
1 

Incorporation of microalgae (Nannochloropsis oceanica) into plant-based fishcake 1 

analogue: physical property characterisation and in vitro digestion analysis 2 

3 

Lin Zhao a, Hui Mei Khang a, Juan Du a * 4 

5 

6 

aFood, Chemical and Biotechnology Cluster, Singapore Institute of Technology, 10 Dover Drive, 7 

Singapore 138683, Singapore 8 

9 

10 

Contact information for corresponding author (*) 11 

12 

13 

14 

Juan Du, Ph.D. 

Associate Professor   

Email: du.juan@singaporetech.edu.sg 

15 

https://www.editorialmanager.com/foodhyd/viewRCResults.aspx?pdf=1&docID=22484&rev=1&fileID=519188&msid=e61cc801-9cc9-4847-83de-bb4e9f730af8
https://www.editorialmanager.com/foodhyd/viewRCResults.aspx?pdf=1&docID=22484&rev=1&fileID=519188&msid=e61cc801-9cc9-4847-83de-bb4e9f730af8


2 

 

Abstract 16 

This study examined how incorporating microalgae into plant-based fishcake (PFC) 17 

analogue affected its physical properties and in vitro digestive profiles. PFCs were prepared using 18 

pea protein isolate blended with varying amounts of defatted Nannochloropsis oceanica biomass. 19 

Increasing the concentration of N. oceanica (up to 30%) progressively influenced the texture and 20 

rheological properties of PFC: the hardness and gel strength of PFC significantly increased, while 21 

springiness, expressible moisture and oil content decreased, making PFC more similar to the 22 

surimi-based fishcake. In vitro protein digestibility of PFCs varied with the concentration of N. 23 

oceanica: from 59.8% in the control PFC (without N. oceanica) increased to 74.9% with 10% N. 24 

oceanica, but only to 70.1% with 30% N. oceanica, which highlighted the role of microalgae 25 

concentration on the PFC’s digestive profile. Furthermore, the release of metabolites in the PFC 26 

samples after in vitro digestion was evaluated using nuclear magnetic resonance (NMR) 27 

spectroscopy. The results showed that the digesta of PFC with 30% N. oceanica had reduced levels 28 

of most amino acids and linoleic acid, which might have ripple effects on the associated amino 29 

acid and fatty acid metabolisms in the human body upon consumption. Overall, the combination 30 

of pea proteins and N. oceanica biomass had the potential to contribute to the development of 31 

innovative plant-based seafood alternatives with modified physical properties and unique digestive 32 

characteristics. This study also provided valuable insights into the bioavailability of nutrients from 33 

N. oceanica-incorporated PFC, laying the foundation for their further launch on the market. 34 

 35 

 36 

Keywords: Plant-based seafood analogue; Pea protein isolate; Texture; Rheological properties; 37 

Food metabolomics; Microstructure 38 
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1. Introduction 39 

Surimi-based products such as fishballs and fishcakes are highly popular and consumed 40 

extensively in East and Southeast Asia due to their nutritional value (high protein, low fat) and 41 

unique texture (Shamasundar, 2023). However, concerns regarding overfishing and increasing 42 

people’s environmental awareness have led to a growing demand for plant-based fish alternatives. 43 

As per a report released by Allied Market Research (2022), the worldwide market for plant-based 44 

seafood analogues reached a valuation of $42.1 million in 2021, and this market is expected to 45 

experience significant growth over the next decade, with a projected increase to $1.3 billion by 46 

2031. 47 

Although legumes (e.g., soybean, pea, and chickpea) and cereals (e.g., wheat, rice, and 48 

barley) have been the primary sources of plant proteins used in the production of plant-based 49 

meat/seafood analogues at present (Kumar et al., 2022), microalgae, which serve as another 50 

promising source of plant-based protein, have been gaining increasing attention as potential protein 51 

supplements in the food industry (Caporgno & Mathys, 2018). Unlike other plant-based protein 52 

sources, microalgae-based proteins exhibit remarkable sustainability in food production, as 53 

microalgae can be cultivated on non-arable land and require minimal freshwater consumption 54 

(Wang, Tibbetts, & McGinn, 2021). Additionally, they have high-quality protein profiles with 55 

well-balanced amino acid compositions that align with human nutritional needs (Becker, 2007). 56 

Out of the thousands of microalgae species available, Nannochloropsis sp. stands out as a 57 

relatively “novel” microalgae and its exploration as a viable food source for human consumption 58 

has not been extensively pursued thus far (Hernández-López et al., 2021). 59 

The inclusion of Nannochloropsis as a novel food source is further supported by its notable 60 

protein content, ranging from 14.5% to 47.0% on a dry weight basis (Zanella & Vianello, 2020). 61 
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However, it should be noted that Nannochloropsis also possesses a higher lipid content (ranging 62 

from 37% to 60% on a dry weight basis) compared to other microalgae species (Paterson, Gómez-63 

Cortés, de la Fuente, & Hernández-Ledesma, 2023), so the use of defatted Nannochloropsis 64 

biomass as a food ingredient could be more preferable, as it provides a concentrated source of 65 

protein while meeting the demand for low-fat food items that align with consumers' preference for 66 

a healthy diet (Gerde et al., 2013). 67 

So far, a number of research has been conducted to explore the potential of combining 68 

microalgae with other plant-based proteins to develop novel meat alternatives, such as extruded 69 

meat analogues based on Spirulina biomass/lupin protein mixtures and Auxenochlorella 70 

protothecoides powder/soy protein concentrate blends (Caporgno et al., 2020; Palanisamy, Töpfl, 71 

Berger, & Hertel, 2019). These studies have highlighted the exceptional ability of microalgae in 72 

enhancing the nutritional characteristics and modifying the physicochemical properties of plant-73 

based meat analogues when incorporated into their formulations. 74 

However, to our knowledge, there have been no studies conducted on the utilisation of 75 

defatted Nannochloropsis oceanica biomass in conjunction with pea protein isolate for the 76 

production of plant-based fishcake (PFC) analogues. Pea protein has gained increasing popularity 77 

in the market due to its lower allergenic potential compared to proteins derived from wheat and 78 

soybean, as well as its favorable nutritional profile and functional properties (Asen & Aluko, 2022). 79 

As a result, pea protein was selected as the primary ingredient in this study for the development of 80 

PFC. On the other hand, while the fishy odor of N. oceanica may be considered undesirable in 81 

many food applications, it can be sought after for enhancing the flavour of PFC (Coleman et al., 82 

2022). 83 
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Therefore, the objective of the current research was to develop a novel N. oceanica-84 

enriched PFC using pea protein as the base ingredient, with comparable physical properties to 85 

traditional surimi-based fishcake (SFC) while offering enhanced nutritional functionality. Several 86 

physical properties, including texture, expressible moisture and oil content, and rheological 87 

behaviour, were examined and compared across different PFC groups with varying levels of N. 88 

oceanica incorporation. Additionally, the impact of N. oceanica on the metabolite release and 89 

nutritional quality of PFC was investigated through in vitro digestion modeling and nuclear 90 

magnetic resonance (NMR) spectroscopy. Finally, the microstructures of different PFC samples 91 

were examined using scanning electron microscopy (SEM) before and after in vitro digestion, 92 

providing visual evidence and support for the textural and digestibility characteristics of PFCs 93 

observed earlier. This study lays the groundwork for expanding the range of plant-based seafood 94 

analogues by incorporating microalgae as a supplement. 95 

 96 

2. Materials and methods 97 

2.1 Materials  98 

The pea protein isolate (PPI, Radipure™ E8001G, Cargill Pte. Ltd. (Singapore)), defatted 99 

Nannochloropsis oceanica biomass (Wintershine Pte. Ltd. (Singapore)), microbial 100 

transglutaminase (mTG, Activa® TG-SR-MH, 25−57 U/g, Ajinomoto Pte. Ltd. (Singapore)), 101 

methylcellulose (BenecelTM, Ashland Pte. Ltd. (Singapore)), and gellan gum (Kelcogel®
 MA-60, 102 

CP Kelco Pte. Ltd. (Singapore)) were kindly provided by the respective company. The remaining 103 

ingredients, i.e., salt, sugar, monosodium glutamate, white pepper, sunflower oil, and dextrose 104 

monohydrate were purchased from the local supermarket. Frozen fish surimi (Itoyori) was supplied 105 

by Ha Li Fa Pte. Ltd. (Singapore). 106 
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Following digestive enzymes were purchased from Sigma-Aldrich Pte. Ltd. (Singapore): 107 

