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A B S T R A C T   

Cellular agriculture is a new alternative food production technology that combines the cultivation of plant, 
animal or microbial cells with biotechnology. However, it can be challenging to manufacture cell-based products 
that reproduce the texture and organoleptic properties of conventional foods. Here, we developed a strategy to 
design the architecture of food products making use of plant cell suspension cultures derived from arctic bramble 
and rowan. Cellulose and pectin in the plant cell walls were cross-linked with citric acid and subject to partial 
alkaline hydrolysis under different conditions, followed by freeze drying in molds to form structured solid foam 
patties. We used a range of structural and mechanical characterization techniques and a trained sensory panel to 
show that highly nutritious plant cell cultures can form edible matrices with appropriate sensory qualities. The 
addition of citric acid without a base achieved a more acidic and berry-like flavor, whereas high doses of hy-
droxide and high temperatures conferred greater bite resistance. This new understanding of food structure design 
will facilitate the development of sustainable, healthy, and nutritious alternative food production technologies 
largely decoupled from conventional agriculture.   

1. Introduction 

Increasing the quantity and variety of plant-based foods in the 
human diet is beneficial to health and the environment (Clark et al., 
2020). However, the global shift toward healthy and environmentally 
sustainable diets is one of the grand challenges of our time (Willett et al., 
2019). Cellular agriculture is a new approach for sustainable food pro-
duction that combines biotechnology and cell culture for the production 
of agricultural commodities (Mattick, 2018). For example, the use of 
plant cell cultures allows the development of sustainable plant-based 
foods decoupled from geographical and climatic factors (Kobayashi 
et al., 2022; Rischer, Szilvay, & Oksman-Caldentey, 2020). Most 
cultured food products developed thus far have utilized animal cells 
(Gaydhane et al., 2018; Treich, 2021) to create muscle tissue-like 
structures that resemble meat (Handral, Hua Tay, Wan Chan, & 
Choudhury, 2022). In contrast, the use of plant cells to develop struc-
tured food products has not been widely considered. 

Plant cell culture technology is based on the mass propagation of 
dedifferentiated plant cells under fully controlled and contained con-
ditions. This is already used in the pharmaceutical and cosmetic in-
dustries for the production of specialized metabolites as bioactive 

ingredients and drugs (Rao & Ravishankar, 2002). More recently, the 
same technology has been used to produce food supplements, including 
70% dark chocolate bars incorporating cacao cell cultures that confer 
unique flavors along with citrus and berry aromas (Eibl et al., 2018). 
Plant cells can be cultivated as cell suspension cultures or small cell 
aggregates in conventional stirred-tank bioreactors (Mountford, 2010) 
at commercial scales of up to 75,000 L (Eibl et al., 2018). 

One of the benefits of plant cell cultures in the food industry is their 
favorable nutritional profile, which can be controlled by imposing strict 
environmental parameters during cultivation, in contrast to the variable 
quality of ingredients derived from conventional agriculture (Eibl et al., 
2018). Plant cells are low in starch (0.3–1.3% dry matter) but rich in 
dietary fiber (21–37% dry matter) and protein (12–23% dry matter), 
offering new opportunities for the food ingredient and manufacturing 
industries (Nordlund et al., 2018). Plant cell cultures are also a source of 
important lipids such as linoleic and α-linolenic acids, and they have a 
balanced amino acid profile including most of the essential amino acids 
(Häkkinen et al., 2020; Nordlund et al., 2018). 

Plant cell biomass consisting of cells and cell aggregates has a gritty 
texture resulting in a sandy mouthfeel due to the lack of a tissue-like 
structure (Nordlund et al., 2018). Depending on the plant species, the 
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size of cells and cell aggregates varies between 50 μm and 2 mm (Huang 
& McDonald, 2009; Kieran, Malone & MacLoughin, 2000). The limit for 
the perception of a sandy and gritty mouthfeel in chocolate is ~30 μm 
(Breen, Etter, Ziegler, & Hayes, 2019) whereas increasing the particle 
size from 2 to 230 μm in custards causes a change in perception from 
creamy-smooth to rough (Engelen et al., 2005). The testing of carrot cell 
preparations revealed that cell wall clusters in particular (average par-
ticle size ~225 μm) were perceived as grainy and crunchy, whereas cell 
wall particles (average particle size ~56 μm) were instead perceived as 
creamy and cohesive (Appelqvist, Cochet-Broch, Poelman, & Day, 
2015). Few studies have focused on the structuring and processing of 
plant cell culture biomass, although 3D printing has been used to create 
a tissue-like structure from plant callus (Park, Kim, & Park, 2020; Seidel 
et al., 2017). 

Here we describe a novel food architecture design strategy involving 
the chemical crosslinking and hydrolysis of plant cell wall components, 
such as cellulose in the primary cell wall and pectin in the middle 
lamella (Naill & Roberts, 2004). The polysaccharide carboxyl groups 
were crosslinked with citric acid (Olsson, Hedenqvist, Johansson, & 
Järnström, 2013) under different conditions, including partial alkaline 
hydrolysis, followed by freeze drying in molds so that individual plant 
cells and cell aggregates formed structured solid foam patties. Changes 
in the structural properties and texture of the patties were monitored as 
a function of pH, incubation temperature and incubation time using a 
combination of uniaxial compression tests, microscopy and x-ray 
micro-computed tomography (XμCT). We also assembled a trained 
sensory panel to evaluate the taste and mouthfeel of the samples and 
thus determine the impact of different processing methods. 

