates
The pulse protein hydrolysates were fractionated using Ni2+ IMAC to

create peptide mixtures enriched (bound fraction) or lacking (unbound
fraction) cystine, histidine, and tryptophan. After fractionation, dialysis
and lyophilization were performed to remove excess salt (NaCl, Na3PO4)
from the IMAC fractions, as these salts have been previously reported to
affect IRI activities and the crystallization behavior of ice in the splat
assay (Surís-Valls & Voets, 2019a). Because dialysis is not selective for
salt alone, also removing low MW peptide material, we created addi-
tional samples to control for the treatment effect of dialysis on IRI ac-
tivity to ensure the loss of low MW peptides would not affect our
determination of the relationship between key amino acid residues and
IRI activity. Thus, we created the “hydrolysate dialysis” sample and the

Table 1
Molecular weight profiles and IRI activities of pulse protein isolates (2%) before
and after hydrolysis.

Sample Molecular weight (kDa), % Feret Diameter
of Ice (%PEG)

≥50 10–49.9 5–9.9 1–4.9 ≤ 1

SPI 27.5
± 0.5

23.6 ±

0.1
9.3 ±

0.3
18.9
± 0.1

20.8
± 0.2

114.1 ± 8.7a

CPI 54.9
± 8.5

24.0 ±

9.6
9.1 ±

2.7
3.8 ±

1.1
8.2 ±

0.5
120.5 ± 2.2a

PPI 58.8
± 0.6

24.4 ±

0.5
0.0 ±

0.0
5.7 ±

0.1
11.1
± 0.0

131.6 ± 13.2a

Try
SPH

21.6
± 5.3

27.1 ±

2.7
6.6 ±

2.9
15.3
± 1.2

29.3
± 9.7

103.7 ± 0.5a

Try
CPH

0.0 ±

0.0
47.5 ±

0.4
24.0

± 0.3
16.2
± 0.0

12.2
± 0.1

108.6 ± 0.2a

Try
PPH

0.0 ±

0.0
5.9 ±

0.3
0.0 ±

0.0
75.2
± 0.2

18.8
± 0.1

118.4 ± 2.1a

Alc
SPH

0.0 ±

0.0
9.7 ±

5.3
5.0 ±

0.1
28.3
± 1.7

55.7
± 3.4

112.1 ± 2.1a

Alc
CPH

2.6 ±

0.5
1.0 ±

0.5
7.3 ±

2.1
32.4
± 1.2

56.7
± 0.2

106.0 ± 0.1a

Alc
PPH

0.0 ±

0.0
0.0 ±

0.1
4.5 ±

2.4
35.8
± 7.5

59.6
± 0.3

105.0 ± 3.0a

SPI, CPI, and PPI represent the soy, chickpea, and pea protein isolates before
hydrolysis, respectively. Try and Alc represent the trypsin and Alcalase enzymes
used to hydrolyze the protein isolates, respectively. SPH, CPH, and PPH repre-
sent the soy, chickpea, and pea protein hydrolysates, respectively. The Feret
diameter value is the percent ice crystal size relative to the PEG control. Thus,
100% would indicate that the ice crystal size induced by the sample was the
same size as the IRI inactive PEG control. aMeans followed by different letter(s)
within the same column are significantly different from each other (P < 0.05, n
= 2).

Table 2
Mass recovery of the trial 1 and 2 protein hydrolysates after fractionation,
dialysis, and lyophilization.

