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Abstract

The aim of this study was to evaluate the effeétemo nanofibrillated cellulose (NFC)
hydrogels on two human derivatives during freezagndy. Native NFC hydrogel is a suitable
platform to culture 3D cell spheroids and a hydtogg®cessed further, called anionic NFC
(ANFC) hydrogel, is an excellent platform for caited release of proteins. Moreover, it has
been shown to be compatible with freeze-drying wbemect lyoprotectants are implemented.
Freeze-drying is a method, where substance is fiicten, and then vacuum dried trough
sublimation of water in order to achieve dry matigthout the loss of the original three-
dimensional structures.

The first chosen human derivative was adipose digsdract (ATE) which is a cell-free
growth factor-rich preparation capable of promotgngwth of regenerative cells. The release of
growth factors from the freeze-dried mixture of AGBd ANFC was compared to that of non-
freeze-dried control mixtures. The release profitesained at the same level after freeze-drying.
The second derivative was hepatocellular carcindimapG2) cell spheroids which were
evaluated before and after freeze-drying. The 3iDcsire of the HepG2 cell spheroids was
preserved and the spheroids retained 18% of thefalmlic activity after rehydration. However,
the freeze-dried and rehydrated HepG2 cell sphemid not proliferate and the cell membrane

was damaged by fusion and formation of crystals.

Keywords: Nanofibrillated cellulose, freeze-drying, cell sphids, adipose tissue extract, 3D
cell culture
Abbreviations. NFC: Nanofibrillated cellulose; ANFC: Anionic naiibrillated cellulose; ATE:

Adipose tissue extract
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| ntroduction

Nanofibrillated cellulose (NFC) is manufacturednfranatural biopolymer cellulose, and
commonly wood pulp is used as a starting matefg@(]. Native NFC is biocompatible and
non-toxic and has been proven to function as afaddain 3D cell culturing due to the fiber
structure that mimics the collagen matrix of hurtiasue [5,39]. When cell suspension is mixed
with the hydrogel, the cells autonomously form gplus in the following days [5]. Native NFC
can be further processed into anionic nanofibatlatellulose (ANFC) for example trough
TEMPO [(2,2,6,6-tetramethylpiperidin-1- yl)oxyl] w@ation [45,46]. The suitability of
nanofibrillated cellulose in regenerative mediciaed in controlled drug delivery has been
shown [31-33,42]. In addition, ANFC can be freereedl and rehydrated without the loss of

rheological properties [42].

Freezing, drying and rehydration are stressful gsses for biological structures and
especially for living organisms. However, freezgilg has been shown to preserve protein
pharmaceuticals, vaccines, plasma, platelets, leadbcells and sperm cells [18,22,24,54,57]
and it is a widely used method for drying heat gemsand biological materials in general.
During freezing, osmotic pressure increases rdglieal any free water crystallizes. Changes in
osmotic pressure and ice crystals can damage Ialogfructures. However, the stress caused
by freezing can be reduced by vitrification, whicin be implemented in two ways, through
extra rapid cooling [4,50] or by additives (cryofactants) [19]. Moreover, the damage caused

by dehydration can be reduced by additives (ly@gmtaints) [55].
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The importance of additive trehalose for presenlipgsomes, red blood cells and platelets
in freeze-drying is well established [14,24,57]. anhydrobiotic organisms the amount of
trehalose is typically high [9]. In addition, intelular trehalose appears to protect DNA
integrity, mononuclear cells and retinal pigmenttregial cells [40,56,60]. It has been also
reported that in addition to trehalose other extits are required to dry mammalian cells
[38,49]. Glycerol clusters water into smaller comipeents, reducing the formation of large ice
crystals [52]. Cellulose fibers and polyethylengcgl (PEG) are hygroscopic polymers and
hence improve the uptake of water at the rehydrgtlmase while providing mechanical support
to the aerogel [8,27]. Due to several hydroxyl gmoand rigid carbon bone, cellulose fibers are
known to provide structural and physicochemicalpggupduring freezing and sublimation phases
of freeze-drying [2,26]. However, the effects of adoderived nanocellulose fiber network on

human derivatives during freeze-drying has notogein studied.