2. Materials and methods 

2.1. Plant cell lines and cultivation protocols 

Cell suspension cultures of rowan (Sorbus aucuparia L.; VTTCC P- 
12000) and arctic bramble (Rubus arcticus; VTTCC P-120088) were 
cultivated as previously described (Suvanto et al., 2017). Cell suspen-
sions were grown at 24 ◦C in 250-mL Erlenmeyer flasks with a 70-mL 
working volume on an orbital shaker at 110 rpm. Rowan was culti-
vated in Murashige & Skoog (MS) medium (pH 4.8) plus vitamins 
(Duchefa Biochemie, Haarlem, Netherlands) supplemented with 0.1 
mg/L kinetin and 1 mg/L α-naphtaleneacetic acid (both from 
Sigma-Aldrich, St Louis, MO, USA) in darkness. The cells were sub-
cultured every 7 days. Arctic bramble was cultivated in modified MS 
medium including vitamins (pH 5.8) with the same hormones as above 
and a 16-h photoperiod (40 μmol/m2/s). The cells were subcultured 
every 10 days. 

For biomass production, rowan cells were cultivated in a Biostat RM 
wave bioreactor using Cultibag RM 20-L basic wave bags (both from 
Sartorius Stedim, Göttingen, Germany) at 24 ◦C (rocking level 22, angle 
10◦, aeration 300 mL/min, in darkness). An inoculum of 30 g/L was 
prepared from shake-flask or previous wave cultures. The growth time in 
the wave bioreactor was set to 10 days. Arctic bramble cells were 
cultivated in a BioFlo320 5-L single-wall glass bioreactor (Eppendorf, 
Hamburg, Germany) with a working volume 5 L at 24 ◦C (dissolved 
oxygen target 20%, aeration 0.8 L/min, stirring at 50–250 rpm using a 
three-blade marine impeller). Continuous white light (20% RGB control) 
was provided by two SL 3500 LED panels (Photon Systems Instruments, 
Drásov, Czech Republic) on opposite sides of the glass bioreactor. An 
inoculum of 30 g/L was prepared from shake-flask cultures. The growth 
time in the bioreactor was set to 14 days. 

Plant cells were harvested by filtering through Miracloth (Calbio-
chem, San Diego, CA, USA) in a Buchner funnel and were stored at 8 ◦C. 
The dry weight/fresh weight ratio of each batch of filtered cells was 
determined for standardization. 

2.2. Particle size analysis 

The particle size distribution of the plant cell suspension cultures was 
determined by laser diffraction using a Malvern Mastersizer 3000 in-
strument with a Hydro LV liquid dispersion unit (Malvern Instruments, 
Malvern, UK). Water was used as a sample carrier, the measurement 
range was set to 0.005–5000 μm, and measurements were taken at a 
mixing speed of 2000 rpm. Fraunhofer approximation was used to 
calculate the particle size distributions. Samples were analyzed as du-
plicates with five parallel measurements per run. 

2.3. Plant cell patty preparation 

The total volume of a plant cell patty was 45 mL before incubation. 
Filtered cells were weighed to achieve a dry mass/total volume ratio of 
5.5% in order to avoid batch-to-batch variations. Citric acid was added 
as a crosslinker (up to 40 wt% of the dry cell mass) and sorbitol was 
added as plasticizer (up to 13.3 wt%, but always one third of the amount 
of citric acid). For some samples, we also added 4 wt% (low) or 12 wt% 
(high) 1 M NaOH or 3.5 wt% (low) or 10.6 wt% (high) 1 M NH4OH. The 
total volume was made up by adding Milli-Q water. After mixing the 
samples, we measured the pH and conductivity followed by incubation 
in silicon cups (diameter 6 cm) for 0, 1 or 4 h at temperatures of 20 
(low), 80 (normal) or 140 (high) ◦C (Table 1). Replicate patties for each 
treatment were prepared using cells from the same culture batch. 
Following incubation, the samples were freeze dried. Dried samples 
were placed in a desiccator at 43% relative humidity (saturated potas-
sium carbonate solution) until the relative product humidity in the 
samples reached equilibrium as determined by water activity measure-
ments using a CX-2 aw-meter (AQUAlab, Höhr-Grenzhausen, Germany). 
Samples were prepared for sensory evaluation using food-grade or 
pharma-grade chemicals in a sterile environment until the incubation 
stage and then under ambient conditions in the laboratory. 

2.4. Microbiological assays 

Samples were taken from cell suspension cultures during cultivation 
and from plant cell patties after freeze drying. From patties, 100 mg of 
freeze-dried material was diluted 10− 2 and 10− 3 in 9 mL of sterile 
peptone saline solution, and 100 μL of the diluted solution was trans-
ferred to plate count agar (PCA) and potato dextrose agar (PDA) plates. 
The plates were incubated for 3 days at 28 ◦C and for 5 d at 25 ◦C, 
respectively. For sensory evaluation, the microbial count threshold was 
set to 10 colony forming units (CFU)/g or 1 CFU/mL. 