Sample Unbound Mass (%) Bound Mass (%) Total Recovery (%)

Alc Soy 61.1 38.9 49.5
Try Soy 61.7 38.3 82.7

Alc Chickpea 63.6 36.4 56.2
Try Chickpea 54.2 45.8 59.4

Alc Pea 76.6 23.4 48.6
Try Pea 69.4 30.6 43.3

Alc Chickpea T1 63.6 36.4 56.2
Alc Pea T1 76.6 23.4 48.6
Try Soy T1 61.7 38.3 82.7

Alc Chickpea T2 69.8 30.2 52.9
Alc Pea T2 67.4 32.6 59.7
Try Soy T2 60.7 39.3 64.8

The top portion of the table displays the mass recovery of the pulse hydrolysates
after the preliminary IMAC fractionation. The bottom portion of the table dis-
plays the mass recovery of the selected pulse hydrolysates used for the
remainder of the study after preliminary IMAC fractionation. T1 represents trial
1, T2 represents trial 2. Both trials describe replicate IMAC, dialysis and
lyophilization treatments. The mass recovery (%) of peptides in the unbound
and bound fractions is relative to the total recovery. The total recovery is relative
to the starting mass of the peptides introduced into the IMAC column before
fractionation, dialysis, and lyophilization.

J. Saad et al.
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“combination” sample. The “hydrolysate dialysis” sample was created to
evaluate the effect of dialysis on the hydrolysate IRI activity indepen-
dent from the Ni2+ IMAC fractionation. This sample was used to deter-
mine if the removal of low MW peptides contributed to changes in IRI
activity. The mass recovery of the hydrolysate dialysis samples was
23.3% for Alc chickpea, 21.1% for Alc pea, and 67.4% for try soy.
Furthermore, we evaluated a “combination sample” which is the com-
bination of the unbound (UB) and bound (B) fractions after IMAC frac-
tionation. The sample ID “combo” indicates that the sample was
hydrolyzed by either Alcalase or trypsin and was fractionated by Ni2+

IMAC. After fractionation, the UB and B fractions were re-combined
before dialysis and lyophilization. The mass recovery of the combina-
tion samples was 49.9% for the Alc chickpea, 59.6% for the Alc pea, and
90.2% for try soy, displaying similar values to the total recovery of the
hydrolysates fractionated into the UB and B fractions in Table 2.

3.2.2. Mass distribution of pulse hydrolysates after Ni2+ IMAC
fractionation

The mass distribution of the pulse protein material into the B and UB
fractions after IMAC fractionation is shown in Table 2. Other recorded
fractionation conditions such as flow rate can be seen in the supple-
mental information (Supplementary Table 2). As expected, the mass
recovery of peptides into the UB fraction was consistently higher than
the B fraction, likely because of the relatively low abundance of amino
acid residues implicated in binding with immobilized metal ions.
Furthermore, the mass recovery of the UB and B samples were affected
by sample loss during dialysis, lowering the overall mass recovery of
both the UB and B fractions. Interestingly, the ratio of mass recovered in
the UB:B fractions shows close similarities among all the pulse protein
hydrolysates displaying a ~ 2:1 mass recovery ratio between the UB and
B fractions. While the abundance of histidine, cysteine, and tryptophan
residues on the peptides is relatively low, the ~30% total recovery for
the B fractions is likely due to chaperon proteins; the protein-protein
interaction that occurs between the immobilized metal ion, metal
binding cluster (MBC) on the peptide (the placement of His, Cys and Trp)
and proteins bound to the peptide containing the MBC (Lingg et al.,
2020). The amino acid composition of these fractions will be discussed
later.

3.2.3. Splat assay screening of pulse hydrolysates after Ni2+ IMAC
fractionation

After fractionation, dialysis, and lyophilization, the fractionated
pulse hydrolysates were evaluated for their IRI activities by the splat
assay. As shown in Table 3, all the hydrolyzed pulse protein samples that
were fractionated and dialyzed displayed IRI activity relative to the PEG

