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Graphical Abstract

Freezing Drying Cell seeding
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Statement of significance

The fabrication of hydrogel scaffolds is an important research area in tissue engineering.
Hydrogels are textured to provide a 3D-framework that is favorable for cell proliferation and/or
differentiation. Optimum hydrogel pore size depends on its biological application. Producing
porous hydrogels is commonly achieved through freeze-drying. However, the mechanisms of
pore formation remain to be fully understood. We carefully analyzed scaffolds of a cross-linked
polysaccharide-based hydrogel developed for bone tissue engineering, using state-of-the-art
microscopic techniques. Our experimental results evidenced the shaping of hydrogel during
the freezing step, through a specific ice-templating mechanism. These findings will guide the

strategies for controlling the porous structure of hydrogel scaffolds.
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Abstract

Whereas freeze-drying is a widely used method to produce porous hydrogel scaffolds, the
mechanisms of pore formation involved in this process remained poorly characterized. To
explore this, we focused on a cross-linked polysaccharide-based hydrogel developed for bone
tissue engineering. Scaffolds were first swollen in 0.025% NaCl then freeze-dried at low
cooling rate, i.e. - 0.1 °C min, and finally swollen in aqueous solvents of increasing ionic
strength. We found that scaffold’s porous structure is strongly conditioned by the nucleation
of ice. Electron cryo-microscopy of frozen scaffolds demonstrates that each pore results from
the growth of one to a few ice grains. Most crystals were formed by secondary nucleation since
very few nucleating sites were initially present in each scaffold (0.1 nuclei cm °C™?). The
polymer chains are rejected in the intergranular space and form a macro-network. Its
characteristic length scale coincides with the ice grain size (160 um) and is several orders of
magnitude greater than the mesh size (90 nm) of the cross-linked network. After sublimation,
the ice grains are replaced by macro-pores of 280 um mean size and the resulting dry structure
is highly porous, i.e. 93%, as measured by high-resolution X-ray tomography. In the swollen
state, the scaffold mean pore size decreases in solvent of increasing ionic strength (120 pm in
0.025% NaCl and 54 pum in DBPS) but the porosity remains the same, i.e. 29% regardless of
the solvent. Finally, cell seeding of dried scaffolds demonstrates that the pores are adequately

interconnected to allow homogenous cell distribution.
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1. Introduction

Biocompatible hydrogel scaffolds have recently gained increasing interest in tissue engineering
[1], with manufacturing suitable scaffolds for cell culture and tissue regeneration remaining an
intensive area of development since the early 80s [2]. Cell attachment, viability [3] and
migration [4] are strongly correlated with pore size. Porous matrix can be produced by various
methods such as fiber bonding, salt leaching, foaming and 3D printing [5]. Freeze-drying (Fig.
2) is a versatile method for producing porous hydrogels [6]. Two manufacturing routes are
reported in the literature: (1) a polymeric solution is cross-linked and then freeze-dried, or (2)
a polymeric solution is freeze-dried and then cross-linked or coprecipitate [7]. Whatever the
route, the final texture strongly depends on the cooling rate during the cooling step. During this
stage, the free water and possibly part of the bound water transform into ice [8]. This phase
transition is referred to as freezing or solidification. In the case of low cooling rate, equiaxed
solidification of water leads to 3D homogenous structure [9]. Quenching in liquid nitrogen
[10], or unidirectional freezing technologies [11-13], on the contrary, favor columnar
solidification of water leading to 2D ordered tubular structure with aligned channel pores,

which has an average spacing that is dependent on the cooling rate. However, quenching in

liquid nitrogen or unidirectional freezing are less scalable than standard freeze-drying at a low
cooling rate.
Water solidification within hydrogel takes place in two stages, i.e., nucleation in supercooled

water followed by ice growth at a temperature near the ice melting point (Fig. 2). Ice acts as a
porogen. This process called the ice-templating has been primarily studied for colloid
suspensions [14], but to a much lesser extent for polymer hydrogels. Since the polymer
solubility is lower in ice than in liquid water, the polymer chains are rejected by the growing
ice crystals and then form a continuous macro-network or super-network that interpenetrates
the ice network on the ice grain scale [15]. The term “grain” refers to a crystal surrounded by

4



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

other crystals and implies the existence of grain boundaries that hold the grains together. For

clarification, the use of the more general term “crystal” is here restricted to isolated crystals.

The scenario described above has been first advanced for the Manufacturing Route 2 but never
evidenced. Furthermore, its relevance for Route 1 is not straightforward since the polymer is

cross-linked before the freezing step.