2.5. Color measurement 

The color of cell biomass and patty material was measured using a 
CR-200 chromo-meter (Minolta, Osaka, Japan) calibrated with a CR- 
A43 white ceramic plate. For fresh and freeze-dried cell material, a 
small Petri dish was filled with the sample and color was measured in 
three replicate samples at five different points each. For patties, the 
upper side of a patty was placed against a Petri dish and the color was 
measured at five different points per patty. Color was measured after 
samples reached equilibrium (43% relative humidity). The color was 
recorded as coordinates in the CIE Lab color space. The total color dif-
ference (ΔE) between control patty and other treatments was defined 
using following equation: 

ΔE= √
[(

Lc − Ls)
2)

+
(
ac − as)

2)
+
(
bc − bs)

2)]

where c refers to the control patty and s to other patty samples. 

2.6. Mechanical properties 

The mechanical properties of patties were measured after the sample 
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reached equilibrium (43% relative humidity). A uniaxial compression 
test was carried out using a TA.XTplus Texture Analyser (Stable Micro 
Systems, Godalming, UK) equipped with a 30-kg load cell, except sam-
ples from treatment R-8 (rowan, long incubation time) which were 
measured using a TA-HDi Texture Analyser (Stable Micro Systems) with 
a 250-kg load cell. We used a 100-mm compression plate as the probe at 
a constant speed of 2 mm/s and 70% strain, with triggering force of 10 g. 
Data were collected at a rate of 200/s and were processed using Expo-
nent v6.1.16.0. Textural parameters were evaluated based on the 
force–deformation curves and results were reported as the average of 
four technical replicates per condition. Hardness was recorded as a 
maximum force after 70% strain compression. Resilience was calculated 
by dividing the upstroke energy (area under the curve) by the down-
stroke energy during the first compression. 

2.7. Structural characterization by microscopy 

Plant cell patties were embedded in 2% (w/v) agar and fixed in 1% 
(v/v) glutaraldehyde in 0.1 M sodium/potassium phosphate buffer (pH 
7.0) before dehydration in a graded ethanol series. They were then 
embedded in hydroxyethyl methylacrylate resin using the Historesin 
embedding kit (Leica Microsystems, Wetzlar, Germany). Polymerized 
samples were sectioned (2 μm) using an HM 355S rotary microtome and 
tungsten carbide knife (Microm Laborgeräte, Walldorf, Germany). The 
sections were transferred to glass slides for staining. Pectin was stained 
with 0.2% (w/v) ruthenium red (Fluka, Buchs, Switzerland) in water for 
2 h, followed by rinsing with water (Hou, Chang, & Jiang, 1999). Protein 
was stained with aqueous 0.1% (w/v) acid fuchsin (BDH Chemicals, 
Poole, UK) in 1.0% acetic acid for 1 min (Fulcher & Wong, 1980), and 
cellulose was stained with aqueous 0.01% (w/v) calcofluor white/-
fluorescent brightener 28 (Sigma-Aldrich) for 1 min (Maeda & Ishida, 

1967). Following excitation at 390–420 nm (emission >450 nm), intact 
cell walls stained with calcofluor white appear blue and proteins stained 
with acid fuchsin appear red. Starch is not stained and appears black. 
Samples were visualized using a Zeiss AxioImager M.2 microscope (Carl 
Zeiss, Jena, Germany) and images were captured using a Zeiss Axiocam 
506 CCD color camera and Zen imaging software (Carl Zeiss). 

2.8. XμCT analysis of plant cell patties 

The 3D structure of all plant cell patties except those without citric 
acid and sorbitol (R-2, AB-2) was examined by XμCT. The samples were 
cut into 10 × 10 × 10 mm blocks and were imaged using an Rx Solutions 
desktop 130 scanner for 15 min at an acceleration voltage of 40 kV with 
a voxel size of 3.7 μm. Each sample was scanned in triplicate. The 
thickness of structures was measured by using a local thickness trans-
form, which can determine the pore size and distribution as well as the 
wall thickness (Hildebrand & Rüegsegger, 1997). 

2.9. Sensory profiling 

The sensory properties of six samples (AB-1, AB-2, AB-6, AB-9, AB-10 
and R10; Table 1) were evaluated by generic descriptive analysis. 
Samples were selected based on availability and the likelihood of 
greatest sensory differences because the sensory panel can evaluate a 
maximum of six samples per session. The sensory evaluation panel 
consisted of six assessors from the VTT food and beverage trained sen-
sory panel. The small panel size was a safety precaution due to COVID- 
19. The sensory evaluation was performed at VTT’s sensory evaluation 
laboratory (ISO 8589:2007). All assessors had been tested for gustation, 
olfaction and color vision, and were trained in sensory methods. VTT’s 
ethical committee reviewed the safety guidelines and the evaluation 

Table 1 
Treatment conditions applied to form structures from plant cell biomass. In each treatment, one parameter (highlighted) was modified compared to the control 
treatment to investigate its impact on the structure of the patty. The mean pH of each treatment (n = 5) is shown ± standard deviation.  

