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Influence of storage temperature on the stability
of heat treated phycocyanin-λ-carrageenan
complexes in liquid formulations†

Stephan Buecker, a Lutz Grossmann,a,b Myriam Loeffler,c Elena Leebd and
Jochen Weiss *a

The protein chromophore complex present in cyanobacteria like Arthrospira platensis can be utilized as a

natural food colorant, but the appearance is prone to changes under environmental conditions that alter

the protein-chromophore interactions. The study investigates the color stability of phycocyanin stabilized

by λ-carrageenan during storage at 4 and 25 °C under different heating and pH conditions. Phycocyanin

solutions and combinations with λ-carrageenan (1 : 4) were prepared at a pH of 2.5–6.0, with and without

thermal treatment at 70 °C and 90 °C. Visual appearance, absorption spectra, zeta potential, and the dia-

meter of the structures formed were observed over a period of 28 days. Considerable color losses were

determined for pure phycocyanin at a pH of 2.5 to 4.5 when the samples were stored at 25 °C, which was

improved by the formation of soluble complexes with λ-carrageenan in associative conditions.

Interestingly, soluble complexes at a pH < pI were found to be more resistant at high treatment tempera-

tures with a higher storage stability than co-soluble polymers at a pH > pI, but soluble structures formed

at a pH of 2.5 had a significantly larger diameter (871 ± 185 nm) that increased in size during storage

(2025 ± 1012 nm after 14 d at 25 °C) than at a pH of 3.0 (200 ± 5 nm) when heated to 90 °C. These

results were related to changes in protein structure and mass transport phenomena and might be of high

importance for low-viscous food formulations.

1 Introduction

The use of coloring foods in food formulations instead of syn-
thetic colors is compelling. Their plant origin and exclusively
physical processing make them not only a natural but also a
renewable and vegan source that is very attractive to
consumers.1–4 When the Southampton Study declared, in 2007,
that six synthetic dyes may increase hyperactivity in children, a
radical drop in their commercial use was noticed.5 Nonetheless,
colorants are typically added to food formulations to make
them more appealing to consumers, to account for natural
color losses during production and differences in raw material

quality, or color fading over time. A convincing alternative to
synthetic dyes is the use of food colorants that are derived from
color-intensive food-grade raw materials including vegetables,
fruits, or cyanobacteria. These foods are exclusively processed
by physical processing methods and H2O extraction to obtain a
concentrated extract that is rich in the desired pigment.6 Their
origin and minimal processing make them not only a natural
but also a renewable and vegan source that is very attractive to
consumers.1–4 However, these extracts are often less stable than
their synthetic counterparts, which presents a challenge for pro-
ducing stable foods with a long shelf life, thus minimizing food
losses.

Up to now, phycocyanin (PC) present in eukaryote algae
and cyanobacteria such as Arthrospira platensis (also known as
Spirulina) is the only authorized food coloring in the European
Union with a blue appearance, which is a major challenge to
replace synthetic blue dyes in many food formulations.7 PC
consists of the more blueish green-appearing allophycocyanin
(aPC) and the royal blue-appearing C-phycocyanin (CPC). Both
aPC and CPC are alike in their tertiary structure, but differ in
amino acid sequence, number of chromophores (phycocyano-
bilins), and molecular weight.8 Each holds an α- and β-subunit
with globular folding. In aPC, both subunits bind one chromo-
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phore, whereas in CPC, the β-subunit attaches two chromo-
phores. The chromophores are covalently bound to the apopro-
tein by thioether bonds.8–10 In solution, PC is present as a
complex mixture of monomers, trimers, and hexamers.
Monomers are the predominant form at acidic pH values.
They assemble into hexamers around their isoelectric point
(pI) of a pH of 4.6.11 A further increase of the pH leads to dis-
sociation into trimers.8

A major drawback of utilizing chromophores that are stabil-
ized by proteins is the sensitivity of protein structures to dena-
turation. This influences the blue appearance of PC-containing
products.12 However, many food formulations undergo
thermal, pH, and ionic changes during production and
storage. For example, a lot of beverages have a pH of 3.0,
which is challenging in terms of PC storage stability due to an
increased number of unstable PC monomers.8,13 Additionally,
pasteurization takes place at <100 °C and is one of the most
common treatments to preserve foods, but alters the structure
of proteins.12 It is already known that adverse temperatures
and pH levels affect PC stability and, thus, color intensity.14

Previous studies have shown that PC can be stabilized by
complexation with different carrageenans, whereas λ- and
ι-carrageenan proved to efficiently stabilize PC against
thermal- and acidic-degradation, such as precipitation and
color loss.12,15,16 Carrageenans consist of repeating disacchar-
ide units of 3-linked β-D-galactopyranose and 4-linked
α-galactopyranose or 3,6-anhydro-α-galactopyranose, have a
high molecular weight (200–800 kDa) and are commonly
found in red algae (Rhodophyta). With three sulfate groups per
disaccharide unit, λ-carrageenan carries a strong negative
charge, which seemed to be beneficial for the complexation
with PC as the complexes are primarily formed by electrostatic
interactions.15,17,18 Additionally, hydrophobic interactions and
hydrogen bonds affect the complex structure.18

While carrageenan was found to be promising to stabilize
PC against heat treatments, far too little attention has been
paid to the influence of storage time and storage temperature
on these complexes. However, this is of significant impor-
tance, since color stability throughout the shelf life is of high
relevance in food formulations. For this reason, this study
aims to elucidate the effect of pH and temperature treatment
on the color stability of PC and its mixtures with
λ-carrageenan during 28 days of storage at different storage
conditions.