α-amylase (EC 3. 2. 1. 1, isolated from porcine pancreas, with an activity of 12 U/mg), pepsin (EC 108 

3. 4. 23. 1, isolated from porcine gastric mucosa, with an activity of 3940 U/mg), and pancreatin 109 

(EC 232. 468. 9, isolated from porcine pancreas, a combination of various digestive enzymes 110 

including amylase, trypsin, lipase, ribonuclease and protease, with a trypsin activity of 96.7 U/mg). 111 

Bile extract and other chemical reagents (analytical grade) used for in vitro digestion were also 112 

procured from the same company. 113 

 114 

2.2 Proximate composition, heated water holding capacity (HWHC) and heated oil holding 115 

capacity (HOHC) of PPI and N. oceanica biomass 116 

The proximate composition of PPI and N. oceanica biomass, which includes protein, 117 

moisture, carbohydrate, fat and ash, was assessed using the standard methods outlined in AOAC 118 

(2005), and the results are shown in the Supplementary (Table S1). Specifically, the evaluation of 119 

PPI and N. oceanica’s HWHC and HOHC was conducted following a modified version of a 120 

previous method by Nasrin, Noomhorm, & Anal (2015). These two properties were of interest as 121 

they were considered crucial in assessing the mouthfeel of our final PFC products. To perform the 122 

evaluation, a sample weighing 0.1 g was added to a pre-weighed centrifuge tube containing 10 mL 123 

of deionised water/sunflower oil. Complete dispersion of the sample was achieved by vigorous 124 

vortex mixing at the highest speed for 1 min. Subsequently, the tube was placed in a water bath at 125 

95 C for 30 min and promptly cooled in an ice bath. After centrifugation (Sartorius Centrisart® 126 

D-16C) at 4000×g at 25 °C for 25 min, the supernatant was decanted, and the tube with the 127 

remaining residues was re-weighed. The HWHC and HOHC values were then calculated using the 128 

following equation: 129 



7 

 

HWHC/HOHC = 
Weight of residue (g)−Weight of dry sample (g)

Weight of dry sample (g)
                                                           (1) 130 

 131 

2.3 Sample preparation 132 

Throughout our preliminary trials, we extensively explored various formulations for our 133 

PFC, with the primary aim of creating a PFC that closely emulated the properties of real surimi-134 

based fishcake. Following a thorough evaluation of the overall appearance and initial texture (both 135 

visually and tactilely), we determined the specific concentration of ingredients and the details of 136 

PFC formulations with varying levels of N. oceanica addition can be found in Table S2. As shown, 137 

there were 4 kinds of PFCs in this study, i.e., PP + NO (10:0), (9:1), (8:2) and (7:3), with different 138 

ratios of PPI and N. oceanica in the PFC, respectively. In our initial trials, we observed that a 139 

microalgae concentration exceeding 30% resulted in an overly firm texture in our PFC. The texture 140 

was more akin to “fishbread” rather than the desired “fishcake”, and the colour was darker than 141 

intended (data not shown). Therefore, we decided to incorporate N. oceanica biomass at varying 142 

levels: 0%, 10%, 20%, and 30% (set as the maximum concentration), substituting the 143 

corresponding percentage of PPI with a gradual increase in our PFC product, respectively. This 144 

allowed us to examine how these varying levels of microalgae impacted the PFC product. 145 

The preparation process of PFC began by combining methylcellulose, seasoning and 146 

sunflower oil in a food processor (Philips HR7320/01). This mixture was blended first for 1 min 147 

at a low speed (Speed 1). Next, the remaining dry ingredients, including PPI and N. oceanica in 148 

different ratios, mTG, gellan gum and filler, were added and blended for an additional 1 min at a 149 

high speed (Speed 2). Cold ice water was then added, and the entire mixture was blended for the 150 

last 3 min at high speed (Speed 2). The resulting paste was manually shaped into a square using a 151 

mold measuring 4.5 × 4.5 cm. The molded paste underwent a two-step heating process to enhance 152 

its gelling properties. Initially, it was placed in a water bath at 45 °C for a 30-min setting. 153 
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Subsequently, it was cooked in boiling water for 10 min under high heat. Afterward, the samples 154 

were cooled in ice water for 15 min, followed by deep-frying in a fryer (Tefal FF2200) for 3 min 155 

at 180 °C. 156 

On the other hand, a benchmark surimi-based fishcake (SFC) was prepared to serve as a 157 

point of reference for comparing and enhancing the PFC. The formulation of SFC was determined 158 

based on a previous study by Ran, Lou, Zheng, Gu, & Yang (2022), which consisted of surimi 159 

(88.5% w/w), salt (1.5% w/w), starch (5.0% w/w), and cold ice water (5.0% v/w). These 160 

ingredients were mixed and blended for 3 min using a food processor. The subsequent procedures 161 

including molding, setting, boiling, cooling, and frying were carried out in the same manner as the 162 

PFC samples. After frying, both PFC and SFC samples were placed on paper towels to drain excess 163 

oil for 5 min. Subsequently, they were cooled at room temperature for 30 min before undergoing 164 

further analysis. After cooling, the physical properties of PFC were immediately tested in 165 

accordance with the respective steps outlined in Section 2.4. The samples intended for in vitro 166 

digestion were packed in ziplock bags and stored in a refrigerator at 4 °C, with the digestion 167 

process commencing within 48 h. For the microstructure test, samples before and after in vitro 168 

digestion were stored in the freezer for a minimum of 48 h. Afterward, they were subjected to 169 

freeze-drying and tested as described in Section 2.8. 170 

 171 

2.4 Physical property characterisation of PFC 172 

2.4.1 Texture profile analysis 173 

To analyse the texture profile, a Texture Analyser (TA.XT Plus, Stable Micro Systems, 174 

Surrey, UK) equipped with a flat-ended 36 mm aluminum cylinder probe (P/36R) was employed. 175 

Prior to analysis, the samples were prepared by removing the crust and cutting them into 1.5 cm 176 
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cubes. These cubes were put in ziplock bags and then pre-warmed in a water bath at 55 °C for 1 h 177 

to replicate the temperature at which consumers typically consume the product. During the analysis, 178 

the samples were compressed to 60% of their original height at a test speed of 1 mm/s, with a 179 

holding time of 5 s. Two textural parameters, specifically hardness and springiness, were measured 180 

and recorded (Abdol Rahim Yassin, Binte Abdul Halim, Taheri, Goh, & Du, 2023). 181 

 182 

2.4.2 Expressible moisture and oil content 183 

The determination of expressible moisture and oil content followed a modified version of 184 

a previously established method by Chaijan, Panpipat, & Benjakul (2010). Freshly cut PFC 185 

samples in the form of 1 cm cubes were used for the analysis. Initially, any moisture and oil present 186 

on the surface of the sample were removed by blotting with tissue paper, and the initial weight of 187 

the sample was recorded. Next, the sample was sandwiched between two pre-weighed filter papers 188 

(2 cm × 2 cm) and compressed using a standard weight (300 g) for a duration of 10 min. 189 

Subsequently, the two wet filter papers were weighed again and transferred to a drying oven (UN 190 

55, Memmert, Germany) set at 105 C for 24 h. The final dried weight of the filter papers was then 191 

recorded. The expressible moisture and oil content were calculated using the following equations: 192 

Expressible moisture (%) = 
W1 (g) − W2 (g)

Initial weight of sample (g)
 × 100%                                                                     (2) 193 

Expressible oil (%) = 
W2 (g) − W0 (g)

Initial weight of sample (g)
 × 100%                                                                                 (3) 194 

where W0 is the original weight of filter papers before compression, W1 is the wet weight of filter 195 

papers after compression, W2 is the dried weight of filter papers after drying. 196 

 197 

2.4.3 Rheological measurements 198 
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The rheological properties of PFC were evaluated using a rotational stress-controlled 199 

rheometer (MCR 302e, Anton Paar GmbH, Graz, Austria) equipped with a cross-hatched parallel 200 

plate measuring 25 mm in diameter. The PFC sample, with the crust removed, was sliced to a 201 

diameter of 25 mm and a thickness of 3 mm. An amplitude sweep test was initially conducted at 202 