The first chosen human derivative in our study adipose tissue extract (ATE) which is a
cell-free, growth factor-rich preparation. It isekpensively obtained through a simple
lipoaspirate method [35]The concentration of the growth factors in ATE earbetween the
patients and the extraction sites due to factock 1 body mass index and age. However, the
variation can be decreased by optimized liposuciot extraction method [35]. ATE has been
demonstrated to promote wound healing properties iitro models [34,47] and in animal
models [23] and has been studied with a new véedatiman vascularized adipose tissue model
[25]. It has potential applications and ongoingdsts on the medical field due to the growth
factors found in it naturally, yet one of the ckaljes is the adequate spatio-temporal delivery of

growth factors [44]. As the adipose tissue extiaghostly composed of proteins and water, in


sesira
Rectangle


this study we observed the release of two impomaotieins. The chosen proteins were vascular
endothelial growth factor (VEGF-A, anionic at pHaf)d interleukin 6 (IL-6, ~neutrally charged
at pH 7) which are angiogenesis inducing growthtoisc [7,47]. The protein release was
measured before and after freeze-drying, to comfia@erelease of model proteins between

freshly mixed hydrogel formulations and freeze-diydrogel formulations after rehydration.

The second human derivative was 3D cultured heplitar carcinoma (HepG2) cell
spheroids. In the experiment, their enzymatic aretabolic activity and morphology were
compared before and after freeze-drying in nati#Nydrogel. In general, 3D tumor spheroids
operate as exceptional models for drug researcB7 1] and predict drug toxicity with
increased accuracy over traditional 2D cell cukuf43]. Traditional 2D cultured cells might
have altered phenotypes which differ from tissued & vivo organs and might produce
misleading results [37]. 2D cultured cells lack tad-cell and cell-extracellular matrix signaling
which is vital for cells in 3D environment for cedfoliferation and differentiation [6]. The 3D
cell spheroid cultures resemblevivo environment and they could be used as a link batwe
vitro andin vivo experiments in drug discovery. Accurate drug tibxipredictions during pre-
clinical phases of medical development spares ressuand lives of test animals. However,
production and upkeep of 3D cell cultures consuime tand resources compared to traditional
cell culturing methods. In addition, transportati@orage and usability of such cell products
require improvement in general. Our aim was to ga&w insight on the effects of NFC
hydrogels during freeze-drying on cell spheroidsrider to create a paradigm for resolving such

issues in future studies.
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Materials and M ethods

Materials

The human adipose tissue extract (ATE) was obtaireed Tampere University Hospital,
Tampere, Finland, with individual written informednsent from a single patient during one
operation of liposuction procedure. The use of A¥&S approved by the Ethics Committee of
the Pirkanmaa Hospital District, Tampere, Finlamith permit number R15161. The ANFC
hydrogel (lot 11888-3) containing 6.55% (m/v) obdr, the sterile native NFC hydrogel
(GrowDex®, lot 11792) containing 1.5% (m/v) of fiband sterile GrowDase™ cellulase
enzyme mixture (lot 15002)ere kindly provided by UPM-Kymmene Corporationplgnd. All
the materials and chemicals used were of analygcadle and sterilized either by UV light,
autoclave or filtration prior to implementation. (B)-trehalose dihydrate, low adhesion 96-well
inertGrade BRANDplates®, Cellstain double stairkitgfetal bovine serum (FBS) and glycerol
(99%), Human IL-6 ELISA Reagent Kit, Human VEGF-ALIEA Reagent Kit, sodium
carbonate-bicarbonate, potassium chloride, sodiurhloride, potassium phosphate,
paraformaldehyde (PFA, 4%), Triton X-100 solutid0%), Tween 20 detergent, glycine (99%),
Nunc Maxisorp 96-well ELISA Plates, Bovine Serunbémin (BSA) and Trizma base (99.9%)
were purchased from Sigma-Aldrich, USA. Polyethgleglycol 6000 (PEG 6000) was
purchased from Fluka, Switzerland. Penicillin-stospycin solution (P/S; 10 000 U/ml),
Dulbecco’s modified eagle medium (DMEM) with hightgpse, L-glutamine and phenol red
and Dulbecco's Phosphate Buffered Saline (DPBS) ciihcentrate without magnesium and

calcium were purchased from Gibco, UK. Liquid ogfen used in vitrification was purchased


sesira
Rectangle


from AGA Industrial Gases, Finland. PS SensoPla@&™vell glass bottom plates for confocal
imaging were purchased from Greiner Bio-One, Aasi@ell culture flasks (25 and 75)mvere
purchased from Corning, USA. The human liver hegeltolar carcinoma HepG2 cells (passage
number 100, ATCC HB-8065) were purchased from ATCCBA. The 10 ml sterile syringes
were purchased from Terumo, Japan. TrypLE Expfsd,ong Diamond Antifade Mountant by
Life Technologies, Chamber Slide™ system 8-wellnferox slide plates by Nunc™ Lab-
Tek™, alamarBlue® Cell Viability Reagent by Invigen and Alexa Fluor 488 phalloidin were
purchased from Thermo Fisher Scientific, USA. Alluions used were prepared in ultrapure
water. ACS reagent (Sigma-Aldrich, Germany) wasdugeprepare 2 % anthrone solution in

