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Abstract 1 

Background: 2 

Owing to the growing demand for ready-to-eat food and the expanding food-processing 3 

sector, consumption of freeze-dried fruit food is increasing globally, holding significant 4 

market value. Texture is critical in determining the overall quality and consumer 5 

acceptance of freeze-dried fruit products. However, texture formation and control 6 

remain one of the least well-described quality attributes due to challenges from complex 7 

fruit matrices and testing methodologies, impeding advancements within the freeze-8 

drying industry. 9 

Scope and approach: 10 

Focusing on the two main types of freeze-dried fruit products (i.e., freeze-dried intact 11 

and restructured fruits), this review elaborates on the formation mechanisms and control 12 

technologies of the texture properties, primarily analyzing from the perspective of 13 

carbohydrates in fruits. Try to establish a porous scaffold model to clarify the dominant 14 

attributes of texture formation during freeze-drying, thereafter explain and compare the 15 

formation and control principles governing the texture of these two types of freeze-16 

dried fruits. 17 

Key findings and conclusions 18 

The porous scaffold of freeze-dried fruit is built by a polysaccharide network and small 19 

molecule sugars within glassy amorphous at sufficiently low water content, showing 20 

various macroscopic porous characterization. Three dominant attributes of texture 21 

formation are summarized, namely pore/cellular morphology, solids, and water content 22 

in the final freeze-dried fruit matrix. Most texture control techniques are based on the 23 

modification of these three dominant attributes. Furthermore, freeze-dried restructured 24 

fruits exhibit a greater texture enhancement potential than intact fruits due to the loss 25 

of cellular structure, providing new inspiration for the future development of 26 

personalized multi-functional freeze-dried snacks. 27 

Keywords: Freeze-drying, Fruit, Texture property, Restructure, Control technologies. 28 

 29 



1. Introduction 30 

Fruits are considered an indispensable source of dietary fiber and bioactive 31 

compounds in healthy human diets, which are associated with various benefits in 32 

preventing chronic diseases (Kubola, Siriamornpun, & Meeso, 2011). However, due to 33 

the high moisture and sugar content, plant-based foods continue to respire during 34 

storage, making them prone to browning and decay. This poses challenges for long-35 

term storage, long-distance transportation, and year-round consumption. In this 36 

situation, drying technology that can transform such fresh foods into dried products 37 

with an extended shelf life is gaining attention. Among them, the emergence of freeze-38 

drying (FD) technology has enabled the production of high-quality dried fruit products 39 

by directly removing water in the form of vapor via sublimation, without a liquid phase, 40 

which greatly preserves the initial properties of raw materials. Despite the above 41 

advantages, FD has always been regarded as one of the most expensive operations for 42 

manufacturing dehydrated products owing to its extensive time consumption and high 43 

energy for operation (Duan, et al., 2015). Therefore, in industrial settings, process 44 

parameters are usually adjusted to shorten time-consuming and minimize costs. 45 

Nonetheless, inappropriate parameters can lead to product thawing and structural 46 

collapse, consequently deteriorating the overall quality of the FD products (Nowak & 47 

Jakubczyk, 2020). Another way to reduce the energy consumption of FD is to eliminate 48 

vacuum limitations by operating at atmospheric pressure. Many studies have 49 

demonstrated that FD is possible to performe under atmospheric pressure if the partial 50 

pressure of water in the chamber is maintained sufficiently low, referred to as 51 

atmospheric freeze drying (Bantle, Kolsaker, & Eikevik, 2011; Meryman, 1959). 52 

However, the drying rate of atmospheric freeze drying is too slow to be industrially 53 

feasible (Duan, et al., 2015; Ishwarya, Anandharamakrishnan, & Stapley, 2015). 54 

In general, texture, appearance, flavor, and nutritional value are summarized as the 55 

four major factors used to evaluate the overall quality of foods (Mercado, Matas, & 56 

Posé, 2019). Among them, the textural factor significantly influences consumer 57 

acceptance, as it directly affects sensory appreciation and enjoyment during chewing. 58 



Unlike fresh fruits with a water content of up to 80-90%, freeze-dried fruits lose almost 59 

all free water and part of bound water, resulting in significant differences in their 60 

textural characteristics (Nowak & Jakubczyk, 2020). After FD, the removal of frozen 61 

water creates porous spaces, which leads to the formation of special porous or sponge-62 

like structures, conferring the lyophilized fruits a remarkably crispy texture. During this 63 

process, the frozen water acts as a porogen. After water removal, most of the solid 64 

matter in the fruit matrix is retained, which can be divided into water-insoluble fractions 65 

(WIF) and water-soluble fractions (WSF). The WIF mainly consists of certain cell wall 66 

polysaccharides, proteins, and some macromolecular storage substances (Mercado, et 67 

al., 2019). The WSF can be described as the low molecular compounds present in the 68 

watery dispersing medium of plants, such as salts, sugars, organic acids, water-soluble 69 

bioactive ingredients, etc. In this case, the final freeze-dried fruits could be regarded as 70 

a porous plant-based structure built by the combination of WIF and WSF with trace 71 

moisture, giving them a unique sense of texture. Given the compositional complexity 72 

of fruit matrices, the present review will specifically focus on the role of carbohydrates 73 

in the freeze-dried texture formation process.  74 

Currently, freeze-dried fruit products are widely processed by many manufacturers 75 

(including Nestle, General Mills, Kellogg's, etc.) due to their storage stability, high 76 

nutrient retention, and convenience in consumption. Based on our survey of online and 77 

offline products, as shown in Fig. 1, the freeze-dried fruit products currently circulating 78 

in the food market could be divided into two categories: (i) Freeze-dried intact fruits 79 

(FDi), which are manufactured by directly performing FD without damaging the cell-80 

tissue morphology of raw materials, or by mere slicing. (ii) Freeze-dried restructured 81 

fruits (FDr), which are produced with various pretreatments (such as grinding, crushing, 82 

pulping, homogenizing, etc.), frequently coupled with the incorporation of various 83 

additives. Compared to FDi, FDr products available in the current food market 84 

represent a category of FD snacks derived from one or several raw materials that are 85 

generated by grinding, homogenizing, mixing, and subsequently reshaping. For 86 

example, Hnin et al. (2019) developed freeze-dried restructured rose powder-yam snack 87 

chips by blending ground yam paste with rose powder. Huang et al. (2011) created 88 



freeze-dried restructured apple chips by mixing apple with potato paste. Ciurzyńska et 89 

al. (2020) produced freeze-dried restructured fruit and vegetable bars by combining 90 

broccoli, cauliflower, green pepper, and carrot pulp. In a word, restructured fruits are a 91 

fruit state that needs to undergo a thorough process to fully disrupt the plant tissue 92 

morphology. Hence, in this review, we define freeze-dried fruit products with an intact 93 

tissue structure as FDi, and those with a disrupted tissue structure as FDr. Due to the 94 

different processing procedures for FDi and FDr, these two categories of FD fruit 95 

products display contrasting porous structures, implying variations in their final textural 96 

properties. Given the substantial market potential of freeze-dried fruits, a 97 

comprehensive understanding of the texture formation mechanisms and control 98 

technologies in these two types of products is crucial for the future development of the 99 

FD industry.  100 

In recent years, the application and development of FD technology in food 101 

processing have been comprehensively reviewed (Bhatta, Stevanovic Janezic, & Ratti, 102 

2020; Nowak & Jakubczyk, 2020). Nevertheless, texture is one of the least well-103 

described food quality attributes, which is probably attributed to the challenges from 104 

complex fruit matrices and testing methodologies. To the best of our knowledge, a 105 

comprehensive review of the texture formation and control technologies of FDi and 106 

FDr is currently lacking. To address this gap, the current review will provide a 107 

systematic introduction to the formation mechanisms and control technologies of the 108 

freeze-dried texture properties within FDi and FDr based on the FD process (i.e., 109 

freezing and drying), primarily analyzing from the perspective of carbohydrates in 110 

fruits. Furthermore, the definition and development prospects of freeze-dried fruit 111 

texture are also discussed. 112 

2. Fundamental Principle of Freeze Drying 113 

During FD process, the removal of solid-state free water and some bound water in 114 

fruits generally falls into three phases: freezing (completely solidification), the primary 115 

drying phase (ice sublimation), and the secondary drying phase (desorption of 116 

remaining unfrozen water), as illustrated in Fig. 2a. These three phases of the FD 117 



involve five essential physical phenomena to ensure the overall quality of the obtained 118 

products, namely freezing, sublimation, desorption, vacuuming, and vapor 119 

condensation (Waghmare, Perumal, Moses, & Anandharamakrishnan, 2021). This 120 

review will focus on three stages of freezing, sublimation, and desorption stages that 121 

significantly influence the texture properties of lyophilized products. 122 

2.1 Freezing Phase 123 

As the first separation step, up to 95% of the water in fruit systems is completely 124 

solidified, so the morphology and size distribution of pure solid ice crystals are fixed at 125 

this stage (Assegehegn, Brito-de la Fuente, Franco, & Gallegos, 2019). If no collapse 126 

occurs during the subsequent drying stage, the morphology of the ice crystals will 127 

remain consistent with the final pore structure of the dried products, which, in turn, 128 

impacts the textural properties of the lyophilized fruits. Through pre-cooling and ice 129 

crystallization, the majority of the water at this stage solidifies into an ice phase network 130 