55 C, which involved applying a constant frequency of 1 Hz and incrementally increasing the 203 

strain from 0.01% to 100% with 10 data points per decade. This test allowed for the determination 204 

of the linear viscoelastic (LVE) region for all samples, which aided in setting consistent strain and 205 

stress values for subsequent measurements (Ran, Lou, et al., 2022). Once the destroyed sample 206 

was substituted, a frequency sweep test was performed subsequently at the same temperature. The 207 

test covered a frequency range of 0.1 to 10 Hz, with a fixed strain amplitude of 0.1% within the 208 

LVE region (Taheri, Kashaninejad, Tamaddon, Du, & Jafari, 2023). 209 

 210 

2.5 In vitro digestion of PFC 211 

The experimental setup for in vitro digestion involved a three-phase model consisting of 212 

oral, gastric, and intestinal stages. The protocol used for this model was based on established 213 

references (Minekus et al., 2014; Zhao, Chen, Bi, & Du, 2023). To replicate the different digestive 214 

stages, specific electrolyte stock solutions were prepared following the composition described in 215 

Table S3, encompassing simulated salivary fluid (SSF), simulated gastric fluid (SGF), and 216 

simulated intestinal fluid (SIF). Before the digestion process, the PFC samples were manually 217 

minced to achieve uniform size among different groups, resulting in 2 mm × 1 mm × 1 mm cubes. 218 

The minced samples, weighing 5 g in each group, were transferred into a 50 mL centrifuge tube 219 

and pre-heated to 37 C prior to digestion. 220 
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For the simulated oral digestion phase, a total of 5 mL of electrolyte solution was prepared. 221 

This solution consisted of 4 mL of α-amylase SSF solution with a final enzyme activity of 75 222 

U/mL, 0.025 mL of CaCl2 solution (0.3 mol/L), 0.965 mL of deionised water, and 0.01 mL of HCl 223 

(2 mol/L) to adjust the final pH value to 7.0. These components were thoroughly mixed and pre-224 

warmed to 37 C before being combined with 5 g of the samples. The mixture was then incubated 225 

at 37 C for 2 min with shaking at 200 rpm. 226 

For the simulated gastric digestion phase, a total of 10 mL of electrolyte solution was 227 

prepared. This solution comprised 8 mL of pepsin SGF solution with a final enzyme activity of 228 

2000 U/mL, 0.005 mL of CaCl2 solution (0.3 mol/L), 1.76 mL of deionised water, and 0.235 mL 229 

of HCl (2 mol/L) to correct the final pH value to 3.0. After warming the solution to 37 C, the 230 

gastric solution was added to the products from the oral phase. The mixture was continually 231 

digested in a 37 C water bath for 2 h with shaking at 200 rpm. 232 

For the simulated intestinal digestion phase, a total of 20 mL of electrolyte solution was 233 

prepared. This solution contained 16 mL of pancreatin SIF solution with a final enzyme activity 234 

of 100 U/mL based on its trypsin activity, 0.04 mL of CaCl2 solution (0.3 mol/L), 0.08 mL of 235 

amyloglucosidase, 3.81 mL of deionised water, and 0.07 mL of NaOH (2 mol/L) to change the 236 

final digesta pH value to 7.0. Additionally, 0.1768 g of bile was added to the solution, which 237 

required thorough mixing in a shaking water bath at 37 C for 30 min to ensure complete bile 238 

solubilisation. Then, the mixture was combined with the products that had completed the gastric 239 

digestion phase, which continually underwent final 2-h digestion in a 37 C water bath with 240 

shaking at 200 rpm. The completed products from the intestinal phase were promptly subjected to 241 

a 10-min heat treatment in a water bath set at 95 C to deactivate the digestive enzymes and halt 242 

the digestion reaction. 243 
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To assess the degree of protein digestion, the in vitro protein digestibility of PFC was 244 

further evaluated. The Kjeldahl method was employed to determine the total protein content of 245 

PFC before digestion, as well as the protein content of the undigested PFC residues remaining after 246 

the intestinal phase. Both analyses were conducted following the protocol outlined in the AOAC 247 

(2005) standard. Furthermore, the release of metabolites such as amino acids and fatty acids from 248 

each group of PFC digests was discussed in the subsequent sections. 249 

 250 

2.6 NMR spectroscopic analysis 251 

After the digestion of each PFC sample, the resulting digesta was subjected to 252 

centrifugation at 10000×g for 5 min at 4 C to remove undigested precipitates. The supernatants 253 

obtained were then filtered through a 0.22 µm membrane and subsequently freeze-dried for 5 days 254 

in preparation for NMR analysis. In parallel, the digestive enzymes utilised during the in vitro 255 

digestion process were individually dissolved in water at concentrations equal to those in the 256 

intestinal phase. This enabled the acquisition of their respective NMR spectral signals within the 257 

collected digesta spectra. 258 

After freeze-drying, each sample weighing 30 mg was thoroughly mixed with 1 mL of 259 

deuterated water (D2O, 99.9%) containing 0.01% sodium 3-trimethylsilyl [2,2,3,3-d4] propionate 260 

(TSP, Sigma-Aldrich, USA). The mixture was then subjected to centrifugation at 4 C for 10 min 261 

at a speed of 12000×g, as described by Zhao, Zhao, Wu, Lou, & Yang (2019). Following 262 

centrifugation, 600 µL of each supernatant was carefully transferred into a 5-mm (diameter) NMR 263 

tube for subsequent measurement and analysis. 264 

All NMR experiments were carried out using an 800 MHz Bruker Avance Neo NMR 265 

spectrometer equipped with a Bruker TXI cryoprobe at a temperature of 298 K. The 1D 1H spectra 266 
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were collected first using the standard NOESY setting (noesypr1d), and the specific parameters 267 

employed can be found in our previous study (Zhao et al., 2022). Additionally, to facilitate the 268 

identification of metabolic signal assignments, a 2D 1H-13C heteronuclear single quantum 269 

coherence (HSQC) spectrum was acquired and analysed for a representative sample, with 180 ppm 270 

13C spectra in F1 channel and 10 ppm 1H spectra in F2 channel. 271 

 272 

2.7 Spectral processing and analysis 273 

The phase adjustment and baseline correction of each sample spectrum were initially 274 

performed using TopSpin 4.0.7 software (Bruker). Reference databases such as the Biological 275 

Magnetic Resonance Data Bank (http://www.bmrb.wisc.edu/) and the Human Metabolome 276 

Database (http://www.hmdb.ca/) were utilised cooperatively to aid in the identification of 277 

metabolites from the 2D 1H-13C NMR spectrum and 1D 1H spectra. The peaks in the 1D 1H spectra 278 

ranging from 0 to 10 ppm were normalised and integrated using MestReNova 9.0.1 (Mestreab 279 

Research SL, Santiago de Compostela, Spain), with reference to the TSP peak area located at 0 280 

ppm. The normalised spectra were divided into region buckets with a width of 0.01 ppm. These 281 

region buckets were then separated, resulting in a binned dataset that was used for subsequent 282 

multivariate analysis. 283 

The binned data were subjected to principal component analysis (PCA) using SIMCA14 284 

(Umetrics, Sweden) to visualise the separation between datasets and identify the metabolites 285 

responsible for the separation. Euclidean distances were calculated among each group based on 286 

the obtained PCA score plots. Additionally, orthogonal projection to latent structure discriminant 287 

analysis (OPLS-DA) was employed to highlight the intergroup differences in metabolomic release 288 

profiles among different pairwise groups of PFCs. To identify the metabolites that their release 289 
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after in vitro digestion were significantly influenced by the addition of N. oceanica, the variable 290 

importance in projection (VIP) scores were analysed for each pairwise comparison (Ran, Yang, 291 

Chen, & Yang, 2022). Furthermore, metabolic enrichment analysis was performed by submitting 292 

the screened metabolites (VIP value > 1) to MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/), 293 

with references to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database 294 

(https://www.genome.jp/kegg/pathway.html). 295 

 296 

2.8 Microstructure test 297 

The surface microstructures of SFC and PFC samples, both before and after in vitro 298 

digestion, were examined using scanning electron microscopy (SEM) (JSM IT800, Jeol Asia, 299 

Tokyo, Japan). The samples were freeze-dried and then dispersed onto a conductive adhesive tape 300 

that was affixed to an aluminum plate. A thin film coating of platinum was applied to the samples. 301 