concentrated sulphuric acid (Sigma-Aldrich, Germany

Preparation of the formulations of ATE and ANFC hydrogel

ATE was collected as described by Lopez et al. §2@hd obtained extracts were pooled
together [35]. The ANFC hydrogel was homogenizethvATE and lyoprotectants (Fig 1A).
6.55% ANFC hydrogel was diluted with ATE, and ttmecant of fibers and lyoprotectants were
scaled to the volume of ANFC hydrogel as in ourvimgs studies resulting in 3% (m/v) of
ANFC fiber, 53% of ATE (v/v), 0.5% (m/v) of PEG 60@nd 0.2% (m/v) of trehalose in the

final formulation [42].

HepG2 cell cultures
HepG2 cells were cultured in DMEM with 10% (v/v) 8Bind grown in T75 flask at 37 °C

and 5% CQ. The cells were divided every 3-4 days by firgpsinizing them with 4 ml of
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TrypLE Express for 10 minutes, then adding 8 mfreEh media and centrifuging cells for 5
minutes at 200 RFC. Lastly, the supernatant wasraaed, and the formed pellets were

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

HepG2 cell spheroid cultures

HepG2 cell spheroids were grown for 4 or 7 daysrpio freeze-drying at 37 °C and 5%
CO.. At the seeding phase, the 2D cell cultures wetaahed, collected and counted and the
obtained cell suspension was diluted to achievaa ¢ell density of 7 x 10cells/100 pl. Next,
a desired volume of 1.5% native NFC hydrogel waeefhed into a polypropylene tube. Then,
DMEM supplemented with 10% (v/v) FBS and the dituteell suspension were mixed to the
native NFC hydrogel to achieve a suspension witicentration of 0.8% (m/v) NFC fibers. 100
pl of the suspension was seeded to low attachntemtedl plate wells and an equal volume of

media was added on top of each well.

Optimization of trehalose loading into HepG2 cell spheroids

To determine a suitable concentration of trehalfigethe freeze-drying formulation,
HepG2 cell spheroids were incubated with differeabalose concentrations for 24 hours. The
cells were cultured in 0.8% (m/v) of native NFC hygkl for 4 days before studying the effects
of trehalose. The studied concentrations were 0 5MmM, 100 mM, 200 mM, 500 mM and
1000 mM. After loading the HepG2 cell spheroidshwirehalose, their viability was determined

with cellstain double staining kit and the spotedéibn tool of Imaris 9 -software by Bitplane,
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United Kingdom. The evaluated viability was stamiilzed to the viability of spheroids incubated

with 0 mM trehalose.

Freeze-drying protocol

24 hours prior to freeze-drying, the cell cultureedia was changed to customized
lyoprotective media containing 1% (m/v) glycerdletconcentration of trehalose as stated above
and penicillin-streptomycin solution 1% (v/v). Theyer of media and 0.8% (m/v) of native
NFC hydrogel containing HepG2 cell spheroids inheaall culture well were mixed by pipetting
to form a 0.4% (m/v) native NFC hydrogel. Contr@gd®2 cell spheroid samples were prepared
by removing the NFC hydrogel via enzymatic digestichich was initiated with a 0.05% (m/v)
cellulase enzyme mixture a day before freeze-dryifige obtained suspensions of HepG2 cell
spheroids in native NFC hydrogel were snap froaemjecting them as 20-200 pul droplets into

UV-sterilized liquid nitrogen.

The frozen samples were transferred into a freegegl chamber of ScanVac CoolSafe
manufactured by Labogene, Denmark. The pressuteifreeze-drying chamber was decreased
to 0.001 mBar and the samples were dried for 72dh@t the end of the cycle the dryness of the
HepG2 cell spheroid samples was confirmed by olosgrhe change of color of phenol red in

DMEM as it turns yellow when free water is not mets

The mixtures of ATE, ANFC hydrogel and lyoprotedtawere kept inside 10 ml syringes

while frozen in liquid nitrogen. The samples wareekze-dried with ScanVac CoolSafe as above.
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Rehydration and prehydration
Two different rehydration methods were studied:ydehtion and prehydration. The
rehydration was studied via addition of liquid rdhation solution, and the prehydration was

studied via a combination of vapor and liquid.