2 Materials and methods
2.1 Materials

An Arthrospira platensis protein concentrate rich in PC (hence-
forth referred to as PC powder) obtained by spray drying was
kindly supplied by GNT International B.V. (Mierlo,
Netherlands) and was chosen to enhance the pertinence of
this study for the food and beverage industry. The
λ-carrageenan (λC) powder was obtained from TIC Gums Inc.
Both source materials were chosen to be comparable to pre-

vious studies. (White Marsh, USA). Hydrochloric acid (HCl),
sodium hydroxide (NaOH), and sodium azide (NaN3) were pur-
chased from Carl Roth GmbH & Co. KG (Karlsruhe, Germany).

2.2 Methods

2.2.1 Solution preparation. For the preparation of the
mixed/individual biopolymer solutions, stock solutions of
0.1% (w/w) PC powder and/or 0.15% (w/w) λC was/were dis-
solved in double-distilled (DI) water and hydrated for
180 minutes. The solutions containing both biopolymers were
formed by first dissolving λC at 500 rounds per minute.
Afterwards PC powder was added in a PC : λC ratio of 1 : 4
while being stirred for another 5 minutes.18 To exclude turbid-
ity effects of microbial growth, 0.05% (w/w) NaN3 was added to
the samples. Hereinafter, the 0.1% (w/w) PC powder solutions,
which yield in a final PC concentration of 0.0369% (w/w), are
referred to as 0.04% (w/w) PC solutions.

2.2.2 Formation of mixtures and electrostatic complexes.
PC : λC solutions with an initial pH of 6.7 were adjusted to a
pH of 6.0, 5.0, 4.5, 4.0, 3.5, 3.0, and 2.5 (±0.02) using either
HCl or NaOH (0.1–3.0 M) and solutions were kept overnight at
4 °C. Before the heat treatment, the pH values of all samples
were checked and readjusted if necessary. The pH maintained
stable throughout the observed storage period.

2.2.3 Heat treatment. Heat treatments were carried out in a
forced convective water bath (Lauda Dr R. Wobser GmbH & Co.
KG, Germany). 45 g of each liquid sample was placed in 50 mL
conical PP tubes (VWR International GmbH, Pennsylvania,
USA), and the sample solutions were heated to the appropriate
core temperatures. To reach a core temperature of 70 and
90 °C, 15 and 30 minutes were required, respectively. After a
holding time of 1 min at the respective core temperature,
samples were immediately cooled down to 25 °C using a
second water bath at 25 °C.

2.2.4 Storage tests. The heat-treated samples were stored at
either 4 °C (common refrigerator temperature) or 25 °C in a
climate cabinet (HCP50, Memmert GmbH & Co. KG,
Schwabach, Germany) over a period of 28 days.

2.3 Analyses

In order to investigate the influence of storage time and
different storage temperatures on color shifts and intensity,
pure PC and PC : λC (1 : 4) mixtures were analyzed during the
storage period on day 0, 3, 6, 14, and 28.

2.3.1 Protein & PC content. The protein content of the
samples was determined according to the method provided by
Dumas using a Dumatherm device (C. Gerhardt GmbH & Co.
KG, Koenigswinter, Germany) and a nitrogen-to-protein con-
version factor of 6.27, which was suggested for Arthrospira pla-
tensis.19 Afterward, the total color active PC concentration was
calculated according to Yoshikawa Belay et al. (2008) using the
following equations:20

cC-phycocyanin ¼ 0:162A620 � 0:098A650 ðg L�1Þ ð1Þ

callophycocyanin ¼ 0:180A650 � 0:042A620 ðg L�1Þ ð2Þ
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with A620 and A650 corresponding to the absorption of aPC and
CPC at 620 and 650 nm.

2.3.2 Zeta potential & particle size. To investigate the
microelectrophoretic behavior and size of the complexes
formed, measurements were performed using a Zetasizer
Nano ZS (Malvern Instruments, Worcestershire, UK). Here,
depending on the velocity and the direction of the moving
complexes in an electric field, the net charge of the complexes
can be determined using the Smoluchowski approximation.
The particle size was determined by dynamic light scattering
at a laser wavelength of 633 nm and the backscattered light
was detected at a measurement angle of 173°. No interferences
with the samples were observed due to the absorption shift of
PC to 650–670 nm upon complexation and below pH 5.0. The
results were consistent and showed good measurement
signals, which agreed with previous findings.18 During the
zeta potential and size determination, the temperature was
kept constant at 25 °C and the measurement was carried out
in triplicate.

2.3.3 Transmittance and absorption. Transmittance and
absorption of the samples were detected using an Ultrospec
2100 pro (Biochrom GmbH, Berlin, Germany) spectrophoto-
meter. Samples were transferred to semimicro UV cuvettes
(BRAND GmbH & Co. KG, Wertheim, Germany) and the device
was blanked with DI water. The transmittance was measured
at 780 nm and the absorption spectrum was recorded from
240 nm to 750 nm, respectively. A turbidity baseline correction
was performed by measuring the absorption at 750 nm to
account for scattering and absorption of colloidal particles.
Results are reported as relative values to unheated 0.04% (w/w)
PC solutions at a pH of 6.0, which show the highest color
intensity.