The observations were conducted under a 10 kV accelerating voltage, and a magnification of 300× 302 

was used to visualise the surface morphology of each sample (Binte Abdul Halim et al., 2023).  303 

 304 

2.9 Statistical analysis 305 

Each experiment was independently conducted in triplicates. The results are expressed as 306 

mean values ± standard deviations. Statistical analysis was conducted using SPSS24 software 307 

(IBM Corp., Armonk, NY, USA). Duncan's multiple range test and one-way analysis of variance 308 

(ANOVA) with a significance level of P < 0.05 were applied to assess statistically significant 309 

differences among the different sample groups. 310 

 311 

3. Results and discussion 312 

https://www.metaboanalyst.ca/
https://www.genome.jp/kegg/pathway.html
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3.1 N. oceanica effects on PFC physical properties 313 

Fig. S1 displays the overall appearance and cutting profiles of SFC and PFCs. It was 314 

observed that SFC exhibited the highest whiteness compared to PFCs, while the colour of PFCs 315 

became progressively darker with the increasing concentrations of N. oceanica biomass. The 316 

cutting profiles revealed that the internal structure of SFC was the most compact, with evenly 317 

distributed small air pores. In contrast, the control PFC (PP + NO (10:0)) showed an uneven 318 

distribution of larger pores. As the level of N. oceanica increased, PFCs exhibited fewer and 319 

smaller pores, resulting in a denser and tighter texture. This phenomenon could be attributed to N. 320 

oceanica acting as a filler, filling the network gaps in the PPI-based gel system and reducing bubble 321 

formation during the fishcake-making process (Kazir & Livney, 2021). To gain a deeper 322 

understanding of how N. oceanica concentrations affect the physical properties of PFCs, additional 323 

investigations were conducted on their texture profiles, expressible moisture and oil contents, and 324 

rheological properties, which were discussed in detail below. 325 

 326 

3.1.1 Texture profile analysis 327 

As depicted in Fig. 1A, the hardness of SFC was notably higher than that of PFCs. This 328 

finding aligned with expectations since the myofibrillar proteins in surimi were observed to 329 

undergo various conformational changes, such as the transformation of α-helix secondary 330 

structures into β-sheets, as well as the development of intermolecular bonds like ionic bonds, 331 

hydrogen bonds, and disulfide bonds, throughout the process of heat-induced gelation (Yan et al., 332 

2020). These changes played a significant role in the formation of robust thermal gels following 333 

the cooking stage. In the case of PFCs, the incorporation of N. oceanica at lower concentrations 334 

(10% and 20%) did not result in significant changes in hardness compared to the control group, 335 
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with all measurements around 11 N. However, when the concentration of N. oceanica reached 336 

30%, the PP + NO (7:3) group exhibited a notable increase in hardness, albeit still lower than that 337 

of the SFC counterpart. Our findings agreed with a previous study conducted by Atitallah et al. 338 

(2019), in which microalgae-enriched canned fish burgers demonstrated improved textural 339 

characteristics in concentration-dependent pattern. The presence of microalgae components, such 340 

as fibres, proteins, polysaccharides, etc., was believed to play a significant role in modifying the 341 

hardness of food products, by facilitating the formation of intermolecular networks and bonded 342 

aggregates that enhance the texture of the final product (Wang et al., 2023). Therefore, the N. 343 

oceanica-induced aggregates formed during heat processing in our study could fill in the PPI-344 

based network as fillers and improve the hardness of the PFC gel. However, insufficient 345 

concentration of N. oceanica could result in the filler not being enough to effectively enhance the 346 

gel hardness. 347 

On the other hand, Fig. 1B illustrates the springiness of fishcake samples with various 348 

formulations. The results indicated that the control PFC and PFC fortified with 10% N. oceanica 349 

exhibited the highest springiness. However, as the concentration of N. oceanica increased, the 350 

springiness decreased in the PP + NO (8:2) and PP + NO (7:3) groups, while the SFC showed the 351 

lowest springiness. The presence of an adequate moisture content in food is believed to contribute 352 

to maintaining its springiness (Li et al., 2018). Therefore, the denser gel networks created by the 353 

N. oceanica incorporation could impede the entry of water molecules into our PFC gels, leading 354 

to a reduction in springiness of PFCs supplemented with higher amounts of N. oceanica. On the 355 

other hand, as springiness of food refers to how far it returns to its original shape after the 356 

deforming force is removed, the compact structure of SFC as stated above following the cooking 357 
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process might offer limited gaps within the structure for deformation, resulting in reduced 358 

springiness (Bourne, 2002). 359 

 360 

3.1.2 Expressible moisture and oil content 361 

The potential causes of the structural changes in PFC induced by microalgae could be 362 

attributed to variations in water absorption and lipid integration. To investigate this, the levels of 363 

expressible moisture and oil were analysed, and the findings are presented in Fig. 1CD. The results 364 

revealed a consistent decrease in both expressible moisture and oil contents as the concentration 365 

of N. oceanica in PFCs increased. These results aligned with the HWHC and HOHC findings 366 

obtained from our preliminary trials, wherein N. oceanica exhibited higher values for both 367 

properties (HWHC: 5.39 g/g; HOHC: 6.56 g/g, data not shown) compared to PPI (HWHC: 3.51 368 

g/g; HOHC: 6.25 g/g, data not shown), suggesting in addition to proteins, other components in N. 369 

oceanica like fibres might also play a synergistic role in enhancing its ability to absorb water and 370 

lipids (Atitallah et al., 2019). Our results were consistent with one earlier research stating that the 371 

incorporation of microalgal biomass could considerably enhance the water holding capacity and 372 

oil holding capacity of food items (Chen, Tang, Shi, Zhou, & Fan, 2022). Therefore, a higher 373 

concentration of N. oceanica not only imparted elasticity to PFC, as mentioned earlier, but also 374 

amplified its juiciness by retaining more water and oil within the well-structured gel matrices 375 

induced by N. oceanica. This led to a mouthfeel resembling that of SFC, enhancing the overall 376 

sensory experience. 377 

 378 

3.1.3 Rheological properties 379 

Rheological amplitude and frequency sweeps were conducted to investigate the rheological 380 

properties of SFC and PFCs. In both tests, the storage modulus (G') of all samples was 381 
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approximately ten times greater than their loss modulus (G"), indicating a solid or gel-like structure. 382 

Consequently, only G' values are displayed in Fig. 2. 383 

To determine the strain range in which the sample structure remained intact, oscillatory 384 

amplitude testing was performed first, defining the LVE region. As depicted in Fig. 2A, the LVE 385 

region threshold for SFC was approximately 2.52%, surpassing that of the control PFC, which was 386 

around 1.27%. This indicated that SFC exhibited greater structural strength, which aligned well 387 

with its higher hardness observed in Section 3.1.1. However, when compared to the control PFC, 388 

the LVE region limit in microalgae-incorporated PFCs all showed varying degrees of increase 389 

(3.18%, 1.59%, and 2.01% in PP + NO (9:1), PP + NO (8:2), and PP + NO (7:3) group, 390 

respectively), and the G' values of the microalgae-incorporated PFCs consistently increased with 391 

higher levels of N. oceanica biomass added, suggesting that the presence of N. oceanica 392 

significantly enhanced the structural strength of the PFC gel system (Fig. 2A). A similar 393 

observation was reported in a prior study, where the addition of Spirulina platensis improved the 394 

network structure of the soy protein isolate gels, resulting in concentration-dependent increases in 395 

G' values as well (Wang et al., 2023). Due to the potential damage caused by the ethanol-based 396 

lipid extraction treatment to the cell wall of N. oceanica, it was likely that intracellular components 397 

such as proteins and polysaccharides were released from the cells during fishcake making (Yang 398 

et al., 2015). These components might have contributed to filling the PPI hydrogel network and 399 

facilitating the formation of a uniform and compact network structure in our PFCs (Wang et al., 400 

2023). Consequently, the incorporation of N. oceanica into PFCs, particularly at a higher 401 

concentration (30%), led to increased hardness and gel strength, which was in accordance with the 402 