(Waghmare, et al., 2021). During solidification, the availability of free water decreases, 131 

causing dissolved solute molecules to be excluded from pure ice crystals, and 132 

subsequently accumulate in residual liquid water, which is also referred to as cryo-133 

concentrated. Along with cryo-concentration, the frozen food system gradually 134 

transforms into a two-phase mixture consisting of ice crystals and concentrated 135 

amorphous solution, eventually yielding the concentrated amorphous solution with the 136 

maximum concentration, resulting in a rubber-like texture. As the temperature 137 

continues to drop, the concentrated amorphous solution will transition from a rubbery 138 

state to a solid amorphous glassy state, which is usually denoted as glassification or 139 

vitrification. The temperature at which this transition occurs is referred to as glass 140 

transition temperature (Tg). For preservation, the freezing step should be performed at 141 

or below the Tg of freeze-dried fruits, as the frozen food products are in an unstable 142 

rubbery or liquid state when the temperature is above the Tg (Ohkuma, et al., 2008).  143 

2.2 Primary Drying Phase 144 

During primary drying, a vacuum is applied, and the shelf temperature is raised to 145 

induce the sublimation of ice in the frozen products. In order to maintain the 146 

sublimation process, there are two basic conditions that must be met. Firstly, the 147 



sublimation vapor needs to be constantly removed from the sublimation area without 148 

hindrance. Secondly, continuous heat supply to the material is necessary for ice 149 

sublimation, maintaining the vapor pressure difference, and removing water vapor from 150 

the chamber. Here, it is crucial to carefully balance the heat added to the materials with 151 

the energy extracted from the drying materials as water vapor. Otherwise, excessive 152 

heat leads to an increase in sublimation temperature above the Tg, resulting in the ice 153 

melting into a solute phase, allowing the system to stay sufficiently mobile to flow 154 

under the forces operating within the food structure. In this state, unexpected structural 155 

phenomena may occur, such as irreversible softening, bulging, shrinking, and collapse 156 

(Assegehegn, Brito-de la Fuente, Franco, & Gallegos, 2020). Unfortunately, these 157 

structural phenomena usually represent the loss of structure, reduction of pore size and 158 

number, and the shrinkage of volume, restricting the vapor transfer rate and effectively 159 

ending the drying operation, while making freeze-dried materials lose their crunchiness 160 

and become texturally unacceptable (Levi & Karel, 1995). Therefore, to avoid 161 

structural collapse, the pressure must be low enough for the free water in the materials 162 

to remain in a solid state (Fig. 2b). Theoretically, the pressure in the chamber should be 163 

below 610 Pa (the triple point pressure of water), but plant material frequently needs to 164 

be maintained at around 63-124 Pa under a lower temperature of at least -25 to -20 °C 165 

(Genin & Rene, 1996). However, in the industrial production of freeze-dried fruits, the 166 

collapse temperature (Tc) of the specific material seems as a more practical and precise 167 

temperature for determining the collapse during FD. Tc is the temperature above which 168 

the macroscopic structure of freeze-dried products undergoes collapse and the shelf 169 

temperature of freeze-dried fruits ideally should be maintained at 2-3 °C below the Tc 170 

to prevent or retard structural collapse (Levi & Karel, 1995; Merivaara, et al., 2021). 171 

2.3 Secondary Drying Phase 172 

The last stage is termed “secondary drying”, during which unfrozen water is 173 

removed by desorption from the concentrated amorphous solution. Depending on the 174 

composition and content of the solids in the fruits, various amounts of residual water 175 

still adsorbed in the amorphous matrix after primary drying, potentially affecting the 176 

storage stability of the final products. Basically, the residual water content after primary 177 



drying accounts for 5-20% of the initial water content of fresh raw materials 178 

(Assegehegn, et al., 2020). Therefore, the purpose of secondary drying is to limit the 179 

residual water content of freeze-dried products to the recommended level for long-term 180 

storage. In essence, the secondary drying phase determines the final moisture content 181 

or water activity (Aw) of freeze-dried fruits, which in turn influences their Tg values. 182 

Yi, et al. (2016) have indicated that in the range of low water content, an increase in the 183 

Aw of the dried sample caused a decrease in the Tg value of the system. In other words, 184 

the lower the moisture content, the higher the Tg of the dried product, and the more 185 

stable the glass state of the system is. Hence, Aw and Tg are two broadly accepted 186 

concepts that elaborate on the storage stability of freeze-dried fruit systems. Generally, 187 

the final moisture content of freeze-dried cellular materials is between 0.5 to 3%, as 188 

higher values can damage long-term storage stability, while lower values can affect the 189 

activity of the active ingredients (Merivaara, et al., 2021).  190 

3. Texture Characteristics of Freeze-dried Fruits 191 

3.1 Texture Definition of Freeze-dried Fruits 192 

The study of texture could be traced back to the end of the 19th century and the 193 

beginning of the 20th century, but a general agreement on the definition of texture was 194 

not reached until nearly the 21st century (Szczesniak, 2002). Brennan (1989) defined 195 

the sensory perceived texture as 'The attribute of a substance resulting from a 196 

combination of physical properties and perceived by the senses of touch (including 197 

kinaesthesis and mouthfeel), sight and hearing'. Szczesniak (2002) later supplemented 198 

these physical properties, describing texture as 'the sensory and functional 199 

manifestation of the structural, mechanical and surface properties of foods'. Based on 200 

elaborated on the definition of texture, three clear concepts can be derived: 201 

(i) Texture is a sensory property, and the physical parameters quantified by texture 202 

analyzers (TA) must be interpreted in terms of sensory perception.  203 

(ii) It is a multi-parameter attribute derived from the molecular, microscopic, and 204 

macroscopic structure of the food.  205 

(iii) Humans perceive texture through multiple senses, most notably the senses of 206 



touch and pressure. 207 

According to Civille and Szczesniak’s description of the solid and semi-solid 208 

foods, to which freeze-dried fruits belong, the classification of textural terms mainly 209 

includes hardness, cohesiveness, viscosity, springiness, and adhesiveness (Civille & 210 

Szczesniak, 1973). The aforementioned textural characteristics have been 211 

systematically described and defined by Szczesniak (2002). Specifically, hardness 212 

refers to the force required to compress and deform a material; cohesiveness represents 213 

the extent to which the material can be deformed before breaking; viscosity is defined 214 

as the rate of flow per unit force; springiness is described as the rate at which a deformed 215 

material returns to its undeformed state after the deforming force is removed; and 216 

adhesiveness is related to the force required to remove substances that adhere to the 217 

oral cavity. 218 

For the dynamic aspects, the above descriptions of texture characteristics can be 219 

divided into two stages: before or after the freeze-dried fruits enter the oral cavity. As 220 

presented in Fig. 3a, before entering the oral cavity, the unique porous structure and 221 

extremely low water content of freeze-dried fruits endow their texture with hardness, 222 

cohesiveness, and springiness as the main characteristics. Their hardness is usually 223 

described as firm, cohesiveness as brittleness, and springiness as plastic. After entering 224 

the oral cavity, the rehydration of freeze-dried fruits imparts them with the properties 225 

of semi-solid food and irreversibly reduces the brittleness of the structure, showing the 226 

characteristics of viscosity and adhesiveness. The texture of freeze-dried products is 227 

mainly influenced by tactile and pressure sensations that arise during chewing in 228 

response to the compressive force of teeth. As visualized in Fig. 3b, the porous structure 229 

suffers from the fracture or rupture of the pore wall under compression force, leading 230 

to wide fluctuations in force as the structure disintegrates (Peleg, 2016). At the initial 231 

stage of chewing, porous materials were broken down into big particles due to the bite 232 

force of teeth and the squeeze force of the tongue. After extensive chewing, the large 233 

particles are further broken into small particles, and the viscosity and adhesiveness of 234 

the dried texture are gradually triggered by saliva immersion. Therefore, the hardness 235 

and brittleness of dried materials dominate at the beginning of oral processing, while 236 



the perception of viscosity and adhesiveness dominates at the end of oral processing.  237 

Once entering the oral cavity, most of the water is re-absorbed by single fibers 238 

during the first three seconds, and the air in pores becomes a major obstacle to complete 239 

rehydration (Amos, 1967). Notably, incomplete saliva impregnation of the solids in the 240 

system may contribute to the lyophilized product becoming viscous and tacky in the 241 

oral cavity. After oral processing, freeze-dried fruit products will completely lose their 242 

porous structure as well as the dry sensation, becoming a mixed semi-solid matrix 243 

containing WIF, WSF, and saliva. For clarity, more attention in this review will be 244 

focused on the texture characteristics of freeze-dried fruit products before entering the 245 

oral cavity, namely the hardness and brittleness.  246 

Generally, the hardness of the dried materials is defined as the maximum yield 247 

force under compression which is associated with the maximum force detected by TA. 248 

