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Palavras Chave: Manufatura Aditiva; TIPS; Macrófagos; Resposta Imune; 

Resumo Além do conhecimento avançado sobre a fabricação de biomateriais 

complexos, a modulação da resposta do hospedeiro ainda é um desafio 

em aplicações médicas. Os principais reguladores dessa resposta são os 

macrófagos que podem polarizar de um fenótipo pró-inflamatório (M1) 

para um fenótipo anti-inflamatório (M2) e afetar a resposta imune. 

Atualmente, estratégias para influenciar a ativação de macrófagos para 

a medicina regenerativa são exploradas para melhor entender o seu 

papel complexo. Idealmente, esta modulação seria conseguida 

alterando as propriedades físico-químicas (por exemplo, rigidez, 

porosidade, topografia) de um biomaterial sem a adição de citocinas 

exógenas, fatores de crescimento ou terapias celulares complicadas. 

Assim, este trabalho teve como objetivo criar scaffolds impressos em 

3D com porosidade dupla e topografia controlável, que podem ajustar 

a resposta de corpos estranhos, fabricados a partir de manufatura aditiva 

e TIPS (Separação de Fases Termicamente Induzida). Dois polímeros 

de poli(ε-caprolactona-co-lactida) (PCLLA) com diferentes 

cristalinidades foram utilizados para fabricar os scaffolds e 

apresentaram maior porosidade e rugosidade superficial do que os 

scaffolds de FDM (Modelagem por Deposição Fundida). Os scaffolds 

3D-TIPS, mais ásperos e porosos, apresentaram maior adesão celular e 

diminuição da citocina pró-inflamatória, TNF-α, em comparação aos 

scaffolds de FDM. A partir dos resultados in vivo, scaffolds da 

composição amorfa de PCLLA mostraram maior degradação do que a 

mais cristalina, resultando em cápsula fibrosa mais densa a cobrir o 

biomaterial. Os scaffolds 3D-TIPS também mostraram mais infiltração 

celular dentro das fibras, sugerindo poros interconectados, mas os 

scaffolds de FDM mostraram grande capacidade de infiltração celular 

pela sua porosidade no eixo z no polímero mais cristalino. 

Por fim, os dados indicam um grande potencial para os scaffolds 3D-

TIPS para suprimir o fenótipo pró-inflamatório comparando com a 

técnica FDM, pelo aumento da rugosidade e porosidade.
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Abstract Besides the advanced knowledge on the fabrication of complex implant 

biomaterials, modulating the host response is still an unmet challenge 

in medical applications. The main regulators of this response are the 

macrophages that can polarize from a pro-inflammatory (M1) 

phenotype to an anti-inflammatory phenotype (M2) and affect the path 

of the immune response. Nowadays, strategies to influence macrophage 

activation for regenerative medicine are being explored to better 

understand their complex role. Ideally, this modulation would be 

achieved by altering the physicochemical properties (e.g. stiffness, 

porosity, topography) of a biomaterial without the addition of 

exogenous cytokines, growth factors or complicated cell therapies. 

Thus, this work aimed to create 3D-printed scaffolds with dual porosity 

and controllable topography, that can tune the foreign body response, 

fabricated from additive manufacturing and Thermally Inducible Phase 

Separation (TIPS). Two polymers of Poly(ε-caprolactone-co-lactide) 

(PCLLA) with different crystallinity were used to fabricate the 

scaffolds and showed higher porosity and surface roughness than Fused 

Modelling Deposition (FDM) scaffolds. 3D-TIPS scaffolds, that were 

rougher and more porous, showed higher cell adhesion and decrease of 

pro-inflammatory cytokine, TNF-α, comparing to FDM scaffolds. 

From the in vivo results, scaffolds from the amorphous PCLLA 

composition showed greater degradation than the more crystalline one, 

resulting in denser fibrous capsule around the biomaterial. 3D-TIPS 

scaffolds also showed more cell infiltration inside the fibers suggesting 

interconnected pores, but FDM scaffolds showed great capacity for cell 

infiltration by its porosity on the z-axis on the more crystalline polymer.  

Together, these data indicate a great potential for 3D-TIPS scaffolds to 

supress pro-inflammatory phenotype comparing with FDM, by 

increased roughness and porosity.  
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1. Introduction 

1.1. Modulation of Immune Response  

Tissue engineering and regenerative medicine are increasingly wide fields focused 

on the in-vitro fabrication or in-vivo formation of neo-tissues capable of replacing the 

damaged ones. To this end, biomaterial scaffolds capable of directing the formation of 

coherent tissues are designed, fabricated and ultimately implanted on the body. Besides the 

progression of the knowledge on the fabrication of complex implant biomaterials, the 

immune response that all implantation procedures face is still a challenge in medical 

application. The implantation is followed by a sequence of events termed foreign body 

reaction (FBR), represented in Fig. 1. The FBR can lead to the encapsulation of the 

biomaterial by collagen fibers, restraining the interaction between the tissue and the implant 

since the cell migration and transportation of oxygen and nutrients is stopped, and ultimately 

lead to a complete failure of the implant (1). 

Upon implantation, inflammation of the area occurs. The process of inflammation 

starts when plasma components and extracellular matrix (ECM) proteins are adsorbed to the 

biomaterial through hydrophobic, charge interactions, or through protein conformational 

changes (2). These include albumin, fibrinogen, vitronectin, fibronectin and complement 

factors, and the attachment of these proteins can affect the inflammatory response to 

biomaterials (3). Simultaneously to the protein adsorption, the activation of the coagulation 

cascade also occurs, leading to the formation of a provisional matrix, fibrin predominant, 

capable of recruiting immune cells (lymphocytes, neutrophils and monocytes or 

macrophages) by the production of growth factors, cytokines and chemoattractants (4,5). 

The protein layer offers binding sites to neutrophils, monocytes and macrophages by 

their protein specific receptors, like integrins or pattern recognition receptors (1,5). The 

neutrophils not only promote the destruction of pathogens by secretion of proteolytic 

enzymes and reactive oxygen species (ROS) but also have a regulatory function by secretion 

of chemokines that will activate monocytes, macrophages, dendritic cells and lymphocytes. 

The continuous release of chemokines like interlukin-8 (IL-8), monocyte chemoattractant 

protein-1 (MCP-1) and macrophage inflammatory protein-1β (MIP-1β) supresses 

neutrophils infiltration and these cells disappear from the implantation site by macrophages 

phagocytosis (1).  

The circulating monocytes migrate to the implantation and differentiate to M1 

phenotype, also called “classically activated”. The adhesion occurs by the interaction 

between β2 integrins of monocytes and the adsorbed proteins (1,4). From that, the M1 

macrophages secrete not only pro-inflammatory cytokines, such us tumour necrosis factor-

α (TNF-α), IL-1, IL-6, and IL-8, but also ROS and nitrogen species for antimicrobial and 

phagocytic activity (1,4). In the latter stage of the FBR, macrophages can fuse to a Foreign 

Body Giant Cell (FBGC) and polarize to M2 phenotype with pro-healing capacities. The 

FBGC is formed to increase the phagocytic ability and it is promoted by the interaction 
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between β1 integrins from macrophages and vitronectin adsorbed in the biomaterial (6,7). It 

has been shown that the main inducers of macrophage fusion are the cytokines IL-4 and IL-

13 (8,9).  The FBGC secretes anti-inflammatory cytokines (IL-10 and IL-1ra), ROS and 

degradative enzymes around the biomaterial (1) and, the increased secretion of the latter 

substances makes FBGC detrimental not only to the biomaterial but also to the surrounding 

tissue (4). Besides FBGC, IL-4 and IL-13 also polarize macrophages to an M2 phenotype. 

The M2 phenotype has been indicated as a pro-regenerative phenotype because of the 

stimulation of fibroblasts to remodel the tissue and the increasing vascularization. However, 

the chronic stimulation of this phenotype leads to the formation of a fibrous capsule at the 

end of the FBR (10,11).  

 

Figure 1 -  Foreign Body Reaction after biomaterial implantation.  Adapted from (4) 

 

The fibrous capsule is formed by the activation of fibroblasts which is induced by 

TGF-β, platelet-derived growth factor (PDGF) and vascular endothelial growth factor 

(VEGF) secreted by macrophages and by FBGC. Fibroblasts will then differentiate into 

myofibroblasts that activate the production of collagen fibers (1,12). In a normal wound 

healing, the fibroblasts and myofibroblasts go to apoptosis and senescence, and the collagen 

levels decrease (13). However, this does not occur in FBR mostly because of the continuous 

stimulation of pro-inflammatory and pro-fibrotic cells around the biomaterial, leading to an 

excessive fibrosis (4,12). For this reason, numerous approaches have been applied to 

biomaterials to alter the fate of the immune response.  