Plant cell line Treatment explanation Sample 
code 

Citric acid, wt 
% 

Sorbitol, wt 
% 

Added base, wt 
% 

pH Incubation time, 
h 

Incubation temperature, 
oC 

Rowan Control R-1 20 6 – 2.6 ± 0 1 80 
Citric acid and sorbitol w 
% 

R-2 0 0 – 5.1 ±
0.4 

1 80 

R-3 10 3 – 2.7 ±
0.1 

1 80 

R-4 40 13 – 2.3 ±
0.1 

1 80 

Incubation temperature R-5 20 6 – 2.5 ± 0 1 20 
R-6 20 6 – 2.7 ± 0 1 140 

Incubation time R-7 20 6 – 2.4 ± 0 0 – 
R-8 20 6 – 2.6 ±

0.1 
4 80 

NaOH addition R-9 20 6 NaOH, 4.0 4 ± 0.3 1 80 
R-10 20 6 NaOH, 12.1 9 ± 0.2 1 80 

NH4OH addition R-11 20 6 NH4OH, 3.5 3.7 ±
0.2 

1 80 

R-12 20 6 NH4OH, 10.6 5 ± 0.3 1 80 
Arctic 

bramble 
Control AB-1 20 6 – 2.5 ± 0 1 80 
Citric acid and sorbitol w 
% 

AB-2 0 0 – 5 ± 0.5 1 80 
AB-3 10 3 – 2.8 ±

0.1 
1 80 

AB-4 40 13 – 2.3 ±
0.1 

1 80 

Incubation temperature AB-5 20 6 – 2.5 ±
0.1 

1 20 

AB-6 20 6 – 2.5 ± 0 1 140 
Incubation time AB-7 20 6 – 2.3 ± 0 0 80 

AB-8 20 6 – 2.5 ± 0 4 80 
NaOH addition AB-9 20 6 NaOH, 4.0 3.8 ±

0.1 
1 80 

AB-10 20 6 NaOH, 12.1 7.5 ± 1 1 80 
NH4OH addition AB-11 20 6 NH4OH, 3.5 3.7 ±

0.3 
1 80 

AB-12 20 6 NH4OH, 10.6 6 ± 0.1 1 80  
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protocol. The assessors provided written informed consent before the 
evaluations. Necessary personal data was collected from the assessors as 
stipulated in the EU General Data Protection Regulation (2016/679). 

Descriptive sensory profiling was based on 13 attributes, six of which 
had reference products with bound intensities (Table S1). All attributes 
were defined and specified verbally. Line scales anchored with 0 repre-
senting “not perceived” and 10 representing “very intense” were used to 
evaluate the intensities. The odor attributes were total odor intensity, 
sour berry odor intensity, biscuit odor intensity and other odor intensity. 
The tactile texture attributes were hardness and elasticity, both evalu-
ated using fingers. The taste and flavor attributes were total flavor in-
tensity, sourness, soapy/basic flavor, and other flavor intensity. The 
mouthfeel attributes were loss of structure, solubility, and biting resis-
tance. Evaluations were performed in duplicate sessions. The samples 
were assigned three-digit codes and a complete block design was applied 
with a Latin square randomized sample serving order. The sample 
portion for each assessor consisted of three pieces, cut into 10 × 10 × 10 
mm cubes, served in plastic sample vials with a lid. Following the safety 
guidelines of the ethical committee, the assessors were instructed not to 
swallow the samples but to spit them out after tasting. 

2.10. Statistical analysis 

Statistical analysis was carried out using IBM Statistics v26. Data 
normality was evaluated using the Shapiro-Wilk test. One-way analysis 
of variance (ANOVA) was used with Tukey’s honest significant differ-
ence (HSD) or Dunnett’s T3 post hoc test, depending on the data vari-
ance. For the sensory profiling data, we applied a two-way mixed model 
ANOVA with samples as the fixed factor and assessors as a random 
factor, with Tukey’s HSD post hoc test. A confidence level of p < 0.05 was 
used for all statistical tests. 

3. Results 

3.1. Characterization of plant cells 

We investigated rowan and arctic bramble cell suspension cultures as 
raw material for the structuring experiments. Depending on the growth 
stage, the rowan cell cultures featured round, oval and elongated cells 
(Fig. 1a), whereas the bramble cells were a more uniform rounded shape 
(Fig. 1b). Both cell lines tended to form cell aggregates of ~150 μm, but 
the size distribution was cell line specific (Fig. 1a and b). The D50 and 

D90 values for the rowan cell culture were 170 ± 9 and 524 ± 72 μm, 
and those for the arctic bramble cell culture were 158 ± 2 and 294 ± 5 
μm, respectively. The filtered fresh biomass contained 92% and 96% 
water for rowan and arctic bramble, respectively (Fig. 1d, h). For the 
arctic bramble cells, the bioreactor cultivations achieved packed cell 
volumes (PCV) of 390–450 g/L with doubling times of 23–27 h. The 
online data from one arctic bramble cultivation is presented in Fig. S1. 
The rowan cell wave bioreactor cultivations achieved a PCV of 144 g/L 
with a doubling time of 87 h. 