However, there are dozens of different definitions of crunchiness and crispness 249 

(brittleness). Here, we believe that the brittleness of freeze-dried fruits is better 250 

described as "desirably firm and brittle, and easily crumbled", as defined by Tunick et 251 

al. (2011). As shown in Fig. 3b, the brittleness of freeze-dried fruits is closely related 252 

to the sudden yielding of the pore wall under an applied mechanical load which is 253 

reflected by the number of fracture peaks of force-distance TA curves (Lammerskitten, 254 

Wiktor, et al., 2019; Silva-Espinoza, Salvador, Camacho, & Martinez-Navarrete, 2021).  255 

3.2 Basis of Texture Formation of Freeze-dried Fruits 256 

The textural characteristics of freeze-dried materials are qualitatively determined 257 

by the mechanical oscillations generated within the porous scaffold. As depicted in Fig. 258 

4a, this review tries to explain the texture formation by building a three-dimensional 259 

(3D) porous model. It discerns that this process involves the stability of the glassy state, 260 

the mechanical resistance of the pore walls to chewing as well as the physical 261 

characteristics of pore spaces. Thus, three dominant attributes of freeze-dried fruits that 262 

control their oral sense of touch and pressure could be basically classified as follows: 263 

(i) Pore or cellular morphology, representing the basic properties of the pore 264 

space on a macroscopic 3D freeze-dried scaffold. It includes pore shape, size, number, 265 

and distribution, which are simultaneously determined by the ice habits and the drying 266 



process.  267 

(ii) Solids, which consist of all solid matter in fruits that are aggregated and 268 

concentrated within the glassy amorphous matrix, eventually form the pore walls of 269 

freeze-dried fruits.  270 

(iii) Water content or Aw. Sufficiently low moisture content, or Aw, is a crucial 271 

factor in maintaining the glass state of freeze-dried fruit, which is the basis of all freeze-272 

dried textures. 273 

3.2.1 Pore morphology 274 

The formation of pore characteristics is a continuous process controlled by both 275 

the freezing stage and drying stage. As mentioned before, the final pore characteristics 276 

of the freeze-dried products are theoretically determined by the ice habits in the freezing 277 

stage. For example, pores with greater diameters tend to be formed by larger ice crystals 278 

at a slow freezing rate, while smaller pore sizes tend to be created at a faster freezing 279 

rate. However, unexpected structural collapse under inappropriate processing 280 

conditions during drying can destroy the initial porous structure by causing the loss of 281 

pores. Therefore, any factor that may interfere with ice crystal growth behavior during 282 

freezing and Tg (or Tc) of the system during FD could alter the pore morphology of 283 

freeze-dried products. Here, it is worth mentioning the opening and closing of pores in 284 

the fruit matrix also affect the occurrence of collapse. Briefly, the more open pores, the 285 

weaker the resistance to water vapor overflow, and the lower the degree of collapse. 286 

This is also the core reason for the difference in texture between FDi and FDr, which 287 

will be elaborated upon in section 3.3.2. 288 

The porous characteristic or cellular structure is closely related to the hardness and 289 

brittleness of freeze-dried products. Regarding hardness, it has been confirmed that 290 

there is an obvious negative correlation between pore size (50-1000 µm) and 291 

compressive strength of porous structure (Zhao, Li, Ding, Liu, & Ai, 2018). This means 292 

that the smaller the pores, the greater the hardness of the freeze-dried fruits. 293 

Furthermore, Zhao et al. (2018) also found that a more regular pore arrangement could 294 

enhance the mechanical resistance of the porous structure. As for brittleness, it has been 295 

revealed that dried fruits with more and larger pores were crispier, while chips with 296 



fewer and smaller pores were harder and less crisp (Léonard, Blacher, Nimmol, & 297 

Devahastin, 2008). Based on the determination of brittleness, the number of fracture 298 

peaks is greatly contributed by the mechanical fracture strength of the pore walls. In 299 

other words, brittleness is closely related to hardness, as greater rigidity could bring 300 

about stronger oral perception of the mechanical oscillations from products, showing a 301 

crunchy perception. Nevertheless, Silva-Espinoza et al. (2021) found that there was a 302 

significant negative correlation (r = −0.7109) between the maximum force and the 303 

number of fracture peaks on force-displacement curves, indicating that crispier 304 

products break more easily when eaten. The above contradiction between hardness and 305 

brittleness predicts that exclusively prioritizing one attribute over the other might not 306 

be a prudent strategy for optimizing texture quality. Instead, aiming for a balanced and 307 

appropriate combination of both suitable hardness and brittleness appears to be a more 308 

dependable approach. This speculation will be exemplified in detail in section 3.3. 309 

3.2.2 Solids 310 

Differing from the pore morphology, solids are determined by the material basis 311 

of the original fruits. Normally, carbohydrates dominate the solid matter of common 312 

fruits. As support, the components of different fruits mainly include water, small 313 

molecular sugars, and dietary fiber (Fig. 4b). Carbohydrates in fruits basically exist in 314 

the form of complex sugars such as cellulose, pectin, and hemicellulose and simple 315 

sugars such as glucose, fructose, and sucrose (Sethi, Joshi, Arora, & Chuanhan, 2022). 316 

In other words, carbohydrates could be mainly divided into two classes: (i) the 317 

polysaccharide within WIF, and (ii) the mono-/disaccharides within WSF. These two 318 

classes play different roles during the FD texture formation. As visualized in Fig. 4a, 319 

the spatial cross-links of polysaccharides are retained as attachable 3D pore walls, while 320 

the remaining small molecule solids are stacked in the amorphous matrix and gradually 321 

cover the lyophilized porous scaffolds. To prove this, the textural properties of cell wall 322 

polysaccharide mixtures (pectin and cellulose) after FD was tested, and the results 323 

showed that pure pectin-cellulose sample exhibited a weakly sponge-like structure with 324 

almost no hardness and brittleness (Du, et al., 2023). Hence, during texture formation, 325 

polysaccharides may only tend to play as a 3D scaffold lacking mechanical strength, 326 



offering attachment places for the amorphous matrix. Furthermore, Feng et al. (2022) 327 

confirmed that the degree of cross-linking of polysaccharides affects the hardness and 328 

brittleness of porous scaffolds. In detail, the pectin-xyloglucan porous structure with 329 

ionic interactions exhibited stronger hardness and brittleness than the one with 330 

hydrogen bond interactions. 331 

The incorporation of small molecule sugar, i.e. fructose, into the non-rigid pectin-332 

cellulose system substantially increased the mechanical resistance and fluctuation, 333 

highlighting the indispensable role of mono-/disaccharides on freeze-dried texture 334 

formation (Du, et al., 2023). Numerous studies have indeed confirmed the structural 335 

reinforcing role of additional mono/disaccharides in polysaccharide porous systems 336 

(Ciurzyńska, Mieszkowska, Olsiński, & Lenart, 2017; Harnkarnsujarit, Charoenrein, & 337 

Roos, 2012). As reported, there is a positive correlation between the 338 

mono/disaccharides content and the hardness as well as the brittleness of freeze-dried 339 

fruits (Feng, Bi, Yi, Li, Li, et al., 2022). Upon freezing, simple sugars in fruits 340 

concentrate within the unfrozen phase and subsequently form stacked amorphous 341 

sugars during high-speed FD (Imamura, et al., 2008). These amorphous sugars then 342 

adhere to the non-rigid 3D scaffold of polysaccharides, imparting the distinctive texture 343 

characteristic of freeze-dried products. As evidence, a previous report has demonstrated 344 

that amorphous sugars are generally stronger than their crystalline counterparts, which 345 

may be better able to support, encapsulate, and/or stabilize unstable active 346 

macromolecular components (Hancock & Shamblin, 1998). Moreover, different small 347 

molecular sugars exhibited various effects on the mechanical properties of freeze-dried 348 

products (Amos, 1967). It has been found that when adding 10 kinds of small molecules 349 

(e.g. fructose, glucose, sucrose, maltose, trehalose, etc.) in the pectin-carboxymethyl 350 

cellulose mixed system, fructose exhibited the highest ability to enhance hardness (as 351 

shown in S-Fig. 1).  352 

Here, it is worth mentioning that mono-/disaccharides can also influence texture 353 

qualities by accelerating structural collapse. It is well-known that mono-/disaccharides 354 

could promote the collapse of freeze-dried materials by reducing the Tg in the matrix 355 

(Roos, 1993). Harnkarnsujarit et al. (2012) confirmed that the presence of mono-356 



/disaccharides reduces the average molecular weight of the system, which corresponds 357 

to a lower Tg. In such instances, the storage temperature (Ts) can more easily surpass 358 

Tg, leading to porosity loss, dry matter accumulation, lower brittleness, and an 359 

undesired increase in hardness. Additionally, fruit systems abundant in fructose and 360 

glucose exhibited greater susceptibility to structural collapse compared to sucrose than 361 

sucrose, possibly due to their lower Tg value (Feng, Bi, Yi, Li, Li, et al., 2022; Roos, 362 