To explain how water solidification conditioned the application properties of cross-linked
hydrogels, we raised the following issues: First, the ice network and the segregation of the
polymer chains on the ice grain boundary network have never been observed. Second, the
characterization of the porous structure is most often carried out in 2D which gives a biased
interpretation [12]. Last, the use of the dried structure in cell culture conditions needs to be
further examined. In this work, we address the mechanisms of pore formation by freeze-drying
in a polysaccharide-based hydrogel scaffold designed for bone tissue engineering [16]. This
biomaterial is under research and industrial developments [17-21]. The scaffolds are
manufactured according to Route 1 with a low cooling rate. For the first time, the sketch of
water solidification within the hydrogel scaffold was revealed by Electron Backscattering
Diffraction (EBSD) coupled with Energy-Dispersive X-ray spectroscopy (EDX) at -100°C.
EBSD is a very powerful technique for the characterization of crystalline microstructures in
the scanning electron microscope. It can provide accurate and quantitative data to analyze
microstructure of the materials, e.g. sizes and morphology of individual grains, crystal
orientation... The technique can now be used to analyzing ice at -100°C [22,23]. After freeze-
drying, the porous structure of the scaffolds was analyzed in its entirety in 3D with high-
resolution microscopy (X-ray tomography). The porous structure in cell culture conditions was
then investigated with Confocal Laser Scanning Microscopy (CLSM). Finally, an in-depth

analysis of the experimental results provided a clear picture of the mechanisms underlying the
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formation and the evolution of pores within cross-linked hydrogel scaffold. These findings will

help to control and optimize the porous structure of hydrogel scaffold.

2. Materials and methods

2.1 Polysaccharides

Pullulan 200 kDa (Hayashibara, Okayama, Japan) and dextran 500 kDa (Pharmacosmos,
Holbaek, Denmark) were used in this study. Solutions of pullulan or dextran (10 g L) in
NaNO; (0.15 mol L) were analyzed using size exclusion chromatography with HPLC
equipped with PWxI Guard-column (TSK-GEL®) operated at 0.5 mL min™. Number and mass
average molecular weights (resp. M and Mw), polydispersity (Ip) and gyration radius (Rn) were
computed with light scattering instrument TREOS (Wyatt Technology) using 0.14 mL g

refractive-index increment and 657 nm wavelength.
2.2 Hydrogel formulation

The polysaccharide-based hydrogel was synthesized with an aqueous solution of
polysaccharides (75% pullulan — 25 % dextran (w/w), 0.3 g mL™) containing NaCl (0.35 g mL"
1y according to published protocols [16,24]. Sodium trimetaphosphate (STMP) solution (0.3 g
mL) was added under alkaline conditions obtained after the addition of NaOH solution (10
mol L™). Final solution contained 16.5 % g-STMP g-polysaccharides . The solution was
rapidly cast between glass plates with a 1 mm gap and placed for 20 minutes at 50 °C in an
oven (Fig. 1). Scaffolds were formed by disc-cutting (Harris Uni-Core, Sigma Aldrich) at 5
mm in diameter. Scaffolds were then neutralized with Phosphate Buffer Saline solution (10x)
and extensively washed with 0.025 % (g L) NaCl solution until equilibrium at 540 pS cm™.
Since hydrogel scaffolds were cast in the shape of a cylinder, we use, in the whole text, X and

Y for designating the directions parallel to the cylinder base and Z for its symmetry axis.
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Fig. 1. Schematic illustration of the scaffold fabrication process.

2.3 Swelling experiments

The volume fraction of the polymer in the relaxed state (v2r) and in the swollen state (v2s) was
determined by weighing the hydrogel in the relaxed state (W) and in the swollen state (Ws).
The polymer dried weight (Wg) was obtained after extensive washing in pure water and 4 days

at 50°C in a low vacuum chamber.

As a first approximation, we neglected the concentration dependence of the partial specific
volumes of water and polymer and assumed that the hydrogel behaves as an infinitely dilute
system. The partial specific volume of the polymer mixture (v) was estimated at 0.0006125 m?
kg™ by mass-averaging the partial specific volumes of dextran and pullulan at infinite dilution
[25,26]. The partial specific volume of the solvent was taken equal to the specific volume of

the pure solvent. Then, the volume fractions of the polymer read

Wd v
((VVr,s - Wd)/pr,s ) + Wd v

1)

Vars =

where pr is the density of the solvent associated with the relaxed state, i.e. the solvent used for
cross-linking, and ps is the density of the solvent associated with the swollen state of the

polymer. The swelling volume ratio is defined as Q = 1/v,s
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2.4 Rheological measurements and mesh size