The freeze-dried HepG2 cell spheroid samples weated with plastic film and incubated
for 30 minutes in three different temperatures@4 25 °C and 40 °C). The rehydration solution
contained ultrapure water, media and P/S antilgofi®:20:1). The samples were rehydrated
gravimetrically (+25% (v/v) to achieve the origir@motic pressure and the temperature of the

rehydration solution was adjusted to match the tFatpre of each sample.

The effects of prehydration were studied by firstubating samples in saturated air-
humidity for 30 min, 60 min and 90 min. Next, gravimetrithhydration was applied to the
samples. Finally, all HepG2 cell spheroid samplesenseeded to low attachment 96-well plates

and incubated in 37 °C, 5% Gf{bcubator for 2 hours before staining.

After rehydration, the freeze-dried ATE and mixgsie® ATE and ANFC aerogels were
gravimetrically rehydrated and homogenized by ngxmth two connected syringes as shown in

Fig 1A.

Release studies of VEGF-A and IL-6 from ANFC hydroge

Release studies were performed with the mixturesTé and ANFC hydrogels before and
after freeze-drying. In both settings, the homogation was performed by mixing with two

attached syringes (Fig 1 A). The mixtures had st flat surface area of 2.01 Texposed to

10
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500 pl of pH adjusted DPBS (Fig 1 B). The sink dbods were met. The samples were shaken
on a plate shaker at 37 f@ 6 or 24 hours with 100 RPM (Fig 1 C), collectatt analyzed with

ELISA protein quantitation kits according to the ma#acturer's instructions. The absorbance
was measured with a plate reader (Varioskan FlEsérmo Fisher) at 450 nm by subtracting the
control value measured at 550 nm. Release resalts scaled to the amount of growth factors in

freeze-dried ATE and six parallel samples were nreakin each setting.

Viability studies of freeze-dried HepG2 spheroids
Viability of freeze-dried HepG2 cell spheroids wasluated by cell membrane integrity
and metabolic activity. Untreated HepG2 cell splisrovere used as positive controls and

HepG2 cells lysed with 70% ethanol as negativerotsit

Cell membrane integrity was studied with Calcein Akid propidium iodide (PI) which
were diluted in DPBS and delivered to HepG2 cefiespids by incubating for 15 minutes in 37
°C and 5% C@ Samples were imaged with Leica TCS SP5 Il HCSeAfacal microscope
(Leica, Germany) by using argon 488 nm and DPSSr6lasers with QD 405/488/561/633
splitter. Excitation of 488 nm with emission bandthi of 498-535 nm were used to detect
calcein (green) and excitation of 561 nm with emisdandwidth of 589-679 nm were used to

detect PI (red).

Metabolic activity was evaluated by the cells’ épito convert resazurin to resorufin. A

metabolic activity assay was implemented twice teefand three times after freeze-drying on

11
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days 1 and 3, and on days 7, 10 and 14, respectiRelsazurin was added as 10% (v/v) and
incubated for four hours. After the incubation, l0of media was collected to a black plate and
the fluorescence was measured with Varioskan LUxCi{ation 560 nm, emission 590 nm).

Fluorescence signal was normalized to that of tmrol HepG2 cell spheroids on day 1.

Calcein AM compartmentalization study

To evaluate the behavior of calcein in cells widmadged cell membrane, control cells
were permeabilized with Triton X-100 and stainedhwCalcein AM and PI. Staining was
performed according to the manufacturer's instonstiand the cells were seeded on an 8-well
plate. Three experimental settings were condudtedhe first setting, control cells were first
loaded with calcein AM and then permeabilized wititon X-100 for 5 min, 10 min or 15 min
to observe possible leakage of calcein. In the s®eetting, control cells were simultaneously
permeabilized and stained to simulate the leaka&garang during the calcein AM staining. In
the third setting, control cells were first permi&aéd with Triton X-100 for 10 minutes and then
stained to evaluate the behavior of calcein AMetiscwith porous membranes. Measurements

were performed in triplicates.