1993).  363 

3.2.3 Water content or Aw  364 

Regardless of polysaccharides or small molecular sugars, they eventually reside in 365 

the amorphous matrix and confer dry texture characteristics to the lyophilized system 366 

in a glassy state, determined by the difference between the Ts and the Tg. As stated 367 

earlier, Tg values are dependent on the final moisture content and the Aw of dried 368 

products. An increase in water content or Aw causes the freeze-dried system to transition 369 

from the glassy state to the rubbery state, directly resulting in the softening of their 370 

texture quality (Moraga, Talens, Moraga, & Martínez-Navarrete, 2011). For example, 371 

it has been confirmed that the lower the water content, the more brittle the dried banana 372 

sample was (Boudhrioua, Michon, Cuvelier, & Bonazzi, 2002). Correspondingly, the 373 

hardness and brittleness of freeze-dried persimmon slices also significantly decreased 374 

as Aw increased, which was associated with the continuous loss of plasticity in the dried 375 

product (González, Llorca, Quiles, Hernando, & Moraga, 2020). Indeed, it has been 376 

indicated that maximum compression force and brittleness perception decreased as a 377 

function of water content while Ts remained below their Tg (Farroni, Matiacevich, 378 

Guerrero, Alzamora, & Buera, 2010). In addition, Silva-Espinoza et al. (2020) observed 379 

a sharp increase in the maximum force of freeze-dried orange snacks during the 380 

transition from the glassy to the rubbery state, followed by a sharp decrease upon 381 

achieving the rubbery state. This increase in maximum force at the lowest Aw was also 382 

observed in other studies (Moraga, et al., 2011). This phenomenon is related to the anti-383 

plasticizing effect of water, which is also considered a ‘toughening’ or mere hardening 384 

effect. It is attributed to the enhanced cohesiveness of the glassy food matrix, providing 385 

greater resistance to compressive forces and thus increasing the rigidity and hardness 386 



of freeze-dried products. 387 

3.3 Differences in Texture Formation between FDi and FDr 388 

The formation mechanism of freeze-dried fruit texture is a complex process 389 

determined by multiple factors. Any conditions that interfere with pore morphology, 390 

solids, or water content in the fruit systems could lead to a dramatic change in freeze-391 

dried texture characteristics. Among the above three dominant attributes, the 392 

transformation of pore morphology is the core reason for the diverse texture 393 

characteristics between FDi and FDr. Apparently, the essential difference between 394 

intact and restructured fruits is the presence or absence of cellular structures (Fig. 5a). 395 

For FDi, the parenchyma cells with intact physical anatomy of the tissue could be 396 

preserved under a fast freezing rate and a perfect drying process. In detail, the cellular 397 

structure that affects the mechanical properties of dry solid foods can be categorized as 398 

(i) open or closed cells; (ii) flexible or rigid cell walls; (iii) cell size distribution; and 399 

(v) cell wall thickness and shape (Peleg, 2016). On the contrary, the above intact cellular 400 

structure has been completely or partially destroyed in FDr, leading to the loss of 401 

integrity of the cell membranes, loss of turgor, and deterioration of cell wall structure. 402 

This disintegration of cellular structure influences the texture formation of freeze-dried 403 

fruit products as a continuous process, which could be classified into the freezing phase 404 

and the drying phase. 405 

3.3.1 Freezing stage 406 

3.3.1.1 Freezing stage of intact fruits 407 

In general, it is accepted that the cell wall/membrane barrier on ice propagation 408 

must be taken into account when fruits with intact cell structures are frozen 409 

(Tolstoguzov, 1999). As a typical thermodynamic process, the freezing stage of cellular 410 

food is explored by previous studies by assuming them as capillary-porous materials, 411 

which implies that their heat transfer is much more complicated than that of non-porous 412 

materials (Datta, 2007). In fruits, the main structural factors affecting heat transfer 413 

basically can be summarized into two categories. Firstly, the presence of the cell 414 

wall/membrane of the plant matrix not only acts as a semipermeable barrier to water 415 

and solutes but also hinders the transfer of heat and mass during freezing. Studies have 416 



reported that the cell membrane can prevent the seeding of the transiently supercooled 417 

intracellular fluid by extracellular ice (Tolstoguzov, 1999). The complex tissue matrix 418 

formed by the cell wall/membrane linked with various plant components would impede 419 

the heat transfer during freezing, thus resulting in supercooling of the intracellular 420 

regions with nucleation temperatures much lower than the surrounding extracellular 421 

space. However, a previous study by Dorota Nowak et al. (2016) found that the internal 422 

cellular structure influenced the temperature pattern of the freeze-dried samples only in 423 

the case of a slow freezing rate. Secondly, the physical characteristics of plant tissue, 424 

involving the cell size and intercellular space within fruit tissues, should also be 425 

considered (Schudel, Prawiranto, & Defraeye, 2021). Fruit materials with small cells 426 

are generally tightly packed, while large cells are embedded in large intercellular gaps 427 

(Feng, Bi, Yi, Li, Li, et al., 2022). As reviewed by Li et al. (2018), these large gaps can 428 

provoke internal stress, thereby affecting the heat transfer during freezing while 429 

favoring the formation of extracellular ice. the continuous growth of extracellular ice 430 

crystals indicates severe cellular structural damage, such as rupture of cell membranes 431 

and deterioration of cell walls and above damages consecutively affect the drying 432 

behavior, thereby altering the pore structure and textural quality. The impact of 433 

extracellular ice crystals on cellular structure during freezing is schematically 434 

illustrated in Fig. 5b, and it results in intracellular dehydration and eventually forms the 435 

shrunken intact cellular structure shown in SEM images. 436 

3.3.1.2 Freezing stage of restructured fruits 437 

During the restructuring process, the destruction of the original tissue and intact 438 

cell structure will inevitably occur. The sophisticated cell wall crosslinked by 439 

polysaccharides is disorganized, and the interaction of pectin with cellulose, 440 

hemicellulose, and metal ions is subsequently disrupted. Then, the free water and 441 

loosely bound water delimited by the endomembrane system are released along with 442 

the watery dispersing solute, forming a complex system mixed with intracellular liquid, 443 

cell wall polysaccharides, and other plant components. When it occurs, some water-444 

soluble cell wall polysaccharides (e.g. pectin and hemicellulose) will re-dissolve in the 445 

intricate fruit system. After freezing begins, these re-dissolved polysaccharides would 446 



be physically crosslinked with other insoluble cell wall fragments within the 447 

concentrated amorphous solution under cryo-concentration during ice crystal growth 448 

(Zhang, Liu, Chen, & Dai, 2019). In a simplified manner, we can assume that when all 449 

cell wall polysaccharides in concentrated amorphous solution are present as isolated 450 

chains rather than cell wall fragments, they would be trapped by the moving water-ice 451 

front and further accumulated into the cryo-concentrated solution in the intergranular 452 

space of ice crystals, following the direction of the temperature gradient during freezing 453 

(Grenier, et al., 2019; Zhang, et al., 2019). As shown in Fig. 5b, during this process, 454 

polysaccharide chains close to the ice-solution interfaces spontaneously self-assembled 455 

and intercrosslinked via non-covalent interaction, serving as scaffolds for subsequent 456 

lyophilized products. Back to a matter of fact, since the traditional food restructuring 457 

process cannot wholly decompose the sophisticatedly interacted cell wall, there is a 458 

high probability that cell wall fragments in restructured fruits are linked to form pore 459 

walls through physical cross-linking of partially redissolved water-soluble 460 

polysaccharides, as shown in Fig. 5b. In this case, the pore morphology of FDr 461 

essentially represents the fingerprint of the ice crystals shapes and sizes during freezing 462 

stage. Therefore, any changes that control the ice crystal habits would ultimately affect 463 

the pore morphology and, consequently, alter the textural properties of the FDr.  464 

3.3.2 Drying stage 465 

3.3.2.1 Drying stage of intact fruits 466 

Undoubtedly, the presence of cellular structures in fruits affects heat and mass 467 

transport during the drying stage. Several models have been developed to measure the 468 

influences of the cell structure on the transport properties of cellular food materials 469 

during drying (Araki, Sagara, Abdullah, & Tambunan, 2001; Crapiste, Whitaker, & 470 

Rotstein, 1988). However, the integrity of the cellular structures during the drying stage 471 

is highly influenced by the ice crystal growth behavior in the previous freezing stage. 472 

