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Abstract 28 

The aim of this study was to evaluate the effects of two nanofibrillated cellulose (NFC) 29 

hydrogels on two human derivatives during freeze-drying. Native NFC hydrogel is a suitable 30 

platform to culture 3D cell spheroids and a hydrogel processed further, called anionic NFC 31 

(ANFC) hydrogel, is an excellent platform for controlled release of proteins. Moreover, it has 32 

been shown to be compatible with freeze-drying when correct lyoprotectants are implemented. 33 

Freeze-drying is a method, where substance is first frozen, and then vacuum dried trough 34 

sublimation of water in order to achieve dry matter without the loss of the original three-35 

dimensional structures.  36 

The first chosen human derivative was adipose tissue extract (ATE) which is a cell-free 37 

growth factor-rich preparation capable of promoting growth of regenerative cells.  The release of 38 

growth factors from the freeze-dried mixture of ATE and ANFC was compared to that of non-39 

freeze-dried control mixtures. The release profiles remained at the same level after freeze-drying. 40 

The second derivative was hepatocellular carcinoma (HepG2) cell spheroids which were 41 

evaluated before and after freeze-drying. The 3D structure of the HepG2 cell spheroids was 42 

preserved and the spheroids retained 18% of their metabolic activity after rehydration. However, 43 

the freeze-dried and rehydrated HepG2 cell spheroids did not proliferate and the cell membrane 44 

was damaged by fusion and formation of crystals. 45 

 46 

Keywords: Nanofibrillated cellulose, freeze-drying, cell spheroids, adipose tissue extract, 3D 47 

cell culture 48 

Abbreviations: NFC: Nanofibrillated cellulose; ANFC: Anionic nanofibrillated cellulose; ATE: 49 

Adipose tissue extract 50 
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Introduction 51 

Nanofibrillated cellulose (NFC) is manufactured from natural biopolymer cellulose, and 52 

commonly wood pulp is used as a starting material [5,30].  Native NFC is biocompatible and 53 

non-toxic and has been proven to function as a scaffold in 3D cell culturing due to the fiber 54 

structure that mimics the collagen matrix of human tissue [5,39].  When cell suspension is mixed 55 

with the hydrogel, the cells autonomously form spheroids in the following days [5]. Native NFC 56 

can be further processed into anionic nanofibrillated cellulose (ANFC) for example trough 57 

TEMPO [(2,2,6,6-tetramethylpiperidin-1- yl)oxyl] oxidation [45,46]. The suitability of 58 

nanofibrillated cellulose in regenerative medicine and in controlled drug delivery has been 59 

shown [31-33,42]. In addition, ANFC can be freeze-dried and rehydrated without the loss of 60 

rheological properties [42].  61 

 62 

Freezing, drying and rehydration are stressful processes for biological structures and 63 

especially for living organisms. However, freeze-drying has been shown to preserve protein 64 

pharmaceuticals, vaccines, plasma, platelets, red blood cells and sperm cells [18,22,24,54,57] 65 

and it is a widely used method for drying heat sensitive and biological materials in general. 66 

During freezing, osmotic pressure increases radically as any free water crystallizes. Changes in 67 

osmotic pressure and ice crystals can damage biological structures. However, the stress caused 68 

by freezing can be reduced by vitrification, which can be implemented in two ways, through 69 

extra rapid cooling [4,50] or by additives (cryoprotectants) [19]. Moreover, the damage caused 70 

by dehydration can be reduced by additives (lyoprotectants) [55]. 71 

 72 
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The importance of additive trehalose for preserving liposomes, red blood cells and platelets 73 

in freeze-drying is well established [14,24,57]. In anhydrobiotic organisms the amount of 74 

trehalose is typically high [9]. In addition, intracellular trehalose appears to protect DNA 75 

integrity, mononuclear cells and retinal pigment epithelial cells [40,56,60]. It has been also 76 

reported that in addition to trehalose other excipients are required to dry mammalian cells 77 

[38,49]. Glycerol clusters water into smaller compartments, reducing the formation of large ice 78 

crystals [52]. Cellulose fibers and polyethylene glycol (PEG) are hygroscopic polymers and 79 

hence improve the uptake of water at the rehydration phase while providing mechanical support 80 

to the aerogel [8,27]. Due to several hydroxyl groups and rigid carbon bone, cellulose fibers are 81 

known to provide structural and physicochemical support during freezing and sublimation phases 82 

of freeze-drying [2,26]. However, the effects of wood derived nanocellulose fiber network on 83 

human derivatives during freeze-drying has not yet been studied. 84 

 85 

The first chosen human derivative in our study was adipose tissue extract (ATE) which is a 86 

cell-free, growth factor-rich preparation. It is inexpensively obtained through a simple 87 

lipoaspirate method [35]. The concentration of the growth factors in ATE varies between the 88 

patients and the extraction sites due to factors such as body mass index and age. However, the 89 

variation can be decreased by optimized liposuction and extraction method [35]. ATE has been 90 

demonstrated to promote wound healing properties in in vitro models [34,47] and in animal 91 

models [23] and has been studied with a new versatile human vascularized adipose tissue model 92 