2.3.4 Visual appearance. Pictures of the samples were
taken inside a photo box under steady light conditions. 2.5 mL
of each sample were transferred into macro cuvettes (BRAND
GmbH & Co. KG, Wertheim, Germany), which were always
placed on the same fixed positions. The pictures were taken
after a period of 30 min to account for potential PC precipi-
tation effects.

Average colors of the solutions were extracted by GIMP
version 2.10.24 (available at: https://www.gimp.org/).

2.4 Modeling and calculations

2.4.1 Protein modeling. The structure of a CPC hexamer
stack was adapted from ‘RCSB Protein Data bank’ (available at:
https://www.rcsb.org/structure/1HA7). Amino-acid sequences
of group C–X were deleted in the text file. Further modification
of the protein structure was carried out by the freeware Swiss-
PdbViewer version 4.1.0 (Swiss Institute of Bioinformatics,
Lausanne, Switzerland) (available at: https://spdbv.vital-it.ch/
download_prerelease.html). The hydrophobic patches (green),
as well as the positive (blue) and negative (red) surface
charges, were visualized for the α-subunit and the α-,
β-heterodimer (monomer).

2.4.2 Calculation of the theoretical pI of PC. The webtool
‘Compute pI/Mw’ by the Swiss Institute of Bioinformatics (SIB)

(available at: https://web.expasy.org/compute_pi/) was used for
the calculation of the theoretical pI of PC, which is based on
the combined theoretical pIs of CPC and aPC, whereas CPC
was considered to contribute 85% and aPC 15.15% to the pI of
PC. The ratio of aPC and CPC was calculated according to eqn
(1) and (2).

2.5 Statistics

Each experiment was conducted twice and all measurements
were repeated at least two times. Means and standard devi-
ations were determined with Excel (Microsoft Inc., Redmond,
USA). SPSS Statistics 27 (IBM Inc., Armonk, USA) was used to
statistically evaluate significant differences between results
gained from PC concentration calculations and size measure-
ments using a one-way ANOVA followed by a post-hoc Tukey
test (α = 0.05).

3 Results and discussion

In a previous study, it was shown that pure PC was unstable
around its pI due to decreased electrostatic repulsion among
PC and that heat treatment has a profound impact on the
color stability of pure PC.14,18 Initially, the protein and PC
content in the powder were analyzed, and based on these
results, the storage stability was investigated.

3.1 Protein content

The protein content of the PC powder was determined as 89.83
± 0.25%, which is considerably higher than that of untreated
biomass with a dry matter protein content of typically
46–63%.21 This is attributed to the production of PC powder,
which involves cell and cell wall disruption, separation of in-
soluble compounds, and filtration steps, such as ion-exchange
filtration.22,23,23 Additionally, the protein concentration of cya-
nobacteria can be optimized by modifying the growth con-
ditions, e.g., luminosity, temperature, stirring speed, dissolved
solids, pH, water quality, and macro as well as micronutri-
ents.24 According to the manufacturer, the protein content was
88.75% (Appendix Table 4) and was determined via the
Kjeldahl method. This is about 1.2% less than our result, but
corresponds to the protein values of the Dumas method,
which are usually up to 1.4% higher.25

According to the calculations from eqn (1) and (2), the
amount of color active PC was 36.9%. Thus, around 41% of
the protein in PC powder can be classified as color active PC.
The CPC concentration was determined to be 31.3% (w/w) and
the aPC content 5.6% (w/w). This is in alignment with the lit-
erature, which proposed that aPC is a minor component of
Arthrospira platensis.26

3.2 Color fading of pure PC solutions

The color stability of PC-containing solutions during storage is
a key quality parameter that is important to ensure a consist-
ent color intensity and so minimize food waste. Therefore, the
color stability of unheated and heated (70/90 °C) pure PC and

Paper Green Chemistry

4176 | Green Chem., 2022, 24, 4174–4185 This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 0
6 

M
ay

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
2/

20
/2

02
5 

10
:4

1:
44

 A
M

. 
View Article Online

https://www.gimp.org/
https://www.gimp.org/
https://www.rcsb.org/structure/1HA7
https://www.rcsb.org/structure/1HA7
https://spdbv.vital-it.ch/download_prerelease.html
https://spdbv.vital-it.ch/download_prerelease.html
https://spdbv.vital-it.ch/download_prerelease.html
https://web.expasy.org/compute_pi/
https://web.expasy.org/compute_pi/
https://doi.org/10.1039/d2gc00809b


mixed biopolymer solutions (PC : λC; 1 : 4) was investigated at
a pH of 2.5–6.0 over a period of 28 days at 4 °C and 25 °C.
These two temperatures were selected to reflect typical storage

conditions at room temperature or under refrigeration con-
ditions. Measurements were conducted on days 0, 3, 6, 14, and
28, while only stable (precipitated solutions were excluded)
solutions were considered in the analysis.