Scaffolds (2 cm in diameter) were analyzed with Discovery HR-2 (TA Instrument®) rheometer
between plan-plan crosshatched geometry. Immersion cup and Peltier plates allowed
equilibrium at 37°C with 0.025 % NaCl. Axial force standardization was achieved by
monitoring axial force against gap reduction until surface leap effect have been overcome [27].
The storage modulus of the hydrogel (G’) was determined from the characterization of six
independent samples with no more than 0.1 N axial force at 0.05 % strain (linear domain) and
1 Hz oscillation. The number average molecular weight between cross-links (M¢) was deduced
from the storage modulus using the Gaussian rubber elasticity theory modified by Peppas and

Merrill [28,29]:

_1
Mc Mn Vs

where R is the gas constant (J mol™* K1), Czr is the polymer concentration in the relaxed state
(kg m3) and M, is the number average molecular weight of pullulan — dextran mixture.
Equation (2) is valid if the polymer network behaves as a collection of Gaussian chains.
According to Treloar [28], the regime is Gaussian as long as the relative end-to-end distance
of the network chains remains lower than 0.3. We checked that this condition was actually met

(see the Results section).

Since there is no model of end-to-end distance for chains made of both pullulan and dextran,

1

the end-to-end distance of the chains in the unperturbed state, (?)?, was estimated under 100%

pullulan and 100% dextran assumption. Furthermore, we neglected the effect of the

monolinked phosphate on the end to end distance. The number average molecular weight
between cross-links under 100% pullulan (resp. dextran) assumption, denoted M?™" (resp.

8
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Mdex) was thus calculated from equation (2) with M?*! (resp. M2€¥). Then, the end-to-end

1 1
distance was estimated for pullulan following: (1?)? = l((Mf“l/Mr)Cm)2 with alpha-D-
glucose residue as repeating unit (Mr = 162 g mol™?), 1 = 4.79 A and C,, = 4.3 according to

1
Buliga and Brant [30]. For dextran, the end-to-end distance was computed following: (1)? =

0.071 / M#¢* according to imren et al. [25]. The mesh size in the swollen state was estimated

for dextran chains and pullulan chains with equation (3) according to Canal and Peppas [31]:

N| =

£=a(iy) )

where a is the elongation ratio of the polymer chain. Following Canal and Peppas [31], we
assumed that the hydrogel is isotropically swollen. a is then related to the swollen polymer

volume fraction, v,g, by:

o = vy 3

(4)

2.5  Freeze-drying process

Scaffolds (11 mm in diameter, 2 mm in height) swollen in 0.025% NaCl (and drained to remove
the solvent excess) were disposed in Petri dishes (VWR, 391-0875) and placed on freeze-dryer
trays (MUT 004, Cryotec®). Scaffolds axis was systematically oriented perpendicular to the
tray. The freeze-drying protocol consists of three stages (Fig. 2). Cooling runs under
atmospheric pressure at a constant rate of - 0.1 °C min from 15 °C to — 20 °C followed by a
phase at constant temperature of - 20 °C during 90 min. Primary drying occurs at low pressure

(0.010 mbar) and - 5 °C for 8 h and secondary drying at 30 °C for 1 hour.
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Fig. 2. Freeze-drying of hydrogel scaffolds. The process comprises three stages: freezing,
primary drying and secondary drying. Black line: scaffolds temperature; grey dashed line: plate

temperature. Here, supercooling is followed by nucleation at — 9 °C.

2.6 Dedicated nucleation experiments

In order to identify the nucleation mechanisms that are in play during freeze-drying, a series of
at least 36 independent scaffolds swollen in 0.025% NaCl (10 mm in diameter) were frozen in
Petri dishes on freeze-dryer trays (MUT 004, Cryotec®). The scaffolds were separated from
each other by no less than two diameters. The constant cooling rate of - 0.2 °C min? was
applied. The number of unfrozen samples, N(t) was recorded every minute and associated with
the freeze-dryer plate temperature. We then considered that the nucleation temperature of a

scaffold coincides with the plate temperature at the onset of its freezing.

Moreover, a dedicated cooling protocol was applied on 98 scaffolds according to Vali [32] with

- 0.2 °C min cooling rate from 15 °C to - 15 °C, then a phase at - 14 °C for 30 minutes and

10
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eventually cooling at - 0.2 °C min™ rate until - 20°C. We determined the variations of the
freezing rate, R, as a function of time. R is defined as the ratio of the number of freezing
scaffolds per minute to the number of unfrozen ones [32]. It was derived from the variations

of N:

N(t+At)—=N(t—At) 1

R®) =~ 2A¢ N(D

(5)

with At =2 min.