3.2. Structure of plant cell patties 

The plant cell biomass was structured by varying the pH, amount of 
citric acid and sorbitol, the base, the incubation time, and the temper-
ature, resulting in 12 different treatments (Table 1). Filtered cells and 
cell aggregates were incubated for 0, 1 or 4 h at temperatures of 20, 80 
or 140 ◦C, followed by freeze drying, which converted the biomass into 
dry, soft and porous structures termed plant cell patties (Fig. 1c, e). 

Most of the samples featured hollow and well-organized channels 
after freeze drying (Fig. 1d, f) except those samples prepared without 
incubation, those treated with ammonium hydroxide, and the arctic 
bramble sample incubated at 20 ◦C. For the rowan patties, the porosity 
value was 88–95%, the average pore size was 77–167 μm, and the wall 
thickness was 12–15 μm. For the arctic bramble patties, the porosity 
value was 85–95%, the average pore size was 72–214 μm, and the wall 
thickness was 11–15 μm (Table 2). Prolonged incubation reduced the 
porosity of rowan cell patties from 93% to 88% and the average pore size 
from 125 to 77 μm. Similarly, it reduced the porosity of artic bramble 
cell patties from 92% to 85% and the average pore size from 107 to 72 
μm. This resulted in a more compact and closed structure compared to 
the control samples (Table 2). No incubation or incubation at 20 ◦C 
produced less-organized, heterogeneous structures with thinner walls 
(12 and 8 μm for rowan and arctic bramble, respectively, without in-
cubation, and 12 and 13 μm, respectively, for incubation at 20 ◦C). The 
addition of ammonium hydroxide increased the pore size in rowan 
patties to 167 μm (low dose) and 140 μm (high dose) and in arctic 
bramble patties to 215 μm (low dose) and 167 μm (high dose), as well as 
broadening the pore size distribution (Fig. S2) and generating an un-
organized, fragmented structure (Fig. S3). Ammonium hydroxide had a 
limited effect on wall thickness (15 and 14 μm in rowan and article cell 
patties, respectively, at the low dose, and 13 μm in both patties at the 
high dose). 

Fig. 1. Characterization of plant cell patties. a, 
Average particle size distribution of rowan cell sus-
pension cultures (n = 10) and light microscopy image 
(scale bar = 100 μm). b, Average particle size distri-
bution of arctic bramble cell suspension cultures (n =
10) and light microscopy image (scale bar = 100 μm). 
c, Plant cell patty prepared from rowan cells, control 
treatment R-1. d, Microstructure of rowan cell patty 
R-1, characterized by XμCT (scale bar = 500 μm, 
arrow shows the well-organized and channel-like 
structure of the patty). e, Plant cell patty prepared 
from arctic bramble cells, control treatment AB-1. f, 
Microstructure of arctic bramble cell patty AB-1, 
characterized by XμCT (scale bar = 500 μm, arrow 
shows the well-organized and channel-like structure 
of the patty).   
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Table 2 
Microstructure and total color difference of plant cell patties. Mean values (± standard deviation) for the porosity [%] (n = 3), average pore size, [μm] (n = 3), and 
wall thickness [μm] (n = 3) of differently treated rowan and arctic bramble cell patties were determined by XμCT and the total color difference compared to a control 
patty [ΔE] (n = 20) was determined using a chroma-meter. Statistical significance was calculated by ANOVA. Different letters indicate a significant difference at p <
0.05 (Tukey’s HSD post hoc test). Pore size distributions are shown in Fig. S2.    

Porosity, % Average pore size, μm Wall thickness, μm ΔE 

Rowan control 93 ± 0.5bc 125 ± 5cd 13 ± 0.4cd 0 ± 0 
no CA & sorbitol NA NA NA 7 ± 0.4bc 

low CA & sorbitol 94 ± 0.2c 126 ± 11cd 13 ± 0.2bcd 6 ± 1.9b 

high CA & sorbitol 92 ± 0.2b 121 ± 4cd 14 ± 0.3de 4 ± 1a 

low temperature 94 ± 0.3c 111 ± 8bc 12 ± 0.6abc 3 ± 0.7a 

high temperature 92 ± 0.1b 110 ± 4bc 12 ± 0.3ab 4 ± 0.7a 

no incubation 93 ± 0.2bc 91 ± 5ab 12 ± 0.6a 3 ± 1.4a 

long incubation 88 ± 0.1a 77 ± 1ab 12 ± 0ab 7 ± 2.3c 

low NaOH 93 ± 0.2bc 120 ± 4cd 13 ± 0.1cd 3 ± 1.2a 

high NaOH 92 ± 0.7b 117 ± 7c 13 ± 0.3abc 18 ± 1.3e 

low NH4OH 93 ± 0.2c 167 ± 2e 15 ± 0e 3 ± 1.3a 

high NH4OH 93 ± 0.4bc 140 ± 10d 13 ± 0.2cd 11 ± 1.6d 

Arctic bramble control 92 ± 0.5bc 107 ± 1bcd 12 ± 0.9ab 0 ± 0 
no CA & sorbitol NA NA NA 9 ± 2.8e 