The study on macrophages has gained attention in tissue engineering field since they 

can polarize to different phenotypes modelling their function and thus, the progress of FBR 

leading to a pro-inflammatory or pro-healing environment. The phenotypic response is 

usually simplified in a M1 and M2 dichotomy and it is studied by alterations in gene 

expression, inducing stimuli, metabolism, surface markers and its functions (10). This was 

first introduced because the T-helper (Th) Cells, Th1 and Th2, activate macrophages to a 

pro-inflammatory response, M1 phenotype, and to anti-inflammatory, M2 phenotype, 

respectively (14). However, the knowledge of the mechanisms behind the polarization of 
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macrophages has increased and the M2 have been divided onto many different subtypes. The 

M2a subtype is stimulated by IL-4 and IL-13, M2b is stimulated by immunocomplexes and 

tool-like receptor (TLR) agonists, like lipopolysaccharide (LPS), and M2c is induced by IL-

10. M2a and M2c seem to have great importance in pro-regenerative response since they 

secrete IL-10, IL-1ra and transforming growth factor-β (TGF-β) (10,15) The complexity of 

the polarization of macrophages and the inconsistency of the used sub-types of M2 in 

experiments led to a proposal to change the nomenclature to describe each type by its 

activator, for instance M (LPS) (16). However, the M1-M2 dicothomy it is still broadly used 

since it simplifies and makes macrophage biology comprehensible for in vitro experiments 

(17), even being an oversimplification for the full spectrum of phenotypes that occur in vivo 

(18).  

The implantation of biomaterials, recently, has shifted from an immunosuppressive to a 

comprehensive approach of the immune system. Different strategies have been applied to 

modulate the immune system, such as: a) altering the chemical properties of the biomaterial; 

b) controlling the release of bioactive factors; c) cell therapy methods; and d) changing the 

physical properties of the biomaterial (19). Ideally, this modulation would be achieved by 

altering the physicochemical properties of a biomaterial without the addition of exogenous 

cytokines or growth factors or complicated cell therapies.  

The physical properties of the biomaterial are sensed by macrophages and interfere with 

their shape. Depending on the substrate, macrophages can be rounded or with uniaxial and 

biaxial stretches and these changes affect migration of macrophages (20). Cell shape have 

been shown to affect polarization of macrophages, for instance elongated cell in murine 

macrophages induced M2 phenotype (21). However, this relationship is still unclear since it 

is also affected by cell line used and by others bioactive factors in the microenvironment.  

1.1.1. Stiffness 

It has been shown that substrate stiffness of biomaterials can affect cell migration, 

proliferation, spread area and cytokine secretion (22–24) . Cell culture of human monocyte-

derived macrophages in polyacrylamide gels with various stiffness revealed that stiffer gels 

(280kPa) promoted higher proliferation rate than their softer counterparts (1-5kPa) (24). 

Phagocytosis by the murine cell line Raw 264.7 (derived from Abelson murine leukemia 

virus-induced tumor) and by the human derived macrophages, alveolar macrophages and 

THP-1 (monocytic human cell line from acute monocytic leukemia) derived was evaluated 

by the number of internalized beads. The results show an increase in gels with 150kPa and 

88kPa  compared to softer substrates (22,23). However, Sridharan et al., proposed that there 

is a range limit where the phagocytic capacity is impaired. They showed that the highest 

phagocytic activity was in 88kPa gel, the intermediate level of stiffness, but the stiffest gel 

(323kPa) and plastic plate had lower phagocytic activity. (23). The impact of stiffness in 

phagocytosis could be related to actin organization and migration modes. It was reported 

that macrophages have the ability to change their migration mode from a faster, amoeboid 

migration, to a slow, mesenchymal migration, depending on their morphology (25). The 
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mesenchymal migration is indicated as having more protrusions as opposed to the amoeboid 

migration that represents rounded cells (25). In comparison to macrophages in softer gels, 

the ones in the stiffer gels are more elongated and present filopodia protrusions (22–

24,26,27) and substrate stiffness alone seemed to be a factor to modulate macrophages to a 

mesenchymal migration (23).  

The secretion of cytokines is also affected by substrate stiffness but it is still unclear 

which phenotype is induced. Some studies showed increased values of pro-inflammatory 

cytokines, such as TNF-α, IL-1β or IL-6 when culturing murine primary bone marrow-

derived macrophages (BMM) and THP-1 derived macrophages cells in stiff gels (230kPa 

(26), 323kPa (23).and 840kPa (27)), upon LPS stimulation. Without LPS stimulation, 

Previtera et. al showed changes in the levels of pro-inflammatory cytokines with stiffness 

alone, however in a separate study, it was shown that BMM were unresponsive to stiffness 

itself (26,27). This contradictory data makes the effect of stiffness in cytokine secretion by 

macrophages still questionable. The differences could be related to the substrate stiffness 

range or by the different type of material used, suggesting that the chemical properties of the 

material also play a significant role in macrophage polarization. Even with this question in 

mind, stiffness has shown differences on suppression of the pro-inflammatory effect of LPS, 

showing the softest materials the highest suppression pro-inflammatory phenotype 

suppression levels (27). Moreover, Gruber et al. showed that in stiffer gels, BMM express 

higher levels of TNF-α (28). But with Raw 264.7 cells, the TNF-α secretion was lower in 

medium stiffness materials (20kPa) and no significant differences between soft (1kPa) and 

stiff gel was found (28). The differences between cell lines suggest that changing cell types 

can alter the stiffness sensibility and that there is a need to take these parameters in 

consideration. 

1.1.2. Structure 

The morphology of biomaterials such as fibrillar, spherical or porous, have been 

studied as a parameter for the modulation of macrophage polarization. For instance, spheres 

larger than 1.5mm supressed the FBR and fibrosis for a long period in different materials: 

alginate, hydrogel, metals, glass and plastic (29). Fibrillar structures have also been reported 

to impact macrophages since these mimic the ECM. The role of parameters such as fiber 

diameter and alignment have been studied and compared in terms of activation, morphology 

and cytokine secretion of macrophages(30–32). In a study, with the application of vascular 

grafts, PCL electrospun scaffolds were tested in vitro and in vivo for the immune response 

of macrophages. The grafts with thicker fibers (~6µm) had higher porosity and expressed 

more anti-inflammatory cytokines than the thinner-fiber grafts (0.7µm) in RAW 264.7 

macrophages (30).  

1.1.3. Porosity 

Similar to the structure, the porosity is also a determinant factor in foreign body 

reaction. It was shown that the size and organization of pores affects fibrosis, vascularization 
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and macrophage polarization (33). Almeida et al., showed that, besides the material 

chemistry itself (PLA and Chitosan) the pore geometry also impacted the cytokine secretion 

over time (3,7 and 10 days) and morphology of macrophages. Chitosan scaffolds with 

orthogonal i.e 90º (ChO) and diagonal i.e 45º (ChD) geometries were fabricated using rapid 

prototyping and rounder macrophages were found in the former, while more elongated cells 

where found in the latter. Moreover, in ChO scaffolds higher levels of secreted TNF-α and 

IL-12/23 were detected, especially in late time points, than in ChD scaffolds while IL-10 

remained low in both scaffolds. A higher metabolic activity and cytokine secretion was 

measured in ChO scaffolds, suggesting that ChO with larger pores induce a stronger 

inflammation (33).  

The effect of porosity has also been shown to reduce fibrosis while inducing 

vascularization (34). In an in-vivo study, sphere-templated poly (2-hydroxyethyl 

methacrylate) scaffolds with various pore sizes were implanted, for 3 weeks, in BAT-gal 

mice. The scaffolds with 34 µm interconnected pore structure showed a thinner and less 

dense fibrous capsule and higher cell infiltrate, than its non-porous counterpart. When the 

same material presented 160µm pores, a thicker fibrous capsule was formed after 3weeks of 

implantation than with 34µm pores but not greater as the non-porous material. The smallest 

pores (34µm) showed also increased blood vessel density. This in vivo study also suggested 

that macrophage polarization had an impact in fibrosis, showing higher values of M2 

markers in the fibrous capsule (34). The results not only showed that porosity has an impact 

in the FBR but, also, that depending on the size of the pores the macrophage polarization 

and thus, the FBR formation differ. 

1.1.4. Surface Topography 

Surface topography modulates the activity of local macrophages by altering their 

shape. Macrophages tend to elongate when cultured on 400-500 nm width grooves and, 

secrete higher amounts of anti-inflammatory cytokines (21,35–37).  This shows that not only 

biological factors polarize macrophages onto a specific phenotype but, the mechanobiology 

behind it is also an important aspect. McWhorter and Wang showed that cell elongation leads 

towards a M2 phenotype by increased expression of arginase-1 and CD206 (macrophage 

mannose receptor) (21). Although these cytokine release values were not as high as when 

cells were stimulated with IL-4/IL-13 cytokines, the cytoskeletal arrangement that leads to 

elongated cells also seemed to decrease the expression of proinflammatory cytokines (21).  

The effect in macrophage elongation with grooves  of different widths  was tested 

using parallel grooves by Chen (36) (0.25µm to 2 mm line widths) to Raw 264.7 cells and 

by Luu (37) (0.15 to 50 μm width) to BMM cells. The first study showed that the effects 

were independent on the material used (PCL, PLA or PDMS) but, with different groove 

sizes, the macrophages change their shape and cytokine expression over the time. The 

macrophage elongation increased with decreasing topography until 500nm since cells 

showed insensitivity at 250nm, after 48h. They also showed that the cytokine expression 

change over time in the early inflammation (6h, 24h, 48h), suggesting a transition from pro-
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inflammatory (TNF-α, MIP-1α, MCP-1) at 6h and 24h to pro-healing cytokines at 48h 

(VEGF). According to in vivo studies, by subcutaneous implantation on Sprague–Dawley 

rats, no differences in cell elongation were observed at day 7 and 21 after implantation (36). 