We found that the exponential function well fits the variations of R as a function of time (Fig.
3B). Because cooling rate is constant, we deduced that the variations of R as a function of

temperature may be expressed as
R = R(T) =ae™?T (6)

Assuming singular hypothesis for nucleation, we determined the so-called differential nucleus
concentration, k(T), as defined by Vali [32]. k(T) represents the concentration of nuclei per unit

volume with activation temperature within one degree. It is then given by

Ky =~ ©)

where the cooling rate r = -0.2°C min and the scaffold volume V = 0.2 + 0.02 cm?®.

2.7  Scanning electron microscopy of frozen scaffolds

The scaffolds were collected at the end of cooling stage at - 20°C before primary drying. The
samples were stored at - 80 °C until further use. The CamScan Crystal Probe X500FE SEM-
EBSD (CNRS UMR 5243, University of Montpellier), equipped with C1001 GATAN gaseous
nitrogen cold stage modulus was used to perform the analysis in cold conditions as described
previously [22,23]. Briefly, samples preparation was conducted in a freezer at — 60 °C by

polishing the surface with cryotome blade just before the analysis. In the chamber, the sample
11
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was maintained between — 90 °C and — 100 °C with 1 Pa vacuum. EBSD was performed with
20 um step size and 20 Hz acquisition speed concomitantly with EDX. Operating conditions
were 20 kV acceleration voltage and 25 mm working distance. Aztec software package from
Oxford Instruments HKL was used to index EBSD pattern and align with EDX spectra.
Indexation of ice crystal from hexagonal space group 186 with a = 4.51 A and ¢ = 7.34 A was
successful over more than 90 % of the surface with less than 0.5° angular resolution. Channel5
software package was used to process EBSD patterns into Inverse Pole Figures (IPF)
orientation map and pole figures. Ice grains were defined as continuous domains with less than

10° crystallographic misorientation. Ice grain size was defined as the square root of grain area.
2.8  Porous structure analyses of freeze-dried scaffolds

The 3D architecture of freeze-dried scaffolds with a voxel size of (6 pm)3 was acquired by X-
ray nanotomograph EasyTom XL 150/160 (RX-solutions, France) using a sealed micro-focus
tube at a working voltage of 50 kV and a working current of 120 pA. An amorphous silicon
matrix plan (ASMP) detector of 1920 x 1536 pixels was used and 1440 radiographs were
obtained with an exposure time of 0.2 s and an averaging of 10. The image reconstruction,
performed on a server with 4 GPU cards (NVidia GTX1080), requires ca. 2 minutes. By
building up the generated 2D slice images, the 3D volume of the sample was achieved using

Avizo®.

CLSM (ZEISS LSM700) was used to explore the 3D porous structure of swollen scaffolds
labelled with 0.17% (w/w) 500 kDa FITC-dextran (TdB Consultancy) during formulation.
After freeze-drying, scaffolds were allowed to swell overnight in 0.025% (w/v) NaCl. XZ
views (where Z is the symmetry axis of the scaffold) were acquired over 250-um depth in 43
confocal slices of 2.5 um pixel size after cutting the swollen scaffolds with razor blade
(0.12HD, ASR). Two-photon microscope (LEICA, SP8) was used to acquire scaffold swollen

in DPBS (Gibco, SigmaAldrich) over 250-pum depth in 13 slices with 0.692 um pixel size.
12
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Pores are defined as objects of air or liquid delimited by dried (or hydrated) cross-linked
polysaccharides. Pores were isolated in 3D with Aviso software (Thermo Scientific™) after
thresholding, holes filling, object separation (watershed algorithm) and labelling. The pore size
was defined as the cubic root of the 3D pore volume. Aviso software provided the geometric
orientation of the pores. Polar angle (¢) and azimuthal angle (8) defined the main axis

orientation of an equivalent ellipsoid in 3D for each pore.
2.9  Cell seeding in freeze-dried hydrogel scaffold

MC3T3-E1 pre-osteoblasts cells were cultivated in a-MEM medium with nucleosides without
ascorbic acid (GIBCO, A1049001) supplemented with 10% FBS (GIBCO, 10270-106) in
standard cell culture conditions. Cell membrane labelling was performed with PKH-26 dye
(Phanos Technologies) according to manufacturer protocol. 20 pL of cell suspension (5 10°
mL?) was added directly on freeze-dried hydrogel scaffold. Complete swelling was allowed
by regular addition of the medium. The scaffolds were then incubated in standard cell culture
conditions during 24 h in 6-well plate with 1.5 mL of medium and 4 scaffolds per well. XZ
views to 250-um depth were acquired with CSLM. Hydrogel green signal (FITC dextran) and
cell red signal (PKH-26) were recorded on two channels. Cells clusters were analyzed with 3D