Evaluation of cell morphology and 3D structuresof spheroids

To evaluate the effects of freeze-drying on thephology of cell spheroids, filamentous
actin cytoskeleton (F-actin) was stained with pidlh Alexa 488 and nuclei with Hoechst
33342. For this experiment, cells were cultureg@viously described, except the native NFC

fibers were enzymatically digested to prevent urte@rbinding of stains. The digestion was

12
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initiated with a 0.05% (m/v) cellulase enzyme mieta day before their fixation. The cell
spheroids were fixed with 4% PFA for 20 minutesAR¥as washed three times with 0.1% (v/v)

Tween 20 in DPBS. Cells were stored in the waskebuh a plate rocker at 4 °C.

Before staining, HepG2 cell spheroids were perniieabi with 0.1% Triton X-100 in
DPBS for 10 min. Blocking was performed with 0.1%v] Tween 20 DPBS containing 1%
(m/v) BSA and 0.3 M glycine for 30 minutes on aatot. Phalloidin Alexa 488 (1:40 in 0.1%
(v/v) Tween 20 DPBS containing 1% (m/v) BSA was edidnd the HepG2 cell spheroids were
incubated overnight at 4 °C on a plate rocker. filewing day the spheroids were placed on a
microscopy glass to dry. Remaining phalloidin Aledg&8 was washed three times with the wash
buffer and once with 0.1M Tris pH 7.4 solution. Miavere stained with Hoechst 33342 for 5
min. Hoechst 33342 was washed with 0.1M Tris pH sblition and spheroids were mounted
with ProLong Diamond Antifade Mountant. The HepG&l spheroids were imaged with Leica
TCS SP5 confocal microscope by using argon 488 mahldy diode 405 nm lasers with QD
405/488/561/633 splitter. Excitation of 488 nm wamission bandwidth of 500 - 550 nm were
used for phalloidin Alexa 488 and excitation of 405 with emission bandwidth of 415 - 470

nm were used for Hoechst 33342. Images were arthlyith Imaris 9 software.

HepG2 cell spheroids were imaged with a scanniegten microscope (SEM) to study
the effects of freeze-drying on the morphology #relstructure of the cell spheroids. In another
setting, freeze-dried HepG2 cell spheroid samplesewehydrated and freeze-dried again to

evaluate the effects of rehydration on the intggftcell membrane.

13
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The SEM samples were stored in a desiccator at UntiCimaged. The samples were not
coated nor fixed for the SEM imagining which wagfpened with FEI Quanta 250 Field

Emission Gun SEM using 2.0 kV and 2.5-3.0 spotigh lvacuum.

Statistical analysis

Statistical analysis was performed with IBM SPS&tiStics 24 -software (IBM
Corporation, USA). Statistical significance was edetined with independent samples t-test,
where p<0.05 was considered significant. The letbalcentration 50 value for trehalose media

was determined by using regression probit analysis.

Results

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

The measured amounts of growth factors in pooldéceated ATE were 187.0 pg/ml (£30)
of VEGF-A and 193.1 pg/ml (£11) of IL-6 (n=6). Aftefreeze-drying and gravimetric
rehydration of the ATE, the measured amount of kt&/ed intact, while the amount of VEGF-
A decreased to 105 pg/ml. However, when ATE wasezieedried with ANFC and

lyoprotectants, the amount of VEGF-A remained ungiedl.

In the release studies before freeze-drying, 798P4.2) of VEGF-A and 16.4% (+£7.9) of
IL-6 was released from a mixture of ATE, ANFC hygked and lyoprotectants at the 24-hour

time point (Fig 2A). No swelling of the hydrogelmiourst release were observed. However, after

14
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freeze-drying and gravimetric rehydration of thextmie, similar release was observed in an
identical setup. There, a 70% (+15.7) release 0BV and a 12.6% (+5.4) release of IL-6 was
detected at the 24-hour time point and the diffeeewas not statistically significant (p>0.05).
When freeze-dried, ATE formed a solid red cake amxtures of ATE, ANFC hydrogel and

lyoprotectants formed sturdy aerogels (Fig 2 B)e Emount of sublimation and desorption

water during the freeze-drying process of untre&f€d was 98.5% (m/m).

The effect of trehalose loading on cell viability

After 24 hours of incubation, standardized viapilitf HepG2 cell spheroids was 100%
when 0 mM, 50 mM or 100 mM trehalose media weredubkgher concentrations of trehalose
lead to lower cell viabilities. 200 mM concentraticesulted in 78.7% viability (£1.8), 500 mM
resulted in 16.1% viability (£1.2) and 1000 mM riéed in 5.1% viability (£0.9) (Fig 3). In
addition, the higher concentrations of trehalosel ® the breakage of HepG2 cell spheroids into

tinier units or single cells.