In the second study similar results were presented, showing that the highest degree of 

elongation appeared when cells were cultured on surfaces with 450-500nm grooves. 

Moreover, the expression of Arginase-1 was higher on grooves of widths from 400nm to 

5µm. In addition, IL-10 secretion was more intense in 5 µm width grooves, whereas the 

TNF-α secretion remained low in all conditions (37). Altogether, this data shows that there 

is a limit in groove size where macrophages elongate and express M2 markers but, besides 

their shape alteration, the expression of M1 markers were not affected. In summary, grooves 

with sizes ranging from 400 nm to 5 µm seem to be associated with a pro-healing phenotype. 

Unidirectional gratings are shown as the greater stimulators of elongation in contrast 

with bidirectional gratings. In 1D grooves, more elongation of macrophages was found in 

addition with higher expression of arginase-1 and IL-10 and lower levels of TNF-α, as 

compared to 2D wrinkles and flat surfaces. Also, the 1D wrinkles and flat materials were 

studied in vivo where it was found that the first one secreted greater values of arginase-1 

close (0-50µm) to the implant but also at 50-150µm away of the implant, suggesting 

paracrine effects in the response (35).  

2. Porous Scaffold Fabrication 

The interest of developing scaffolds for tissue engineering with dual porosity structures 

has increased since they facilitate diffusion of nutrients and migration of cells (38,39). For 

the fabrication of such scaffolds, several techniques have been applied (41–43). For instance, 

particulate leaching, gas foaming, TIPS and additive manufacturing and their combinations 

are the most exploited for this purpose. In particulate leaching a water soluble porogen (e.g. 

salt), with a desired size, is added into a mold followed by the polymer solution, the solvent 

evaporates and porogens are dissolved in water, creating the pores (44). This technique has 

the disadvantages of porogen agglomeration or dispersion leading to uncontrollable size and 

shape of pores and their interconnectivity (43). Gas foaming consists of exposing the 

polymer to a high-pressure carbon dioxide gas to form the pores (44). However, this 

technique reveals low pore interconnectivity (41). TIPS techniques, besides the use of 

organic solvents, has the advantage of producing an interconnected pore structure in a simple 

and controllable manner, leading to homogeneous pore sizes and distribution that are 

function of the polymer concentration, solvent/non-solvent ratio and quenching temperature 

and time (45,46). This technique occurs by two possible mechanisms: solid-liquid or liquid-

liquid phase separation where, in the former, the polymer and solvent interaction is strong 

as opposed to the latter. In both mechanisms, a polymer is solubilized in a solvent with low 

melting point. In the case of solid-liquid phase separation, it is the solvent crystallization that 

forms the porous structure. In the liquid-liquid either a non-solvent is added or the 

temperature is decreased to lower value than the solvent melting point to create instability 

and promote the phase separation (47,48). The cooling process affects the pore morphology 
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where poorly interconnected spheroidal pores or connected porous can be formed depending 

if the temperature is above (metastable region) or below (unstable region) the spinodal curve 

as seen in Fig. 2 (45,47).  

 

Figure 2 - Schematic temperature–composition phase diagram of a binary polymer solution. Adapted from 

(47) 

A combination of TIPS and additive manufacturing enables a more controllable 

morphology and uniform pore structure and, has been revealed as a promising technique to 

fabricate scaffolds with wide range of morphological tunability. Di Luca and his colleagues 

have shown that surface topography can be controlled by this method by changing the gel 

concentration, temperature of solvent exchange (0ºC, -56ºC and -80ºC) and non-solvent used 

(water, isopropanol, methanol, ethanol, n-hexane) (42). Also, this technique was applied for 

the fabrication of scaffolds with stiffness memory by solid-liquid phase separation and it was 

possible to regulate porosity and stiffness relaxation (49,50).  

As 3D-TIPS has given proof of its tunability, this could be a great approach for 

immunomodulatory scaffolds by tuning their morphological properties. Therefore, the main 

goal of this project is to create 3D printed scaffolds with dual porosity and controllable 

topography that can tune the foreign body response. In particular, the main focal points of 

this work are: fabrication of a scaffold by 3D additive manufacturing combined with TIPS 

with different concentrations and molecular weights of PCLLA; evaluation of cytotoxicity 

and morphology changes of macrophages and analysis of polarization of macrophages that 

could potentially lead to pro-regenerative environment.   
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2. Materials and Methods 

2.1. Materials. Three different poly (D,L-lactide-co-caprolactone) (PCLLA) based 

copolymers were used to fabricate scaffolds via additive manufacturing. The first copolymer 

contained a 68 / 32 ratio of lactide / caprolactone monomer with a 15 / 85 ratio of D / L 

lactide enantiomers and was obtained from Polyganics B.V. (Groningen, The Netherlands) 

and it is abbreviated to “PG” in this report. A second and third copolymers were obtained 

from Corbion , PURASORB® PLC 7015 and PURASORB® PLC 7038, both with a lactide 

/ caprolactone ratio of 70 / 30 and a 0 / 100 ratio of D / L lactide enantiomers but, with 

different inherent viscosities (and thus molecular weight) of 1.5 and 3.8 dl / g, respectively.  

They are here referred as to “CB7015” and “CB”.  

2.2. Scaffold Fabrication. The scaffolds were prepared by the combination of additive 

manufacturing and TIPS. Gels of PCLLA with different polymer concentrations, 5%, 7% 

and 9% (w/v) were first prepared in an 87% (v/v) 1,4-dioxane (Acros Organics, Thermo 

Fisher Scientific) solution in deionized water. For that, PCLLA was dissolved in 1,4-dioxane 

by stirring at RT and let it rest overnight, for PG and CB7015 while the CB was used directly 

after dissolution. Next, deionized water was added to the solution and kept stirring at 60ºC 

until the solution became transparent, overcoming the cloud point which was usually 1 hour. 

Afterwards, the gel was immediately placed in the fridge for at least 2 hours. Thereafter, the 

gel was extruded with a pressure driven Bioplotter system Enviosiotec at a 90º pattern with 

a 1000 µm fiber spacing and 0,2 mm layer thickness and a travel speed of 200 rpm to form 

20 mm×20 mm×4 mm scaffolds. The gel was extruded through a needle of 0.8mm of inner 

diameter at 0.5-1 bar and 1.0-1.5 bar of pressure for 5% (w/v) and 7% (w/v) polymer 

concentrations, respectively. Then the scaffolds were stored at -80ºC and freeze dryed in 

FreeZone 2.5 Liter Benchtop Freeze Dry System (Labconco). As a control, non-porous 

scaffolds were fabricated via fused deposition modelling with a Bioscaffolder SYSENG 

using the same parameters as indicated above with a melting temperature of 195 and 200 ºC 

for PG and CB7038, respectively and, with a G22 needle (400 µm internal diameter).  

2.3. Scaffold Characterization. 

2.3.1. Scanning Electron Microscopy (SEM). The morphology of the scaffolds was 

characterized by SEM analysis on a FEI/Philips XL30. Samples of approximately 4 mm x 

4mm were cut from the full scaffolds using a scalpel and mounted on a SEM pin stub of 12 

mm diameter and with the use of double-sided carbon adhesive (PELCO Tabs™, Ted Pella, 

Inc). Mounted samples were then gold sputtered with a Cressington Sputter coater 108 Auto. 

The samples were then imaged at a typical acceleration voltage of 10 kV.  

2.3.2. Contact Angle. For surface characterization, water contact angle was measured using 

the sessile drop method at room temperature. The water contact angle, of a 4µL drop was 

measured in 5 replicas of each condition with Drop Shape Analyzer - DSA30 (KRÜSS 

GmbH).  
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2.3.3. Gel permeation chromatography (GPC). GPC was used to study the differences in 

molecular weight between the two polymers (CB7038 and PG) and, before and after scaffold 

fabrication. Samples were dissolved at concentration of 2 mg / mL in dimethylformamide 

(DMF, Sigma-Aldrich) containing 0.1 wt % LiBr and then passed through a 0.2µm filter. 

The molecular weights of samples were measured with a Shimadzu GPC equipped with a 

Shodex KG-G 4 Å guard column (4.6*10 mm) with 8 μm beads, a Shodex KD-802 (5 μm, 

8*300 mm) column and a KD-804 (7 μm, 8*300 mm) column in series. DMF was used as a 

mobile phase at a flow rate of 1ml/min. 15 µL of sample was injected for each measurement.  

2.3.4. Mechanical Properties. The compressive modulus of the scaffolds was determined 

using a TA Eletroforce 3200 mechanical tester equipped with a 450 N load cell at a 

displacement rate of 0.01 mm / s (n=3). The Young’s modulus was calculated from the 

elastic regime of the curve. 