Object Counter (Fidji, Java Software).
2.10 Statistical methods

Values are given as mean + standard deviation. Analysis of variance and Student's t-test
assessed significance of data (Microsoft Excel, 2016). In figures, error bars correspond to
standard deviation. Regression analysis was performed with Monte Carlo algorithm (R Core

Team, 2016).
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3. Results

3.1 Cross-linking and subsequent mesh size of the polysaccharide-based hydrogel

The characteristics of the starting polymers were determined by light scattering measurements,
i.e. MpP!' = 158.8 kg mol™?, I, = 1.98 and Ry = 17.1 % 0.8 nm for pullulan, and Ma%* = 284.9 kg
mol?, 1,=1.82 and R, = 16.0 + 0.8 nm for dextran. Thus, the number average molecular weight
of the 75/25 mixture is M, = 178.6 kg mol™. After cross-linking, the volume fraction of the
polymer in the relaxed state (i.e. the polymer kept in the solvent used for cross-linking) is equal
to vor = 0.11. Swelling in 0.025% (w/v) NaCl solution results in a swelling volume ratio Q =

80. The volume fraction of the polymer in the swollen state is equal to vzs = 0.012.

Rheological measurements indicate that the hydrogel is incompressible and highly elastic (tan
8 =0.09). At 37 °C in 0.025 % NaCl with frequency of 1 Hz under 0.05% strain and 0.03 N
axial force, the storage modulus is estimated at G’ = 0.9 = 0.1 kPa. The average molecular
weight between consecutive cross-links, Mc, was determined according to the Gaussian rubber
elasticity theory modified by Peppas and Merrill [28], i.e. Mc = 68 kg mol™ for the resulting

hydrogel. Under 100% pullulan and 100% dextran assumption, the average molecular weight

between consecutive cross-links differs slightly, i.e. Mf”l = 62 kg mol! and M&¢* = 95 kg
mol?, respectively. Then, the end-to-end distance of the chains in the unperturbed (solvent-

1/2 1/2
) )

free) state was estimated at (E =19 nmand (E =22 nm, respectively. After swelling

in 0.025% NacCl, the mesh size was estimated at £ = 83 nm and & = 94 nm, respectively. We
also checked that the chains of the polymer network remain Gaussian: the relative end-to-end
distance of the network chains after swelling in 0.025% NaCl is estimated at about 0.2, under
100% pullulan assumption. The relative extension is thus lower than 0.3 corresponding to the
onset of deviations from the Gaussian statistics.

We then investigated the fate of the polysaccharide network during and after freeze-drying.

14
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3.2 Nucleation of ice from supercooled hydrogel

Fig. 2 shows that supercooling is followed by nucleation with an abrupt change in opacity
during recalescence. Water solidification is achieved close to the ice melting point. In order to
characterize the nucleation in the supercooled scaffolds during freeze-drying, series of
scaffolds swollen in 0.025% NaCl were cooled at 0.2 °C min™ rate. Fig. 3A shows the
nucleation temperature histogram with a mean of — 13.3 £+ 3 °C well above — 35°C, the
homogenous nucleation threshold of pure water [33]. The nucleation is therefore
heterogeneous. Heterogeneous nucleation of ice from supercooled water is known to be
influenced by two factors, i.e. the properties of the nucleating sites and the growth of embryo
to critical size by the random fluctuations [34]. When the former is predominant, nucleation is
said to be singular [35]. When the latter prevails, nucleation is stochastic and the classic
nucleation theory (CNT) applies. A series of 98 scaffolds was cooled according to the time-
temperature pattern similar to Vali [32] in order to discriminate the predominant factor. Fig.
3B represents the variations of the freezing rate as a function of time. While temperature
decreases for 30 minutes from -9°C to -15°C, 36.7% of scaffolds freeze, and freezing rate
increases exponentially with time (slope of the log-linear plot equal to 0.076 + 0.008 min? R-
squared = 0.91). Then, from -14°C to -20°C, 44.9% of scaffolds freeze, and freezing rate
increases exponentially with about the same slope (0.1 + 0.01 min** R-squared = 0.87). Since
the temperature varies linearly with time, we may deduce the differential nucleus
concentration, i.e. k(T) = (3 x 107* +2 x 10™*) exp[—(0.38 & 0.04)T] nuclei cm? °C*
valid for T € [—9°C; —15°C]. This estimate is close to that reported by Vali for water drops
[32]. While temperature is kept constant at — 14 °C for 30 minutes, only 5 frozen events occur
(5%) even if a large fraction of the scaffolds is still unfrozen. It means that most of the
nucleating sites with characteristic temperature higher than -14°C have already induced a

nucleation event during cooling from -9°C to -15°C. Thus, there is a depletion of active sites

15
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with characteristic temperature close to the plateau temperature (-14°C) and freezing rate is
drastically reduced. This behavior is characteristic of the singular model and cannot be

explained by the CNT.