control. IRI activity varied between samples displaying mean ice crystal
FD ranging from 57.5 ± 4.4% to 82.8 ± 2.7% relative to the size of the
PEG control. Interestingly, our hypothesis that B fractions enriched in
His and Cys would not possess IRI activity was not observed. It is
possible that the IMAC fractionation resulted in peptide mixtures in both
B and UB fractions with the ability to cooperatively occupy the ice water
interface that results in the inhibition of ice recrystallization. This could
alter the ability of the peptide mixtures to orient themselves at the ice-
water interface resulting in IRI. For instance, antifreeze peptides from
shark collagen hydrolysates were prepared using different chromato-
graphic techniques (Wang, Zhao, Chen, Zhou, & Wu, 2014). In this
study, a combination of charge, size, and hydrophobic affinity separa-
tions were used to enhance the hypothermic protective activity of shark
collagen hydrolysates resulting in increased antifreeze activity from
12.4% to 88.9% (Wang et al., 2014). Our IMAC technique on the other
hand showed the ability to create both fractions with enhance IRI ac-
tivity when compared to its starting material. Because of the large
number of samples and numerous subsequent characterization tech-
niques utilized, we chose to continue to investigate 3 samples specif-
ically, chickpea hydrolyzed by Alcalase, pea hydrolyzed by Alcalase, and
soy hydrolyzed by trypsin. Chickpea and pea hydrolyzed by Alcalase
were chosen over trypsin chickpea and pea because of their high IRI
activity and better solubility facilitated by Alcalase hydrolysis. Further,
the trypsin hydrolyzed soy sample was chosen for subsequent charac-
terization due to its large molecular weight distribution when compared
to the Alcalase hydrolyzed samples allowing a more diverse set of
samples to be characterized.

3.2.4. Mass distribution of trials 1 and 2 Alc chickpea, Alc pea, and try soy
Ni2+ IMAC fractions

To confirm our initial observations gained from the screening of the
IMAC fractionated pulse hydrolysates, the selected samples were frac-
tionated again in duplicate (named trial 1 and 2). As seen earlier in
Table 2, when comparing the percent recovery of the hydrolysates be-
tween the trial 1 and 2 treatments, similar percent values were obtained
aside from the Alcalase chickpea sample whose percentage of trial 1
mass was altered due to a spill during sample processing. This indicates
that the removal of low MW material during dialysis was similar be-
tween the two trials and that the subdivision of peptides during IMAC
was consentient when evaluating the mass percentage recovered in the
UB and B fractions. Further, the trypsin soy hydrolysate showed
consistently higher recovery than the Alcalase hydrolyzed chickpea and
pea hydrolysates. This is likely due to the enzyme treatment creating
more peptides >3.5 kDa (the dialysis membrane cut-off) allowing more
peptides to be retained and recovered after the dialysis treatment. The
small average molecular weight of the Alcalase hydrolyzed samples
caused a large portion of the di-, tri-peptides, and single amino acids to
be lost into the dialysis buffer. Thus, the repeatability of the mass bal-
ance suggests that the dialysis treatment and fractionation were
repeatable, which will be further discussed later during subsequent
sample characterization.

3.2.5. IRI activities of the IMAC fractionated and further processed samples
The newly fractionated trial 1 and 2 IMAC fractions, IMAC combi-

nation samples, and hydrolysate dialysis samples were then evaluated
for their IRI activities in the splat assay. As shown in Table 4, the hy-
drolysates and dialyzed hydrolysates before IMAC treatment showed no
IRI, displaying average crystal diameters larger than PEG. Paralleling
our screening trial, all the IMAC fractionated pulse hydrolysates showed
enhanced IRI activity after fractionation, with a reduction of ice crystal
Feret’s diameter as large as ~50%. In contrast to our hypothesis, the B
fractions possessed potent IRI activity in the case of the B Alc chickpea
trial 1 and 2. Interestingly, the B fraction IRI is seemingly larger than the
UB fractions except for the UB and B Alc pea trial 1 fractions, but this
was found not to be statistically significant when compared to the IRI
activities of the UB fractions. The IRI activities of the fractionated

Table 3
The IRI activities of the Ni2+ IMAC fractionated pulse protein hydrolysates (2%).