2.3.5. X-ray micro computed tomography (micro‐CT). X-ray microtomography imaging 

was conducted on 4 mm x 4mm x 4mm samples to characterize the scaffold 

microarchitecture on a Bruker micro-CT system using a slice thickness of 6 µm. 

2.3.6. Laser profilometry.  

The surface of the scaffolds was measured by scanning them on a Keyence-VK-X260K laser 

profilometer over an area of 4 mm x 4 mm x 4 mm. From the scan of each material, the Sa 

(Arithmetical Mean Height) surface values were obtained from 3 random transverse profiles 

on each condition.  

2.4. Support Bath. The support bath was intendent to support the shape of the scaffold 

while printing. Two systems were tested: Lecithin / Glycerol / n-decane and Gelatin / 

Glycerol / water. For the lecithin system the protocol was adapted from and briefly consists 

of dissolving lecithin in n-decane and glycerol at 60ºC stirring overnight and storing at 4ºC 

until printing (51) with concentrations varying from 5 % to 80 % (w/v) of lecithin and from 

1 % to 3 % (v/v) of glycerol. The gelatin system was tested with concentrations varying from 

1,4 % (w/v) to 2.2 % (w/v) and 10 % (v/v) to 40 % (v/v) of glycerol. Briefly gelatin was 

mixed with glycerol and water for 1 hour stirring at 50ºC and let it cool a stored at RT to 

reach homogeneity for 1 week or stored at 4ºC for 2 hours.  

2.5. Cell Culture. NR8383 cells (ATCC® CRL-2192™), a semi adherent rat alveolar 

cell line, were obtained by American Type Culture Collection (ATCC) and cultured in 85 % 

(v/v) of Ham's F12K medium with 2 mM L-glutamine adjusted to contain 1,5 g/L sodium 

bicarbonate and 15% of heat inactivated fetal bovine serum (FBS) at an initial density of 1 

x 105 cell / mL. Fresh media was added every second day and cells were subcultured when 

the cell density in suspension reached 4 x 105 cell / mL. 

Human bone marrow derived stromal cells (Dr. Prokop, donor 801.1), were cultured in MEM 

Alpha Medium supplemented with GlutaMAX, 10% of FBS and 1% of 
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penicillin/streptomycin (Gibco, Thermo Fisher) at an initial density of 103 cell / cm2 and 

until 70 % confluence. Experiments were conducted at cell passage 5. 

2.6. Cell culture on spin-coated polymer films. For the 2D cell experiments, a layer of 

polymer was formed on top of pre-cleaned (boiled for 2h in benzyl alcohol and sonicated in 

an ethanol solution) 18 mm glass coverslips by spin coating. The polymer was dissolved in 

chloroform at a 10 mg / mL concentration and 50 µL were dispensed over 10 seconds while 

the glass rotation speed was set at 900rpm. The rotation speed was then increased to 1800rpm 

and kept for 30s for solvent evaporation. For cell culture, the coverslips were sterilized by 

immersing them for 10 minutes in 70% of ethanol and then washed 3 times in PBS. 

Macrophages were seeded on the coverslip at 105 cells / mL in normal media and let adhered 

for 24h. 

2.7. 3D Cell Culture. Additive manufactured scaffolds were cut for cell culture in 4mm 

x 4mm x4mm with the use of a scalpel. For cell culture, the scaffolds were sterilized 15 

minutes in 70% of ethanol, washed 3 times with PBS and transferred to new non-treated 24 

well plates. 4 x 105 cells per scaffold in complete media (25µL) were added on top of each 

scaffold and incubated at 37 °C under 5% CO2 for 2 hours. The scaffolds were then flipped 

and incubated for another 2 hours. After a total of 4h after seeding, 1 mL of complete media 

was added to each well. Cells were incubated for 3 days prior to analysis for cell infiltration, 

morphology, cytokine secretion, cytotoxicity and DNA content analysis. The scaffolds 

tested were CB with 5 % (CB5) and 7% (w/v) (CB7) of PCLLA, PG with 5 % (PG5) and 

7% (w/v) (PG7), and the FDM scaffolds: CB100 and PG100.  

2.8. Macrophage polarization. Macrophages were polarized to M1 or M2 via 

stimulation with 10 ng / mL Lipopolysaccharide (LPS) and IFN-γ each or with 20 ng / mL 

of IL-13 and IL-4, respectively (all cytokines were acquired from Prepotech). M0 

macrophages were non-stimulated.  

2.9. Live/Dead. The cell viability was visualized after 48h of cell culture in 2D substrates 

by fluorescence microscopy with the calcein / ethidium bromide homodimer Live/Dead 

staining kit (Thermofisher) which was used following manufacturer instructions. In brief, 

each sample was washed with 1x PBS and incubated in 1mL of a solution of 1µM of calcein 

and 0,25µM of ethidium homodimer-1 for 30 min at 37ºC under 5%CO2 and imaged by an 

inverted microscope Nikon Eclipse Ti, equipped with Ander Zyla sCMOS camera. The 

number of live and dead cells in each of three images per sample was counted and the percent 

viability was calculated by dividing the number of live cells by the number of total cells per 

image (n = 3). 

2.10. Lactase dehydrogenase (LDH) Assay. The cytotoxicity of the materials was 

quantitatively measured by the release of lactase dehydrogenase by the macrophages culture 

on spin-coated polymer films. The LDH assay (Pierce LDH Assay, Thermo-Fisher) was 

performed following the manufacturer’s instructions. As negative control (0% LDH release), 

macrophages were culture on 24-well plates at the same density. For positive controls (100% 
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LDH release) macrophages cultured under identical conditions on 24-well plates were lysed 

using the 10x Lysis Buffer in a 1:100 dilution and incubated at 37ºC, 5% CO2 for 45 minutes. 

The media was recovered and stored at 4ºC until further use for a maximum of 3 days. The 

calculation of %Cytotoxicity was made by the following formula:  

% Cytotoxicity = 
[Sample–Average of Negative Control]

[ Average of Positive Control−Average of Negative Control]
× 100 

2.11. Quantification of DNA. Total DNA was quantified using CyQuant Assay kit 

(ThermoFisher) to assess cell adhesion and proliferation. Samples (n=3), after 48 hours of 

culture, were washed with PBS to remove non-adhered cells. Adherent cells were scraped 

from the well, transferred to an Eppendorf tube and centrifuged at 200 rcf for 5 min. 

Supernatant was removed and cells were frozen at -80ºC. Cells were then frozen in liquid 

nitrogen and thawed at 56ºC for 3 times. Samples were then digested with 1 mg / ml 

proteinase K in Tris / EDTA buffer (pH 7.6) overnight at 56ºC. Afterwards samples were 

freeze-thawed again 3 more times. Fluorescence was measured at emission wavelength 

520nm using a multiplate spectrophotometer Clariostar (BMG LABTECH) and DNA 

concentrations were calculated from a λDNA standard curve.   

2.12. Immunofluorescence. The samples after 48 hours of culture in 2D substrates or 3 

days in 3D scaffolds, were fixed with 4% paraformaldehyde in PBS for 15 minutes at room 

temperature and then washed twice with PBS. The samples were then permeabilized with 

0,1% Triton X-100 for 10 minutes and washed twice with PBS. The samples were blocked 

with 3% of bovine serum albumin (BSA) and 0.01% of Triton X-100 for 1 hour at room 

temperature and washed 3 times with the washing buffer, consisting of 1:10 dilution of the 

blocking solution describe above. Cells were then incubated overnight at 4ºC with rabbit 

Anti-Paxilin (Sigma Aldrich) 1:200, rabbit Anti-Arginase (Invitrogen) 1:100 or mouse anti-

iNOS 1:500. Then, samples were washed 3 times with washing buffer. Samples were later 

incubated at room temperature for 1 hour with the secondary antibodies anti-rabbit Alexa 

Fluor-488 donkey or anti-mouse Alexa Fluor-647. For analysis of the cytoskeleton (F-actin) 

cells were stained with Alexa Fluor-568 conjugated phalloidin. All the samples were 

counterstained with 1 mg / ml Hoescht dye at a 1:2000 dilution for 10 minutes, washed with 

washing buffer and maintained on PBS, and then imaged with Nikon Eclipse Ti, equipped 

with Ander Zyla sCMOS camera or a Leica TCS SP8 confocal microscope with 63x oil 

objective for 2D experiment and 25x water objective for 3D experiments. For 3D 

experiments Z-stacked images were acquired by scanning throughout 1.5 mm thickness of 

the scaffolds at 2 µm/Z-step.  

2.13. SEM of cell cultures on scaffolds. For SEM analysis, samples were dried via 

immersion on an ethanol dilution series in PBS (50%, 70%, 80%, 90%, 96% and 100%) with 

15 minutes incubation at room temperature for each dilution. Then, 98% 

hexamethyldisilazane (Alfa AesarTM, ThermoFisher) was added to the samples and 

incubated for 15 minutes at room temperature. Samples were then air-dried overnight. Dry 
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samples were then gold sputtered (Cressington Sputter coater 108 Auto) before SEM 

analysis.  