18% ¢ - “) 5 & L)
15% 5) . —_
r— L 0 L "'Ic:
> 12% 2 01 E
2 2 5 * El I;'
2 9% r g . 8
g = ] o
= 6% — g0 - 1001 E
o | e N i g
3% E = .15 s ] 2
| 2 ' =

19-18-17-16-15-14-13-12-11-10 9 -8 -7 -20 0 50 120 180 0.001

Nucleation temperature [°C] Time [min]

Fig. 3 Characterization of ice nucleation within scaffolds preliminary swollen in 0.025% NaCl
and submitted to a dedicated cooling protocol. A: Histogram of nucleation temperature for a
batch of 36 scaffolds cooled at — 0.2 °C min™. B: Semi-log plot of the freezing rate of a batch
of 98 scaffolds submitted to a time-temperature pattern similar to Vali [32]: cooling from 5°C
to -15°C at — 0.2 °C min, plateau at -14°C during 30 minutes and cooling from -14°C to -

20°C at — 0.2 °C min™.,

Following nucleation, ice growth takes place in two stages, i.e. the initial rapid recalescent
stage and the final slower stage close the ice melting point, Tm [36]. During recalescence, the
ice structure appears as a “milky-white cloud” expanding with a velocity of 6.5 + 3.5 cm st in
line with findings on water drops [36,37]. Recalescence ends when scaffold temperature
reaches Tm (temperature increase due to latent heat release). The fraction of frozen water is

then estimated at ¢, (T;, — T,) /L = 9% where ¢, is the heat capacity of water, L the heat of

fusion and T, the nucleation temperature. Freezing is completed at the end of the slower stage.
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3.3  Polycrystalline structure of the frozen hydrogel scaffolds

Scanning electron microscopy was performed at — 100 °C to prevent samples from quick
sublimation. An XY cross-section of a frozen scaffold (nucleation temperature of - 9.7 °C) is
shown with topographic contrast on Fig. 4A: flat regions of about 200 um in length are
surrounded by ridges. The elemental map of Fig. 4B shows that carbon is mainly located in the
ridges. EDX spectra of a flat region (labelled “ice”) and a ridge (labelled “polymer”) further
evidenced carbon in the “polymer” region (Fig. 4C1), while no significant signal was recorded
for the “ice” region (Fig. 4C2). These topographic and chemical analysis prove that the ice
domains are surrounded by polysaccharide. Topography was due to the slight sublimation of

ice under the vacuum of the microscope even at — 100 °C.

EBSD, performed with an Oxford Instruments NordlysNano EBSD detector, was used to
examine the microstructure of the frozen scaffold. Crystal orientation map is displayed in the
so-called Inverse Pole Figure (IPF). In this IPF, ice grains are labelled according to the
measured orientation with respect to the reference direction that is parallel to the scaffold Z
axis (Fig. 4D). EBSD data show that water solidified into hexagonal (Ih) ice. Ice is
polycrystalline with an average grain size over 4 preparations found to be 160 + 20 um. Grains
have equiaxed morphology and texture. However, c-axis pole figure. shows that the highest
pole densities are obtained in and around Z, i.e., at the central region of the pole figure. (Fig.

4E). Thus, Ih-ice c-axis is preferentially parallel to Z.
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Fig. 4. Scanning electron microscopy at -100°C of a frozen scaffold horizontal cross-section.
Al: Topography contrast. A2: Zoom and definition of labelled areas. B: Carbon map obtained
by EDX. C1 and C2: EDX spectra of the labelled areas “polymer” and “ice”, respectively. D:
Z-direction IPF coloring orientation map obtained via EBSD (20 um step size) and associated
IPF key. Red color corresponds to Ih-ice grains with c-axis ([0001]) parallel to Z-direction. E:

c-axis pole figure.
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3.4 3D porous structure of freeze-dried scaffold

The 3D porous structure of an entire scaffold was analyzed by X-ray computed tomography
with (6 pm)? voxel size (Fig. 5A). A highly porous structure with very thin walls was observed
similarly to previously reported micro-computed tomography analysis of freeze-dried gels
[38]. After image processing, the porosity was estimated at & = 93% * 2% and mean pore size
at 280 + 20 um. About 6% of the pores are micropores (<100um) and 94% are macropores

(>100um) according to standard nomenclature [39].