Fig. 1 shows the unheated and heat-treated 0.04% (w/w) PC
solutions at day 0 and selected samples (pH 2.5, 3.0, and 6.0)
after 28 days of storage at 4 and 25 °C. These pH values were
chosen because solutions at pH values of 3.5, 4.0, 4.5 precipi-
tated. Further, the pH values of 2.5, as well as 3.0, reflect the
pH values of most beverage formulations. A pH of 6.0 was
selected as pH > pI.13

PC was found to precipitate at around a pH of 4.0 on day 0,
which can be related to the pI of PC (pH ∼ 4.6).8,11 The appar-
ent pIs of the solutions were calculated from the zeta potential
measurements (Appendix Table 3) to be 4.05, 4.28, and 4.37
for unheated solutions, and solutions heated to 70 or 90 °C,
respectively. The change of pI might be attributed to protein
unfolding upon thermal denaturation.12

Unheated PC solutions with a pH of 2.5, 3.0, 5.0, or 6.0 (pH
5 data not shown) were found to be visually stable against pre-
cipitation for the entire 28 days of storage, independent of the
storage temperature used, whereas precipitates could also be
detected in heated PC solutions having a pH of 5.0 (Fig. 2).
This could be related to the aforementioned pI shift at higher
temperatures leading to a reduced electrostatic repulsion of PC

Fig. 1 Visual color appearance of 0.04% (w/w) PC solutions unheated
and subjected to thermal treatments at 70 and 90 °C at pH 2.5–6.0 at
day 0 and after 28 days of storage at 4 and 25 °C.

Fig. 2 Colors of 0.04% (w/w) PC solutions and PC : λC (1 : 4) solutions at day 0, 3, 6, 14 and 28 over the pH range of 2.5–6.0. Solutions were pre-
pared unheated, heated to 70 and 90 °C and stored at either 4 or 25 °C. Chequered fields illustrate the supernatent color of precipitated samples.
The samples in empty fields were excluded because of precipitation. Average color of the samples was extracted from pictures by GIMP version
2.10.24.
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at pH 5.0. Small changes in the protein structure by thermal
treatments were already reported to cause a significant color
loss which is also in alignment with our findings.10,14

In contrast to the stability of the solution to precipitation,
differences in color stability were found depending on the
storage temperatures used. All color losses at 4 and 25 °C were
discussed in turn. The color of PC solutions that were not heat
treated or heated to a core temperature of 70 °C was found to
be visually stable when stored at 4 °C over the course of 28
days (Fig. 1). Minor color losses at 4 °C were reported by
Kannaujiya & Sinha (2016).27 Solutions heated to 90 °C, with
subsequent storage at 4 °C, appeared to undergo a color shift
from blue to a dark grey at a pH of 6.0 and to greenish tur-
quoise at a pH of 2.5 and 3.0, respectively. A green color can be
related to a further dissociation of PC into monomers over
time.8,27 Recently it was shown that the planarity of the
chromophore significantly impacts the color appearemce.28

The grey color was described as color fading and might be
related to aggregation of PC particles.6

The color shift and fading were more pronounced at 25 °C
storage temperature (Fig. 1). For instance, at a pH of 2.5 and
3.0, the color shift towards a greenish turquoise was observed
for both the unheated PC solutions and the solutions heated
to 70 °C. A loss of color intensity could be noticed for almost
all solutions stored at 25 °C for 28 days. These observations
can be related to the extreme temperature sensitivity of PC.27

At a pH of 6.0, the color of the unheated solutions remained
stable at 25 °C, with only small visual changes. This could be
due to PC stacks being organized as hexamers, the predomi-
nant PC structure at a pH of 6.0, which was reported to be
more stable than monomeric PC.14

3.2.1 PC content. From the absorption measurements, the
a color-active PC amount was calculated according to

Yoshikawa, Belay (2008).20 The PC amounts of the 0.04% (w/w)
PC solutions are presented in Table 1.

A pronounced PC degradation was facilitated by heating the
solutions to either 70 or 90 °C. At a pH of 3.0, the initial PC
concentration of unheated solutions and solutions heated to
70 °C was significantly lower than at a pH of 6.0. A possible
explanation for this might be that, for acidic pH values, PC is
primarily present as a monomer that has a lower absorption
than PC hexamers.8 Furthermore, PC was reported to be more
temperature resistant when assembled as hexamer.14,29

However, in PC solutions heated to 90 °C, the initial PC con-
centration on day 0 was equal at a pH of 3.0 and 6.0, but the
overall PC concentration was lower compared to untreated
solutions and solutions heated to 70 °C. This can be attributed
to the 6th order degradation kinetics that phycocyanin
follows.30 Thus, denaturation of highly concentrated PC occurs
much faster. Since the initial concentration of the PC solution
at pH 3.0 was lower, both values converge with time.

There was a tendency that PC degradation at the same
storage temperature was stronger at pH 3.0 than at pH 6.0,
which could be due to increased stability of PC hexamers.14

This was especially prevalent at 25 °C storage temperature.
Solutions stored at 4 °C having a pH of 6.0 showed a higher PC
stability, while the strongest decrease in PC concentration was
observed for untreated solutions prepared at a pH of 3.0. This
is in alignment with the findings of Kannaujiya & Sinha (2016)
and can be related to the temperature sensitivity of the PC
protein structure.27 Unheated solutions exhibited the greatest
PC color loss over time (Table 1). These solutions had the
highest initial concentration, whereas the lowest PC concen-
tration was observed in solutions heated to 90 °C. These
relationships may partly be explained by the fact that PC dena-
turation slows down significantly at low concentrations.30

Table 1 Total PC concentrations (mg mL−1) and relative PC concentrations with respect to unheated pH 6.0 samples of 0.04% (w/w) PC solutions
at a pH of 3.0 and 6.0. The solutions were prepared unheated and heated to 70 or 90 °C and stored for a period of 28 days at either 4 or 25 °C