2.14. Cytokine secretion. The secretion of TNF-α (Biogems, Prepotech)), IL-10 (R&D 

Systems) and TGF-β (Abcam) was measured following the manufacturer’s protocol. The 

absorbance was measured on a Clariostar (BMG LABTECH) plate reader. For the standard 

curve, a dilution series of the cytokines was produced and measured. A four-parameter 

logistic (4-PL) regression was generated. 

2.15. In vivo Experiments. For in vivo investigation, scaffolds with 4 mm x 4 mm x 4mm 

were prepared for CB7 and PG7, CB100 and PG 100. The animal experiment was approved 

by the Dutch Central Committee on Animal Testing (CCD). Athymic nude rats (Crl: NIH-

Foxn1rnu 316 rat) were obtained from Envigo in the experiment. Animals were housed at 

22 °C with a 12 h light/dark cycle and had ad libitum access to water and food. Only male 

rats were used in the formal study. The animals (N=7) were anesthetized by inhalation of 

isoflurane. The dorsal surgical sites were shaved, disinfected and incised. Four subcutaneous 

pockets were created for the insertion of scaffolds. After implantation, incisions were closed 

with sutures. Analgesics were administrated with Buprenorphine (Buprecare, 0.05 mg/kg, 

SC) and Carprofen (4mg/kg, SC). Animals were routinely monitored after the operation.  

2.16. Statistical Analysis. All data is presented as mean ± standard deviation (SD) and 

statistical significance was measured by performing a one-way ANOVA analysis followed 

by Tukey’s multiple comparison using GraphPad, Prism Software (V.6). Differences were 

taken to be significant for p <0.05. 
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3. Results and Discussion 

3.1. Fabrication of PCLLA 3D-TIPS scaffolds 

PCLLA is a copolymer of ε-caprolactone and lactide and its individual monomers 

give rise to biocompatible and biodegradable polymers. Their copolymerization overcomes 

some limitations of the individual homopolymers (52). Polycaprolactone (PCL) is a 

hydrophobic and semi-crystalline polymer with a melting point of 59-64ºC and a glass 

transition at -60ºC. Its degradation time is from 2 to 4 years and it is soluble in chloroform, 

1,4-dioxane, dichloromethane and tetrahydrofuran (THF). Polylactide (PLA) has three 

different forms, the crystalline ones being produced out the individual enantiomeric forms -

D (PDLA) and -L lactide (PLLA), and the mostly amorphous, from the racemic form, D, L. 

The melting point of PDLA and PLLA (130ºC to 180ºC) and glass transition (40 to 70ºC) 

vary with the molecular weight. As PCL, PLA is also soluble in chloroform, 1,4-dioxane, 

dichloromethane and tetrahydrofuran (THF) (53). It has been reported that the 

copolymerization of ε-caprolactone and lactide or lactic acid increases the crystallinity, 

decreases the elastic modulus and enhances the flexibility of the PLA homopolymer (54). In 

this report, two copolymers with different composition are used, where the first, coded as 

PG, has a 70 / 30 (wt.% / wt.%) ratio of lactide / ε-caprolactone monomers and the second, 

coded as CB, has 68 / 32 ratio of lactide / ε-caprolactone monomers. Only the PG 70 /30 has 

both enantiomers (15 wt. % -D and 85 wt. % -L) while CB is made of only –L form lactide. 

These polymers were chosen for their chemical similarities but expected differences in 

crystallinity and thus, mechanical properties. 

In order to evaluate other parameters that can affect macrophage adhesion and overall 

immune response, the wettability of the materials was studied by water contact angle 

(WCA). The results showed a WCA of 78,20 ± 2,277 for PG and 78,06 ± 3,225, indicating 

that they are both hydrophobic with similar contact angles (Figure 6A).  

 For the fabrication of the scaffolds, a solution of PCLLA with the solvent 1,4-dioxane 

and the non-solvent water was jellified leading to polymer chain entanglements before 

printing.  For a stable gel suitable for printing a certain molecular weight and viscosity are 

necessary. In this technique, the porosity is given by the phase separation between water and 

1,4-dioxane upon freezing and freeze dried the water droplets.   

Two different ratios of solvent / non-solvent, 90 / 10 vol. / vol. and 87 / 13 vol. / vol, were 

tested with the PG polymer (Figure 3A, B). Two concentrations of the polymer were 

evaluated, 5 and 7 wt. %. For both concentrations of the polymer, the ratio 90 / 10 vol. / vol 

presented flatter and less defined fibers in comparison with 87 / 13 vol. / vol. ratio. So, the 

latter ratio was chosen for this study.  

Two different CB copolymers, with equal composition but different inherent 

viscosities were tested. Gels of CB 7015 (low viscosity) at 7 % (w/v) concentration of the 

polymer were printed. As shown in Figure 3C, the scaffolds did not show a distinguishable 

pattern as the gel coalesced while printing. However, they presented porosity in the cross-
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section. This result could be due to the low inherent viscosity (1.2 - 1.8 dl/g) of the 

copolymer, and thus low molecular weight. We then tested CB 7038, which has higher 

inherent viscosity (3.3 – 4.3 dl/g). These gels were capable of retaining the shape of the 

fibers upon printing (Figure 5A, B).  

Since it has been reported that the concentration of the polymer in TIPS affects 

material porosity (45,55), in this report, three different polymer concentrations of 5, 7 and 9 

wt. %  were evaluated and compared in terms of morphology of scaffolds and microporosity 

by SEM (Figure 3D,E,F). Scaffolds fabricated from 9 wt. % polymer gels showed the best 

defined fibers. However, the printing process was more difficult than with other gel 

concentrations since it needed high pressures (higher than 4-5Pa) to extrude the gel with the 

same needle diameter, reaching the limitations of the equipment. Therefore, the next 

experiments were done with 5 and 7 wt. / vol. % PG or CB7038 polymer. Figure 5 shows 

representative SEM micrographs of the fabricated scaffolds. From the images, it is evident 

that 3D-TIPS scaffolds (Figure 5A, B , D, E) have microporosity within the fibers as opposed 

to scaffolds fabricated by fused deposition modelling (FDM), in Figure 5C,F. The lowest 

polymer gel concentrations lead to scaffolds with flattered fibers and this interferes with the 

height of the scaffold. Between the two polymers, the one with higher crystallinity, CB, 

showed better retention of the lattice shape as compared to PG which presents more 

staggered fibers. The CB5 and CB7 scaffolds presented pores with diameter of 

22,82±13,96µm and 18,12±11,84µm, respectively, while PG 5 and PG7 have 

23,49±52,49µm and 13,23±8,13µm, respectively. All of the scaffolds showed higher 

variance between the diameters of pores, suggesting a heterogeneity on microporosity 

(Figure S4).  

 

Figure 3 – SEM images of the 3D TIPS scaffolds. Axial view of the A) 7% PCLLA PG with 87%/13% ratio 

of 1,4 dioxane/water; B) 7% PCLLA PG with 90%/10% ratio of 1,4 dioxane/water; C) 7% PCLLA CB7015 

with 87%/13% ratio of 1,4 dioxane/water; D) 5% PCLLA PG; E) 7% PCLLA PG; F) 9% PCLLA PG. Fibers 
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inset in A1 and B1, and cross-sectional views in the upper corners of C, D, E, F. A1-C1 scale= 200µm, C1-

F1=500µM, C2-F2 scale =50 µm 

The structure of the scaffolds, internal fiber microporosity, porosity total open pore volume 

and surface area were analysed by µ-CT (Figure 4 and Table 1). As opposed to some 

literature about TIPS technique, which states that the increase of polymer concentration 

decreases the percentage of total porosity (45,55), here the 7 % (w/v) scaffolds show highest 

values of porosity (Table 1). Since the technique is a combination with additive 

manufacturing, other factors affect total porosity such as fiber spacing. As stated, the fibers 

of 7 % scaffolds are better defined that the ones in their 5 % counterparts, both for CB and 

PG, leaving a bigger space between the fibers, on the xy plane, which increases the total 

porosity. In addition, all 3D-TIPS scaffolds showed higher values of open porosity, revealing 

a great pore interconnectivity essential for tissue and vascular infiltration. The lower 

concentrations revealed higher total surface area comparing to 7% concentrations which 

could mean in a higher cell retention.  

 

Figure 4 - Representative images of µ-CT analysis of A) 5% PG, B) 7%PG, C) 5% CB and D) 7% CB.  

Table 1 – Total porosity, Open Porosity, Total surface and connectivity are measured by µ-CT analysis for 

CB5, CB7, PG5 and PG7. For CB100 and PG100 the theoretical total porosity was calculated. For total surface 

area all the conditions were normalized considering a volume of 10mm3. 

 CB PG 

 5 7 100 5 7 100 

Porosity 

(%) 
61,536 69,191 39,9 53,330 60,986 5,75 

Total open pore percent 

(%) 
61,532 69,168 - 53,327 60,975 - 
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Total surface area 

(mm2) 
6,21E-02 4,04E-02 - 7,09E-02 5,10E-02 - 

Connectivity 560301 437494 - 481655 218375 - 

 

 

Figure 5 -  Representative images of the scaffolds from the axial and cross section with A) 5%CB, B) 7% CB, 

D) 5% PG and E) 7%PG and the FDM scaffolds from CB (C) , and PG (F). The images of fiber geometry are 

in upper corner of A1-F1, scale=200µm and the porosity inside the fibers of A2-F2, scale=50µm.  