[25]. It has potential applications and ongoing studies on the medical field due to the growth 93 

factors found in it naturally, yet one of the challenges is the adequate spatio-temporal delivery of 94 

growth factors [44]. As the adipose tissue extract is mostly composed of proteins and water, in 95 
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this study we observed the release of two important proteins. The chosen proteins were vascular 96 

endothelial growth factor (VEGF-A, anionic at pH 7) and interleukin 6 (IL-6, ~neutrally charged 97 

at pH 7) which are angiogenesis inducing growth factors [7,47].  The protein release was 98 

measured before and after freeze-drying, to compare the release of model proteins between 99 

freshly mixed hydrogel formulations and freeze-dried hydrogel formulations after rehydration. 100 

 101 

The second human derivative was 3D cultured hepatocellular carcinoma (HepG2) cell 102 

spheroids. In the experiment, their enzymatic and metabolic activity and morphology were 103 

compared before and after freeze-drying in native NFC hydrogel. In general, 3D tumor spheroids 104 

operate as exceptional models for drug research [6,37,41] and predict drug toxicity with 105 

increased accuracy over traditional 2D cell cultures [43]. Traditional 2D cultured cells might 106 

have altered phenotypes which differ from tissues and in vivo organs and might produce 107 

misleading results [37]. 2D cultured cells lack the cell-cell and cell-extracellular matrix signaling 108 

which is vital for cells in 3D environment for cell proliferation and differentiation [6]. The 3D 109 

cell spheroid cultures resemble in vivo environment and they could be used as a link between in 110 

vitro and in vivo experiments in drug discovery. Accurate drug toxicity predictions during pre-111 

clinical phases of medical development spares resources and lives of test animals. However, 112 

production and upkeep of 3D cell cultures consume time and resources compared to traditional 113 

cell culturing methods. In addition, transportation, storage and usability of such cell products 114 

require improvement in general. Our aim was to gain new insight on the effects of NFC 115 

hydrogels during freeze-drying on cell spheroids in order to create a paradigm for resolving such 116 

issues in future studies. 117 

 118 
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 119 

Materials and Methods 120 

Materials 121 

The human adipose tissue extract (ATE) was obtained from Tampere University Hospital, 122 

Tampere, Finland, with individual written informed consent from a single patient during one 123 

operation of liposuction procedure. The use of ATE was approved by the Ethics Committee of 124 

the Pirkanmaa Hospital District, Tampere, Finland, with permit number R15161. The ANFC 125 

hydrogel (lot 11888-3) containing 6.55% (m/v) of fiber, the sterile native NFC hydrogel 126 

(GrowDex®, lot 11792) containing 1.5% (m/v) of fiber and sterile GrowDase™ cellulase 127 

enzyme mixture (lot 15002) were kindly provided by UPM-Kymmene Corporation, Finland. All 128 

the materials and chemicals used were of analytical grade and sterilized either by UV light, 129 

autoclave or filtration prior to implementation. D-(+)-trehalose dihydrate, low adhesion 96-well 130 

inertGrade BRANDplates®,  Cellstain double staining kit, fetal bovine serum (FBS) and glycerol 131 

(99%), Human IL-6 ELISA Reagent Kit, Human VEGF-A ELISA Reagent Kit, sodium 132 

carbonate-bicarbonate, potassium chloride, sodium chloride, potassium phosphate, 133 

paraformaldehyde (PFA, 4%), Triton X-100 solution (10%), Tween 20 detergent, glycine (99%), 134 

Nunc Maxisorp 96-well ELISA Plates, Bovine Serum Albumin (BSA) and Trizma base (99.9%) 135 

were purchased from Sigma-Aldrich, USA. Polyethylene glycol 6000 (PEG 6000) was 136 

purchased from Fluka, Switzerland. Penicillin-streptomycin solution (P/S; 10 000 U/ml), 137 

Dulbecco´s modified eagle medium (DMEM) with high-glucose, L-glutamine and phenol red 138 

and Dulbecco's Phosphate Buffered Saline (DPBS) 10x concentrate without magnesium and 139 

calcium were purchased from Gibco, UK.  Liquid nitrogen used in vitrification was purchased 140 
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from AGA Industrial Gases, Finland. PS SensoPlate™ 96 well glass bottom plates for confocal 141 

imaging were purchased from Greiner Bio-One, Austria. Cell culture flasks (25 and 75 m2) were 142 

purchased from Corning, USA. The human liver hepatocellular carcinoma HepG2 cells (passage 143 

number 100, ATCC HB-8065) were purchased from ATCC®, USA. The 10 ml sterile syringes 144 

were purchased from Terumo, Japan. TrypLE Express, ProLong Diamond Antifade Mountant by 145 

Life Technologies, Chamber Slide™ system 8-well Permanox slide plates by Nunc™ Lab-146 