Heat treatment Day

cPC in mg mL−1 at pH 3 cPC in mg mL−1 at pH 6

4 °C 25 °C 4 °C 25 °C

None 0 0.24 ± 0.01aA (63.2%) 0.38 ± 0.01aB (100%)
3 0.22 ± 0.01b (57.9%) 0.19 ± 0.01b (50.0%) 0.38 ± 0.01ab (100%) 0.38 ± 0.01a (100%)
6 0.21 ± 0.01b (55.3%) 0.17 ± 0.01c (44.7%) 0.38 ± 0.01ab (100%) 0.37 ± 0.01b (97.4%)
14 0.20 ± 0.01c (52.6%) 0.13 ± 0.01d (34.2%) 0.37 ± 0.01ab (97.4%) 0.36 ± 0.01c (94.7%)
28 0.19 ± 0.01c (50.0%) 0.09 ± 0.01e (23.7%) 0.37 ± 0.01b (97.4%) 0.35 ± 0.01d (92.1%)

70 °C 0 0.14 ± 0.01aA (36.8%) 0.15 ± 0.01aB (39.5%)
3 0.14 ± 0.01a (36.8%) 0.13 ± 0.01b (34.2%) 0.15 ± 0.01a (39.5%) 0.15 ± 0.02a (39.5%)
6 0.14 ± 0.01ab (36.8%) 0.11 ± 0.01c (28.9%) 0.15 ± 0.01a (39.5%) 0.14 ± 0.02a (36.8%)
14 0.13 ± 0.01b (34.2%) 0.09 ± 0.01d (23.7%) 0.15 ± 0.01ab (39.5%) 0.13 ± 0.02a (34.2%)
28 0.13 ± 0.01c (34.2%) 0.07 ± 0.01e (18.4%) 0.14 ± 0.01b (36.8%) 0.11 ± 0.02a (28.9%)

90 °C 0 0.07 ± 0.01aA (18.4%) 0.07 ± 0.02aA (18.4%)
3 0.07 ± 0.01a (18.4%) 0.06 ± 0.01b (15.8%) 0.07 ± 0.01a (18.4%) 0.07 ± 0.01a (18.4%)
6 0.07 ± 0.01a (18.4%) 0.06 ± 0.01c (15.8%) 0.07 ± 0.01a (18.4%) 0.07 ± 0.01a (18.4%)
14 0.06 ± 0.01a (15.8%) 0.04 ± 0.01d (10.5%) 0.07 ± 0.01a (18.4%) 0.06 ± 0.01a (15.8%)
28 0.06 ± 0.01a (15.8%) 0.03 ± 0.01e (7.9%) 0.07 ± 0.01a (18.4%) 0.05 ± 0.01a (13.2%)

Indices with small letters indicate significant differences among solutions prepared with the same heat treatment in one column (α < 0.05).
Indices with capital letters indicate a difference between a pH of 3.0 and 6.0 within the same row determined by t-test (α < 0.05).
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3.3 Color fading of PC : λC complex solutions

As pointed out in the previous chapter, pure PC solutions pre-
cipitated at a pH of 3.5–5.0 and were unstable against thermal
treatments. Further, a color shift from blue, at a pH of 6.0, to
turquoise, at a pH of 2.5, was observed. It was related to a
change in the PC monomer, trimer, and hexamer concen-
tration and an increasing chromophore planarity.28 Together,
the results showed that PC was less stable under acidic pH
values or high storage temperatures (25 °C). This study aimed
to improve the storage stability of PC by complexation with λC.
In the upcoming section, the present findings are compared to
the appearance and absorption measurements of PC : λC (1 : 4)
solutions. The PC concentration in the complexes was identi-
cal to the pure PC solutions and all measurements were per-
formed equally.

3.3.1 Visual appearance. To analyze the stability of PC : λC
mixtures, the solutions were again visually analyzed. Fig. 2
illustrates the average colors of the pictures from 0.04% (w/w)
PC solutions and PC : λC (1 : 4) solutions unheated and heated
(70 or 90 °C) on day 0, 3, 6, 14, 28 stored at either 4 °C or
25 °C.

First, the effects of pH were evaluated. All biopolymer
complex solutions were stable against precipitation on day 0
(Fig. 2 and Appendix Fig. 7), which was not the case for PC solu-
tions, especially not at a pH of 4 (close to the pI) (Fig. 1).
Moreover, all solutions, except for solutions prepared at a pH of
2.5 and heated to 90 °C, were stable against precipitation over
the storage period of 28 days. The improvement against pH-
dependent precipitation around the isoelectric point can be
related to an increase in bulk viscosity, steric interactions
among polysaccharide residues, and electrostatic repulsion,
which was described for carrageenan-whey protein complexes.31

The effects of storage on color were described below.
Unheated solutions showed almost no color loss over time,
independent of the pH used. The unheated PC : λC solutions
stored at a pH of 4.0 showed a shift towards turquoise when
stored at 25 °C, while the same solutions stored at 4 °C had a
more bluish color after 28 days of storage. This indicates an
altering protein structure with a simultaneous modification of
the phycocyanobilin structure which was accelerated by the
increased storage temperature.32 Structural changes could be
due to hydrophobic interactions between PC proteins that
evolve over time.33

Next, the heating effects were specified. The color loss
caused by thermal denaturation appeared to be stronger at
higher pH values, whereas an intense turquoise color was main-
tained at a pH of 2.5 and 3.0, especially when the solutions
were treated at 90 °C. A possible explanation for this might be
that PC is stabilized by λC at acidic pH values below the pI of
∼pH 4.6 by electrostatic complexation between the anionic λC
and the positively charged PC, as previously reported. These
interactions do not occur, or to a far lesser extent, at pH values
above the pI, as for solutions prepared at a pH of 6.