Thus, here we temporarily assume that the integrity of the cellular structure in fruits is 473 

not damaged by water crystallization. Under this assumption, considerable resistance 474 

against the molecular transfer of water vapor by the cellular structure still remains in 475 

the frozen fruit materials (Araki, et al., 2001). Nowak et al. (2016) have established the 476 



influence of plant tissue structure during the drying stage and found that the disruption 477 

of cell walls accelerated the water vapor transportation to the surface of the sample for 478 

sublimation. Conversely, when the cellular structure is intact, its limitation of mass 479 

transfer rate results in a weaker vapor flow and the accumulation of water vapor during 480 

drying, which may cause the chamber pressure to rise above the saturation vapor 481 

pressure of the ice. As shown in Fig. 2b, when the intracellular pressure increases 482 

sharply, the water molecules in the vapor state transform into the liquid state. Thereafter, 483 

the plasticizing effect of water on the vitrified state is strengthened, leading to melting 484 

in the surrounding regions (Roos, 2010). In other words, the presence of tissue cell 485 

structure promotes the collapse of structure and the unexpected accumulation of pore 486 

walls, which directly deteriorates the texture quality by undesired hardening. This 487 

texture deterioration phenomenon is more prone to occur in fruit tissues with smaller 488 

cell sizes. It has also been found that fruits with smaller cell sizes are more susceptible 489 

to structural shrinkage and collapse than those with larger cell sizes, implying that the 490 

smaller pores and denser pore structure bring higher resistance to vapor flow during FD 491 

(Feng, Bi, Yi, Li, Li, et al., 2022).  492 

3.3.2.2 Drying stage of restructured fruits 493 

Unlike intact fruits, ice crystals of restructured fruits tend to form an 494 

interconnected ice phase throughout the product during freezing due to the absence of 495 

cell wall interference, implying the formation of a large number of open pores (Wang, 496 

et al., 2019). This means the water molecules in the frozen fruits can smoothly escape 497 

in the form of vapor, and the interconnected pores within restructured systems serve as 498 

the main path of vapor flow during drying, contributing to the FD rate and quality. Yang 499 

et al. (2023) have revealed that the negative effects of cellular tissue barriers and 500 

epidermal waxes on water sublimation could be inhibited when the original fruit was 501 

crushed to a homogeneous pulp form, thereby improving the overall quality of the 502 

freeze-dried product. Actually, when comparing intact and restructured apples, 503 

strawberries, and mangoes, it was found that damaging the cell structure not only 504 

lowered the final Aw and inhibited shrinkage, but also improved consumers’ overall 505 

acceptance of freeze-dried products (Feng, Yi, Wu, Ma, & Bi, 2023). The disintegration 506 



of the cell structure results in a large number of open-pore structures throughout the 507 

restructured fruits. When this occurs, barrier-free vapor transfer effectively inhibits 508 

collapse and ensures the integrity of the porous structure, leading to better texture 509 

quality. Based on this, we can infer that the formation of pore morphology in 510 

restructured fruits is more dependent on ice crystal growth without considering the 511 

impact of unpredictable collapse. Therefore, it is possible to produce FDr with a variety 512 

of pore morphologies and textural qualities only by changing ice habits during freezing. 513 

This also inspired us regarding the high controllability and predictability of freeze-dried 514 

texture quality in FDr.  515 

Considering the definition of freeze-dried texture, theoretically, better texture 516 

characteristics with excellent hardness and brittleness would be presented when the 517 

restructured system is designed as a porous structure with a large pore size and greater 518 

mechanical solid strength. However, an excessive pursuit of large pores with high 519 

hardness may negatively impact the evaluation of texture by consumers. Fig. 6 shows 520 

the typical force-displacement curves for four restructured apple samples with various 521 

texture characteristics. All samples exhibited highly jagged curves with many force 522 

peaks, which are described as crispy or crunchy. Once the hardness and oscillating 523 

behaviors of the samples (sample 1 and sample 2) are too strong or too weak, it will 524 

actually reduce the subject's perception of brittleness and the acceptability of the 525 

product. However, samples (sample 3 and sample 4) with suitable hardness and 526 

moderate mechanical fluctuations allowed subjects to perceive greater brittleness and 527 

higher acceptability, which demonstrated the significance of a well-suited balance of 528 

hardness and brittleness in influencing texture perception, as previously mentioned in 529 

section 3.2.1. 530 

4. Control technologies of the Texture of FDi and FDr 531 

Based on the FD process, texture modification of freeze-dried fruit products 532 

mainly occurs in the physical pretreatment, the freezing stage, and the drying stage. 533 

Among them, texture control that occurs during freezing and drying tends to have 534 

common laws on both FDi and FDr. However, in the pretreatment stage, due to the 535 



significant diversity in the internal structure of the system, intact and restructured fruits 536 

have different methods of textural control.  537 

4.1 Pretreatment 538 

Among the three dominant attributes of freeze-dried texture summarized earlier, 539 

pore morphology and solids offer greater flexibility for us to modify the texture 540 

properties of lyophilized produces, while water content must be kept sufficiently low 541 

to ensure prolonged storage and the maintenance of the glassy amorphous matrix. 542 

Supported by the facts, much attention has been devoted in recent decades to the study 543 

of texture control by altering pore or cellular morphology as well as solid content and 544 

composition, as described below.  545 

4.1.1 Pretreatment for intact fruits 546 

Various pretreatment methods for texture control of FDi are illustrated in Table 1, 547 

including ultrasonic (US), high pressure (HP), pulsed electric fields (PEF), freeze-thaw 548 

cycles (FTC), and osmotic dehydration (OD), and other pretreatment methods. Most of 549 

them achieve the purpose of improving texture by changing the integrity of the cellular 550 

structure to accelerate the heat and mass transfer during the freezing and drying process. 551 

Essentially, the principle of these methods to change the texture properties is similar to 552 

that of restructure treatment. Still, the destruction of cell structure through these 553 

methods is more invisible, which preserves the cellular morphology in the original fruit 554 

tissue. 555 

4.1.1.1 Ultrasonic (US) pretreatment 556 

As an essential and widely known pretreatment method of FD, the impact of US 557 

on the texture quality of freeze-dried fruit has been reported in numerous studies 558 

(Waghmare, et al., 2023). During the US process, surface tensions and cavitation effects 559 

will be generated in capillaries, forming micro-channels to accelerate water loss from 560 

the sample during drying. Due to the creation of microchannels, the cell size of US-561 

treated materials was somewhat large, promoting mass transfer during drying (Li, 562 

Zhang, & Wang, 2020). In this case, the resistance against water vapor by the cellular 563 

structure is weakened, implying better structural preservation without severe structural 564 

collapse. Hence, Yildiz and Izli (2019) found that untreated freeze-dried samples 565 



exhibited a more compact and denser porous structure with higher hardness than US-566 

assisted freeze-dried samples. Even though the US reduces the hardness of the 567 

lyophilized fruits, the cell outlines of US-treated fruits were more uniform and visible 568 

when compared with directly freeze-dried fruits, inducing greater brittleness sensory 569 

scores of US-assisted products (Fan, Chitrakar, Ju, & Zhang, 2020). Similar findings 570 

were reported by Yuan et al. (2022), who found that US treatment resulted in a greater 571 

brittleness of freeze-dried jujube slices. However, improper ultrasonic penetration 572 

would disrupt the continuity of the cellular structure, leading to structural collapse and 573 

accumulation of solid matter, causing an undesirable increase in hardness.  574 

4.1.1.2 High pressure (HP) pretreatment 575 

As another pretreatment that enhances the mass transfer of water during FD, HP 576 

treatment of foodstuffs is normally carried out in ranging from 50 to 600 MPa for the 577 

desired dwell time and temperature (Dziki, 2020). Application of HP increases the cell 578 

membrane permeability by disrupting the integrity of the cell structure in structurally 579 

fragile materials, thereby enhancing diffusion and increasing the mass transfer during 580 

drying (Witrowa-Rajchert, Wiktor, Sledz, & Nowacka, 2014; Zhang, et al., 2020). It 581 

was observed that the hardness values of HP-treated samples were higher than those of 582 

the untreated samples, which is attributed to the lower water content within HP samples 583 

(Yuan, et al., 2022). Similarly, Hulle et al. (2015) also found that the hardness of 584 

dehydrated aloe vera enhanced with increasing pressure. In comparison, no significant 585 

brittleness improvement was found in the HP-pretreated samples (Yuan, et al., 2022). 586 

This may be due to the substantial increase in average pore area and diameter after HP 587 

treatment, which may reduce the number of pores (Zhang, et al., 2020). In this way, the 588 

freeze-dried fruits after HP treatment may be closer to the structural characteristics of 589 

sample 4 in Fig. 6, corresponding to a lower score for brittleness in the sensory 590 

evaluation. 591 

4.1.1.3 Pulsed electric fields (PEF) pretreatment 592 

PEF treatment is a pretreatment that can significantly enhance FD efficiency, 593 

depending on permeabilization (electroporation) of cell membranes under electric 594 

pulses with an electric field strength (ranging from 1 to 10 kV/cm) in a short period of 595 



time (from nanoseconds to milliseconds) (Barba, et al., 2015). Besides, when PEF is 596 

applied for food processing, the plasmolysis of biological cells is also induced by the 597 

electric pulses (Witrowa-Rajchert, et al., 2014). The disruption of the cellular structure 598 

reduces mass transfer barriers in the product, ultimately altering the textural properties. 599 