Effects of freeze-drying, rehydration and prehydration on cell
membrane integrity

HepG2 cell spheroids which were freeze-dried in NiR&rix and stained with calcein AM
and PI after rehydration emitted both green andfltetescence (Fig 4). HepG2 cell spheroids
freeze-dried without NFC matrix in suspension shiwsienilar green fluorescence as the HepG2
cell spheroids freeze-dried with the NFC matrix Slementary material). Green fluorescence

was observed in complete spheroids when incubaitgdOMmM trehalose media (Fig 4.A) and

15
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the intensity of green fluorescence was increasbédnwcells were incubated with 50 mM
trehalose media (Fig 4B). The HepG2 cell sphertmdded with 300 mM trehalose media prior
to freeze-drying showed higher intensity of grelenrescence than HepG2 cell spheroids freeze-
dried without trehalose or with low concentratiafsrehalose (Fig 4C). However, the HepG2
cell spheroids loaded with 300 mM trehalose medikdv into single cells (Fig 4C). When single
cells were freeze-dried in NFC hydrogel minor gréleilerescence was observed while single
cells freeze-dried without native NFC hydrogel @¢edtonly red fluorescence (Supplementary

material).

After rehydration, both green and red fluoresceweee observed from single individual
cells in cell spheroids. Moreover, the observedegrdluorescence appeared in granular
formations (Fig 5 A). In addition, overall intensitvas measured to be significantly lower.
Similar results were obtained despite the conceatraf trehalose or rehydration temperature.
The HepG2 cell spheroids that were rehydrated &C4A¢howed a minor increase in the intensity

of green fluorescence (Fig 5A) when compared tbsp#leroids rehydrated at 4 °C (Fig 5B).

Prehydration of the HepG2 cell spheroid aerogelssaturated air humidity lead to
insufficient hydration. Only 2% (v/v) of original ater content was reached regardless of the
time (30, 60 or 90 minutes). In addition, the freelzied cakes collapsed during the prehydration

and rehydrated insufficiently. No green fluoreseenas observed.

The control cells permeabilized with Triton X-10Ceftre staining showed green

fluorescence in granular formations similarly tedze-dried and rehydrated samples (Fig 5 A

16
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and C). Some of these permeabilized control cefisviully viable. Control cells permeabilized
and stained simultaneously prior to imaging showeilar granular green fluorescence and
decreased overall intensity of the green fluoreseeas freeze-dried and rehydrated cells (Fig 5
B and D). Control cells loaded with calcein AM prio permeabilization mostly detached from

the surface of the well plate and both green addluverescence was observed.

Effects of freeze-drying and rehydration on metabolic activity and
on the mor phology of the HepG2 cell spheroids

Freeze-dried and revived HepG2 cell spheroids sHd8el% (+6.1, n=8) of the metabolic
activity of the day 1 control samples on the dayrefival (Fig 6A). However, the activity
decreased rapidly on the following days. The mdiabactivity of the control HepG2 cell
spheroids remained stable over the test perioddélys). Similar results were obtained from
spheroids, which were freeze-dried on day 7. Timgtabolic activity was 17.8% (9.0, n=6) of

their day 1 controls’ activity on the rehydratioayd

The shape and the size of the rehydrated HepG2spékroids resembled the control
spheroids. Immunocytochemistry staining with phdilo Alexa 488 and nuclear staining with
Hoechst 33342 revealed that actin could be detextbdprior to freeze-drying (Fig 6B and 6C).
In addition, the size of the nuclei decreased wihensamples were freeze-dried and rehydrated
(Fig 6C). The nuclei size (n=42) reduction wasistiaally significant in Students' independent

sample t-test where p<0.05 was considered as signif The reattachment of the freeze-dried
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and rehydrated HepG2 cell spheroids was nearlyexistent, and the cells were incapable of

proliferation.

Highly porous structures of freeze-dried native N&&Cogel were observed with SEM (Fig
7 A). Freeze-dried HepG2 cell spheroids maintaithed shape and size without collapsing (Fig
7 B). Microvilli and membrane structures were olabte, and the surface of the cell membrane
appeared intact (Fig 7 C). Minor hornification wasserved in NFC fibers that were freeze-dried
only once (Fig 7 A, B and C). Major hornificatiomch complete destruction of cells were
observed in samples that were freeze-dried, retadirand freeze-dried again (Fig 7 D).
Glycerol can be observed as smooth orbs with aetenof approximately 10m (Fig 7 A and

D).