TPA results mentioned earlier. 403 
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Additionally, the frequency dependence of SFC and PFCs at a 0.1% strain amplitude within 404 

the LVE region is illustrated in Fig. 2B. The mechanical spectra showed that G' values 405 

progressively increased across the frequency range for all groups. However, the N. oceanica-406 

incorporated PFCs exhibited a more solid-like behavior with higher G' values compared to the 407 

control PFC, which aligned well with a previous study on the impact of microalgae addition on 408 

dough rheology (Graça, Fradinho, Sousa, & Raymundo, 2018). Based on the findings reported 409 

previously, the addition of N. oceanica in our study might strengthen the PFC gel structure by 410 

reinforcing the protein matrix and increasing the number of entanglement points between the 411 

molecular chains in the gel system (Graça et al., 2018; Wang et al., 2023). Our results indicated 412 

that introducing microalgae to PFC could result in stronger and more elastic gels, thereby 413 

enhancing the textural properties of PFC to closely resemble those of its SFC counterpart. 414 

 415 

3.2 N. oceanica effects on in vitro protein digestibility 416 

The typical way of assessing the bioavailability of dietary proteins is by measuring their 417 

digestibility, which can be served as an important indicator of our PFC’s nutritional values. As 418 

shown in Fig. 3, there is a notable difference in the protein digestibility of real SFC versus control 419 

PFC during simulated gastrointestinal digestion, decreasing from 76.9% in SFC to 59.8% in 420 

control PFC at the end of intestinal digestion. The reason for this finding could be explained by 421 

the increased viscosity of simulated gastrointestinal fluids resulting from the addition of some 422 

thickeners (e.g., methylcellulose and gellan gum as shown in Table S2) used to make PFC more 423 

closely resemble SFC’s texture in our study. The thickening of the gastrointestinal fluids could 424 

potentially hinder the interaction between protein and digestive enzymes, ultimately leading to a 425 

decrease in protein hydrolysis (Xie et al., 2022). Additionally, the differences in protein 426 
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digestibility between SFC and PFC might also be attributed to their distinct gel structures after 427 

undergoing heat treatments. Under heating conditions, SFC featured a homogeneous actomyosin 428 

gel network with fine and elastic structure, while PFC had a hybrid gel made up of a mixture of 429 

polysaccharides and proteins, where pea proteins existed as particles rather than serving as agents 430 

for gel formation (Shamasundar, 2023; Wang, Kim, Naik, Spicer, & Selomulya, 2023). The rigid 431 

and dense hybrid gel network formed in PFC could restrict the accessibility of proteolytic enzymes 432 

during digestion, resulting in decreased protein digestibility. Furthermore, the existence of 433 

remaining anti-nutritional factors (e.g., trypsin inhibitors, phytic acid, lectins, saponins, etc.) in 434 

control PFC even after processing could also contribute to its lower protein digestibility to some 435 

extent (Samtiya, Aluko, & Dhewa, 2020). 436 

When incorporating 10% defatted N. oceanica biomass to PFC as a substitute for the PPI, 437 

a dramatical increase of digestibility (reaching 74.9%) was shown in the PP + NO (9:1) group, as 438 

compared to that of the control PFC (Fig. 3). A similar result was found by Neumann et al. (2018), 439 

in which the diet containing 5% N. oceanica biomass exhibited an observable protein digestibility 440 

of 89%, which was greater than the 83% observed in the control casein-based diet for mice. As the 441 

size of the N. oceanica biomass was considerably larger than that of the PPI and other food 442 

components in PFC, its inclusion could potentially reduce the clustering of pea protein particles 443 

and weaken the bonding between pea proteins and other PFC components. This might lead to an 444 

increase in the surface areas accessible to digestive enzymes, ultimately resulting in a higher extent 445 

of protein digestion. 446 

However, with the increasing concentration of N. oceanica, a significant decrease of 447 

protein digestibility was observed in the PP + NO (7:3) group (falling to 70.1%), although still 448 

higher than that of control PFC (Fig. 3). Based on our observations, we found that the PFC digesta 449 
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from the PP + NO (7:3) group appeared to be more adhesive after undergoing in vitro digestion, 450 

in comparison to other PFC counterparts. This result was in line with a prior study that reported 451 

an increase in the viscosity of duodenum and jejunum contents in piglets fed with microalgae 452 

(Martins et al., 2022). Therefore, the elevated digesta viscosity in PFC containing higher 453 

concentration of N. oceanica might impede the access of digestive enzymes to their intended 454 

substrates, ultimately compromising the digestibility of nutrients. On the other hand, as the cell 455 

wall structure of our defatted N. oceanica could be weakened or disrupted during ethanol-based 456 

lipid extraction, it was possible that additional non-protein components, such as the indigestible 457 

non-starch polysaccharides and fibres, were released from the N. oceanica biomass in the PP + 458 

NO (7:3) group (Annamalai et al., 2021; Yang et al., 2015). These components could then act as 459 

blocking barriers to the proteolytic enzymes and limit enzyme−protein interactions, resulting in a 460 

decrease in the digestibility of protein as well. Furthermore, as stated in Section 3.1.1, the elevated 461 

firmness of PFC resulting from a higher concentration of N. oceanica incorporation might also be 462 

a factor contributing to the reduced digestibility. This is because firmer foods tend to break down 463 

more slowly and take longer time to soften during digestion, as previously documented (Bornhorst, 464 

Ferrua, & Singh, 2015). 465 

 466 

3.3 Metabolite profiles after in vitro digestion 467 

Our research is the initial endeavour to employ NMR-based metabolomics for unravelling 468 

the digestive properties of N. oceanica-incorporated plant-based fishcake analogue during in vitro 469 

digestion. The 1H NMR spectra of metabolite extracts from SFC and PFC digesta are shown in 470 

Fig. 4A. Based on signals from 0.5 to 9.5 ppm, there were totally 29 metabolites identified in both 471 

SFC and PFC samples after in vitro digestion, encompassing a set of primary metabolites like 472 
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amino acids, fatty acids and sugars. In Table S4, a list of chemical shift assignments for each 473 

metabolite is presented in detail, which was accomplished by comparing and analysing the 1D 1H 474 

and 2D 1H−13C NMR spectra obtained in our research with those from metabolic database. 475 

Overall, the spectra displayed a significant resemblance in metabolic species across SFC’s 476 

and all kinds of PFCs’ digesta, albeit with different signal strength of certain individual metabolites 477 

(Fig. 4A). The region between 1.0 and 4.0 ppm of 1H spectra was primarily associated with the 478 

majority of amino acids (except Phe, Trp, Tyr and His, whose characteristic peaks were located in 479 

the region of 6.5−8.5 ppm) and fatty acids (e.g. linolenic acid, oleic acid and palmitic acid), while 480 

the signals observed between 4.0−5.5 ppm were typically attributed to sugars (α-D-glucose, β-D-481 

glucose, sucrose, etc.) (Zhao et al., 2019). Our findings were in accordance with the breakdown of 482 

the main ingredients in our samples under enzymatic hydrolysis, and were consistent with earlier 483 

research, which demonstrated similar metabolic compounds in cooked fish products (e.g., sea bass 484 

fillets) and plant-based seafood analogues (e.g., soy protein-based fishball) after in vitro digestion 485 

(Ran, Yang, et al., 2022; Vidal et al., 2016). 486 

In order to initially visualise the changes in metabolite concentration among different 487 

groups of fishcakes, z-score transformed NMR data was used to plot a heatmap on a green-red 488 

scale (Fig. 4B). Green colour indicates a relatively lower, while red colour indicates a relatively 489 

higher level of metabolite among all the metabolic compounds within each group. In respect of the 490 

contents of released amino acids, Ile, Leu, Val, Lys, Ala, Arg, GABA and Glu demonstrated higher 491 

release levels in all groups of PFCs, whereas Trp and His exhibited the lowest relative 492 

concentration. The results agreed with previous studies that have analysed the essential amino acid 493 

profiles in pea and N. oceanica, both of which contained low levels of Trp and His (Du Preez, 494 

Majzoub, Thomas, Panchal, & Brown, 2021; Lu, He, Zhang, & Bing, 2020). Additionally, linoleic 495 
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acid with relatively higher release compared to other fatty acids was observed in all PFC samples, 496 

which was reasonable considering linoleic acid is the major component of sunflower oil used for 497 

making PFC in this research (Kaur, Chugh, & Gupta, 2014). For the category of sugars, the 5 498 

sugars detected in the PFCs’ digesta were generally scored low on their release content, which was 499 

as expected because the digestible polysaccharide (e.g., starch) amount in PPI and N. oceanica 500 

biomass should be very low according to our previous study and some other published references 501 