Expressly, Faustera et al. (2020) have stated a significant reduction of the structural 600 

shrinkage for both PEF-treated bell peppers and strawberries when compared to directly 601 

freeze-dried samples, with 30% and 50% lower volume losses, respectively. The above 602 

protection of the porous structure by PEF application will induce higher porosity. For 603 

instance, it has been reported that PEF treatment increased the porosity of freeze-dried 604 

apples by 86 times (Parniakov, Bals, Lebovka, & Vorobiev, 2016). Due to the increase 605 

in the number of pores, PEF reduced the hardness of freeze-dried strawberries and bell 606 

peppers even up to 60% (Fauster, et al., 2020). The noticeable softening of structure 607 

mechanical strength was also detected in freeze-dried PEF pretreated apples 608 

(Lammerskitten, Mykhailyk, et al., 2019). In terms of brittleness, PEF-treated freeze-609 

dried samples were crispier in comparison to untreated ones, which is ascribed to more 610 

porosity in their structure as well as their desirable hardness improved by PEF 611 

(Lammerskitten, Mykhailyk, et al., 2019). However, due to the limitation of the number 612 

of publications on this topic, more extensive works should be developed in the future. 613 

4.1.1.4 Freeze-thaw cycles (FTC) pretreatment 614 

    Two steps constitute FTC preprocessing: freezing materials to their freezing points 615 

and thawing the frozen materials at higher temperatures. During this process, the 616 

transformation of water into ice crystals in plant cells causes damage to the intact cell 617 

structure, and the degree of damage is related to the number of freeze-thaw cycles and 618 

the speed of freezing (Phothiset & Charoenrein, 2014). Unlike US, HP, and PEF, FTC 619 

is more damaging to plant cells as almost no cells in the whole tissue can survive freeze 620 

and thaw cycles (Charoenrein & Owcharoen, 2016). Unfortunately, the effect of freeze-621 

thaw treatment on texture after FD has been poorly reported. Limited studies found that 622 

the destruction of the 3D scaffold in the freeze-dried material can be clearly observed 623 

in the FTC pretreated samples, which is due to the expansion force generated by the 624 

liquid-solid transition of water (Feng, et al., 2020). This would subsequently lead to 625 



FTC-treated lyophilized samples forming porous structures containing considerable 626 

pores, implying weaker hardness and poorer brittleness characteristics (Ando, et al., 627 

2016; Feng, et al., 2020). 628 

4.1.1.5 Osmotic dehydration (OD) pretreatment  629 

Different from the previous four pretreatments that mainly change the cell 630 

structure, OD treatment could increase the solute content while removing water from 631 

the material in the system (Dziki, 2020). In other words, OD not only affects the cellular 632 

structure but also changes the solids of the food. Based on the properties of the material, 633 

different osmotic agents are used for OD, such as maltodextrin, maltose, fructose, 634 

sucrose, sodium chloride, calcium chloride, etc (Ahmed, Qazi, & Jamal, 2016; Yadav 635 

& Singh, 2014). Compared to the osmotic agents with higher molecular weight, osmotic 636 

agents with lower Mw could easily penetrate the cells of fruits, so various small 637 

molecular sugars are more commonly used in freeze-dried fruit products as osmotic 638 

agents (Ahmed, et al., 2016). For example, Prosapio and Norton (2017) selected 639 

fructose from four saccharide osmotic agents (maltodextrin, maltose, fructose, and 640 

sucrose) to explore the texture changes of freeze-dried strawberries. Their results 641 

exhibited that the samples that underwent OD maintained a better porous structure and 642 

greater hardness than untreated freeze-dried strawberries. Furthermore, our previous 643 

studies showed that different saccharide osmotic agents have diverse hardness 644 

improvements in FD apple slices, among which fructose and glucose were the most 645 

outstanding (Ma, et al., 2022). The above finding is consistent with previously 646 

described content in this review that small molecular sugars strengthen the hardness of 647 

freeze-dried systems. However, the saccharide osmotic agents application also 648 

promotes structural collapse and shrinkage, which increases the pore wall thickness and 649 

reduces the pore volume, suggesting a reduction in the brittleness of the samples (Ma, 650 

et al., 2022). Unlike saccharide osmotic agents, salt osmotic agents (e.g. calcium 651 

chloride and calcium lactate) could minimize the structural collapse and shrinkage, 652 

while increasing the porosity of FD products (Prosapio & Norton, 2018). Notably, the 653 

US is usually used to assist in the conduction of OD to shorten operating time. Prosapio 654 



and Norton (2018) observed that the OD-treated strawberries with ultrasounds for 30 655 

min exhibited the highest hardness preservation, comparable to that of the fresh material. 656 

Nevertheless, US-assisted OD lyophilized yams using higher US power levels could 657 

reduce the porosity due to the local collapse, inducing an undesirably high hardness and 658 

low brittleness in the overall textural properties (Li, et al., 2020). 659 

4.1.2 Pretreatment for restructured fruits 660 

4.1.2.1 Polysaccharides additives 661 

During the pretreatment stage, the texture of the freeze-dried restructured product 662 

can be precisely regulated by adding specific ratios of various food additives (Yang, et 663 

al., 2023). Building on our earlier description, externally added additives regulate the 664 

final texture quality by altering the composition and content of the solid matters in fruit 665 

system. Amongst the diverse range of additives, natural polysaccharides garner 666 

continuous attention due to their accessibility and renewability, non-toxicity, and 667 

diverse health benefits. Most of them are extensively applied in the food industry as 668 

stabilizers, thickeners, viscoelastic regulators, and gelling agents to modify the texture 669 

of food, including agar, gellan gum, locust bean gum, pectin, carrageenan, and xanthan 670 

gum, etc.(Dille, Draget, & Hattrem, 2015; Sun, Wu, Song, & Chen, 2022). However, 671 

most studies on the effect of polysaccharide additives on texture primarily focus on 672 

undehydrated materials, while limited reports on dehydrated materials. 673 

Notwithstanding, we summarize the dominant effects of polysaccharide additives 674 

concerning the texture formation mechanism of FDr as follows:  675 

(i) Impact on ice crystal growth during the freezing phase. Several studies have 676 

demonstrated that the hydration behavior, crosslinking, gelation, and interaction of 677 

polysaccharides with ice crystals may influence their ice interference capability to vary 678 

extents (Feng, Yi, Ma, & Bi, 2023; Sun, et al., 2022). The effect of polysaccharides on 679 

ice crystal can be divided into two processes, i.e. nucleation and ice growth. Regarding 680 

ice nucleation, high-molecular-weight polysaccharides generally have minimal impact 681 

on the freezing point, while some can promote nucleation through a heterogeneous 682 

mechanism (Guerreiro, et al., 2020; Pummer, Bauer, Bernardi, Bleicher, & Grothe, 683 

2012). Previous reports suggest that water molecules enclosed by surrounding 684 



polysaccharides may eventually evolve into active sites for nucleation processes 685 

(Zachariassen & Kristiansen, 2000). Regarding ice growth, the addition of 686 

polysaccharides increases the micro-viscosity of the cryo-concentrated micro-domain 687 

surrounding the ice crystals, thereby reducing water diffusion to the ice core surface 688 

(Maity, Saxena, & Raju, 2018). In this scenario, restructured fruits enriched with 689 

polysaccharides tend to form a porous structure with small pore size and increased pore 690 

number, which means the higher hardness of the system. As support, Egas-Astudillo et 691 

al. (2020) found that polysaccharide-supplemented grapefruit purees exhibited higher 692 

hardness compared to non-supplemented ones, implying a better textural characteristic.  693 

(ii) Effects of interactions between polysaccharides. Before freezing, the added 694 

additive may crosslink the polysaccharides originally existed in the puree through non-695 

covalent interactions, strengthening the matrix mechanically. For instance, the 696 

mechanical strength of lettuce/pectin matrixes was exhibited to be positively influenced 697 

by the concentration of exotic pectin (Vancauwenberghe, et al., 2019). After freezing, 698 

the polysaccharide additive crosslinks with the polysaccharide accumulated in the 699 

concentrated amorphous solution via non-covalent interactions. As support, Yang et al. 700 

(2023) explored the addition of edible gum cross-linking polysaccharides or cellulose 701 

in strawberries during processing, resulting in a tighter structure. Similarly, Martínez-702 

Navarrete et al. (2019) also observed increased hardness in freeze-dried mandarin 703 

snacks containing added gum Arabic. 704 

(iii) Inhibition of structural collapse through reduces Tg values. Since Tg decreases 705 

with increasing Mw provided by polysaccharides, fruit systems rich in polysaccharides 706 

could exhibit lower overall Tg values (Feng, Bi, Yi, Li, Li, et al., 2022; Roos & Karel, 707 

1991). For instance, Marilu Andrea Silva-Espinoza et al. (2020) found that the freeze-708 

dried orange pulp without polysaccharides had lower Tg values than freeze-dried pulps 709 

with added polysaccharides. Consequently, the polysaccharide additive prevents 710 

collapse and shrinkage by raising the Tg value of the fruit puree system, thereby 711 

maintaining the integrity of the porous structure and enhancing the mechanical 712 

properties, brittleness, chewiness, and sensory evaluation score of the restructured fruit 713 

products (Martínez-Navarrete, et al., 2019; Silva-Espinoza, et al., 2020; Yang, et al., 714 