As the 7 % scaffold displayed higher levels of porosity and more defined fibers, the 

following characterization and cell work were only relative to these scaffolds, as compared 

to non-porous FDM scaffolds.  

The surface roughness of the scaffolds, what cells will first be in contact with, was 

evaluated by profilometer analysis. As expected from the SEM images, the 3D-TIPS 
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scaffolds had a greater surface roughness (Sa) than the conventional scaffolds (Figure 6C,D). 

For CB100 6,418 ± 1,283µm, CB7 31,35 ± 18,05 µm, PG100 2,933 ± 0,3027 µm and PG7 

17,12 ± 4,430 µm. This values are related to the surface that cell can interact, which means 

that CB7 and PG7 showed higher surface area. The higher roughness on 3D-TIPS has 

already been shown by Di Luca et.al where they also studied how roughness is affected by 

changes in temperature, solvent and non-solvent used (42).  

The influence of 3D-TIPS technique and the composition of the polymers (more 

amorphous PG or more crystalline CB) on the mechanical integrity was tested by 

compression tests. Stress-strain curves of 3D-TIPS scaffolds fabricated from 7 % (w/v) gels  

of CB and PG and, FDM scaffold controls (CB100 and PG100) are shown in Figure 6F. CB 

polymers had a higher compressive strenght than PG and, the scaffolds from 3D-TIPS had 

lower compressive strenght than those produced by FDM. The Young’s modulus in 

compression (E) was calculated from stress-strain curves and was greater in the more 

crystalline polymers  (CB) than the amorphous ones (PG) and in 3D-TIPS than in FDM 

scaffolds. Values of E of CB100 (404,1 ± 112,5 kPa), CB7 (42,75 ± 21,07 kPa), PG100 

(4,933 ± 1,511 kPa) and PG7 (3,5 ± 1,593 kPa) were measured for stiffness comparison.  

Furthermore, the yield stress of CB100 was 734,6 ± 53,99 kPa, CB7 was 57,7 ± 18,3 kPa, 

PG100 was 9,5 ± 2,86 kPa and PG 7 was 6,4 ± 2,25 kPa. These results show that, not only 

the semi-crystalline characteristics of the polymer affect the stiffness of a material, but also 

its porosity, since CB7 and PG7 showed lower values than its counterparts.  

 

Figure 6 - Wettability (A) and physical properties of all the scaffolds. B) indicates the data from GPC analysis, 

C) Surface Roughness, D) Representative images of surface roughness where Left up: CB7, Right up: CB100. 

Left down: PG 7 and right down: CB100.  
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From previous studies on 3D-TIPS scaffolds, our values of total porosity are lower than what 

they present (around 95%). That study, even if it presents great results in terms of porosity, 

shape controllability and mechanical properties, is an indirect method of 3D printing where 

a mould is used to form the shape of the scaffold (49). From our data it is shown a fabrication 

of scaffolds with simple few steps that presents great pore interconnectivity, higher 

roughness, higher porosity and less stiff than FDM scaffolds. Even if it needs some 

improvements in terms of shape controllability, this technique shows a promising way to 

fabricate scaffolds with tuneable properties, which can be further selected depending on the 

final tissue application.  

 

3.2. In vitro cellular response to PCLLA polymer films 

To evaluate the biocompatibility of the materials used here, macrophages were seeded 

on spin-coated films of PG and CB as well as tissue culture plate controls (TCP) for 48 hours. 

For that, a solution of PCLLA in chloroform was spin coated and a monolayer of polymer 

was formed in a cover slip. The cell viability was measured by a Live / Dead assay based on 

calcein and Ethidium homodimer represented in Figure 7A, C. In this assay, live cells are 

detected since they have intracellular esterases that convert Calcein-AM into a green 

fluorescent calcein (ex/em ~495 nm/~515 nm). Dead cells, without esterase activity, are 

stained by Ethidium homodimer (EthD-1) that enters damaged cell membranes and binds 

with the nucleic acids, producing a red fluorescence in dead cells (ex/em ~495 nm/~635 nm). 

The amount of live and dead cells was counted from the fluorescent images. Macrophages 

on PCLLA presented a 94.97 %, 98.07 % and 98.89% of viability, for PG, CB and TCP, 

respectively.  

The cytotoxicity of the materials was evaluated as a measure of the lactate 

dehydrogenase (LDH) release of the cell when cultured on these (Figure 7, B). Both 

polymers induced low cytotoxicity, CB with 2,141 ± 0,9217% and PG with 1,181 ± 1,125%, 

comparing to the positive control 100,0 ± 9,120%. Both, live dead and LDH release assays, 

indicate that these polymers are biocompatible, and they do not affect the cell viability of 

macrophages.  

The capability of macrophages to attach to the different copolymers was assessed by 

measuring the DNA content after 48h of culture on spin-coated films. Although a higher 

DNA content was measured on PG films (Figure 7.D), the detected differences between 

polymers (PG: 0,2052 ± 0,08080 µgDNA CB: 0,1009 ± 0,06072 µgDNA) and control 

(0,1043 ± 0,02801 µgDNA) in terms of cell adhesion, were non-significant. This result was 

already expected since that, in the characterization of the material, the wettability of both 

polymers (Figure 6A) was similar and so the adhesion of macrophages to the material would 

be equivalent.   
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Figure 7 - Biochemical assays for assessment of cell viability by the materials (A, C), cytotoxicity (B) and cell 

attachment by the DNA assay (D), Scale bar= 100µm.  

To analyse how macrophages attach to the materials and how its composition affects 

adhesion, F-actin and an adaptor protein, paxillin, were fluorescently stained and visualized 

via light scanning microscopy. Most of the cells interact with ECM by the maturation of 

focal adhesions, serving as mechanical links to the cells. On macrophages, these mechanical 

linkages are known as podosomes and differ by their cylindrical morphology, as opposed to 

the punctuated morphology of focal adhesions (20). No formation of podosomes was 

detected in the macrophages cultured on any of the different substrates (PG, CB or TCP) 

(Figure 8). One explanation for this result could be the lack of tension on the substrate. 

However, glass slides, used in 2D cell culture, have great values of stiffness and podosomes 

range from 0.5µm to 2µm of diameter, so the magnification used in this report might not 

have been sufficient for their detection (56).  
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Figure 8 – Immunofluorescence images with staining of F-actin (red), Paxilin (green) and cell nuclei (blue) 

for PG (A), CB (B) and TCP, Scale bar=50µm.  

In order to evaluate the influence of the chemistry of both polymers in macrophage 

polarization, an immunostaining of M1 and M2 markers was performed. The cells were 

stimulated, after 24hours of adhesion, with LPS/IFN-γ (M1), IL-4/IL-13 (M2) or non-

stimulated (M0) and stained with iNOS antibody and Arginase-1 antibody. These are two 

markers that are referred to distinguish between M1 and M2-like macrophages. Depending 

on the stimuli, macrophages use arginine to produce nitric oxide (NO) and citrulline by the 

iNOS enzyme (M1) or, ornithine and urea by the arginase-1 enzyme (M2). The former is 

typical of M1 macrophages and the production of NO enables the increase of cytotoxicity to 

eliminate pathogens such as bacteria. As biomaterials are a potential locus of bacteria and 

biofilms, an activation, like the microbial product LPS, mimicking the action of 

macrophages for the bacteria clearance is essential. With increase of arginase activity, 

characteristic of M2 macrophages, the final products are ornithine and urea. Ornithine, by 

the action of ornithine decarboxylase and ornithine aminotransferase, leads to the production 

of polyamines and proline, respectively (57). This consumption of arginine, blocks the 

continuation of inflammation and induces wound healing by the aforementioned production 

of proline, a precursor of collagen (57). 

 Different concentrations of cytokines were tested in order to find difference in the 

morphology of cells and the expression of arginase and iNOS. From the results shown in 

Figure S2 (supplemental information) equivalent intensity on the markers stained were 

detected on all concentrations. Therefore, the final concentrations for the rest of the tests 

were 10ng/mL for LPS/ IFN-γ and 20ng/mL for IL-4/IL-13. Furthermore, the effect of heat 

inactivation of FBS was tested in iNOS staining and it is shown in Figure S1. Heat 

inactivation of FBS is done to inactivate the complement proteins that are present in serum. 