low CA & sorbitol 94 ± 0.2bcd 125 ± 3bcd 11 ± 0.5a 4 ± 1.8abc 

high CA & sorbitol 93 ± 0.2bcd 139 ± 2de 14 ± 0.7ab 4 ± 1.1ab 

low temperature 93 ± 0.2bcd 95 ± 8ab 13 ± 1.6ab 5 ± 2bc 

high temperature 93 ± 0.1bcd 135 ± 5cde 11 ± 0.1a 3 ± 1a 

no incubation 94 ± 0.2bcd 103 ± 1abc 11 ± 0.4a 8 ± 1e 

long incubation 85 ± 1.7a 72 ± 5a 13 ± 0.4ab 7 ± 0.6cd 

low NaOH 94 ± 0.3bcd 135 ± 6cde 14 ± 0.6ab 7 ± 0.9de 

high NaOH 92 ± 0.1b 128 ± 10bcd 15 ± 1.7b 7 ± 0.9de 

low NH4OH 94 ± 0.4cd 215 ± 27f 14 ± 0.2ab 5 ± 1.7abc 

high NH4OH 94 ± 0.2d 167 ± 7e 13 ± 0.2ab 14 ± 1.3f  

Fig. 2. Microstructure of rowan cell patties prepared using different treatments and visualized by staining of protein with acid fuchsin, cellulose with calcofluor 
white, and pectin with ruthenium red. In column A, unstained starch is black, protein is stained red and cellulose is stained blue (scale bar = 100 μm). In column B, 
pectin is stained red (scale bar = 20 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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The microstructure of the rowan cell patties was visualized by light 
microscopy. Chemical crosslinking during freeze drying formed fine 
structures mainly consisting of cellulose and pectin with some protein 
aggregates (Fig. 2). Increasing the incubation time resulted in a more 
uniform and compact structure. In control samples, cell walls collapsed 
causing a loss of integrity during treatment. Structural integrity was 
maintained in samples without incubation and in those treated with 
ammonium hydroxide or sodium hydroxide compared to those exposed 
to higher concentrations of citric acid. Increasing the incubation time 
and temperature, as well as treatments with only citric acid and sorbitol, 
promoted the degradation of cell wall structures and the release of 
protein bodies (Fig. 2). 

Acid fuchsin and calcofluor white staining showed that the addition 
of sodium hydroxide or ammonium hydroxide (especially high doses) 
led to the encapsulation of proteins within the intact cellulose network. 
Protein entrapment in the cellulose network was also observed in sam-
ples without citric acid and sorbitol. In samples that were not incubated 
(or incubated at 20 ◦C), protein filled the entire inner structure of the 
cell. Samples treated with different amounts of citric acid and sorbitol 
lost cell wall integrity, causing proteins to leach from the cell and form 
large aggregates. Increasing the incubation temperature to 80 and 
140 ◦C or extending the incubation time to 1 or 4 h caused the further 
degradation of cell wall structures and the formation of a dense pro-
tein–cellulose matrix, particularly when applying the more extreme 
treatment parameters. 

Ruthenium red staining confirmed the presence of large amounts of 
pectin in the plant cell patties (Fig. 2). Pectin was located mainly within 
the cell walls of non-incubated samples and those incubated for 1 h at 
20 ◦C. In the other treatments (1 and 4 h incubations at 80 or 140 ◦C), 
leached pectin was detected outside the cell walls. The degradation of 
cell wall structures was extreme for all samples treated with citric acid 
and high doses of sodium hydroxide or ammonium hydroxide, resulting 
in percolated pectin (Fig. 2). 

3.3. Mechanical properties and sensory profiles of plant cell patties 

All samples were equilibrated to 43% relative humidity to avoid 
textural differences caused by variations in moisture content. Patties 
formed by the addition of citric acid and sorbitol alone featured a sticky 
upper layer, whereas those also incorporating sodium hydroxide had dry 
surfaces, and those containing a high dose of ammonium hydroxide 
featured smooth and shiny surfaces. Visual inspection also revealed 
differences caused by varying the amount of citric acid and sorbitol, 

with lower concentrations associated with crumbly, less cohesive 
patties. 

Hardness values extracted from force–deformation curves are pre-
sented in Fig. 3. The hardest patty (1064 N) was produced from rowan 
cells after a 4-h incubation. The hardness of rowan samples increased 
systematically from 174 to 310 N, correlating with the amount of so-
dium hydroxide. The same trend was observed for arctic bramble cell 
patties, but the increase was less pronounced (from 130 to 169 N). High- 
temperature incubation increased the hardness of arctic bramble patties 
significantly, from 87 N at 20 ◦C to 170 N at 140 ◦C. Prolonged incu-
bation increased the hardness from 80 N (0 h) to 305 N (4 h) for arctic 
bramble patties. None of the other treatments significantly affected the 
hardness values compared to the control sample. 

The resilience of the rowan samples was 0.15–0.21, with no signifi-
cant difference between treatments. The resilience of the arctic bramble 
samples was 0.11–0.35. The highest value was achieved by incubation 
for 4 h, and differed significantly from the control sample (Dunnett’s T3 
test, n = 4). 

Fresh arctic bramble cells were light yellow in color with a bright 
green shade, but freeze drying yielded patties that were lighter in color 
than fresh cells. The upper surface of the patty, which was in contact 
with air, was darker and more variable than the homogenous profile of 
the inner structure (Fig. 1e). Although short-term storage at room 
temperature and 43% relative humidity resulted in slightly bleached 
samples, prolonged storage (2 months) resulted in browning, especially 
in samples with high levels of added hydroxide, whereas no dramatic 
change in color was observed for the other samples (Fig. S4). 