2023). 715 

4.2 Freezing Stage 716 

As mentioned earlier in this review, freezing conditions dictate the ice habit (size, 717 

number, and morphology), which not only affects the integrity of the cell structure in 718 

intact fruits but also determines the pore morphology in restructured fruits, impacting 719 

the subsequent drying process, such as water vapor flow resistance. A crucial factor 720 

influencing various ice behaviors is the freezing temperature and time combination, 721 

known as the freezing rate (Schudel, et al., 2021). The freezing rate (ice crystal growth 722 

rate) depends on the degree of supercooling (Shibkov, Golovin, Zheltov, Korolev, & 723 

Leonov, 2003). At low degrees of supercooling, the supercooled system absorbs only a 724 

limited amount of heat for crystallization due to the small difference between nucleation 725 

and freezing point temperatures, leading to the formation of a small number of large ice 726 

crystals at a slow growth rate (Assegehegn, et al., 2019). In this case, water molecules 727 

have enough time to arrange into regular hexagonal crystals (i.e. dendrites). Conversely, 728 

at a higher degree of supercooling, a lower ice nucleation temperature indicates a 729 

greater temperature difference with nucleation temperature, resulting in a faster ice 730 

crystal growth rate (Petzold & Aguilera, 2009). In this case, water molecules are 731 

arranged randomly around the ice core, generating irregular dendrites or needle-like 732 

crystals (Assegehegn, et al., 2019; Petzold & Aguilera, 2009). The above different ice 733 

habits control the freeze-dried texture quality of intact and restructured fruits in 734 

different ways, which are described as follows. 735 

4.2.1 Effect of freeze rate on the texture of FDi 736 

Damage to the cellular structure during ice crystal growth usually occurs in two 737 

ways, including physicochemical damage caused by ice development, as well as 738 

intracellular dehydration due to changes in local osmotic pressure (Mazur, Leibo, & 739 

Chu, 1972). Among these, the former refers to a series of adverse biochemical reactions 740 

after the rupture of the endomembrane system caused by the volume expansion during 741 

water crystallization, which obviously has a greater impact on the formation of freeze-742 

dried texture. The above damages caused by the ice crystal growth are highly related to 743 

the ice habit, which can be divided into two cases according to the freezing rate. When 744 



the freezing rate is slow, intracellular water leaves the cell to form large extracellular 745 

ice, resulting in cell dehydration and deformation (Moore, Vicre-Gibouin, Farrant, & 746 

Driouich, 2008). When the freezing rate is fast, smaller and more uniformly distributed 747 

ice crystals grow both intracellularly and extracellularly, reducing cell shrinkage and 748 

deformation (Schudel, et al., 2021). As confirmed by Charoenrein and Owcharoen 749 

(2016), mango cells remained a similar round shape to those of fresh tissue after fast 750 

freezing, whereas slow freezing resulted in a dramatic change in cellular structure and 751 

a degradation in cellular uniformity. Hence, compared to slow-frozen samples, fast-752 

frozen samples exhibited a more open structure due to less shrinkage of cellular 753 

structures, suggesting faster-drying efficiency and better porosity preservation. In this 754 

way, FDi produced by a fast freezing rate will exhibit better brittleness and more 755 

suitable hardness in comparison to the slow freezing rate. 756 

4.2.2. Effect of freeze rate on the texture of FDr  757 

If the effect of freezing rate on intact fruits primarily concerns the damage to cell 758 

structure integrity, its effect on restructured fruits is more evident in controlling pore 759 

morphology. As stated earlier, the final pore morphology of the restructured fruit 760 

products depends more on the ice habit during the freezing process. Therefore, when 761 

the freezing rate is slower, larger ice crystals are formed within the fruit puree, which 762 

means that the freeze-dried products will show more expanded gas pores in their 763 

structure. This result was confirmed by Silva-Espinoza et al. (2019) in the freeze-dried 764 

orange puree system. Conversely, when the freezing rate is fast, more uniform and 765 

smaller pores are present in the internal structure of the restructured fruits. In theory, 766 

controlling the size, shape, and distribution through freezing rate could be a well-767 

established method for modulating the textural quality of restructured fruit products. 768 

However, a study exploring the effect of FD conditions on sensory perception in freeze-769 

dried puree products found no significant relationship between freezing rate and 770 

brittleness or sensory perception (Silva-Espinoza, et al., 2021). This indicates that 771 

further research is necessary to confirm the possibility of designable regulating the 772 

texture quality of restructured fruit products by altering the freezing rate. 773 

4.3 Drying Stage 774 



The drying stage mainly depends on two parameters during the operation of the 775 

freeze dryer: shelf temperatures and working pressures. These two parameters 776 

determine the collapse or shrinkage rate during the FD process, thereby controlling the 777 

pore shape and Aw of final products, implying changes in the freeze-dried texture. In 778 

terms of shelf temperature, it has been revealed that a higher shelf temperature could 779 

increase the mechanical rigidity of the freeze-dried orange samples (Silva-Espinoza, et 780 

al., 2019). At a lower shelf temperature (low drying rate), the water gradient within the 781 

dried product is small, thereafter resulting in low internal stresses that promote uniform 782 

shrinkage towards the solid core (Ratti, 1994). At a higher shelf temperature (high 783 

drying rate), rapidly falling surface moisture leads to a ‘casehardening phenomenon’ at 784 

the surface, limiting subsequent shrinkage and thus increasing porosity formation 785 

(Sablani & Rahman, 2007). Furthermore, the increasing trend in pore formation of high-786 

shelf temperature samples is also confirmed in apples, yellow date, oranges, and 787 

grapefruits (Egas-Astudillo, et al., 2020; Sablani & Rahman, 2007; Silva-Espinoza, et 788 

al., 2019). Regarding working pressures, products freeze-dried at the lowest pressure 789 

displayed a higher number of fracture peaks (P<0.05), indicating a crispier texture 790 

(Silva-Espinoza, et al., 2021). Unlike shelf temperature, pressure primarily affects 791 

lyophilized texture by influencing water content rather than porous structure (Silva-792 

Espinoza, et al., 2019). At present, commonly used FD assistance methods mainly 793 

include infrared-assisted freeze drying (IAFD), microwave-assisted freeze drying 794 

(MAFD), and ultrasonically-assisted freeze drying (UAFD). The original purpose of 795 

the above methods is to accelerate heat and mass transfer during FD to overcome the 796 

high energy consumption. However, they will inevitably have various effects on the 797 

texture quality of the final products, as illustrated in Table 1 and elaborated upon in the 798 

following sections. 799 

4.3.1 Infrared-assisted freeze drying (IAFD) 800 

Infrared radiation is a frequently considered candidate that can be combined with 801 

FD for rapid drying time and low energy efficacy. It has been reported that IAFD-treated 802 

banana products showed increased hardness and better brittleness than FD bananas, 803 



possibly related to the crust/dense layer formation and internal structural changes (Pan, 804 

Shih, McHugh, & Hirschberg, 2008). After infrared radiation assistance, Khampakool 805 

et al. (2019) indicated that FD presented a dense surface structure and large pores in the 806 

central region. The application of infrared radiation provides energy during FD for rapid 807 

heating, accelerating lyophilization rates and stiffening the surface to inhibit shrinkage. 808 

Meanwhile, its energy increases the force of water vapor on the cell wall, which leads 809 

to the formation of macropores within the material, resulting in higher brittleness (Kang, 810 

Hwang, Chung, & Park, 2021). Moreover, Antal et al. (2017) observed that pears that 811 

were dehydrated by mid-infrared FD methods exhibited significantly lower hardness 812 

values than freeze-dried pears (p < 0.05), which was attributed to the large size pores 813 

in the central region inside the product structure. The above results were also found in 814 

the FDr products that long exposure to infrared light promoted the collapse of the 815 

central structure within freeze-dried restructured material, resulting in a less dense 816 

structure and larger pores (Hnin, Zhang, Devahastin, & Wang, 2019; Oliveira, Silva, 817 

Figueiredo, Norcino, & Resende, 2021). 818 

4.3.2 Microwave-assisted freeze drying (MAFD) 819 

Compared with conventional FD, MAFD can provide a better heat and mass 820 

transfer rate, resulting in a quick-drying rate at low temperatures. Obviously, the greater 821 

the microwave power density, the higher the drying rate and the shorter the drying time. 822 

It has been found that with the increase in microwave powers, MAFD-treated yam chips 823 

exhibited excellent resistance to damage and higher average hardness and brittleness 824 

(Duan, Duan, & Ren, 2019). Similarly, Wang et al. (2010) also observed that MAFD 825 

potato slices exhibited high hardness and lower shrinkage ratio than that of FD slices. 826 

The impact of microwave assistance on textural properties is also found in FDr products. 827 