Tek™, alamarBlue® Cell Viability Reagent by Invitrogen and Alexa Fluor 488 phalloidin were 147 

purchased from Thermo Fisher Scientific, USA. All solutions used were prepared in ultrapure 148 

water. ACS reagent (Sigma-Aldrich, Germany) was used to prepare 2 % anthrone solution in 149 

concentrated sulphuric acid (Sigma-Aldrich, Germany).  150 

 151 

Preparation of the formulations of ATE and ANFC hydrogel 152 

ATE was collected as described by Lopez et al. (2016) and obtained extracts were pooled 153 

together [35]. The ANFC hydrogel was homogenized with ATE and lyoprotectants (Fig 1A). 154 

6.55% ANFC hydrogel was diluted with ATE, and the amount of fibers and lyoprotectants were 155 

scaled to the volume of ANFC hydrogel as in our previous studies resulting in 3% (m/v) of 156 

ANFC fiber, 53% of ATE (v/v), 0.5% (m/v) of PEG 6000 and 0.2% (m/v) of trehalose in the 157 

final formulation [42]. 158 

 159 

HepG2 cell cultures 160 

HepG2 cells were cultured in DMEM with 10% (v/v) FBS and grown in T75 flask at 37 °C 161 

and 5% CO2.  The cells were divided every 3-4 days by first trypsinizing them with 4 ml of 162 
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TrypLE Express for 10 minutes, then adding 8 ml of fresh media and centrifuging cells for 5 163 

minutes at 200 RFC. Lastly, the supernatant was aspirated, and the formed pellets were 164 

resuspended into DMEM with 10% (v/v) FBS and divided at a ratio of 1:4. 165 

 166 

HepG2 cell spheroid cultures 167 

HepG2 cell spheroids were grown for 4 or 7 days prior to freeze-drying at 37 °C and 5% 168 

CO2. At the seeding phase, the 2D cell cultures were detached, collected and counted and the 169 

obtained cell suspension was diluted to achieve a final cell density of 7 x 105 cells/100 µl. Next, 170 

a desired volume of 1.5% native NFC hydrogel was pipetted into a polypropylene tube. Then, 171 

DMEM supplemented with 10% (v/v) FBS and the diluted cell suspension were mixed to the 172 

native NFC hydrogel to achieve a suspension with concentration of 0.8% (m/v) NFC fibers. 100 173 

µl of the suspension was seeded to low attachment 96-well plate wells and an equal volume of 174 

media was added on top of each well. 175 

 176 

Optimization of trehalose loading into HepG2 cell spheroids 177 

To determine a suitable concentration of trehalose for the freeze-drying formulation, 178 

HepG2 cell spheroids were incubated with different trehalose concentrations for 24 hours. The 179 

cells were cultured in 0.8% (m/v) of native NFC hydrogel for 4 days before studying the effects 180 

of trehalose. The studied concentrations were 0 mM, 50 mM, 100 mM, 200 mM, 500 mM and 181 

1000 mM. After loading the HepG2 cell spheroids with trehalose, their viability was determined 182 

with cellstain double staining kit and the spot detection tool of Imaris 9 -software by Bitplane, 183 
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United Kingdom. The evaluated viability was standardized to the viability of spheroids incubated 184 

with 0 mM trehalose. 185 

 186 

Freeze-drying protocol 187 

24 hours prior to freeze-drying, the cell culture media was changed to customized 188 

lyoprotective media containing 1% (m/v) glycerol, the concentration of trehalose as stated above 189 

and penicillin-streptomycin solution 1% (v/v).  The layer of media and 0.8% (m/v) of native 190 

NFC hydrogel containing HepG2 cell spheroids in each cell culture well were mixed by pipetting 191 

to form a 0.4% (m/v) native NFC hydrogel. Control HepG2 cell spheroid samples were prepared 192 

by removing the NFC hydrogel via enzymatic digestion which was initiated with a 0.05% (m/v) 193 

cellulase enzyme mixture a day before freeze-drying. The obtained suspensions of HepG2 cell 194 

spheroids in native NFC hydrogel were snap frozen by injecting them as 20-200 µl droplets into 195 

UV-sterilized liquid nitrogen. 196 

 197 

The frozen samples were transferred into a freeze-drying chamber of ScanVac CoolSafe 198 

manufactured by Labogene, Denmark. The pressure in the freeze-drying chamber was decreased 199 

to 0.001 mBar and the samples were dried for 72 hours. At the end of the cycle the dryness of the 200 

HepG2 cell spheroid samples was confirmed by observing the change of color of phenol red in 201 

DMEM as it turns yellow when free water is not present. 202 

 203 

The mixtures of ATE, ANFC hydrogel and lyoprotectants were kept inside 10 ml syringes 204 

while frozen in liquid nitrogen. The samples were freeze-dried with ScanVac CoolSafe as above. 205 

 206 
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Rehydration and prehydration 207 