Sample Enzyme Treatment IMAC Fraction Feret Diameter (%PEG)

Soy Alcalase Unbound 70.6 ± 2.3abc

Bound 64.4 ± 3.2bc

Trypsin Unbound 72.3 ± 4.6ab

Bound 65.5 ± 1.5bc

Chickpea Alcalase Unbound 66.2 ± 2.2bc

Bound 57.5 ± 4.4c

Trypsin Unbound 72.2 ± 0.9ab

Bound 81.9 ± 2.1a

Pea Alcalase Unbound 59.1 ± 2.9bc

Bound 82.8 ± 2.7a

Trypsin Unbound 73.1 ± 1.1ab

Bound 61.3 ± 0.2bc

The Feret diameter value is the percent ice crystal size relative to the PEG
control. Thus, 100% would indicate that the ice crystal size induced by the
sample was the same size as the IRI inactive PEG control. The standard deviation
is the variation of crystal size (%) between duplicate splat assay measurements.
aMeans followed by different letter(s) within the same column are significantly
different from each other (P < 0.05, n = 2).
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peptides varied slightly between the trials and is likely attributed to
probable differences in peptide compositions collected within the frac-
tions. Also in Table 4, the unbound and bound fractions showed higher
IRI activity as compared to the hydrolysates that did not undergo IMAC
separation. It is possible that the IMAC fractionation altered the struc-
ture of the peptide mixtures and their ability to cooperatively occupy the
ice water interface that results in the inhibition of ice recrystallization.
Thus, we believe that the IMAC fractionation altered the peptides’
ability to favorably orient themselves at the ice-water interface resulting
in IRI. (Ollis, Wang, & Dia, 2024). Many small differences in the
different peptide fraction molecular characteristics between the trials
may induce slight changes in IRI as multiple mechanisms attributed to
IRI have been identified in literature corresponding to a wide number of
molecular characteristics.

Remarkably, the “combination sample” created by combining the UB
and B peptide fractions after fractionation, displayed potent IRI activity
typically inducing mean crystal diameter values between the B and UB
fractions. IRI activity has a close relationship with an array of molecular
characteristics, including amphiphilicity mediated by amino acid R-
groups, protein structure, molecular weight, solvent ionic strength, etc.
(Biggs et al., 2019). Thus, this newly realized IRI activity was hypoth-
esized to be the result of multiple molecular characteristics working in
tandem to promote the IRI activity of the samples. Thus, we investigated
the molecular characteristics of these samples to deduce the source of
these new IRI activities, and particularly, why IMAC treatment induced
IRI activity.

3.3. Characterization of pulse hydrolysates Ni2+ IMAC fractions’
physicochemical properties related to IRI

3.3.1. Sodium ion quantification of the Ni2+ IMAC samples
To determine the source of the fractionated samples’ and combina-

tion samples’ IRI activity, the residual sodium ion content was charac-
terized. Standard fractionation of proteins in IMAC requires buffers with
large amounts of salt to screen potential electrostatic interactions be-
tween amino acids and column components (Gutiérrez et al., 2007).
While it is necessary to create a selective coordination-complex-based
binding affinity, high and non-uniform concentrations of salt can
interfere with IRI assessment in the splat assay (Surís-Valls & Voets,
2019a). Thus, to remove excess salt from the IMAC fractions, dialysis
was performed. The remaining sodium ion concentration after dialysis
can be seen in Table 4. Although the identical dialysis method was
repeated for both trials 1 and 2, the endpoint sodium ion measurements