(Du Preez et al., 2021; Zhao et al., 2023). On the other hand, SFC showed somewhat disparity in 502 

release profile of certain metabolic compounds in comparison with PFCs, such as Gly, oleic acid, 503 

palmitic acid, β-D-Glucose and sucrose, which can be attributed to the distinct primary constituents 504 

of SFC (fish surimi and starch) and PFC (pea protein and microalgae). 505 

 506 

3.4 Principal components analysis 507 

To obtain a broad understanding of the metabolic variances among various groups, the 508 

separation of variables technique was employed in conducting PCA on high-throughput profiles 509 

of metabolites (Wu, Zhao, Lai, & Yang, 2021). As shown in Fig. 5A, the first two principal 510 

components (PCs) accounted for 90.6% of the total variance in the five fishcake groups, with PC1 511 

alone explaining 81.7%. Moreover, the Q2 value was 0.87 which exceeded 0.5, suggesting that the 512 

model was highly interpretable and had a good predictability (Wiklund, 2008). Based on the score 513 

plot depicted in Fig. 5B, the digestive samples obtained from various fishcake groups were 514 

segregated into five distinct clusters, situated at different positions along two PCs. The SFC group 515 

was located in the positive side of PC1, whereas all PFC groups were skewed towards the negative 516 

side of PC1. With the increasing proportion of N. oceanica in the PFCs, more significant deviations 517 
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from the control PFC were shown in the metabolite profiles of N. oceanica-incorporated PFCs, 518 

leaning towards the negative side of PC2 gradually. 519 

Moreover, the Euclidean distances of pairwise groups calculated according to the given 520 

score variables are shown in Fig. 5C, ranging from 4.47 to 56.43 among the five groups. As 521 

expected, SFC group (I) had extremely long Euclidean distances to other four groups of PFCs 522 

(52.71−56.43), indicating large metabolic differences between real seafood and plant-based 523 

seafood analogues. Whereas among the four PFC groups, the control group (II) and PP + NO (7:3) 524 

group (V) showed the greatest inter-group distance (19.06), suggesting that the more content of N. 525 

oceanica was added, the more distinct digestive performance would appear in PFCs. While the 526 

score plot revealed how different groups were clustered, the loading plot revealed the metabolites 527 

that were responsible for the observed separations, as illustrated in Fig. 5D. Only a few metabolites 528 

such as sucrose, Gly, Ala, α-D-glucose, β-D-glucose and β-D-fructose showed large loadings on 529 

PC1, while PC2 was characterised by most of the metabolites such as Leu, Arg, Ser and Glu, 530 

according to each metabolite’s loading plot variables shown in Table S5. These metabolites could 531 

potentially serve as indicative markers that exhibited a digestive response to the addition of N. 532 

oceanica in the plant-based fishcake recipe. To gain deeper insights into the impact of N. oceanica 533 

on the digestive profile changes of PFCs, OPLS-DA, a more supervised model, was carried out 534 

specifically within the pairwise PFC groups in the following section. 535 

 536 

3.5 Comparison of amino acid and fatty acid release within PFC pairwise groups  537 

Given the challenge of maintaining consistent sugar levels in our PFCs after incorporating 538 

a mixture of pea protein and N. oceanica biomass at varying ratios, in this part, we decided to 539 

narrow our focus on examining changes in amino acid and fatty acid release specifically. This 540 
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decision was based on the fact that the overall protein levels in all of our PFC groups remained 541 

similar (~9.3%, data not shown) and almost all the fat content was derived from the added oil, 542 

which was also consistent across PFC groups. This standardised comparison allowed us to better 543 

understand potential alterations in digestive performance resulting from the addition of the N. 544 

oceanica to our PFCs. 545 

As shown in Fig. 6, three pairwise PFC groups, i.e., II and III (PP + NO (10:0) and PP + 546 

NO (9:1)), II and V (PP + NO (10:0) and PP + NO (7:3)), III and V (PP + NO (9:1) and PP + NO 547 

(7:3)), were compared respectively using established OPLS-DA models, which demonstrated good 548 

predictive and explanatory ability in all pairwise comparisons, with all R2X values exceeding 0.977 549 

and all Q2 values surpassing 0.764 (data not shown). The distinct intergroup separations shown in 550 

the score plots indicated that the incorporation of N. oceanica into the pea protein-based fishcake 551 

analogue could cause a discernible impact on the release of metabolites after in vitro digestion, 552 

aligning with the separated metabolomes observed on the PCA score plots. Furthermore, statistical 553 

analysis was performed using coefficient plots to identify significant metabolites that contributed 554 

to the inter-group differentiation, which varied with the change of N. oceanica addition 555 

concentration (right side of Fig. 6A-C). A positive coefficient indicated a N. oceanica-induced 556 

increase, while a negative coefficient indicated a N. oceanica-induced decrease in content of the 557 

amino acid and fatty acid release of PFCs. The variables with VIP values greater than 1 were 558 

considered as significantly discriminative metabolites contributing to the group separation, which 559 

were marked in red specifically (Zhao et al., 2022). 560 

In terms of amino acid release, the addition of N. oceanica at lower concentration (10%) 561 

already elicited a significant decrease in the levels of Ile, Gln, Arg, Leu and GABA in the PFC 562 

digesta (Fig. 6A), and when the concentration of N. oceanica continued to increase, the release 563 
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levels of Leu, Arg and GABA exhibited further declining trends, whereas the release trends of Ala, 564 

Gly, Ile and Gln went in the opposite direction (Fig. 6C). Interestingly, the contents of most 565 

hydrophobic amino acids, such as Val, Met, Gly, Phe and Leu, as well as a range of hydrophilic 566 

amino acids, including Asp, Tyr, Asn, Thr, Ser, Arg and Glu, showed pronounced decreased trends 567 

in the digesta of PFC with a higher concentration of N. oceanica (30%) (Fig. 6B), indicating the 568 

amino acid bioavailability of PP + NO (7:3) group was altered markedly as compared to that in 569 

the control PFC group. 570 

According to the findings in Section 3.2 and Section 3.5, the amount of amino acid released 571 

after in vitro digestion was not always proportional to the level of protein digested. Previous works 572 

have shown that pea proteins are primarily found as globulins (55−65%), while phycobiliproteins 573 

(PBPs) with highly preserved structural characteristics make up the primary constituents (85%) of 574 

phycobilisomes (PBSs) in microalgae (Asen & Aluko, 2022; Dagnino-Leone et al., 2022). The 575 

functional structures of PBSs, namely the rods and the core, are formed by hexamers (αβ)6 and 576 

trimers (αβ)3 of PBPs consisting of α and β subunits, which were found capable of returning to 577 

their native state when the denaturing conditions such as high temperature and chemical 578 

disturbances were removed (MacColl, Eisele, & Menikh, 2003). On the other hand, it has been 579 

observed that the tertiary and quaternary structures of pea proteins could undergo irreversible 580 

changes under processing conditions, followed by higher degree of hydrolysis (Ma, Boye, & Hu, 581 

2017). Therefore, our findings indicated that the proteins in N. oceanica might be more tightly 582 

packed and less sensitive compared to the globular structure of pea proteins after PFC processing, 583 

resulting in fewer sites available for enzymatic actions and leading to a reduced release of most 584 

amino acids in the PP + NO (7:3) group. 585 
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Besides the protein type and structural organization, the composition and sequence of 586 

amino acids are also important factors that affect the digestion process and the bioavailability of 587 

amino acids (Xie et al., 2022). It is known that during the gastric digestion stage, pepsin typically 588 

cleaves after hydrophobic amino acids like Leu and Phe, followed by two other aromatic amino 589 

acids, Trp and Tyr (Ahn, Cao, Yu, & Engen, 2013). Whereas during intestinal digestion, trypsin 590 

favors peptide bonds where basic amino acids Lys and Arg contribute the carboxyl group (Ahmed, 591 

Sun, & Udenigwe, 2022). Therefore, the decreased levels of Leu, Phe, Tyr and Arg observed in 592 

the N. oceanica-incorporated PFCs suggested that the amounts of these amino acids in N. oceanica 593 

proteins might be lower than those in the pea proteins used in our PFCs, which were consistent 594 

with previous reports (Banaszek et al., 2019; Du Preez et al., 2021). Furthermore, the arrangement 595 

of these amino acids in N. oceanica proteins might not be well-suited to bind to digestive enzymes’ 596 

active sites, compromising the efficiency of these enzymes in cleaving proteins into smaller 597 

peptides or free amino acids during digestion. 598 

In addition to the release of amino acids, the fatty acid profiles following in vitro digestion 599 

is also a crucial indicator of the nutritional value of our PFC. According to the coefficient plot in 600 