Discussion

In our previous study, 32% of BSA (anionic at pHwWgs released from ANFC during the
first 24 hours both before and after freeze-dryj#g]. In the current study, IL-6 (~neutrally
charged at pH 7) was released from ANFC hydroged atower rate as expected. VEGF-A
(anionic at pH 7) was released similarly as anionaclel compounds ketoprofen and BSA in our
previous study [42]. However, when compared to &¥Eelease study with extracellular matrix
mimicking gelatinous protein mixture hydrogel (Mgal™) [17], the cumulative release of
VEGF-A from ANFC was observed to be higher. Thidige to the anionic nature of ANFC
hydrogel which expedites the diffusion of negatveharged VEGF-A particles. Moreover,

when large proteins diffuse through ANFC hydrogfed, charge of the molecule might be a more
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significant factor than the size [42]. The effestdhe lyoprotectants PEG 6000 and trehalose to
the release properties of ANFC are not significastwe have shown earlier [42]. The freeze-

drying of ANFC did not alter the release rate & thodel growth factors significantly.

In our experiments the freeze-dried, rehydrated stathed HepG2 cell spheroids emitted
red and green fluorescence simultaneously. Typicallthe dual staining viability studies, green
fluorescence indicates enzymatic activity, whiled rBuorescence indicates damaged cell
membrane. The calcein appeared compartmentaliz&édhanintensity of its green fluorescence
was lower when compared to healthy control sam@ewsilar observations were made with the
Triton X-100 permeabilized cells. This suggestst e cell membrane of freeze-dried and
rehydrated HepG2 cell spheroids is damaged similasl in the case of cell permeabilizing
agents. Furthermore, the calcein compartmentatizatidicates that calcein is leaking out from
the cytosol [15]. Calcein accumulates in endosonysesomes and mitochondria [51], which
can be observed as compartmentalized green flumresc However, calcein AM enters those
organelles mainly in case of slow or non-existeetedterification [51]. If calcein enters
mitochondria, it indicates that the permeabilitynatochondria is increased which is important
in cellular calcium homeostasis, autophagy, apaptasd necrosis [29]. The higher observed
intensity of green fluorescence in cell spheroielsydrated at 40 °C might be due to naturally
higher activity of enzymes in higher temperaturébe observed 18% metabolic activity
indicates that the mitochondria of freeze-dried asldydrated HepG2 cell spheroids are still
functional on the revival day to some extent. Bymbming the observations of
compartmentalization and mitochondrial activity, stgggest that the previously mentioned cell

organelles are partially preserved during freezgadr and rehydration. In addition, the

19


sesira
Rectangle


measured decrease in metabolic activity after éveval day indicates that the cell membranes
are damaged, yet the mitochondria are partly fonotg for a short period of time. It appears
that the presence of NFC itself did not have argitpp@ effects on the survivability of the cells,

however the 3D structure of the cell spheroids &fwith the aid of native NFC hydrogel had a

significant impact on preserving cell structures.

The intracellular trehalose concentrations obsemetis study (Supplementary material)
were low compared to literature [24,57]. Increas¢he trehalose concentrations in the media
resulted in cell death due to hyperosmotic conadgioTo achieve higher concentration of
intracellular trehalose, other loading methods suash freezing induced loading [59] or
acetylation of trehalose [1] could be implemenieadaddition, by extending the loading time for
trehalose, the amount of intracellular trehaloszedases [56]. However, HepG2 cell spheroids
share less total surface area with surrounding anettich might reduce the efficacy of given

methods.

Trehalose decreases the phase transition tempeifatun gel to liquid crystalline of the
dry phospholipid membranes [10,12] by replacing thélimating water molecules [11]
according to the water replacement hypothesisell§ @re rehydrated below the phase transition
temperature of the phospholipid bilayer, leakageuos [13]. This might explain the observed
leakage in our study with both control cells antscin native NFC hydrogel. By lowering the
transition temperature by inducing higher conceiuing of trehalose and rehydrating the HepG2

cell spheroids with warm revival solution, the vld of the cells could potentially be increased.
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The rehydration of anhydrobiotic organisms occurssections of rapid and a slow
imbibition [12]. The results obtained from the rdigtion of dry yeast suggest that 20% of water
content should be reached inside the cell durirdnyaration prior to full rehydration [53]. In
addition, the optical density of freeze-dried anéhydrated platelets resembled the original
optical density [57]. In our study, rapid rehydoatiof the freeze-dried HepG2 cell spheroids
resulted in higher enzymatic activity than whenhgdration was implemented. This might be
due to collapsing of the freeze-dried cake durihg prehydration or the fusion of cell
membranes during rehydration. The importance ofpg@rorehydration process has been

demonstrated with lactic acid bacteria [16].