displayed random differences in final sodium ion concentrations. While
the source of this difference in dialysis efficacy is unknown, it may be
affected by multiple factors including differences in water temperature,
initial sodium quantity, total volume of the IMAC fraction after partial
lyophilization before dialysis, membrane tightness, and sodium ion
binding potential of different peptides present in the different fractions
and trials (McPhie, 1971). The combination samples showed sodium
levels similar to trials 1 and 2 of the fractionated samples, indicating that
the combination of the samples may not have affected the end-point
sodium content greatly. The hydrolysate sample controls (no fraction-
ation) had minimal sodium ions resulting from neutralization reactions
during the adjustment of pH during the hydrolysis step. Finally, the
whole dialysis samples displayed the lowest concentration of sodium
resulting from the low initial concentration of salt in the sample and
subsequent dialysis treatment. The retention of sodium ions after the 4-
day dialysis in all of the protein samples is likely due to the protein’s
high affinity to bind and interact with sodium, potentially equilibrating
at a low concentration of sodium ions due to the presence of the peptide
mixtures (Zhang, 2012). Hence, these retained salts present after
extensive dialysis may indicate that the salts were bound to the peptide
mixtures playing a potential role in stabilizing and inducing structure for
these mixtures, as the interaction affinities of salts and the charged
amino acid groups may be more favorable than the osmotic gradient
present during dialysis, leading to the higher end point recoveries
(Zhang, 2012). Despite the differing amounts of salts possessed by the
IMAC samples evaluated, statistically, salt concentration was found to
have no correlation with IRI.

3.3.2. Average molecular weight quantification of the Ni2+ IMAC samples
Next, the average MW of the trial 1 and 2 IMAC fractions were

quantified, seen in Table 4. Comparing the two trials, similar average
MW values were obtained for all the fractions. Comparing the UB and B
fraction MW within trials, the average MW of the peptides in the B
fraction were consistently larger than the UB fraction suggesting that
histidine and cysteine were present in the sequence of larger peptides, or
that MW compatibility allowing multi-point attachment of amino acids
to immobilized metal ions allowed these peptides to be retained and
enriched in this fraction (Gutiérrez et al., 2007). According to previous
studies, peptide fractions with molecular weights between 2 and 5 kDa
displayed the highest IRI activity as observed in peptides created from
fish gelatin (Damodaran & Wang, 2017). Another study found that
collagen hydrolysates with molecular weights between 0.7 and 1.4 kDa
displayed the highest IRI activity, demonstrating how generally,

Table 4
Molecular weight, Na+ concentration, and IRI activities of the selected trial 1 and 2 pulse protein Ni2+ IMAC fractions.

Sample Fraction MW (kDa) Na+ Conc. (mM) FD (%PEG)

T1 T2 T1 T2 T1 T2

Alc Chickpea Hydrolysate 3.2 ND 14 ND 106.0 ± 0.1a ND
Hydrolysate Dialysis 13.0 ND 13 ND 106.9 ± 3.0a ND

Combo 5.0 ND 56 ND 52.6 ± 0.2g ND
Unbound 2.3 1.3 67 83 66.2 ± 2.2defg 75.9 ± 5.0cdef

Bound 10.0 13.9 48 87 57.5 ± 4.4efg 54.6 ± 0.5fg

Alc Pea Hydrolysate 1.3 ND 36 ND 105.0 ± 3.0a ND
Hydrolysate Dialysis 5.6 ND 13 ND 103.3 ± 4.8ab ND

Combo 3.2 ND 45 ND 56.4 ± 3.6efg ND
Unbound 3.5 1.2 52 65 59.1 ± 2.9efg 76.8 ± 1.3cdef

Bound 8.0 5.1 43 57 82.8 ± 2.7bcd 70.7 ± 3.3cdefg

Try Soy Hydrolysate 28.6 ND 18 ND 103.7 ± 0.5ab ND
Hydrolysate Dialysis 31.0 ND 22 ND 102.6 ± 2.5ab ND

Combo 28.6 ND 49 ND 77.4 ± 12.3cde ND
Unbound 25.0 22.0 65 74 72.3 ± 4.6cdefg 89.6 ± 0.7abc