Fig. 6A, introducing N. oceanica at a lower concentration (10%) led to a significant decrease in 601 

the release of oleic acid, palmitic acid, and linoleic acid in the PFC digesta. As the concentration 602 

of N. oceanica increased, the release of linoleic acid continued to decrease while the release of 603 

oleic acid and palmitic acid started to increase, a phenomenon demonstrated in both Fig. 6B and 604 

6C. Given the negligible fat content in both of the PPI and defatted N. oceanica biomass (as 605 

indicated in Table S1 at 0.2% and 0.1% respectively), we incorporated sunflower oil in the current 606 

study to improve the palatability, texture, and taste of our PFC (Ahmad et al., 2022). Earlier 607 

research has indicated that the unsaturated fatty acid (USFA) content of sunflower oil comprises 608 
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approximately 85% (with 14–43% oleic acid and 44–75% linoleic acid in the USFA composition), 609 

while the remaining 15% is saturated fatty acids (SFA, palmitic acid is one of the most common 610 

therein) (Akkaya, 2018). All the fatty acids detected after digestion matched the fatty acid profiles 611 

of sunflower oil in present study, since almost all of them were derived from it. 612 

It has been proposed that the extent of lipolysis during food digestion could be significantly 613 

influenced by the way lipids interact with other non-lipid components within the food matrix, such 614 

as lipid–protein, SFA–protein and lipid–starch interactions (Calvo-Lerma, Fornés-Ferrer, Heredia, 615 

& Andrés, 2018). As linoleic acid is the most abundant fatty acid in our PFCs, its significantly 616 

reduced release in all N. oceanica-incorporated PFCs might be also linked to the N. oceanica 617 

proteins' ability to form a higher gel structure as stated earlier, which could trap more lipids within 618 

their structures and limit the diffusion capacity of lipase to the fat droplet interface during digestion 619 

(Grundy et al., 2016). Furthermore, as mentioned above, the incorporation of N. oceanica in the 620 

PFC groups might result in a higher viscosity of the digestion medium, which could also hinder 621 

the lipase's ability to access the fat, resulting in a noticeable reduction in the dominant fatty acid 622 

(i.e., linoleic acid). However, on the other hand, some studies have demonstrated that bile salts as 623 

bio-surfactants can remove proteins that may exist at the interface, increasing the ability of lipase 624 

to effectively operate on the hydrophobic lipid core and thereby enhancing lipolysis (Maldonado-625 

Valderrama, Wilde, Macierzanka, & Mackie, 2011; Sarkar, Ye, & Singh, 2016). Thus, the reduction 626 

in the availability of lipase to break down fat caused by the lipid–protein interactions might be 627 

somewhat counteracted by the ability of bile salts to remove proteins at the oil–water boundary. 628 

This could explain why a rise in the concentrations of certain fatty acids with a relatively small 629 

amount, such as oleic acid and palmitic acid, was observed in the digesta of PFC containing a 630 

higher proportion (30%) of N. oceanica.  631 
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 632 

3.6 Alterations of amino acid and fatty acid metabolisms of PFC during digestion 633 

In order to thoroughly investigate the changes in metabolic networks caused by the 634 

presence of N. oceanica in PFC during digestion, we conducted an enrichment analysis on the 635 

amino acid and fatty acid metabolisms, focusing on those metabolites that were significantly 636 

affected (with VIP > 1) in the PP + NO (7:3) group as shown in Section 3.5. Fig. 7A provides a 637 

summary of the top 25 metabolic pathways that were enriched, and those with a significance level 638 

of P < 0.05 and enrichment ratio ˃ 15 were identified as the most impacted by the addition of N. 639 

oceanica (Ran, Yang, et al., 2022). Eight particularly affected pathways were found to meet these 640 

criteria, namely aminoacyl-tRNA biosynthesis, valine, leucine and isoleucine biosynthesis, alanine, 641 

aspartate and glutamate metabolism, arginine biosynthesis, phenylalanine, tyrosine and tryptophan 642 

biosynthesis, D-glutamine and D-glutamate metabolism, nitrogen metabolism and phenylalanine 643 

metabolism. Furthermore, a proposed metabolic map was illustrated in Fig. 7B based on KEGG 644 

and related databases, with metabolites highlighted in red or green indicating higher or lower 645 

content, respectively, in the PP + NO (7:3) group as compared to those in the control PFC group. 646 

The human body relies on amino acid metabolism to facilitate various biological reactions, 647 

which are crucial for maintaining health and promoting growth (Wu, 2009). One significant 648 

example is the role of branched-chain amino acids (BCAA) in modulating metabolic health in 649 

response to dietary protein intake. Studies have linked increased levels of the three BCAAs (Leu, 650 

Ile, and Val) in humans to the development of insulin resistance and diabetes (Arany & Neinast, 651 

2018; Würtz et al., 2013). Additionally, higher concentrations of two aromatic amino acids (Phe 652 

and Tyr) in the bloodstream have been associated with reduced insulin sensitivity as well (Würtz 653 

et al., 2013). Therefore, the decreased amounts of Leu, Val, Phe and Tyr detected in the PP + NO 654 
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(7:3) group suggested that the addition of N. oceanica to PFC could potentially intervene in Val, 655 

Leu and Ile biosynthesis and Phe, Tyr, and Trp biosynthesis during digestion, playing an important 656 

role in modifying the amino acid composition of diets for individuals with diabetic complications. 657 

On the other hand, Gln is known for its significant contribution to cell metabolism, such as aiding 658 

in the tricarboxylic acid cycle and biosynthesis of nucleotides (Yoo, Yu, Sung, & Han, 2020). 659 

Thus, our N. oceanica-incorporated PFC could provide a source of Gln for individuals with 660 

compromised immune systems by releasing higher levels of this amino acid during digestion, 661 

serving as a valuable addition to nutrition supplementation. Moreover, it has been demonstrated 662 

previously that limiting the intake of sulphur-containing amino acids, especially Met and Cys, can 663 

provide health benefits against age-related diseases (Richie Jr et al., 2023). Therefore, the 664 

utilisation of N. oceanica in PFC as studied here could potentially delay the aging process in human 665 

body by reducing the release of Met during digestion. 666 

In addition to its impact on amino acid metabolism, the introduction of N. oceanica might 667 

also affect the fatty acid metabolism of PFC during digestion. The levels of palmitic acid (C16:0) 668 

and oleic acid (C18:1 ω-9) were found to increase, while the level of linoleic acid (C18:2 ω-6) 669 

decreased in the digesta of PFC with a higher concentration of N. oceanica (30%) (Fig. 7B). These 670 

changes might cause a shift in the activity of acetyl-CoA in the human body, which in turn could 671 

also lead to alterations in the biosynthesis of saturated and unsaturated fatty acids successively as 672 

acetyl-CoA serves as a precursor for fatty acid biosynthesis (Oliver, Nikolau, & Wurtele, 2009). 673 

Prior research has indicated that while an appropriate amount of palmitic acid can aid in 674 

maintaining metabolic health, excessive intake of it can ultimately result in heart failure (Harun, 675 

2019). Thus, from a human health standpoint, it is preferable to limit palmitic acid intake. On the 676 

other hand, unsaturated fatty acids are generally considered beneficial. Oleic acid is known to have 677 
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positive effects on various tissues with rare negative impacts, while a high level of linoleic acid in 678 

the bloodstream has been linked to a lower blood cholesterol level and reduced risk of 679 

atherosclerosis and cardiovascular disease (Harun, 2019; Sales-Campos, Reis de Souza, Crema 680 