Total color differences compared to control samples varied between 
ΔE = 3–18 and ΔE = 3–14 for the rowan and arctic bramble patties, 
respectively. For rowan samples, the greatest color differences were 
observed in patties containing high doses of sodium hydroxide (ΔE =
18) and ammonium hydroxide (ΔE = 11). For arctic bramble patties, the 
greatest color differences were observed in patties containing high doses 
of ammonium hydroxide (ΔE = 14) and those lacking citric acid and 
sorbitol (ΔE = 9). 

All samples selected for sensory evaluation passed the microbiolog-
ical quality tests, with CFU counts below the threshold of 10 CFU/g or 1 
CFU/mL. In the sensory profiling experiment, six samples were evalu-
ated for differences in 13 different sensory attributes relating to odor, 
flavor and structure. There were statistically significant differences be-
tween samples in all attributes except elasticity (Fig. 4). The main 
treatments that affected the sensory profiles were the addition of sodium 
hydroxide and citric acid, which divided the samples into two broad 

Fig. 3. Hardness of plant cell patties. Hardness values of rowan and arctic bramble cell patties prepared under different conditions were calculated from compression 
test force–deformation curves after 70% strain compression. Data are means ± standard deviations (n = 4 per treatment). Statistical significance was calculated using 
Dunnett’s T3 test (*p < 0.05 compared to control). 

E. Kärkkäinen et al.                                                                                                                                                                                                                            



LWT 164 (2022) 113650

7

Fig. 4. Sensory profiling of plant cell patties. Sensory profiles were obtained for a, odor b, flavor and c, texture and mouthfeel. Attribute intensities are shown on the 
y-axis ranging from 0 = “not perceived” to 10 = “very intense”. Data are means ± standard deviations (n = 12 per sample). Statistical significance was calculated by 
ANOVA. Different letters indicate a significant difference at p < 0.05 (Tukey’s HSD post hoc test). 
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groups: (1) samples containing citric acid but low or zero sodium hy-
droxide, and (2) samples containing no citric acid plus samples con-
taining high-dose sodium hydroxide. Group (1) samples were 
characterized by an intense sour berry odor and sour taste, and were 
highly soluble. In group (2), the lack of citric acid or particularly the 
high dose of sodium hydroxide caused an overall milder flavor, but more 
soapiness, hardness and biting resistance, and lower solubility. The 
perceived value of the loss of structure attribute in group (2) samples 
was comparable to that of extruded corn snacks, indicating that samples 
with added sodium hydroxide remained cohesive even after rehydration 
with saliva in the mouth. Interestingly, our panel did not consider 
graininess as an important attribute (i.e., prominent or discriminating 
between treatments) in contrast to an earlier study in which a sensory 
panel evaluated preparations of carrot cell dispersions (Appelqvist et al., 
2015). Our panel included neither graininess nor similar attributes in 
the profile, and none of the assessors mentioned these in the open 
comments. A higher incubation temperature increased the hardness of 
the samples but had a negligible impact on the flavor. 

4. Discussion 

Cellular agriculture involves the use of cell cultures from plants, 
animals or microbes for the manufacture of nutritious food components 
among other products. It has significant environmental benefits because 
it largely decouples food production from the weather and climate while 
requiring minimal land, water and energy (Kobayashi et al., 2022). The 
potential of cultured berry cells as a food source reflects their relatively 
high content of protein (14–19%) and dietary fiber (21–37%) per unit of 
dry mass (Nordlund et al., 2018). They can also be used for the 
controlled, large-scale production of high-value food ingredients, 
including aroma compounds such as vanillin, and colorants such as 
anthocyanins, betacyanins and shikonin (Gubser, Vollenweider, Eibl, & 
Eibl, 2021; Longo & Sanromán, 2006). However, it can be difficult to 
manufacture cell-based products with suitable organoleptic properties 
to match their favorable nutritional profile because unprocessed plant 
cell biomass tends to possess a coarse and grainy texture. We therefore 
set out to develop integrated food components based on rowan and artic 
bramble cell lines, which were processed by pectin and cellulose 
crosslinking combined with protein and cell-wall hydrolysis and freeze 
drying to promote the formation of smooth, tissue-like structures 
(Fig. 1c, e). These plant cell patties were produced using a 
laboratory-scale process, and further process optimization and scale-up 
are therefore required to evaluate the economic feasibility for com-
mercial manufacturing. 

Initial evaluation of the unprocessed cell suspension cultures 
revealed particle size variations between rowan and arctic bramble cells, 
mainly reflecting the irregular and diverse shape of rowan cells 
compared to the more consistent, rounded shape of the arctic bramble 
cells. The presence of rod-like cells in the rowan cultures (Fig. 1a) may 
explain the higher D90 values of these particles suspended in water. 