The distribution of azimuthal and radial orientations of pore major axis indicates that major
axis is preferred parallel to XY plane (distribution of ¢ maximal close to 90°) without

preferential orientation in the XY plane (uniform distribution of 6) (Fig. 5B).
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Fig. 5. 3D assessment of the freeze-dried scaffold porosity. A: Pore size cumulative distribution
of an entire scaffold (9.36 mm in diameter, 1.73 mm in height) after freeze-drying (solid line);
scaffolds analyzed to 250-um depth after swelling in 0.025% NaCl (dash line) and in DPBS
(dotted line). XY slice at 500 um depth of the X-ray tomography scan with (6 pm)2 voxel size.
B1 and B2: Distribution of polar (¢) and azimuthal (0) angles of pore major axis, in the dried

scaffold.
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3.5  Hydrogel porous structure after swelling

Hydrogel swelling was investigated for a series of solvents of increasing ionic strength, i.e.
0.025% NaCl, 0.1% NaCl, 0.9% NaCl and Dulbecco’s Phosphate Buffer Saline solution
(DPBS) used for cell culture. For each solvent, the swelling volume ratio (Q) was determined
for the textured hydrogel (resp. non-textured, i.e. non freeze-dried). Fig. 6A shows that for both
textured and non-textured hydrogels, the swelling volume ratio increases as the solvent ionic
strength decreases. This is consistent with the anionic nature of the grafted phosphate [40]. The
swelling ratio of the textured hydrogel, Q', is greater than the swelling ratio of the non-textured
hydrogel, Q™. We found that Q' varies linearly with Q™. Since the porosity is given by e = 1 —
(Q"/Q"), we deduce that the porosity of the textured hydrogel in the swollen state is constant
for the tested solvent series and equal to ¢ = 29% + 2%. Correlatively the pore network varies

homothetically when changing solvent.

We further investigated the 3D porous structure of textured hydrogels prepared using FITC-
dextran after swelling in 0.025% NaCl solution using CLSM. The volume of interest was a
slab parallel to Z of 250 um-thickness. The porosity measured by image analysis was equal to
¢ = 29%. After pore separation procedure, the mean pore size was estimated at 120 um. We
can conclude that swelling in 0.025 NaCl% results in pores collapse with the pore size 2.3
times smaller than in the dry state. After swelling in DPBS, textured hydrogel was investigated
using two-photon excitation laser scanning microscopy to minimize scattering in the hydrogel.
The porosity was estimated at ¢ = 30% and the mean pore size at 54 um. We thus found that
pore size varies by a scale factor of 2.2 between DPBS and 0.025% NaCl solution, a value

consistent with the scale factor deduced from swelling volume ratio measurements, i.e.

3.31/3 = 15.
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Fig. 6. Fate of the porous structure after swelling and 3D cell -culture.
A: Swelling volume ratio for textured (Q,) and non-textured (Q,,;) scaffolds swollen in 0.025%
NaCl, 0.1% NaCl, 0.9% NaCl and DBPS. The linear regression model is fitted to the data
without the intercept term. B: CLSM XZ cross-section of a freeze-dried scaffold (7.2 mm

diameter, 1.4 mm height) 24 h after the seeding of 100,000 MC3T3-EL1 cells.

3.6 Cell seeding demonstrates interconnectivity of pores

Dry textured scaffolds were seeded with 100,000 MC3T3-E1 cells previously labelled with
PKH-26. Clusters were observed 24 h after seeding in the pores, homogenously distributed on
the scaffold volume (observation to 300-um depth of entire XY sections, see Fig. 6B for one
XZ slice). Our results demonstrate that the pores in the freeze-dried scaffold are adequately
interconnected to allow homogenous cell distribution. Mean cluster volume was 81 x 1073
um? corresponding to aggregates of 27 cells in average according to mean MC3T3-E1 volume
[41]. Interestingly, cluster diameter (53 um) was close to mean pore size (54 um) which

suggests that cells organized according to the scaffold porous structure.
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4. Discussion

Scaffold freezing is initiated at significant supercooling (about 13°C) by heterogeneous
nucleation. The sites are likely located at the interface between the hydrogel and the plate or
on the polymer network [34]. We found that the heterogeneous nucleation is singular (Fig. 3B).
Very few nucleating sites are present in each scaffold (about 0.1 nuclei cm™ °C* estimated at
-15°C). During cooling, freezing is triggered by the nucleating site with the highest
characteristic temperature, and the scaffold freezing temperature is equal to the characteristic
temperature of this site [32]. At this temperature, the time needed for an embryo to reach the
critical size is much lower than the cooling characteristic time (instantaneous embryo growth).
Consistently, in a batch of scaffolds, the number of freezing scaffolds per temperature interval

is expected to be almost independent of the cooling rate.