The amount or quality of lyoprotectants in our gtuhs not sufficient in the preservation
of actin during freeze-drying. F-actin is presani@ll human cells and has a significant role in
cell signaling, cell attachment, cytokinesis anlil gigape. Phalloidin binds specifically to F-actin
[58]. Isolated F-actin can be freeze-dried if sgserand dextran are applied as lyoprotectants [3].
In our case, the observed absence of F-actin onsensus with the observed shrinkage of
nuclei in freeze-dried spheroids, as the de-polyazagon of F-actin results in shrinkage of nuclei
[28]. Moreover, hyperosmotic conditions contribuie the nuclei shrinkage [21,28]. The
hyperosmotic conditions can occur briefly duringelzing and rehydration. In addition, nuclei
size can be affected by hypoxia which causes caspdspendent cell death [48]. Hypoxia can

occur during freezing and rehydration.

Surface structures and cell membranes of freesslidiepG2 cell spheroids observed with

SEM appeared intact and resembled the referencges{86]. It appears that the cell membrane
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is intact in the dry state and damaged during éhgdration phase. The freeze-dried HepG2 cell
spheroids were integrated as a part of the soli€ MErogel fiber network. In addition, the
observed 3D structure of the freeze-dried HepG2msptis appeared intact when NFC was used

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

Conclusions

Freeze-drying ANFC together with ATE did not chantee growth factor release
properties of ANFC. The intracellular structures fideze-dried and rehydrated HepG2 cell
spheroids appeared to be partly intact, howevec#éllenembranes were damaged and the cells
did not proliferate. The HepG2 cell spheroids shibwazymatic and metabolic activity and the
3D structures of the spheroids were preservedppears that the 3D structure of the cell
spheroids protects the intracellular structures #&mactionality of individual cells in the
spheroids and not the presence of NFC fibers. Tleehanisms of damage were largely

recognized which aids in the design of future stadi
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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 mixtemdogenize the ATE, the ANFC hydrogel
and the lyoprotectants. (B) New syringes were peatnoand filled with 1 ml of the mixture of the
ANFC hydrogel (3% (m/v) and the ATE and 50i0of DPBS was carefully added on top as a
separate layer. (C) The cut syringes were sealdéd 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 mixsr of ATE, ANFC hydrogel and
lyoprotectants before and after freeze-drying (BBJ rehydration. The error bars represent the
range of measured values (n=6). (B) Freeze-drieH Aiid 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 (reaipgg. Used trehalose concentrations: (A)
0 mM, (B) 50 mM, (C) 100 mM, (D) 200 mM and (E) 560M. (F) Viability of the HepG2 cell
spheroids decreased as the concentration of tehal@s increased. Origin set to 100 mM.

Image of 1000 mM not shown.

Fig 4. HepG2 cell spheroids freeze-dried in 0.4% native NFC hydrogd with different
concentrations of trehalose. Cell membrane integrity determined by Calcein AVeg@n) and Pl
(red) staining(A) no trehalose, (B) 50 mM trehalose and (C) 30 trehalose. The spheroids
freeze-dried after the incubation in 300 mM trebalonedia 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 Agveén) and Pl (redfreeze-
dried, rehydrated and stained spheroids, (A) at°@0and (B) at 4°C, (C) control cells



permeabilized with Triton X-100 before staining an®) control cells stained and
simultaneously permeabilized with Triton X-100. &ze-dried spheroids stained with calcein
AM had similar granular bright spots and lower @leintensity as the control cells which were

permeabilized with Triton X-100.

Fig 6. Metabolic activity and mor phology of HepG2 cell spheroids. (A) Metabolic activity of
the HepG2 cell spheroids during the 14-days expmrinperiod. Fluorescence values are
normalized to the fluorescence of the control callday 1. The cell spheroids were freeze-dried
on day 4 (marked with a dashed line). Error baB%9CI, n=8. (B) A control HepG2 cell
spheroid stained with phalloidin Alexa 488 and Hwmtc33342. (C) A freeze-dried and
rehydrated HepG2 cell spheroid stained with phdilloAlexa 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 N&€rogel. (B) A zoomed
image of the same spheroid. (C) A single HepG2 sletiwing surface structures. (D) Freeze-
dried and rehydrated native NFC hydrogel aftereesde-drying demonstrating the lack of

detectable cells.
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