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A B S T R A C T   

Scaffold’s morphology and in particular pore architecture is a key parameter for cell viability and tissue 
regeneration. Usually, morphology is managed through Thermally Induced Phase Separation (TIPS) consisting of 
controlled quenching and freeze-drying to remove ice crystals to create porosity. Nevertheless, the so-called skin 
effect, a less-/non-porous layer, usually occurring at scaffold’s air–liquid or material-mold interface. Skin effect 
reduces scaffold’s performance then the layer have to cut out with consequent loss of material and damage risks. 
Here, it is presented a possible method to avoid skin effect at mold-polymer interface in biopolymer-based 
scaffolds. It is based on producing scaffolds not directly in a mold but on a previously frozen distilled water 
surface. SEM analysis showed the absence of skinned surfaces and a uniform pore pattern in shape and size.   

1. Introduction 

Scaffolds are crucial devices in tissue engineering. Numerous pro
duction techniques have been developed to obtain specifically engi
neered devices to reproduce natural tissue behavior in order to improve 
cell-material interaction to promote and guide the neo-tissue genesis. In 
particular, pore size and generally device’s morphology resulted among 
the more influencing features. Consequently, numerous techniques have 
been studied to finely control every influencing parameter. Among 
them, thermally induced phase separation (TIPS) based methods are 
widely used for the fabrication of controlled morphology scaffolds [1,2]. 
Generally, TIPS are based on separation of a polymer solution into 
polymer-rich and polymer-lean phases by quenching to a temperature 
lower than either the cloud point of the solution followed by a 
freeze-drying to remove the polymer-lean phase and yields the porous 
polymer scaffold [3]. Pore architecture depends on thermal cycle 
(cooling rate, thermal gradient etc.) applied to induce phase separation. 
Nevertheless, although TIPS guarantees to control porosity within the 
whole volume, formation of a less-/non-porous layer (so-called skin 
effect [4]) usually occurs at the scaffold’s outer surface at the air–liquid 
or at material-mold interface. Skin effect restricts cells adhesion to 
material and it jeopardizes the effort to produce a specifically archi
tecture scaffold limiting all those processes involving in tissue regener
ation [5–8]. For example, skin effect reduces cells infiltration inside the 
scaffold limiting nutrients and waste substances exchange 

compromising cell’s vitality [9]. Consequently, skinned surfaces pres
ence obliges to cut scaffolds partially with consequent shape, material 
and features loss in particular for thin scaffolds [9–13]. In the present 
work, we tested an easy TIPS-based methodology to reduce skin effect. 
The method called TIPS/ice is based on producing scaffolds not directly 
in a mold but pouring the initial polymeric solution on a previously 
frozen distilled water surface [12]. Actually, it has been tested in sodium 
carboxymethyl cellulose (CMC) and sodium alginate (SA) slurries but it 
could be potentially extended to other polymeric solutions. 

2. Material and methods 

Sodium Carboxymethyl Cellulose (CMC) and Sodium Alginate (SA) 
(Medium molecular Weight polymer powder, Sigma Aldrich) were used 
to prepare three different polymer solutions: CMC, SA and CMC+SA 
(200 ml at 1%wt of polymer, 0.5%wt of CMC and 0.5%wt of SA for 
CMC+SA). Each solution was prepared in a beaker at room temperature 
and neutral pH by adding the polymer powder to 200 ml of distilled 
water and then mixing at room temperature until clear solution then 
stored at 4 ◦C to avoid water evaporation. Distilled water dishes were 
prepared by pouring distilled water into a Petri dish placed on a planar 
surface to form a 0.5 cm layer and then by freezing it at − 10 ◦C. From 
each solution were prepared samples through TIPS/ice and traditional 
TIPS protocol and compared through morphological analysis. 
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3. TIPS/ice and TIPS samples preparation 

TIPS/ice and TIPS methods differ only in the use of the ice dish. 
TIPS/ice samples (CMC, SA and CMC+SA TIPS/ice, left side in Fig. 1) 
were prepared by slowly pouring a 0.5 cm layer of each polymeric so
lution (at room temperature) directly onto the frozen dish (− 10 ◦C) 
previously prepared into the Petri dish. The system (Polymer on ice dish) 
was frozen at − 10 ◦C and then freeze-dried for 24h to produce porosity 
and, at the same time, remove the entire ice dish at the bottom. TIPS 
samples (right side in Fig. 1) were prepared by directly pouring the 
polymeric solution (0.5 cm layer) into a Petri dish then freezing at 
− 10 ◦C and freeze-drying for 24h. 

4. Morphological analysis 

Scanning electronic microscope was performed on each sample 
through SEM EVO® 40, Carl Zeiss AG to compare surface morphology 
between TIPS/ice and TIPS produced samples. Top view of the Solution- 
ice and solution-Petri interface were analyzed for each sample and re
ported in Fig. 1. 

5. Experimental results 

The following Fig. 1 shows the difference in pores size and pattern 
between the samples produced through the two different methods. It 
emerges as using TIPS/ice method a uniform pattern of mainly closed 
macro-pores was obtained and skin effect was completely absent. 
Differently, when the sample is directly poured and frozen into a Petri 
dish as mold, a random morphology was obtained and, in particular in 
SA, emerged the presence of a skinned layer. Skin effect is also present in 
the other samples and it could be noticed as lack of clearness in CMC/ 

TIPS and CMC+SA/TIPS samples. 

6. Conclusions 

SEM analysis showed as the TIPS/ice procedure could avoid skin 
effect and promote a well patterned surface morphology. Even though a 
deeper analysis on morphology formation mechanism must be carried 
out, we hypothesize that when room temperature slurry is poured onto 
ice, a thin water film is produced and phase separation process is not 
hindered by Petri bottom. This could lead to a complete rearrangement 
of polymer-rich phase or, alternatively, to an interpenetrated ice crystal 
growth at frozen water-scaffold interface. Tests have been carried out 
using a simple frozen flat surface, but potentially more complex shapes 
could be realized by pouring polymeric solutions in an “ice mold” pro
duced through CAM-CAD methods to customize scaffold’s shape. 
Furthermore, it could be possible to produce different morphologies by 
controlling slurry/ice temperature or composition or to promote cross
linking reaction by adding crosslinking agents to ice molding (e.g. cal
cium chloride for SA crosslinking). 
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Fig. 1. SEM analysis (Magnitude 200x, scale bar 100 μm). Top view of the Polymer-ice interface in samples produced through TIPS/ice method (left) and Polymer- 
Petri interface in samples produced through standard TIPS (right). 
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