From here on, the various effects of storage time and temp-
erature, heat treatment and pH were considered in combi-

nation. At a pH of 2.5, PC : λC solutions that were heated to
90 °C precipitated (Appendix Fig. 8), which could be due to the
formation of large and dense complexes. These structures are
fostered by the aggregation of PC by hydrophobic interactions
and simultaneous complexation of PC and λC by electrostatic
interactions.12,33 However, the sedimentation occurred slowly
and is hence not visible in Fig. 2.

Over the observed storage time, a temperature of 4 °C had
only a minor influence on the appearance of those solutions
that have been heated to 70 °C and adjusted to a pH of
2.5–4.5. The intensity of the blue color at a pH of 5.0–6.0 was
slightly less compared to the unheated solutions. As
suggested previously, this is due to electrostatic interactions
at lower pH values. At a pH of 4.5, which is above the pI, λC
might attach to some positively charged patches on the PC
surface.18,34

However, increasing the storage temperature from 4 to
25 °C had a remarkable effect on the color appearance and
intensity of the heated solutions. Mixed biopolymer solutions
heated to 70 °C showed a color shift from turquoise towards a
greyish green at a pH of 3.5–4.5, and to a light grey at a pH of
5.0 to 6.0. The shift towards green can be related to PC dis-
sociation causing a color shift from 620 to 346–360 nm, while
the grey color might be associated with protein aggregation
causing diffuse light scattering.6,8 The effects were even more
pronounced for PC : λC solutions that have been heated to
90 °C and could already be observed under cold storage con-
ditions. One explanation could be that, due to the strong
thermal treatment, hydrophobic patches which were previously
hidden inside the PC structure became exposed and resulted
in PC aggregation overt time.12,33 However, independent of the
storage time and temperature, all the mixed biopolymer solu-
tions were found to maintain a turquoise color at a pH 2.5 of
and 3.0.

3.3.2 Absorption. The color stability and appearance are
directly related to the quaternary structure of PC. CPC forms a
trimer at a pH of 6.0 (Amax ∼ 620 nm), a hexamer stack at a pH
of 4.0 (Amax ∼ 620 nm), and a monomer at a pH of 3.0 (Amax ∼
614 nm), whereas aPC forms trimers (Amax ∼ 650 nm) over a
broad range of pHs.29,32 Monomers were reported to have a
lower absorption maximum and to be less stable than trimers
and hexamers.8,14,29,35 Thus, aPC appears more intense at
acidic pH values.

The absorption of PC : λC solutions (1 : 4) was measured to
quantify the color shift and reveal changes in the spectrum
with pH change, heat treatment, as well as storage time and
temperature. The absorption of solutions is directly linked to
the visual appearance of the solutions and is subsequently pre-
sented for unheated (Fig. 3) and heated (Fig. 4) solutions at a
pH of 3.0 and a pH of 6.0 that have been stored for 0 and 28
days at either 4 °C (A) or 25 °C (B), respectively. Solutions with
a pH of 3.0 show a high stability of PC : λC solutions against
precipitation and color degradation (see above) even at high
treatment temperatures. A pH of 6.0 served as a standard refer-
ence for solutions with a pH > pI. The latter solutions showed
poorer color stabilization.
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Unheated solutions (Fig. 3) had a lower absorption at a pH
of 3.0 as compared to a pH of 6.0 which can be attributed to
PC hexamers dissociating to monomers at low pH values.8

During storage, solutions that were stored at 25 °C had a
greater decrease in absorption intensity compared to those
stored at 4 °C, but overall losses were smaller compared to
pure unheated PC solutions. Similar to the prevention of the
pI-dependent formation of PC aggregates without the presence
of λC, this effect might be related to an increased viscosity,
steric interactions among polysaccharide residues, and electro-
static repulsion.18,31

The second major difference observed in the absorption of
PC : λC solutions is the peak at 660 nm. Individual PC solu-
tions had a maximal absorption at 620 nm while decreasing
the pH in the biopolymer mixture led to an increasing shift
towards the red region. It is well known that anionic surfac-
tants and urea can cause protein dissociation.9 In addition the
separation of the PC subunits by urea was reported to cause an
absorption shift from 620 to 662 nm.9,36 Thus, the previous
results are likely to be related to a rearrangement or dis-
sociation of the α- and β-subunits due to the complexation
with λC coming with planarity changes of the
phycocyanobilin.18

Three findings from the absorption measurements are of
particular interest. First, the pH 3.0 PC : λC solutions had a
higher absorption at 620 nm as compared to solutions pre-
pared at a pH of 6.0. Second, A620 decreased significantly over
time at 4 °C for PC : λC solutions adjusted to a pH of 6.0 and
heated to 90 °C. At a 25 °C storage temperature, all PC : λC
solutions having a pH of 6.0 significantly decreased in A620
over time, whereas PC : λC solutions at a pH of 3.0, heated to
90 °C, remained stable over the period of 28 days. Third,
PC : λC solutions adjusted to a pH of 3.0 were found to be
more heat resistant than solutions adjusted to a pH of 6.0. The
latter finding is contrary to the results we found for pure
heated PC solutions.