Bound 38.3 39.8 61 52 65.5 ± 1.5defg 59.5 ± 2.8efg

T1 represents trial 1, T2 represents trial 2 of the replicate IMAC separation. The Feret diameter value is the percent ice crystal size relative to the PEG control at 2%.
Thus, 100% would indicate that the ice crystal size induced by the sample was the same size as the IRI inactive PEG control. The standard deviation is the variation of
crystal size (%) between duplicate splat assay measurements. All Na + measurements and Avg MW measurements were made in duplicate. ND incidicates not done.
aMeans followed by different letter(s) within the same column are significantly different from each other (P < 0.05, n = 2).
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peptides ranging from 0.5 kDa to 5 kDa possess the best ability to inhibit
the recrystallization of ice (Wang, Agyare, & Damodaran, 2009). Inter-
estingly, we found no correlation between MW and IRI activity, instead
observing that all of the peptide fractions that passed through the IMAC
column with average molecular weights ranging from 2 kDa to 38 kDa,
displayed IRI activity, contrasting the trends observed from these pre-
vious studies. Close similarities in average MW between the two trials
along with the mass balance of the fractions and amino acid composi-
tion, discussed next, indicate high repeatability in fractionation of these
peptides into the B and UB fractions. Regardless, correlation analysis
found no relationship between MW and IRI activity, prompting us to
investigate other molecular characteristics of the fractions.

3.3.3. Amino acid composition of the Ni2+ IMAC samples
Next, the amino acid compositions of the UB and B fractions were

characterized to evaluate the relationship between amino acid compo-
sition and IRI activity, as shown in Supplementary Fig. 1. Unfortunately,
tryptophan’s instability during acid hydrolysis did not allow quantifi-
cation of this residue in the HPLC assay. IMAC fractionation of peptides
of is largely based on three key amino acids, His, Cys, and Trp. The most
important amino acid in IMAC binding is His, followed by Cys and then
finally Trp (Porath, 1992). Because we saw clear enrichment of His and
Cys by IMAC fractionation and because Trp cannot be quantified by our
current amino acid HPLC-based method, it can be indicated that our
IMAC fraction was carried out successfully as the two strongest de-
terminants of fractionation (His and Cys) were successfully enriched in
the bound fraction. Seen in Supplementary Fig. 1, the abundance of
histidine and cysteine residues displayed clear enrichment of these
amino acids into the B fractions with no or trace quantities present in the
UB fractions. Aside from the enrichment of these key amino acid resi-
dues responsible for the separation of the peptides into the UB and B
fractions, the composition of the other amino acid residues in the IMAC
fractions and between trials showed close similarities. Furthermore, the
categorization of amino acids by their structural features including
neutral nonpolar, neutral polar, basic, and acidic amino acid residue
categories displayed similar compositions between the UB and B frac-
tions and between trials. Thus, this data supports the successful imple-
mentation of IMAC through the enrichment of peptides containing
cysteine and histidine into the B fraction, and together with the mass

balance and averageMWdata shows that the IMAC treatment performed
a successful and consistent separation between the trials. As discussed
previously, the amino acid composition of IRI active hydrolyzed
collagen lacked tryptophan, cysteine, and significant quantities of his-
tidine, which were thought to contribute to these peptides IRI abilities
(Cao et al., 2020). In our study, we found that regardless of histidine and
cysteine, all peptide fractions that were separated via IMAC showed IRI
activity in comparison to their non fractionated counterparts. Though
the IMAC treatment properly fractionated the pulse peptides into UB and
B fractions, no statistical correlation was found between the IMAC
fractions’ amino acid composition and their IRI activities, in contrast to
our hypothesis.