At the onset of freezing, growing ice crystals are expected to be needle-like for the present
supercooling values [42]. These needles exhibit a tree-like structure called needled branch [42].
We hypothesized that the rapid growth during the recalescent stage was accompanied by
fragmentation of these needles due to the constraints exerted by the surrounding nano-scale
polymer network. The fragments induces secondary nucleation [43] and the subsequent
equiaxed polycrystalline structure observed on the frozen scaffold with EBSD (Fig. 4D). Most
ice grains are formed from secondary nucleation. Since the solubility of the polymer is lower
in ice than in liquid water, the polymer chains are rejected by the growing ice crystals into the
intergranular space and form a macro-network. Simultaneous EDX and EBSD analyses show
that each pore results from the growth of one to a few ice crystals. Since the mesh size of the
polymer network (about 90 nm) is several orders of magnitude lower than the ice grain size
(about 160 pm), polymer exclusion is accompanied by massive chain reorganizations and may

be also by some ruptures of chains or cross-links. X-ray tomography of freeze-dried scaffolds
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showed that the polymer network remains continuous. Since cell seeding demonstrated that the
pores of the freeze-dried scaffolds are interconnected, we conclude that in the frozen scaffolds,

the polymer macro-network and the ice network are interlaced on the ice grain scale.

In perfect equiaxed growth, random orientation of the ice crystals within the scaffold is
expected [36]. However, EBSD analysis (Fig. 4E) shows that the c-axis pole densities are
higher in Z-direction. We infer that this preferred orientation is induced from the scaffold
bottom. Indeed, needled branch crystals (as snow crystals) are substantially planar with c-axis
orthogonal to that plane since growth kinetics in the basal plane is much larger than in c-axis
direction [44]. Needled branch crystals which are parallel to the supporting plate (XY plane)
are in the best thermal conditions to increase in thickness [34], which explains the observed
anisotropy. Paradoxically, this preferred orientation (parallel to Z) is consistent with the
preferential orientation of the pore, i.e. major axis parallel to XY plane, since growth is faster

in the basal plane which presently coincides with XY plane.

The porosity decreases significantly between freeze-dried and swollen states, i.e. from e =
93 + 2% down to € = 29% + 2%. In the swollen state, the hydrogel porosity remains
constant when increasing the solvent ionic strength even if the pores shrink. This remarkable
result was confirmed by CLSM and two-photon microscopy of scaffolds prepared with FTIC-

dextran.

A homogenous seeding of MC3T3-E1 cells within the pore network was achieved by the
simple addition of a cell suspension on freeze-dried scaffolds. Isolated cells of different origins
(species, tissues), two or more cell types, or cell clusters can be accommodated in these 3D
porous scaffolds [17-19,21]. Such scaffolds are suitable for cell culture in 3D (especially when
cell clustering and spheroid growth is necessary for studying cell development and

differentiation), for tissue engineering or for pharmacological assays in 3D.
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5. Conclusions

This study presented the mechanisms of pore formation during the freeze-drying of a cross-
linked hydrogel at a low cooling rate and highlighted the interactions between the nano-scale
polymer network and the growing ice crystals. We demonstrated the strong link between pore

formation and the nucleation of ice.

The primary nucleation, heterogeneous and singular, occurs at significant supercooling. During
recalescence, the rapidly growing ice needles fracture due to the constraints exerted by the
surrounding nano-scale polymer network. The needle fragments induce secondary nucleation
and a subsequent fine-grained polycrystalline structure. As freezing continues close to the ice
melting point, the ice crystals get bigger, and reject the polymer in the intergranular space.
Electron cryo-microscopy actually showed that the polymer chains segregate on the ice grain
boundary network and form a macro-network. The characteristic length scale of the macro-
network coincides with the ice grain size (160 um) and is several orders of magnitude greater
than the macromolecular correlation length (90 nm). Despite the scale separation between the
mesh size and the ice grain size, we expect that a lower mesh size (obtained with a greater
degree of cross-linking) should result in a lower grain size (and smaller macro-pores) since the

secondary nucleation of ice would be enhanced.

After sublimation, ice grains are replaced by macro-pores (280 um mean size as measured by
high-resolution X-ray tomography). The resulting dry structure is highly porous (93%). In the
swollen state, the porosity decreases down to 29%. When the solvent ionic strength increases,
the pores shrink (120 pum in 0.025% NaCl and 54 pum in DBPS) whereas the porosity remains
constant. This remarkable result was confirmed by CLSM and two-photon microscopy. The
scaffolds were further validated with the culture of pre-osteoblastic cells: the pores in the

freeze-dried scaffold are adequately interconnected to allow homogenous cell seeding.
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These findings should guide the strategies implemented to control the porous structure of

hydrogel scaffolds.
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