The results pinpoint the stability improvement against
storage-related color fading in acidic pH values due to electro-
static interactions of λC and PC, especially after thermal treat-
ments (Fig. 4). Thus, the color might additionally be stabilized
by hydrophobic interactions which build up during the heat
treatment.12,37

3.3.3 Complex size. In the previous sections, we described
enhanced color stability of PC by electrostatic complexation
with λC. A stable turquoise color was initially determined for
solutions at a pH of 3.0 and 2.5. However, after 14 days of
storage, the latter solutions that were heat-treated at 90 °C pre-
cipitated (Fig. 2 and Appendix Fig. 8). To get a better under-
standing of the formed complexes (unheated/heated) and the
observed changes at different storage temperatures (4 and
25 °C) over the course of 28 days, a DLS size analysis was per-
formed and the results summarized in Table 2.

On day 0, the unheated biopolymer mixtures had a similar
diameter of about 900 nm at both pH values. With increasing
storage time, the complex diameter decreased. The electro-
static attraction of both biopolymers might slowly cause
association of the biopolymers, resulting in an increase in
density. According to Veis, Aranyi (1960) the structural
rearrangement could be driven by an electrostatic entropy gain
caused by detached counter ions.38

The rearrangement of the complexes was accelerated by a
higher storage temperature, which could be due to an
increased Brownian motion and a decreased solution viscosity
at higher temperatures, both influencing the movement of bio-
polymers in solutions. Also, hydrophobic interactions might
develop at higher temperatures.33 Moreover, unheated PC : λC
complexes at a pH of 2.5 were found to be smaller than the

Fig. 3 Relative absorption of unheated PC : λC (1 : 4) solutions and
0.04% (w/w) PC solutions having a pH of 3.0 or 6.0 at 300–750 nm.
Solutions were stored for 28 days at A: 4 °C or B: 25 °C. Solid lines illus-
trate samples on day 0. Dotted lines illustrate samples on day 28.

Fig. 4 Relative absorption of PC : λC (1 : 4) solutions at 300–750 nm
and 0.04% (w/w) PC solutions having a pH of 3.0 or 6.0 at 300–750 nm.
A: Solutions heated to 70 °C and B: solutions heated to 90 °C. Solutions
were stored for 28 days at A1/B1: 4 °C or A2/B2: 25 °C, respectively.
Solid lines illustrate samples on day 0. Dotted lines illustrate samples on
day 28.
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respective solutions at a pH of 3.0, which could be a result of
an increased electrostatic attraction at lower pH values. This is
in agreement with the transmittance measurements. At acidic
pH values, the transmittance of complex solutions decreased,
which was shown to be a result of strong protein-polysacchar-
ide associations39 (Appendix Fig. 8).

Heating the complexes to 70 °C led to smaller complexes
compared to the unheated mixtures, which could either be a
result of an accelerated chemical reaction between the biopoly-
mers or hydrophobic interactions among PC due to the

thermal treatment favoring association interactions.12,40

Further, positively charged amino acid residues could be
exposed due to structural rearrangements which promote
electrostatic interactions.41 The complexes were again similar
in diameter at a pH of 2.5 and 3.0 when heated to 70 °C on day
0. With prolonged storage, it was evident that complexes
formed at a pH of 2.5 possessed smaller diameters than at a
pH of 3.0. Independent of the pH, a storage temperature of
25 °C led again to smaller complexes as compared to cold
storage. The rearrangement might be related to carrageenans’
backbone flexibility and increased hydrophobic interactions at
higher temperatures.31,37,42

Heating the solutions to 90 °C during preparation caused
an entirely different effect. At a pH of 2.5, the complexes had a
significantly larger diameter than at a pH of 3.0 and the solu-
tions became very inhomogeneous in size, which might be
related to aggregation. In principle, secondary aggregation of
protein–carbohydrate complexes is reduced by steric inter-
actions and electrostatic repulsion. However, the PC : λC solu-
tions showed a significantly decreased magnitude in zeta
potential from a pH of 6.0 to 2.5, when the solutions were
heated to 90 °C (Appendix Table 3). This could either be
related to charge neutralization or dissociation of λC which
has a pKa of around 2.0.43 Thus, complex-complex association
might be a result of decreased electrostatic repulsion. Further,
the increasing aggregation of PC might be related to hydro-
phobic interactions. As the solutions precipitated after 14 days,
an ongoing rearrangement and aggregation of the complexes
over time led to dense and big particles that tend to precicipi-
tate. Zeeb et al. (2018) reported that biopolymer complexes of
whey protein isolate and pectin showed an Ostwald ripening-
like dependence on the size after thermal treatments due to
increasing hydrophobic and decreasing electrostatic inter-
actions.44 To the contrary, stable solutions could be produced
at a pH of 3.0, which might be linked to the higher magnitude
of the zeta potential and thereby stronger electrostatic repul-
sion (Appendix Table 3).

Table 2 Z-Average diameter of PC : λC (1 : 4) complex solutions
unheated and heated to 70 or 90 °C at pH 2.5 and 3.0 and stored over
28 days at either 4 or 25 °C. PC : λC (1 : 4) complex solutions contained
0.15% (w/w) λC and 0.04% (w/w) PC