3.3.4. Secondary structure quantification of the Ni2+ IMAC samples
To further characterize the IMAC fractions and evaluate the rela-

tionship between their molecular structure features and IRI activity, the
secondary structures of the IMAC fractionated samples, whole dialysis
samples, and starting pulse hydrolysates were quantified by Raman
Spectroscopy. As shown in Fig. 1, resulting from the hydrolysis treat-
ment that creates a diverse composition of peptides with differing amino
acid residues and chain lengths, the Alcalase and trypsin hydrolysate
samples showed differences in their secondary structures. Furthermore,
the Alcalase chickpea and pea hydrolysate samples showed close simi-
larities in their secondary structure makeup, likely due to their simi-
larities in MW and similar sources of storage proteins (Barac et al., 2010;
Chang, Alli, Konishi, & Ziomek, 2011). Additionally, the whole dialysis
samples’ secondary structure composition is distinct from that of the
starting hydrolysates due to the dialysis treatment removing peptides
under 3.5 kDa. The combination samples and individual UB and B IMAC
fractions seem to show less of a trend pertaining to their secondary
structure makeup. Though the UB and B try soy samples and UB and B
Alc chickpea samples show some similarities in their beta-sheet per-
centages displaying a lower abundance of beta-sheet for the UB fraction
relative to the B samples. According to Surís-Valls and Voets (2019b),
high percentages of α-helical structures, β-strands (including β-sole-
noids) and polyproline II helices are of importance for the IRI activity of
natural anti-freeze proteins. Though our peptide mixtures showed
relatively uniform promotion of IRI after IMAC fractionation, no clear
secondary structural trend was observed, contrasting the various natural

Fig. 1. Secondary structure profiles of the selected Ni 2+ IMAC fractions and hydrolysate samples. T1 represents trial 1, T2 represents trial 2 of the replicate IMAC
treatments. Secondary structure measurements were made in duplicate.
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AFPs structural similarities. This difference may be attributed to the
natural AFPs mechanism of action often producing IRI through ice
binding, whereas IRI activity from peptides typically do not show spe-
cific ice binding abilities contingent on their structure and amino acid
resiude placements (Surís-Valls & Voets, 2019b). It should also be noted
that the amount of residual salt discussed previously may affect the
presentation and type of secondary structure, as cations’ interaction
with the peptide bond and amino acid side chains alongside competitive
binding with water molecules and intrachain H-bonds may destabilize
secondary structure, potentially burying any trends induced by the
IMAC treatment (Okur et al., 2017). Considering this salt effect that may
hide secondary structural trends with IRI activity, it is unsurprising that
statistically the secondary structure profiles of the peptide chains
showed no relationship with their respective IRI activities.

3.3.5. Alc chickpea splat assay under different buffer conditions
To further elucidate the IRI activities of the IMAC fractionated pulse

proteins and combination samples, additional splat assay model systems
were created using several dispersing mediums containing different salts
and metal ions. These characterizations were performed to evaluate the
possibility of metal ion transfer from the IMAC column into the collected
peptide mixtures, potentially chelating the peptides and creating ag-
gregates that may be responsible for their IRI (Porath, 1992; Rotilio,
1980). Further, additional salts were also evaluated in the splat assay
dispersing mediums to evaluate if there was a critical salt concentration
or pH condition needed to induce IRI across the IMAC treated samples,
as previously, the splat assay dispersing medium has been reported to
play a role in altering IRI and ice nucleation (Surís-Valls & Voets,
2019a). Thus, using the 4% (w/v) Alc chickpea hydrolysate as a model
“IRI inactive” control, dispersing medium conditions were altered to try
to induce IRI activity. Interestingly, as shown in Fig. 2, none of the
solvent or pH conditions promoted the IRI of the Alcalase hydrolysate
sample. Unexpectedly, a trend of increasing ice crystal size with
increasing sodium concentration was observed as this trend has been
reported previously (Delesky & Srubar 3rd., 2022). Thus, the sodium
concentration retained by the peptides during dialysis or pH differences
stemming from the IMAC fractionation could not have promoted IRI
activity, suggesting that the IRI activity of the IMAC samples was
mediated through their individual molecular characteristics.