These proteins, such as anaphylotoxins like C3a and C5a, influence the stimulation of 

phagocytosis and induce release of ROS by immune cells (1). The results show that, for M2 

and M0 stimulated macrophages, the iNOS staining is less intense with heat inactivated FBS 

than non-heat inactivated FBS. This suggests that FBS non-heat inactivated was inducing a 

pro-inflammatory profile in macrophages even without pro-inflammatory cytokines. As 

such, for the next experiments, only heat inactivated FBS was used.   
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M1 stimulated macrophages cultured on PG, CB and TCP substrates expressed high 

levels of iNOS (Figures 10-12).  Bright-field images revealed the formation of aggregates of 

macrophages, as opposed to M0 and M2 stimulated macrophages. Between M0 and M2 

stimulated macrophages no evident differences, neither in morphology nor in markers 

expression, were observed. Both presented mostly rounded cells and few elongated ones and 

expressed both iNOS and arginase 1. Some reasons behind the lack of difference between 

M2 and M0 macrophages could be the concentration of cytokines, the method of cell 

fixation, or the antibody viability. The concentration of cytokines, as stated before, was 

tested but no differences between the highest and lowest concentration were observed on 

arginase staining. The method of fixation was also tested by comparing the influence of 4% 

PFA and cold methanol on the arginase staining and both expressed similar intensity of 

arginase. Two different antibodies of arginase were used throughout this project, but the 

staining remained the same. The similarities of morphology in M0 and M2 may indicate that 

it is the stimulation that is failing; since increasing the concentration does not change the 

expression of arginase, the cells could be not sensible enough for these cytokines and not 

express high levels of arginase. In addition, it has been shown that macrophages do not 

exhibit an evident profile between M1 and M2 making it necessary to further look for other 

markers and cytokines (33). From these results, PG expressed higher levels of arginase 

comparing to CB and lower levels of iNOS in all conditions than CB and control. This can 

suggest that PG polymer induces an anti-inflammatory response to macrophages. However, 

further quantification measurements are needed to distinguish the functions of macrophages 

on different polymers.  

To further examine the phenotype of macrophages, their cytokine expression was 

measured in all tested culture conditions. TNF-α is a pro-inflammatory cytokine expressed 

mainly by M1 macrophages. M1 stimulated macrophages expressed higher concentrations 

of TNF-α than non-stimulated or M2 stimulated macrophages, as expected (Figure 9). M1 

stimulated macrophages cultured on PG scaffolds had significant increase in TNF-α 

compared to non-stimulated macrophages and M2 macrophages cultured on PG, CB and 

TCP. This could suggest that the material induces a pro-inflammatory phenotype, however 

no significant difference compared to control was found.   

 
Figure 9 – TNF-α expression of macrophages in response to polymer films (P for PG and C for CB) or TCP 

(K) with 10 ng / mL LPS/IFN- γ (M1), 20 ng / mL IL-4/IL-13 (M2) or unstimulated (0).  
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Figure 10 – IF and brightfield images of macrophages in response to TCP culture and 10 ng / mL LPS/IFN-γ 

(M1), 20 ng / mL IL-4/IL-13 (M2) or unstimulated (M0). Nuclei (blue), Arginase-1 (Green) iNOS (red) are 

represented. Scale bar=200µm 

 

Figure 11 - IF and brightfield images of macrophages in response to CB culture and 10 ng / mL LPS/IFN-γ  

(M1), 20 ng / mL IL-4/IL-13 (M2) or unstimulated (M0). Nuclei (blue), Arginase-1 (Green) iNOS (red) are 

represented. Scale bar=200µm 
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Figure 12 - IF and brightfield images of macrophages in response to PG culture and 10 ng / mL LPS/IFN- γ 

(M1), 20 ng / mL IL-4/IL-13 (M2) or unstimulated (M0). Nuclei (blue), Arginase-1 (Green) iNOS (red) are 

represented. Scale bar=200µm 

3.3. In vitro cellular response to PCLLA scaffolds 

 To demonstrate whether surface topography and porosity influence the macrophage 

response, cells were seeded on scaffolds and cultured for 3 days. First, cell attachment and 

morphological changes were analysed on 3D TIPS scaffolds (5% and 7%wt) and FDM 

scaffolds by DNA quantification, immunostaining of F-actin and by SEM. After 3 days of 

culture, F-actin staining showed that FDM scaffolds had lower cell adhesion compared to 

3D-TIPS scaffolds (Figure 13), which was further confirmed by DNA quantification (PG7: 

1902± 0,02976; CB7: 0,3384±0,01090; PG100: 0,01326±0,002525 and CB100: 

0,01593±0,005914 µg DNA) (Figure 16A). One possible explanation is the fact that 3D-

TIPS scaffolds present higher surface roughness, and thus surface area, than conventional 

scaffolds; macrophages are known to adhere better on rough than smooth surfaces (20).  

There were no evident differences in cell adhesion between the 3D-TIPS scaffolds of both 

concentrations (5% and 7%wt), suggesting that the differences in surface area (Table 1) are 

not sufficient to greatly affect macrophage attachment between scaffolds.  

PG scaffolds appear to present higher number of cells attached than CB by fluorescent 

images of 3D-TIPS scaffolds with 7% (w / v) polymer concentration. However, DNA 

quantification demonstrated that CB supported more cell attachment. This could be related 

to more cell infiltration into the microporosity in CB scaffolds and less cell attachment on 

the surface of the fibers. Both polymers showed similar values of hydrophobicity, which 

indicates that in films cell attachment would be equivalent too, as shown in Figure 7D. 

However, from previous results, scaffolds from both polymers had distinct physical 
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properties. CB presents higher stiffness, from the elevated levels of compressive strength 

and Young`s modulus, higher porosity and similar surface roughness compared to PG. From 

previous studies, higher stiffness materials (280kPa) showed increase cell proliferation of 

human monocyte-derived macrophages compared to the less stiff counterparts (1-5kPa) (24). 

Here, CB7 scaffolds with E of 42,75 ± 21,07 kPa had more cell adhesion than PG7 with E 

of 3,503±1,593 kPa, which could be also related to cell proliferation during cell culture 

period.   

 

Figure 13 – Immunofluorescence images stained for F-actin of the cells seeded on scaffolds. Scale bar: 1mm.  

Ideally, a scaffold implant would not just be tolerated by the cells but induce a specific cell 

response, e.g. a pro-regenerative phenotype. Therefore, it is relevant to analyse how 

macrophage shape and polarization is affected by the scaffolds. The morphology of 

macrophages was evaluated by SEM, where cells presented a distinct shape on the different 

materials (Figure 14). On 3D-TIPS scaffolds, macrophages presented more filopodia in 

contrast with macrophages in FDM scaffolds which showed more rounded cells. The 

differences in morphology are related to the type of migration that macrophages follow, 

which can be mesenchymal or amoeboid migration (25). The former one is indicated as slow 

migration with many protrusions, while amoeboid is a fast migration but with rounded cells 

(25). Recent findings showed that physical properties can stimulate macrophages to alter 

their phenotype without the addition of soluble factors. This event occurs by the modulation 

of cell shape where elongated macrophages express anti-inflammatory molecules, like 

arginase-1, IL-10 and CD206 (21,37). However, the morphology of macrophages could not 

always indicate a specific action and may be dependent on the source of macrophages. For 

instance, in a human cell line, THP-1, elongated cells expressed pro-inflammatory cytokines 

and rounded ones induced an anti-inflammatory phenotype (23,58). Therefore, there is not a 
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direct correlation yet for morphology and specific phenotype and so the quantification of 

M1/M2 markers is essential to evaluate the effect on polarization.  

 

Figure 14 – SEM images representing the changes of macrophage morphology on the different scaffolds. Scale 

bar: 20µm.  

To further evaluate how the phenotype of macrophages is affected by the scaffolds, cells 

were stained with iNOS and Arginase, and the expression of TNF-α and TGF-β was 

quantified. Immunofluorescence images (Figure 15) showed that iNOS is the most prevalent 

marker in all the scaffolds. This tendency was confirmed by cytokine expression, where no 

detected values of TGF-β were found and higher values of TNF-α were expressed (Figure 

16B). Cytokine release quantification proved that CB100 induced a higher release of TNF-

α by macrophages (8997 ± 1323 pg/mL), than its porous counterpart CB7. Similarly, 

macrophages cultured on PG100 also presented a higher release of the same cytokine than 

porous PG7, suggesting a pro-inflammatory environment on non-porous (FDM) scaffolds. 

A comparison between materials of similar porosity but different stiffness showed that 

macrophages cultured on CB100 (material with highest Young`s modulus) had the highest 

release of TNF-α. This could be related to the increased stiffness of this scaffold, compared 

to the others. It has been shown already that stiffness affects pro-inflammatory cytokine 

expression when cells are LPS stimulated, showing that softer materials greater supress pro-

inflammatory phenotype (27). However, the effect of stiffness itself is still unclear since 

there is contradictory data on the effects of stiffness alone. It has been shown that higher 

stiffness (230kPa) induces increased TNF-α comparing to lower stiffness material (0,3kPa), 

without LPS stimulation (26). But in another study, macrophages were unresponsive to 

stiffness alone when comparing 840kPa materials with 130kPa (27). In addition, depending 

on the cell line used, different responses can happen as seen by the range of TNF- α 

expression by RAW 264.7 (30–70 pg/ml) and U937 (1250–2750 pg/ml) at stiffness of 0.3–

76.8 kPa and BMMs (250–1000 pg/ml) at stiffness of 0.3–230 kPa (22,26). Here, the stiffest 

material, CB100 (404,1 ± 112,5 kPa), presented the highest expression of TNF-α. CB7, the 
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second stiffest scaffold, expressed lower values comparing with PG7 and CB100, even if 

these differences are not statistically significant. Thus, other factors can be affecting TNF-α 

expression like surface roughness or porosity. Indeed, it was shown by McWhorter et al. that 

materials presenting certain topographical features not only can release higher amount of 

pro-regenerative associated cytokines but also decrease iNOS expression (21). Here, the 

scaffolds from 3D-TIPS technique that are rougher and more porous than FDM scaffolds, 

showed lower expression of TNF-α suggesting a decrease in pro-inflammatory phenotype.  