The plant cell biomass was recovered from the cultures by filtration 
and was crosslinked to increase the particle size and avoid the grainy 
texture of individual cells and small aggregates. The main components 
of the plant cell wall are cellulose, hemicellulose and pectin (Caffall & 
Mohnen, 2009). We therefore crosslinked these components with citric 
acid, which is recognized as safe for food products by the FDA and EFSA 
and is often used to stabilize polysaccharide chains in biodegradable 
films and fruit leathers (Olsson, Hedenqvist, et al., 2013; Olsson, Menzel, 
Johansson, Andersson, Koch, & Järnström, 2013; Yıldırım-Yalçın, Şeker, 
& Sadıkoğlu, 2019) when combined with sorbitol as a plasticizer. The 
crosslinking reaction involving citric acid is based on Fischer esterifi-
cation between carboxylic acid groups in citric acid and hydroxyl groups 
in the polysaccharide chains (Olsson, Hedenqvist, et al., 2013). The 
crosslinking of pectin using citric acid was also suggested in earlier 
studies (Azeredo et al., 2016). Subsequent freeze drying in a mold to 
remove interstitial water and confer a suitable shape resulted in a porous 

plant cell patty. The rowan and arctic bramble patties were similar in 
porosity and wall thickness, although the pores in the arctic bramble 
patties were slightly larger in diameter (Table 2). Various modification 
strategies were applied during the preparation of plant cell patties, 
including the addition of a base at different acid/base ratios, prolonging 
the incubation time and increasing the incubation temperature, but only 
the addition of a base and the longer incubation times led to significant 
structural changes. The significantly higher average pore size of patties 
treated with ammonium hydroxide (Table 2) may reflect the efficient 
hydrolysis of cell-wall structures causing the release of protein and 
pectin from the cells (Fig. 2). Proteins unfold and disperse in an alkaline 
environment (Jiang, Chen, & Xiong, 2009). The solubilization of 
cell-wall components caused the viscosity of the cell suspension to 
decline prior to freeze drying, which may have promoted the formation 
of larger air channels or pores (Bhatta, Stevanovic Janezic, & Ratti, 
2020). 

The significantly less porous and more compact structures resulting 
from prolonged incubation may reflect the formation of a strongly 
crosslinked polymer network that hindered the formation of air channels 
during freeze drying. Similarly, no incubation or incubation at 20 ◦C 
restricted the amount of crosslinking and resulted in disorganized 
structures with thin walls (Table 2). 

Increasing the pH of the plant cell cultures from 2.5 to 9 promoted 
the formation of a cellulose–hemicellulose–pectin crosslinked network 
through extensive hydrogen bonding. The presence of crosslinked cel-
lulose microfibrils may reinforce the plant cell food matrix, increasing 
its toughness, especially during long incubation periods (Padayachee, 
Day, Howell, & Gidley, 2017). Hydrolysis is favored at high tempera-
tures and low pH (Hirashima, Takahashi, & Nishinari, 2005). 

During freeze drying, polymers align between ice crystals in parallel 
zones, and increased protein–protein interactions can be observed dur-
ing the early stages of the process as the solution becomes more 
concentrated (Consolacion & Jelen, 1986). The formation of pores and 
extended crosslinking after treatment with citric acid, sodium hydroxide 
or ammonium hydroxide are promoted during freeze drying. Due to the 
high cost of freeze drying, mechanical foaming of the sample mixture 
and traditional oven drying could be tested instead to create foamy plant 
cell patties. 

The textural properties of the samples were evaluated by uniaxial 
compression. Hardness was associated with the addition of sodium hy-
droxide and longer incubation times for both cell lines. Increasing the 
incubation temperature from 80 to 140 ◦C only affected the hardness of 
arctic bramble cell patties. Differences in hardness correlated with the 
porosity of the samples prepared under different incubation conditions. 

A significant change in the color of plant cells patties was observed 
following the addition of sodium hydroxide or ammonium hydroxide, 
which can trigger the formation of dark-brown pigments (Hong & Betti, 
2016). In contrast, citric acid is used to reduce enzymatic browning 
reactions by restricting polyphenol oxidase activity at low pH or 
chelating the copper in polyphenol oxidase (Tsouvaltzis & Brecht, 
2017). 

The results from our sensory evaluation panel were in line with the 
objectively-determined texture properties discussed above. Samples 
treated with the high dose of sodium hydroxide and high-temperature 
incubation were described as harder with greater bite resistance than 
other samples. The addition of citric acid without a base conferred a 
more acidic, berry-like flavor. However, the amount of citric acid should 
be optimized to avoid too much acidity. Sodium hydroxide increased the 
toughness of the structure but conferred a strong soapy flavor, especially 
in the rowan patty, and is therefore unsuitable for food purposes. The 
taste of sodium hydroxide could be balanced by applying a higher citric 
acid/sodium hydroxide ratio and the some of the effect of sodium hy-
droxide on patty structure could also be achieved by applying different 
incubation conditions. Treatments with citric acid and sorbitol alone 
produced structures that quickly melted in the mouth and conferred a 
pleasant berry-like flavor profile. 
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We have described the cross-linking of plant cell suspension cultures 
as a novel food structuring technology, offering a solution for the con-
struction of edible structures from loose cell biomass produced in bio-
reactors. The ingredients used for structuring the cells are inexpensive 
and commonly used in the food industry. The structure, texture and 
sensory results further confirm the potential of plant cell culture tech-
nology for the production of novel, nutritious food structures. 
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