Peghini, Santana da Silva, & Ribeiro Cardoso, 2013). Therefore, our findings can provide 681 

consumers, especially those at a higher risk of cardiovascular disease, with more information about 682 

our N. oceanica-incorporated PFC from the point of metabolism to aid in their future purchase 683 

decision-making. 684 

 685 

3.7 Comparison of microstructure before and after in vitro digestion 686 

The SEM analysis at 300× magnification captured the microstructures of SFC and PFCs 687 

before and after in vitro digestion, as presented in Fig. 8. Prior to digestion, the SFC exhibited a 688 

compact and uniform gel structure with regularly distributed honeycomb-like pores within its 689 

fibrous and continuous networks (Fig. 8A). For PFC samples, the control PFC showed a 690 

fragmented and discontinuous microstructure with noticeable wide gaps (Fig. 8B, highlighted by 691 

red arrows), indicating a loose and soft texture consistent with the findings in Section 3.1.1. In 692 

contrast, the addition of N. oceanica to PFCs resulted in a more cohesive surface morphology. As 693 

the concentration of N. oceanica increased, the size of the pores and interspaces decreased, and 694 

their distribution became more regular, resulting in denser and firmer PFC gels. The small and 695 

unevenly distributed spots, indicated by red arrows (Fig. 8E), could be attributed to the presence 696 

of N. oceanica biomass, contributing to a rougher surface of the PFCs. 697 

Following in vitro digestion, the SFC digesta exhibited a higher degree of dissociation and 698 

fragmentation, with broken and wrinkled surfaces (Fig. 8a). In comparison, the digesta of PFCs 699 

maintained respective structures to a large extent after undergoing digestive enzymatic actions, 700 
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with fewer incomplete and broken fragments (Fig. 8b−e). Notably, PFC with higher N. oceanica 701 

content displayed a coarser appearance, characterised by the presence of additional spots on the 702 

surface of the digesta (indicated by red arrows in Fig. 8e). This observation could be attributed to 703 

the enzymatic effects on the microalgae during digestion. As mentioned in Section 3.2, the 704 

increased viscosity of the digesta caused by N. oceanica and the release of indigestible fibres from 705 

N. oceanica biomass could impede the action of digestive enzymes, thereby delaying the digestion 706 

process of PFCs. Consequently, the digesta structure of N. oceanica-incorporated PFCs appeared 707 

more complete and continuous compared to that of SFC. Therefore, the SEM images corroborated 708 

the textural and digestibility results discussed earlier. 709 

 710 

4. Conclusion 711 

As the concentration of N. oceanica increased, the observed changes in the physical 712 

properties of N. oceanica-incorporated PFC became more pronounced. These changes included 713 

increased hardness, decreased springiness, reduced expressible moisture and oil contents, and 714 

stronger gel strength. The incorporation of defatted N. oceanica could induce the formation of 715 

well-structured gel matrices, leading to denser gel networks and enhanced textural properties that 716 

more closely resembled those of the SFC counterpart. For digestive performance, lower N. 717 

oceanica concentration (10%) in PFC increased the in vitro protein digestibility, but the effect was 718 

reduced with higher N. oceanica concentration (30%), which might be due to the limited enzyme-719 

protein interactions caused by elevated viscosity in the PFC digesta and more indigestible 720 

components (e.g., fibres) from N. oceanica biomass introduced to the PFC gel system. The NMR-721 

based foodomic profiling showed that the presence of N. oceanica in PFCs led to a suppression in 722 

the release of certain amino acids (such as hydrophobic amino acids) and fatty acids (such as 723 
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linoleic acid) during in vitro digestion, which could potentially impact a series of amino acid 724 

biosynthesis and fatty acid metabolisms in the human body following consumption. The SEM 725 

micrographs provided supporting evidence that the incorporation of N. oceanica in PFC resulted 726 

in a more compact structure, which remained relatively intact even after digestion. Overall, this 727 

study addressed the existing research gaps by investigating the impact of Nannochloropsis on the 728 

physical properties and digestive profiles of plant-based fishcake. Despite Nannochloropsis sp. not 729 

having received novel food authorization yet due to the challenges in meeting all the stringent 730 

safety requirements set by current law, there is anticipated growth in patents and permissions for 731 

food products linked to Nannochloropsis sp. That’s why it’s important to assess the physical 732 

properties and digestive performance of these Nannochloropsis-enriched food products before 733 

putting them on the market. In future studies, we aim to explore the intricate interactions between 734 

macromolecules (such as microalgae, gums, and PPI) within our PFC gel system and thoroughly 735 

assess its sensory qualities. 736 
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 959 

Figure captions: 960 

Fig. 1. The hardness (A), springiness (B), expressible moisture (C) and expressible oil (D) of 961 

surimi-based fishcake and plant-based fishcake analogues at different Nannochloropsis oceanica 962 

addition. Note: PP + NO (10:0), (9:1), (8:2) and (7:3) represent the ratio of pea protein isolate and 963 

Nannochloropsis oceanica in plant-based fishcake analogues, respectively. The detailed 964 

ingredients used in each group are shown in Table S2. Significant differences are indicated by 965 

groups with distinct letters.  966 

 967 
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Fig. 2. Effects of Nannochloropsis oceanica concentration on shear strain dependence (A) and 968 

frequency dependence (B) of storage modulus (G') for plant-based fishcake analogues. Note: PP 969 

+ NO (10:0), (9:1), (8:2) and (7:3) represent the ratio of pea protein isolate and Nannochloropsis 970 

oceanica in plant-based fishcake analogues, respectively. The detailed ingredients used in each 971 

group are shown in Table S2. The G' value of surimi-based fishcake is served as a reference. Data 972 

are presented as mean values. 973 

 974 

Fig. 3. Protein digestibility of surimi-based fishcake and plant-based fishcake analogues after in 975 

vitro digestion. Note: PP + NO (10:0), (9:1), (8:2) and (7:3) represent the ratio of pea protein 976 

isolate and Nannochloropsis oceanica in plant-based fishcake analogues, respectively. The 977 

detailed ingredients used in each group are shown in Table S2. Significant differences are indicated 978 

by groups with distinct letters.  979 

 980 

Fig. 4. Representative 1H NMR spectra (A) and heatmap (B) of the metabolites in the digesta of 981 

surimi-based fishcake (SFC) and plant-based fishcake (PFC) analogues at different 982 

Nannochloropsis oceanica addition after in vitro digestion. Note: the groups labelled I-V 983 

correspond to SFC, PP + NO (10:0), PP + NO (9:1), PP + NO (8:2), and PP + NO (7:3), 984 

respectively. The detailed ingredients used in each PFC group are shown in Table S2. The 985 

representative numbers of metabolites are the same as those in Table S4. 986 

 987 

Fig. 5. Principal component analysis (PCA) for the metabolite profile of surimi-based fishcake 988 

(SFC) and plant-based fishcake (PFC) analogues at different Nannochloropsis oceanica addition 989 

after in vitro digestion. The principal components explaining variances used in PCA (A); PCA 990 
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score plot (B); Euclidean distances among the variables (C); PCA loading plot (D). Note: the 991 

groups labelled I-V correspond to SFC, PP + NO (10:0), PP + NO (9:1), PP + NO (8:2), and PP + 992 

NO (7:3), respectively. The detailed ingredients used in each PFC group are shown in Table S2. 993 

994 

Fig. 6. Orthogonal partial least squares discriminant analysis (OPLS-DA) of pairwise PFC groups. 995 

The OPLS-DA score plot and OPLS coefficient plot of groups II-III (A), groups II-V (B) and 996 

groups III-V (C). Note: group II, III, and V correspond to PP + NO (10:0), PP + NO (9:1), and PP 997 

+ NO (7:3), respectively. The detailed ingredients used in each group are shown in Table S2.998 

Metabolites coloured in red contributed significantly to the OPLS-DA models (VIP > 1). 999 

1000 

Fig. 7. Overview of the enrichment analysis (A) and proposed schematic of metabolic alterations 1001 

in the digesta of plant-based fishcake (PFC) analogue in the PP + NO (7:3) group (B). Note: 1002 

Metabolites coloured in green, red or black represent lower, higher or similar level in the PP + NO 1003 

(7:3) group as compared to those in the control PFC group, respectively; metabolites with italic 1004 

font indicate those that were not identified in this study. The detailed ingredients used in the control 1005 

PFC (PP + NO (10:0)) group and the PP + NO (7:3) group are shown in Table S2. 1006 

1007 

Fig. 8. The surface microstructure of surimi-based fishcake (SFC) and plant-based fishcake (PFC) 1008 

analogues before in vitro digestion (A−E) and after in vitro digestion (a−e). Note: (A) and (a): SFC; 1009 

(B) and (b): PP + NO (10:0); (C) and (c): PP + NO (9:1); (D) and (d): PP + NO (8:2); (E) and (e):1010 

PP + NO (7:3). The detailed ingredients used in each PFC group are shown in Table S2. 1011 

1012 
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