Two different rehydration methods were studied: rehydration and prehydration. The 208 

rehydration was studied via addition of liquid rehydration solution, and the prehydration was 209 

studied via a combination of vapor and liquid.  210 

 211 

The freeze-dried HepG2 cell spheroid samples were sealed with plastic film and incubated 212 

for 30 minutes in three different temperatures (4 °C, 25 °C and 40 °C). The rehydration solution 213 

contained ultrapure water, media and P/S antibiotics (79:20:1). The samples were rehydrated 214 

gravimetrically (+25% (v/v) to achieve the original osmotic pressure and the temperature of the 215 

rehydration solution was adjusted to match the temperature of each sample. 216 

 217 

The effects of prehydration were studied by first incubating samples in saturated air-218 

humidity for 30 min, 60 min and 90 min. Next, gravimetric rehydration was applied to the 219 

samples. Finally, all HepG2 cell spheroid samples were seeded to low attachment 96-well plates 220 

and incubated in 37 °C, 5% CO2 incubator for 2 hours before staining.  221 

 222 

After rehydration, the freeze-dried ATE and mixtures of ATE and ANFC aerogels were 223 

gravimetrically rehydrated and homogenized by mixing with two connected syringes as shown in 224 

Fig 1A. 225 

Release studies of VEGF-A and IL-6 from ANFC hydrogel 226 

Release studies were performed with the mixtures of ATE and ANFC hydrogels before and 227 

after freeze-drying. In both settings, the homogenization was performed by mixing with two 228 

attached syringes (Fig 1 A). The mixtures had a constant flat surface area of 2.01 cm2 exposed to 229 
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500 µl of pH adjusted DPBS (Fig 1 B). The sink conditions were met. The samples were shaken 230 

on a plate shaker at 37 °C for 6 or 24 hours with 100 RPM (Fig 1 C), collected and analyzed with 231 

ELISA protein quantitation kits according to the manufacturer's instructions. The absorbance 232 

was measured with a plate reader (Varioskan Flash, Thermo Fisher) at 450 nm by subtracting the 233 

control value measured at 550 nm. Release results were scaled to the amount of growth factors in 234 

freeze-dried ATE and six parallel samples were measured in each setting. 235 

 236 

 237 

Viability studies of freeze-dried HepG2 spheroids 238 

Viability of freeze-dried HepG2 cell spheroids was evaluated by cell membrane integrity 239 

and metabolic activity. Untreated HepG2 cell spheroids were used as positive controls and 240 

HepG2 cells lysed with 70% ethanol as negative controls. 241 

 242 

Cell membrane integrity was studied with Calcein AM and propidium iodide (PI) which 243 

were diluted in DPBS and delivered to HepG2 cell spheroids by incubating for 15 minutes in 37 244 

°C and 5% CO2. Samples were imaged with Leica TCS SP5 II HCS-A confocal microscope 245 

(Leica, Germany) by using argon 488 nm and DPSS 561 nm lasers with QD 405/488/561/633 246 

splitter. Excitation of 488 nm with emission bandwidth of 498-535 nm were used to detect 247 

calcein (green) and excitation of 561 nm with emission bandwidth of 589-679 nm were used to 248 

detect PI (red). 249 

 250 

Metabolic activity was evaluated by the cells' ability to convert resazurin to resorufin. A 251 

metabolic activity assay was implemented twice before and three times after freeze-drying on 252 
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days 1 and 3, and on days 7, 10 and 14, respectively. Resazurin was added as 10% (v/v) and 253 

incubated for four hours. After the incubation, 70 µl of media was collected to a black plate and 254 

the fluorescence was measured with Varioskan LUX (excitation 560 nm, emission 590 nm). 255 

Fluorescence signal was normalized to that of the control HepG2 cell spheroids on day 1. 256 

 257 

Calcein AM compartmentalization study 258 

To evaluate the behavior of calcein in cells with damaged cell membrane, control cells 259 

were permeabilized with Triton X-100 and stained with Calcein AM and PI. Staining was 260 

performed according to the manufacturer's instructions and the cells were seeded on an 8-well 261 

plate. Three experimental settings were conducted. In the first setting, control cells were first 262 

loaded with calcein AM and then permeabilized with Triton X-100 for 5 min, 10 min or 15 min 263 

to observe possible leakage of calcein. In the second setting, control cells were simultaneously 264 

permeabilized and stained to simulate the leakage occurring during the calcein AM staining. In 265 

the third setting, control cells were first permeabilized with Triton X-100 for 10 minutes and then 266 

stained to evaluate the behavior of calcein AM in cells with porous membranes. Measurements 267 

were performed in triplicates. 268 

 269 

Evaluation of cell morphology and 3D structures of spheroids 270 

To evaluate the effects of freeze-drying on the morphology of cell spheroids, filamentous 271 

actin cytoskeleton (F-actin) was stained with phalloidin Alexa 488 and nuclei with Hoechst 272 

33342. For this experiment, cells were cultured as previously described, except the native NFC 273 

fibers were enzymatically digested to prevent unwanted binding of stains. The digestion was 274 
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initiated with a 0.05% (m/v) cellulase enzyme mixture a day before their fixation.  The cell 275 

spheroids were fixed with 4% PFA for 20 minutes. PFA was washed three times with 0.1% (v/v) 276 

Tween 20 in DPBS. Cells were stored in the wash buffer on a plate rocker at 4 °C.  277 