Heat
treatment Day

d in nm at pH 2.5 d in nm at pH 3.0

4 °C 25 °C 4 °C 25 °C

None 0 890 ± 155aA 907 ± 14aA

3 868 ± 126a 526 ± 31b 901 ± 9a 698 ± 80b

6 770 ± 82a 476 ± 31b 835 ± 23ab 562 ± 41bc

14 715 ± 60a 360 ± 17b 780 ± 52bc 420 ± 25cd

28 547 ± 12a 316 ± 7b 694 ± 11c 354 ± 10d

70 °C 0 484 ± 57aA 646 ± 59aA

3 464 ± 62a 416 ± 29ab 614 ± 79a 554 ± 10ab

6 436 ± 92a 386 ± 5abc 545 ± 90a 509 ± 50ab

14 448 ± 57a 336 ± 20bc 603 ± 62a 410 ± 3bc

28 424 ± 26a 291 ± 4c 532 ± 8a 360 ± 29c

90 °C 0 871 ± 185aA 200 ± 5aB

3 1355 ± 960a 1661 ± 938a 202 ± 10a 202 ± 11a

6 1305 ± 950a 1734 ± 904a 200 ± 9a 202 ± 7a

14 1382 ± 1068a 2025 ± 1012a 199 ± 12a 202 ± 14a

28 a a 201 ± 9a 210 ± 5a

Indices with small letters indicate differences within one column of
solutions prepared with the same heat treatment (α = 0.05). Indices
with capital letters indicate a difference between a pH of 2.5 and 3.0
within one row calculated from a t-test (α = 0.05). aWere excluded
because of precipitation.

Table 3 Zeta potential (mV) of 0.04% (w/w) PC solutions and PC : λC (1 : 4) complex solutions unheated and subjected to heat treatments at 70 or
90 °C at a pH of 2.5–6.0

Heat treatment

pH

2.5 3.0 3.5 4.0 4.5 5.0 6.0

0.04% PC solutions
None 23.1 ± 0.4 24.0 ± 0.4 16.7 ± 0.1 1.7 ± 1.2 −16.4 ± 3.0 −20.1 ± 0.4 −12.4 ± 0.1

70 °C 22.9 ± 0.9 22.9 ± 1.3 21.0 ± 0.7 14.1 ± 1.2 −10.9 ± 2.2 −25.3 ± 2.3 −26.6 ± 0.4

90 °C 22.3 ± 1.6 23.3 ± 0.3 20.7 ± 1.0 15.9 ± 3.0 −5.4 ± 4.4 −21.7 ± 3.4 −24.3 ± 2.4
PC : λC (1 : 4) complex solutions
None −59.5 ± 2.3 −58.3 ± 1.0 −57.1 ± 1.3 −56.9 ± 1.8 −59.2 ± 0.1 −57.8 ± 1.0 −56.3 ± 1.8

70 °C −56.7 ± 0.7 −54.6 ± 1.9 −55.3 ± 1.4 −58.1 ± 0.8 −56.0 ± 1.4 −57.2 ± 1.9 −55.8 ± 0.1

90 °C −36.7 ± 1.4 −45.6 ± 0.1 −50.5 ± 1.2 −55.0 ± 0.6 −56.3 ± 1.2 −55.6 ± 1.3 −57.2 ± 0.8
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3.4 Mechanistic insights

Summarizing the results of previous studies and the present
investigations, a hypothetical scheme is proposed in this
study, which is summarized in Fig. 5.

Phycocyanin carries differently charged patches on its
surface (Fig. 5A). At a pH of 6.0, PC trimers and carrageenan
coexist in solution but do not attract each other (Fig. 5B).
Lowering the pH to 3.0 causes the surface charge of PC to
become more positive leading to the association of the poly-

Fig. 5 A: Structure of a C-phycocyanin taken from Uniprot at pH 6.0 (α-subunit and monomer). Black amino acids belong to the α- and grey struc-
tures to the β-subunit. Positively charged surfaces are blue, negative charges are red, and hydrophobic groups are green. (https://www.rcsb.org/
structure/1HA7) B: Mechanistic drawing of the PC : λC (1 : 4) complex formation influenced by pH, thermal treatment, and time.

Fig. 6 Schematic illustration of the absorption spectrum (300–750 nm) from 0.04% (w/w) PC solutions and PC : λC (1 : 4) solutions influenced by
pH changes from 2.5–6.0, thermal treatments up to 90 °C and 28 days of storage at 4 °C and 25 °C.
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mers, which form stable soluble complexes. The PC structure
shifts to monomers and the absorption shift towards red,
which might indicate a further dissociation into α- and

β-subunits caused by the complex formation (Fig. 5B).
Ongoing interactions and rearrangements of hydrophobic
nature cause smaller or denser PC : λC complexes over time,
which is favored by higher storage temperatures (Fig. 5B).
Moreover, heat treatments during sample preparation lead to
smaller or denser complexes as a result of increased hydro-
phobic interactions between PC trapped within the complex
and accelerated electrostatic complexation.

4 Conclusion

Fig. 6 compiles our key findings on the effects of storage time
and temperature on heated and unheated PC solutions and
PC : λC complex solutions in a schematic illustration.

The color intensity of pure PC decreased over time
especially at low pH values (pH 2.5 to 4.5), high heating
(90 °C), and storage (25 °C) temperatures. However, electro-
static complexation with λC considerably increased the color
stability at pH < pI and facilitated a stabilization in color over
the 28-day storage period especially at a pH of 3.0 even when
heated to 90 °C and stored at 25 °C. These results might be of
great interest for low-viscous food applications such as
smoothies or soft drinks that are stored either at refrigerated
or room temperature and formulated with natural colorants.

Fig. 7 Visual color appearance of PC : λC (1 : 4) solutions (∼0.04% (w/w) PC) unheated and subjected to thermal treatments at 70 and 90 °C at a pH
of 2.5–6.0 and stored over a period of 28 days at either 4 or 25 °C.

Fig. 8 Relative transmittance of PC : λC (1 : 4) complexes (∼0.04%
(w/w) PC) prepared at 90 °C and stored for 14 days at 25 °C plotted over
pH.
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