For instance, Liu et al. (2012) revealed that MAFD-restructured sweet potato granules 828 

exhibited desirable brittleness and volume expansion (puffing). This may be due to the 829 

protection of the porous structure in the material due to the rapid drying rate. As 830 

supported, Zhang et al. (2006) have reviewed that combining the microwave with FD 831 

could reduce the non-uniform shrinkage of fruit and vegetable materials. However, if 832 

the microwave power becomes too high, the possibility of overheating within the 833 



products would increase, resulting in non-uniform temperature distribution, serious 834 

shrinkage, and texture deterioration (Chen, Lin, Amani, & Yan, 2023; Wu, Zhang, 835 

Mujumdar, & Wang, 2010).  836 

4.3.3 Ultrasonically-assisted freeze drying (UAFD) 837 

Power ultrasound has been proven to be an effective and environment-friendly 838 

technology to speed up the FD process. Unlike the previous two assistance methods, 839 

ultrasound functions are not thermal but mainly mechanical, which avoids the risk of 840 

overheating the freeze-dried fruits and consequently reduces the deterioration of texture 841 

quality (Garcia-Perez, Carcel, Riera, Rosselló, & Mulet, 2012). During UAFD, the 842 

acoustic waves of ultrasound could create cycles of periodically repeated mechanical 843 

compression and expansion stresses, which generate natural channels and other micro-844 

pathways, promoting vapor flow out of the dried materials. According to existing 845 

literature, ultrasound assistance is primarily employed in atmospheric freeze-drying, 846 

with a focus on drying kinetics and changes in bioactive substances. Unfortunately, the 847 

current texture data on UAFD fruits are minimal, suggesting that more research is still 848 

needed. Based on limited data, it was found that with the higher applied ultrasonic 849 

power, the greater the ultrasonic effect, the lower the hardness and chewiness of the 850 

rehydrated FD sample (Carrión, Mulet, García-Pérez, & Cárcel, 2018). Similar results 851 

were also observed in atmospheric freeze-dried apples (Santacatalina, Contreras, Simal, 852 

Carcel, & Garcia-Perez, 2016). This result is attributed to the mechanical damages 853 

caused by the high-power ultrasound that affects the internal structure integrity, 854 

softening the structure of final freeze-dried products (Cárcel, García-Pérez, Riera, & 855 

Mulet, 2017). As evidence, Rodriguez et al. (2014) found more cell disruption in 856 

ultrasonically assisted dried apple samples than in control samples.  857 

5. Conclusions and Future Prospects 858 

The texture quality of freeze-dried products is primarily determined by three main 859 

attributes: pore/cellular morphology, solids, and water content. Pore or cellular 860 

morphology refers to the macroscopic characterization of the freeze-dried scaffolding 861 

network composed of solid matter in the fruit matrix, which plays a crucial role in 862 



determining the final texture quality of the freeze-dried fruit product. Different 863 

carbohydrate solids have distinct roles in constructing the scaffold network. Precisely, 864 

the interconnected polysaccharide scaffolds within the amorphous matrix act as 'steel 865 

bars' despite lacking mechanical strength, which is then overlaid by a cement-like layer 866 

of small molecule sugars in an amorphous state, ultimately leading to the exceptional 867 

hardness and brittleness characteristics of freeze-dried products. Simultaneously, 868 

maintaining a sufficiently low moisture content (or Aw) is crucial as it forms the 869 

foundation for the amorphous matrix to remain in a stable glassy state, thereby 870 

preserving the plasticity and porosity stability of the product. 871 

The presence of cellular structure is the core reason for the disparity in texture 872 

formation between FDi and FDr. The pore morphology of FDi is influenced by the 873 

cellular structure of the original fruit, whereas the pore morphology of FDr is 874 

predominantly governed by the ice crystal habits (e.g. size, number, and morphology) 875 

during freezing. This difference directly leads to distinct regulatory technology of 876 

texture for FDi and FDr. When handling FDi, the current technology primarily focuses 877 

on either destroying the cell structure or providing additional heat, which accelerates 878 

heat and mass transfer during the drying process, thereby inhibiting shrinkage while 879 

maintaining low Aw and brittleness. When dealing with FDr, various techniques could 880 

be employed to enhance their texture, such as controlling the freezing rate, 881 

incorporating polysaccharide additives, increasing the heat during drying, etc. 882 

Compared to FDi, FDr offers the following advantages, which inspire promising 883 

future prospects for the texture of freeze-dried fruit snacks: 884 

(i) As a personalized functional freeze-dried snack: freeze-dried restructured fruit 885 

snacks can be tailored to meet the specific dietary and texture preferences of consumers 886 

by combining various raw materials and nutritional ingredients, such as functional 887 

polysaccharides and fiber-rich fruits and vegetables. 888 

(ii) As a potentially low-energy freeze-dried snack: To achieve this, further 889 

research and innovation are required to develop techniques that create a homogeneous 890 

pulp and mitigate the adverse effects of cell-tissue barriers on vapor sublimation during 891 

drying. By doing so, the drying time of products can be reduced, leading to higher 892 



drying efficiency and better preservation of product brittleness. 893 
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Figure caption: 1283 

Fig. 1 Comparison and product pictures of two dominant categories of freeze-dried fruit 1284 

products on the market. Red arrows indicate SEM images of cross-sections of these two 1285 

products, which show significant differences in porous structure. 1286 

Fig. 2 a) Kinetics of changes in the material weight and material temperature (underside) 1287 

measured along the freezing, primary drying, and secondary drying stages, using apples 1288 

as an example. b) Phase diagram of water in glassy state and molten state. Tg represents 1289 

the glass transition temperature, and Tm represents the melting temperature. The red 1290 

arrows represent the inflection point in the sample weight curve for the primary drying 1291 

beginning and the inflection point on the shelf temperature curve corresponding to the 1292 

secondary drying beginning.  1293 

Fig. 3 Changes in textural properties and quantitative characterization of freeze-dried 1294 

fruits during oral consumption. a) Simplified representation of the main textural 1295 

characteristics of the porous scaffold before and after entering the oral cavity. Arrows 1296 

list key attributes and manifestations. b) Schematic diagram of the structural changes 1297 

of porous scaffold under the compression of chewing forces and standardization of 1298 

textural properties into measurable units by texture analyzer. The arrows point to the 1299 

fracture peaks and maximum force on the force-distance curve, which are related to 1300 

brittleness and hardness, respectively.  1301 

Fig. 4 Schematic illustration of three-dimensional (3D) porous model solid components 1302 

and their roles. a) Schematic diagram of the three-dimensional (3D) porous model and 1303 

three dominant attributes of the texture formation of freeze-dried fruits. Inside the red 1304 



box is an enlarged schematic diagram of the pore wall compositions and their 1305 

corresponding main functions. b) Percentage of basic chemical composition in 5 fruits. 1306 

Modified from: Feng et al. (2022)  1307 

Fig. 5 Comparison of the texture formation mechanisms of freeze-dried intact fruits 1308 

(FDi) and freeze-dried restructured fruits (FDr). a) Table summarizing the core 1309 

differences between FDi and FDr in freezing and drying processes. b) Schematic 1310 

representation of pore formation due to ice crystal growth during the FDi and FDr 1311 

freezing stage. The red arrows in SEM images indicate the boundaries of pores. 1312 

Fig. 6 a) Typical force-distance curve for four restructured apple samples with various 1313 

texture characteristics. b) Radar chart of sensory evaluation for corresponding four 1314 

restructured apple samples (unpublished data). Sample 1 is the restructured apples with 1315 

pectin calcium-induced gel network, sample 2 is the restructured apples with 1316 

gelatinized starch, sample 3 is the restructured apples without other additives, and 1317 

sample 4 is the restructured apples with gelatinized starch and calcium-induced gel 1318 

network (unpublished data). 1319 
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Table 1 Summary of textural control technologies in the physical pretreatment and drying stage. 

Technologies Processing Conditions Products Type Main Findings Reference 

Ultrasonic (US) 

Frequency: 28 kHz 

US Power: 50 W  

Time: 10, 20, and 30 min 

Freeze-dried 

quince slices 
FDi 

US pretreatment reduced the Aw, shrinkage 

ratio, and hardness of the freeze-fried quince 

sample. 

Yildiz and  Izli 

(2019) 

Frequency: 40 kHz 

US Power: 200 W 

Time: 25 min 

Freeze-dried 

strawberry 

slices 

FDi 

US pretreatment promoted lower moisture 

content, greater hardness, and a more uniform 

and visible porous structure of freeze-dried 

strawberries. 

Zhang et al. 

(2020) 

Frequency: 40 kHz 

US Power: 180 W 

Time: 5 and 10 min 

Freeze-dried 

red beets 
FDi 

US pretreatment lowered Aw and increased 

porosity of freeze-dried materials. 

Ciurzynska et al. 

(2021) 

Frequency: 45 kHz 

US Power: 150, 240, and 300 W  

Time: 30 min 

Freeze-dried 

carrot slices 
FDi 

The brittleness of freeze-dried carrot slices 

increased with increasing US power. 
Fan et al. (2020) 

Frequency: 40 kHz 

Time: 20 min 

Freeze-dried 

jujube slices 
FDi 

Freeze-dried jujube slices with US pretreated 

showed a lower Aw, higher hardness, and greater 

brittleness.  

Yan et al. (2022) 