 278 

Before staining, HepG2 cell spheroids were permeabilized with 0.1% Triton X-100 in 279 

DPBS for 10 min. Blocking was performed with 0.1% (v/v) Tween 20 DPBS containing 1% 280 

(m/v) BSA and 0.3 M glycine for 30 minutes on a rotator. Phalloidin Alexa 488 (1:40 in 0.1% 281 

(v/v) Tween 20 DPBS containing 1% (m/v) BSA was added and the HepG2 cell spheroids were 282 

incubated overnight at 4 °C on a plate rocker. The following day the spheroids were placed on a 283 

microscopy glass to dry. Remaining phalloidin Alexa 488 was washed three times with the wash 284 

buffer and once with 0.1M Tris pH 7.4 solution. Nuclei were stained with Hoechst 33342 for 5 285 

min. Hoechst 33342 was washed with 0.1M Tris pH 7.4 solution and spheroids were mounted 286 

with ProLong Diamond Antifade Mountant. The HepG2 cell spheroids were imaged with Leica 287 

TCS SP5 confocal microscope by using argon 488 nm and UV diode 405 nm lasers with QD 288 

405/488/561/633 splitter. Excitation of 488 nm with emission bandwidth of 500 - 550 nm were 289 

used for phalloidin Alexa 488 and excitation of 405 nm with emission bandwidth of 415 - 470 290 

nm were used for Hoechst 33342. Images were analyzed with Imaris 9 software. 291 

 292 

HepG2 cell spheroids were imaged with a scanning electron microscope (SEM) to study 293 

the effects of freeze-drying on the morphology and the structure of the cell spheroids. In another 294 

setting, freeze-dried HepG2 cell spheroid samples were rehydrated and freeze-dried again to 295 

evaluate the effects of rehydration on the integrity of cell membrane. 296 

 297 
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The SEM samples were stored in a desiccator at 4 °C until imaged. The samples were not 298 

coated nor fixed for the SEM imagining which was performed with FEI Quanta 250 Field 299 

Emission Gun SEM using 2.0 kV and 2.5-3.0 spot in high vacuum. 300 

 301 

Statistical analysis 302 

Statistical analysis was performed with IBM SPSS Statistics 24 -software (IBM 303 

Corporation, USA). Statistical significance was determined with independent samples t-test, 304 

where p<0.05 was considered significant. The lethal concentration 50 value for trehalose media 305 

was determined by using regression probit analysis. 306 

 307 

Results 308 

Release of VEGF-A and IL-6 from ANFC hydrogel before and after 309 

freeze-drying 310 

The measured amounts of growth factors in pooled untreated ATE were 187.0 µg/ml (±30) 311 

of VEGF-A and 193.1 µg/ml (±11) of IL-6 (n=6). After freeze-drying and gravimetric 312 

rehydration of the ATE, the measured amount of IL-6 stayed intact, while the amount of VEGF-313 

A decreased to 105 µg/ml. However, when ATE was freeze-dried with ANFC and 314 

lyoprotectants, the amount of VEGF-A remained unchanged. 315 

 316 

In the release studies before freeze-drying, 79.5% (±14.2) of VEGF-A and 16.4% (±7.9) of 317 

IL-6 was released from a mixture of ATE, ANFC hydrogel and lyoprotectants at the 24-hour 318 

time point (Fig 2A). No swelling of the hydrogel nor burst release were observed. However, after 319 
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freeze-drying and gravimetric rehydration of the mixture, similar release was observed in an 320 

identical setup. There, a 70% (±15.7) release of VEGF-A and a 12.6% (±5.4) release of IL-6 was 321 

detected at the 24-hour time point and the difference was not statistically significant (p>0.05). 322 

When freeze-dried, ATE formed a solid red cake and mixtures of ATE, ANFC hydrogel and 323 

lyoprotectants formed sturdy aerogels (Fig 2 B). The amount of sublimation and desorption 324 

water during the freeze-drying process of untreated ATE was 98.5% (m/m). 325 

 326 

The effect of trehalose loading on cell viability 327 

After 24 hours of incubation, standardized viability of HepG2 cell spheroids was 100% 328 

when 0 mM, 50 mM or 100 mM trehalose media were used. Higher concentrations of trehalose 329 

lead to lower cell viabilities. 200 mM concentration resulted in 78.7% viability (±1.8), 500 mM 330 

resulted in 16.1% viability (±1.2) and 1000 mM resulted in 5.1% viability (±0.9) (Fig 3).  In 331 

addition, the higher concentrations of trehalose lead to the breakage of HepG2 cell spheroids into 332 

tinier units or single cells. 333 

 334 

Effects of freeze-drying, rehydration and prehydration on cell 335 

membrane integrity 336 

HepG2 cell spheroids which were freeze-dried in NFC matrix and stained with calcein AM 337 

and PI after rehydration emitted both green and red fluorescence (Fig 4). HepG2 cell spheroids 338 

freeze-dried without NFC matrix in suspension showed similar green fluorescence as the HepG2 339 

cell spheroids freeze-dried with the NFC matrix (Supplementary material). Green fluorescence 340 