To further explore the relationship between the dispersing medium
conditions experienced by the IMAC fractionated samples and their IRI
activities, we performed the splat assay with different concentrations of
the IMAC elution and equilibration buffers to evaluate the effect on the

ice crystal size induced by the Alc chickpea hydrolysate. Additionally,
we diluted the IMAC buffers down to concentrations mirroring the IMAC
fraction’s sodium ion content recorded in Table 4, to more closely
represent the realistic solvent environments the hydrolysates were
evaluated in, additionally matching the analyte concentration to 2 and
4%. As seen in Fig. 3, the presence of both sodium phosphate and sodium
chloride from the IMAC buffers did not induce IRI for the hydrolysate in
a multitude of IMAC buffer concentrations.

Finally, to investigate the possible metal ion transfer events that
could potentially induce IRI activity, we evaluated the Alc chickpea
hydrolysate with the addition of two structure-forming metal ions,
nickel and calcium known to bind proteins that may potentially induce
IRI as has been reported for calcium (Delesky, Thomas, Charrier,
Cameron, & Srubar 3rd., 2021). Similar to results obtained with the
IMAC buffers seen in Fig. 3, the addition of the metal ions did not induce
IRI, suggesting that possible contamination of metal ions during IMAC
was not the source of the IRI viewed in nickel fractionated IMAC hy-
drolysates. This conclusion was also supported by the particle size dis-
tribution of the Ni2+ IMAC try soy samples that showed little differences
between the hydrolysate sample, combination samples, and IMAC
fraction particle size distributions, indicating that aggregation mediated
through metal ion-protein interactions was not responsible for the IMAC
fractions’ IRI activities (Supplementary Fig. 3).

4. Conclusions and perspectives

We have fully demonstrated for the first time, the ability of Ni2+

IMAC to fractionate protein hydrolysates by their amino acid composi-
tions to create peptide mixtures capable of inhibiting the recrystalliza-
tion of ice from widely available food materials. While Ni2+ IMAC
treatment has shown clear and significant promotion of IRI activities
from inactive pulse source materials, the structure-function relationship
of the peptide mixtures and their IRI activities could not be definitively
stated. Our hypothesis that IMAC fractionation will result in the pro-
duction of IRI active peptide mixtures was proven. On the other hand,
the hypothesis that B fraction lacking His and Cys will not possess IRI
activity was not observed as both B and UB fractions from IMACwere IRI
active. While none of the individual characterizations showed a rela-
tionship with IRI activity, the combination of these characteristics
working in tandem could potentially be the source of this IRI activity. It
must also be considered that the quantification techniques used to try to
describe the relationship between molecular characteristics and IRI,
measured here at ambient temperatures, may be insufficient to describe

Fig. 2. Alcalase Chickpea hydrolysate IRI in different dispersing mediums varying salt concentration and pH. The Feret diameter percentage is relative to the ice
crystal size induced by 4% PEG in the same solvent as the Alc chickpea hydrolysate for each respective sample. The standard deviation is the variation of crystal size
(%) between duplicate splat assay measurements. aMeans followed by different letter(s) within the same column are significantly different from each other (P < 0.05,
n = 2).
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how the vastly different microenvironment of the ice-water interface
and low temperatures affect these dynamic molecules, including peptide
folding, H-bonding and their potential for cooperative effects at the
interface under these conditions. Regardless, the impact of our novel
Ni2+ IMAC treatment of pulse hydrolysates may provide a new method
of producing IRI active molecules for potential use as preservation
agents for foods and biomedical materials. Future work should include
the characterization of additional molecular characteristics, under
relevant conditions (ice-water interface, below the freezing point) and
more advanced statistical modeling that may be able to elucidate the
source of the peptide fractions IRI. Further, investigation of differing
protein hydrolysates outside of pulses and the use of differing immobi-
lized metal ions should be conducted to determine the ability of IMAC to
produce IRI active peptides from diverse sources of proteins, and further
evaluate the effect of the immobilized metal ions’ role in inducing these
molecules IRI activities.
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