was observed in complete spheroids when incubated with 0 mM trehalose media (Fig 4.A) and 341 
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the intensity of green fluorescence was increased when cells were incubated with 50 mM 342 

trehalose media (Fig 4B). The HepG2 cell spheroids loaded with 300 mM trehalose media prior 343 

to freeze-drying showed higher intensity of green fluorescence than HepG2 cell spheroids freeze-344 

dried without trehalose or with low concentrations of trehalose (Fig 4C). However, the HepG2 345 

cell spheroids loaded with 300 mM trehalose media broke into single cells (Fig 4C). When single 346 

cells were freeze-dried in NFC hydrogel minor green fluorescence was observed while single 347 

cells freeze-dried without native NFC hydrogel emitted only red fluorescence (Supplementary 348 

material). 349 

 350 

After rehydration, both green and red fluorescence were observed from single individual 351 

cells in cell spheroids. Moreover, the observed green fluorescence appeared in granular 352 

formations (Fig 5 A). In addition, overall intensity was measured to be significantly lower. 353 

Similar results were obtained despite the concentration of trehalose or rehydration temperature. 354 

The HepG2 cell spheroids that were rehydrated at 40 °C showed a minor increase in the intensity 355 

of green fluorescence (Fig 5A) when compared to cell spheroids rehydrated at 4 °C (Fig 5B). 356 

 357 

Prehydration of the HepG2 cell spheroid aerogels in saturated air humidity lead to 358 

insufficient hydration. Only 2% (v/v) of original water content was reached regardless of the 359 

time (30, 60 or 90 minutes). In addition, the freeze-dried cakes collapsed during the prehydration 360 

and rehydrated insufficiently. No green fluorescence was observed. 361 

 362 

The control cells permeabilized with Triton X-100 before staining showed green 363 

fluorescence in granular formations similarly to freeze-dried and rehydrated samples (Fig 5 A 364 
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and C). Some of these permeabilized control cells were fully viable. Control cells permeabilized 365 

and stained simultaneously prior to imaging showed similar granular green fluorescence and 366 

decreased overall intensity of the green fluorescence as freeze-dried and rehydrated cells (Fig 5 367 

B and D). Control cells loaded with calcein AM prior to permeabilization mostly detached from 368 

the surface of the well plate and both green and red fluorescence was observed. 369 

 370 

 371 

Effects of freeze-drying and rehydration on metabolic activity and 372 

on the morphology of the HepG2 cell spheroids 373 

Freeze-dried and revived HepG2 cell spheroids showed 18.1% (±6.1, n=8) of the metabolic 374 

activity of the day 1 control samples on the day of revival (Fig 6A). However, the activity 375 

decreased rapidly on the following days. The metabolic activity of the control HepG2 cell 376 

spheroids remained stable over the test period (14 days). Similar results were obtained from 377 

spheroids, which were freeze-dried on day 7. Their metabolic activity was 17.8% (±9.0, n=6) of 378 

their day 1 controls’ activity on the rehydration day. 379 

 380 

The shape and the size of the rehydrated HepG2 cell spheroids resembled the control 381 

spheroids. Immunocytochemistry staining with phalloidin Alexa 488 and nuclear staining with 382 

Hoechst 33342 revealed that actin could be detected only prior to freeze-drying (Fig 6B and 6C). 383 

In addition, the size of the nuclei decreased when the samples were freeze-dried and rehydrated 384 

(Fig 6C). The nuclei size (n=42) reduction was statistically significant in Students' independent 385 

sample t-test where p<0.05 was considered as significant. The reattachment of the freeze-dried 386 
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and rehydrated HepG2 cell spheroids was nearly non-existent, and the cells were incapable of 387 

proliferation. 388 

 389 

Highly porous structures of freeze-dried native NFC aerogel were observed with SEM (Fig 390 

7 A). Freeze-dried HepG2 cell spheroids maintained their shape and size without collapsing (Fig 391 

7 B). Microvilli and membrane structures were observable, and the surface of the cell membrane 392 

appeared intact (Fig 7 C). Minor hornification was observed in NFC fibers that were freeze-dried 393 

only once (Fig 7 A, B and C). Major hornification and complete destruction of cells were 394 

observed in samples that were freeze-dried, rehydrated and freeze-dried again (Fig 7 D). 395 

Glycerol can be observed as smooth orbs with a diameter of approximately 10 µm (Fig 7 A and 396 

D). 397 

 398 

 399 

Discussion 400 

In our previous study, 32% of BSA (anionic at pH 7) was released from ANFC during the 401 

first 24 hours both before and after freeze-drying [42]. In the current study, IL-6 (~neutrally 402 

charged at pH 7) was released from ANFC hydrogel at a slower rate as expected. VEGF-A 403 

(anionic at pH 7) was released similarly as anionic model compounds ketoprofen and BSA in our 404 

previous study [42]. However, when compared to a VEGF release study with extracellular matrix 405 

mimicking gelatinous protein mixture hydrogel (Matrigel™) [17], the cumulative release of 406 

VEGF-A from ANFC was observed to be higher. This is due to the anionic nature of ANFC 407 

hydrogel which expedites the diffusion of negatively charged VEGF-A particles. Moreover, 408 

when large proteins diffuse through ANFC hydrogel, the charge of the molecule might be a more 409 
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significant factor than the size [42]. The effects of the lyoprotectants PEG 6000 and trehalose to 410 

the release properties of ANFC are not significant, as we have shown earlier [42]. The freeze-411 

drying of ANFC did not alter the release rate of the model growth factors significantly. 412 

 413 

In our experiments the freeze-dried, rehydrated and stained HepG2 cell spheroids emitted 414 

red and green fluorescence simultaneously. Typically, in the dual staining viability studies, green 415 

fluorescence indicates enzymatic activity, while red fluorescence indicates damaged cell 416 

membrane. The calcein appeared compartmentalized and the intensity of its green fluorescence 417 

was lower when compared to healthy control samples. Similar observations were made with the 418 

Triton X-100 permeabilized cells. This suggests that the cell membrane of freeze-dried and 419 

rehydrated HepG2 cell spheroids is damaged similarly as in the case of cell permeabilizing 420 

agents. Furthermore, the calcein compartmentalization indicates that calcein is leaking out from 421 

the cytosol [15]. Calcein accumulates in endosomes, lysosomes and mitochondria [51], which 422 

can be observed as compartmentalized green fluorescence. However, calcein AM enters those 423 

organelles mainly in case of slow or non-existent de-esterification [51]. If calcein enters 424 

mitochondria, it indicates that the permeability of mitochondria is increased which is important 425 

in cellular calcium homeostasis, autophagy, apoptosis and necrosis [29]. The higher observed 426 

intensity of green fluorescence in cell spheroids rehydrated at 40 °C might be due to naturally 427 

higher activity of enzymes in higher temperatures. The observed 18% metabolic activity 428 

indicates that the mitochondria of freeze-dried and rehydrated HepG2 cell spheroids are still 429 

functional on the revival day to some extent. By combining the observations of 430 

compartmentalization and mitochondrial activity, we suggest that the previously mentioned cell 431 

organelles are partially preserved during freeze-drying and rehydration. In addition, the 432 
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measured decrease in metabolic activity after the revival day indicates that the cell membranes 433 

are damaged, yet the mitochondria are partly functioning for a short period of time.  It appears 434 

that the presence of NFC itself did not have any positive effects on the survivability of the cells, 435 

however the 3D structure of the cell spheroids formed with the aid of native NFC hydrogel had a 436 

significant impact on preserving cell structures. 437 

 438 

The intracellular trehalose concentrations observed in this study (Supplementary material) 439 

were low compared to literature [24,57]. Increase of the trehalose concentrations in the media 440 

resulted in cell death due to hyperosmotic conditions. To achieve higher concentration of 441 

intracellular trehalose, other loading methods such as freezing induced loading [59] or 442 

acetylation of trehalose [1] could be implemented. In addition, by extending the loading time for 443 

trehalose, the amount of intracellular trehalose increases [56]. However, HepG2 cell spheroids 444 

share less total surface area with surrounding media which might reduce the efficacy of given 445 

methods. 446 

 447 

Trehalose decreases the phase transition temperature from gel to liquid crystalline of the 448 

dry phospholipid membranes [10,12] by replacing the sublimating water molecules [11] 449 

according to the water replacement hypothesis. If cells are rehydrated below the phase transition 450 

temperature of the phospholipid bilayer, leakage occurs [13]. This might explain the observed 451 

leakage in our study with both control cells and cells in native NFC hydrogel. By lowering the 452 

transition temperature by inducing higher concentrations of trehalose and rehydrating the HepG2 453 

cell spheroids with warm revival solution, the viability of the cells could potentially be increased. 454 

 455 
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The rehydration of anhydrobiotic organisms occurs in sections of rapid and a slow 456 

imbibition [12]. The results obtained from the rehydration of dry yeast suggest that 20% of water 457 

content should be reached inside the cell during prehydration prior to full rehydration [53]. In 458 

addition, the optical density of freeze-dried and prehydrated platelets resembled the original 459 

optical density [57]. In our study, rapid rehydration of the freeze-dried HepG2 cell spheroids 460 

resulted in higher enzymatic activity than when prehydration was implemented. This might be 461 

due to collapsing of the freeze-dried cake during the prehydration or the fusion of cell 462 

membranes during rehydration. The importance of proper rehydration process has been 463 

demonstrated with lactic acid bacteria [16]. 464 

 465 

The amount or quality of lyoprotectants in our study was not sufficient in the preservation 466 

of actin during freeze-drying. F-actin is present in all human cells and has a significant role in 467 

cell signaling, cell attachment, cytokinesis and cell shape. Phalloidin binds specifically to F-actin 468 

[58]. Isolated F-actin can be freeze-dried if sucrose and dextran are applied as lyoprotectants [3]. 469 

In our case, the observed absence of F-actin is in consensus with the observed shrinkage of 470 

nuclei in freeze-dried spheroids, as the de-polymerization of F-actin results in shrinkage of nuclei 471 

[28]. Moreover, hyperosmotic conditions contribute to the nuclei shrinkage [21,28]. The 472 

hyperosmotic conditions can occur briefly during freezing and rehydration. In addition, nuclei 473 

size can be affected by hypoxia which causes caspase independent cell death [48]. Hypoxia can 474 

occur during freezing and rehydration. 475 

 476 

Surface structures and cell membranes of freeze-dried HepG2 cell spheroids observed with 477 

SEM appeared intact and resembled the reference images [36]. It appears that the cell membrane 478 
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is intact in the dry state and damaged during the rehydration phase. The freeze-dried HepG2 cell 479 

spheroids were integrated as a part of the solid NFC aerogel fiber network. In addition, the 480 

observed 3D structure of the freeze-dried HepG2 spheroids appeared intact when NFC was used 481 

as a scaffold. The observed hornification in repeated drying cycles is typical to cellulose [20]. 482 

 483 

Conclusions 484 

Freeze-drying ANFC together with ATE did not change the growth factor release 485 

properties of ANFC. The intracellular structures of freeze-dried and rehydrated HepG2 cell 486 

spheroids appeared to be partly intact, however the cell membranes were damaged and the cells 487 

did not proliferate. The HepG2 cell spheroids showed enzymatic and metabolic activity and the 488 

3D structures of the spheroids were preserved. It appears that the 3D structure of the cell 489 

spheroids protects the intracellular structures and functionality of individual cells in the 490 

spheroids and not the presence of NFC fibers. The mechanisms of damage were largely 491 

recognized which aids in the design of future studies.  492 
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Fig 1. Preparation and the setup of the release studies. (A) Two 10 ml syringes were 

connected with an autoclaved rubber hose to mix and homogenize the ATE, the ANFC hydrogel 

and the lyoprotectants. (B) New syringes were cut open and filled with 1 ml of the mixture of the 

ANFC hydrogel (3% (m/v) and the ATE and 500 µl of DPBS was carefully added on top as a 

separate layer. (C) The cut syringes were sealed with aluminum foil and kept at 37 °C on a 

moving plate shaker for 6 and 24 hours. 

 

Fig 2. Release profiles of growth factors and formed solid end product cakes. (A) The 

release profiles of IL-6 and VEGF-A from the mixtures of ATE, ANFC hydrogel and 

lyoprotectants before and after freeze-drying (FD) and rehydration. The error bars represent the 

range of measured values (n=6). (B) Freeze-dried ATE and mixtures of ATE, ANFC aerogel and 

lyoprotectants (LP). 

 

Fig 3. The viability of HepG2 cell spheroids after 24 hours of trehalose loading. Viability 

was determined by Calcein AM (green) and PI (red) staining. Used trehalose concentrations: (A) 

0 mM, (B) 50 mM, (C) 100 mM, (D) 200 mM and (E) 500 mM. (F) Viability of the HepG2 cell 

spheroids decreased as the concentration of trehalose was increased. Origin set to 100 mM. 

Image of 1000 mM not shown. 

 

Fig 4. HepG2 cell spheroids freeze-dried in 0.4% native NFC hydrogel with different 

concentrations of trehalose. Cell membrane integrity determined by Calcein AM (green) and PI 

(red) staining. (A) no trehalose, (B) 50 mM trehalose and (C) 300 mM trehalose. The spheroids 

freeze-dried after the incubation in 300 mM trehalose media showed higher intensity of green 

fluorescence. 

 

Fig 5. Comparison of stained permeabilized control cells and freeze-dried HepG2 cell 

spheroids. HepG2 cell spheroids were stained with Calcein AM (green) and PI (red). Freeze-

dried, rehydrated and stained spheroids, (A) at 40 °C and (B) at 4°C, (C) control cells 



permeabilized with Triton X-100 before staining and (D) control cells stained and 

simultaneously permeabilized with Triton X-100. Freeze-dried spheroids stained with calcein 

AM had similar granular bright spots and lower overall intensity as the control cells which were 

permeabilized with Triton X-100. 

 

Fig 6. Metabolic activity and morphology of HepG2 cell spheroids. (A) Metabolic activity of 

the HepG2 cell spheroids during the 14-days experiment period. Fluorescence values are 

normalized to the fluorescence of the control cells at day 1. The cell spheroids were freeze-dried 

on day 4 (marked with a dashed line). Error bars: 95% CI, n=8. (B) A control HepG2 cell 

spheroid stained with phalloidin Alexa 488 and Hoechst 33342. (C) A freeze-dried and 

rehydrated HepG2 cell spheroid stained with phalloidin Alexa 488 and Hoechst 33342. 

 

Fig 7. SEM images of freeze-dried HepG2 cell spheroids in native NFC aerogel without 

fixing nor coating. (A) A HepG2 cell spheroid integrated in native NFC aerogel. (B) A zoomed 

image of the same spheroid. (C) A single HepG2 cell showing surface structures. (D) Freeze-

dried and rehydrated native NFC hydrogel after refreeze-drying demonstrating the lack of 

detectable cells. 

 
