 

Figure 15 – IF images of macrophages seed on CB7, CB100 and PG7 scaffolds. The PG100 condition is not 

shown because of low cell attachment. Scale bar=50µm 

 
Figure 16 – A: DNA content and B: TNF- α cytokine secretion by macrophages adhered to the scaffolds after 

3 days of culture.  

The low levels of TGF-β and low expression of arginase can indicate that the scaffolds 

follow an M1 phenotype, in addition with TNF-α. However, our measurements were 

performed at 3 days of culture. As the immune response and the states of inflammation 

progress over time, our results could also imply that cells are still at the beginning of the 

inflammation cycle, where mostly M1 macrophages are active (4). Therefore, an evaluation 

of cytokine expression with more time points is suggested to further conclude how these 

scaffolds affect macrophage function overtime. 

3.4. M2 macrophage influence on mesenchymal stem cells (MSCs) 

In a regenerative environment guided by a scaffold, various cell types interact with 

immune cells. Mesenchymal stromal cells (MSCs) are of great interest for tissue repair, not 
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only for their capacity to differentiate into specific tissues but also for their 

immunomodulatory properties (59). These cells have been shown to stimulate an anti-

inflammatory environment by, for instance, stimulating M2 macrophages. As these cells 

respond to the factors in the microenvironment, there is a crosstalk between MSCs and 

macrophages that can influence tissue repair (60).  

We mimicked the effect on MSCs in an environment of M2 macrophages polarized 

by the scaffold. MSCs were cultured using conditioned macrophage media over 10 days and 

the influence of M2 macrophages on MSC proliferation was evaluated by F-actin and 

nucleus immunostaining. MSCs adhered to the scaffold and showed viability and 

proliferation throughout the time of experiment. From the immunostaining results, some 

conditions suggest a higher proliferation rate on hMSCs cultured with macrophages 

conditioned media (Figure 17). For instance, 5% CB, 5%PG and 7%CB, on conditioned 

media showed higher number of cells as compared to MSCs cultured on basal media. From 

the low magnification images, the cells do not show differences on cell attachment. To 

confirm the hypothesis proposed that M2 macrophage secretome induced proliferation of 

MSCs on 3D-TIPS scaffolds, further studies should be conducted. For instance, 

measurements of the DNA content comparing both conditions would confirm quantitatively 

if there was a higher proliferation rate. Indeed, if a higher proliferation rate of MSCs cultured 

on M2 macrophages conditioned media on these scaffolds would be confirmed, this could 

be a potential focus for localized cell delivery in wound repair. As previously described by 

others, M2-associated cytokines, like IL-10, VEGF or TGF-β, enhance or maintain the 

proliferation of MSCs as compared to media without cytokines. This effect was also tested 

on direct co-cultures with M2 macrophages and higher proliferation rates were also found 

(58). Therefore, if an anti-inflammatory environment surrounds the scaffold, the MSCs 

delivery would result on its proliferation and potentially wound healing.  
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Figure 17 – IF images stained for F-actin (red) and Nuclei (blue) with different scaffolds. Here the H, stands 

out for basal media hMSCs conditions and M for hMSCS treated with M2-stimulated macrophages 

secretome Scale=100µm and in upper corner scale= 1mm.  

 

3.5. Support Bath 

As seen in the previous results, the scaffolds fabricated by 3D-TIPS technique presented 

deformed and flattened fibers. This fact interferes on the main advantage of additive 

manufacturing, controllability, since the scaffold shape is poorly defined. To overcome this 

limitation, a support bath was proposed for this project. A support bath acts like a Bingham 

plastic, which means that behaves like an elastic solid at rest but after applying enough stress 

it flows as viscous fluid (61,62). In addition, after the application of stress, the support bath 

has the ability to revert its solid state. As such, by the application of a stress by a nozzle, 

while printing, the support bath should have the capacity to constrain the shape of the 

material, even if it is liquid. These properties allow printing of soft materials without 

collapsing and maintaining the shape (62,63).  

For this work, two different systems of support baths were tested, an organogel and a 

hydrogel. The organogel was a lecithin / glycerol / n-decane system and it was chosen since 

its solvent, n-decane, has a lower freezing point, around -29,7ºC(64), comparing to the 

solvent of the printing gel, 1,4-dioxane that is 12ºC (65) and water (0 ºC). These properties 

could allow the printing of the material and then, upon freezing, the recovery of only the 

frozen scaffolds that would then freeze dried. To find the ratio between lecithin/glycerol/n-

decane, various concentrations of each reagent were evaluated by inverted positioning the 
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vials, assuming jellification when the mixture was not able to flow down. The chosen 

concentration was 60 % lecithin / 2 % glycerol / 38 % n-decane, since it was the only one 

that formed a stable gel as (Figure 18), that stayed on top after inverting the vial. Individual 

fibers were printed in this gel but some drawbacks were noticed while printing. For instance, 

the bath presented an opaque colour that makes difficult the process of printing and, after 

the motion of the nozzle, the gel did not return to its original form. After printing, the fibers 

were removed with a tweezer but the lecithin gel remained in the fibers. As this support bath 

was mainly constituted to organic solvents it is essential that these reagents would be 

removed so it would not interfere with the scaffold biocompatibility. Indeed, printing of a 

full scaffolds should be tested on this support bath and the capability to remove the scaffold 

as a solid upon freezing should be evaluated. One improvement to this technique would also 

be to use bleached lecithin since a transparent support bath would allow higher control 

during the printing process.  

The second support bath tested was composed of a gelatin/glycerol/water system and the 

chosen concentrations to print were from 1,3% to 2,2% of gelatin (w/v) in 10% (v/v) and 

90% (v/v) of glycerol and water, respectively. From these concentrations, none of the gels 

act like a support since the lattice pattern was not formed and the first layer did not attach to 

the bottom of the petri dish, which increased the difficult for printing layer by layer. In fact, 

as the stress of the nozzle was applied, all the support bath was affected instead of a localized 

liquefied part of the material. The main advantage of this gel would be the effortless removal 

of the scaffold by simply dissolving in water. However, several optimizations would be 

needed to achieve the ideal rheological properties.  

 

Figure 18 – Photographs for Lecithin gels in the right of the panel and Gelatine in the left.  

The main problems of both support baths systems tested were that neither of them 

maintained the shape and that the printing pattern was not defined. This could mean that the 

support baths did not act like a Bingham plastic or the stress of the motion of the needle was 

high. To further continue with these systems of support bath, improvements should be done 
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like using bleached lecithin, separating the scaffolds from the support bath after freezing and 

evaluating if the printed scaffolds retain the same or higher porosity. In addition, the 

rheological properties of the support bath could be measured to study its Bingham plastic 

behaviour. Recently, granular gels have been tested as support bath showing great results in 

printing soft materials by a smooth variation between solid state and fluid (66). The main 

advantage of these gels is that the material does not depend of its rheological properties and 

so the stress of the nozzle would not change its composition or its properties but only locally, 

providing precision and stability for printing (66). However, this study failed to show the 

fabrication of traditional porous scaffolds as the ones studied here, and the potential to 

maintain porosity on the z-axes of the printed object is still not addressed. Therefore, the 

lecithin and gelatine here used could also be transformed in microparticles to form a granular 

gel that support printing and allow to create porosity on the z-axes of the object.  

3.6. In vivo response to PCLLA scaffolds  

To evaluate the influence of the physical properties of 3D-TIPS scaffolds as compared 

to FDM scaffolds on the immune response in vivo, the scaffolds were surgically implanted 

in subcutaneous pockets of athymic nude rats. Tissue surrounding the scaffolds was excised 

three or six weeks after material implantation and evaluated by histology (Figure 19). 4 

different scaffolds were implanted; CB7, PG 7, CB100 and PG100.  

In scaffolds with low mechanical strength, e.g. PG, a dense fibrous capsule was formed 

mostly in FDM scaffolds, in both time points, as visualized from Masson`s trichrome 

staining. The 3D-TIPS scaffolds of PG showed a thin fibrous capsule after 3 weeks that 

evolved to a denser capsule after 6 weeks with collagen formation inside the fibers (Figure 

19C, D). 3D-TIPS scaffolds also showed higher cellular infiltration, by H&E staining, than 

FDM scaffolds whereas the porosity was lower. In addition, PG scaffolds showed very 

deformed scaffolds without any fiber visible for 3D-TIPS and with a rounded structure in 

FDM scaffolds. The shape of scaffold presented can be related to the degradation of the 

material. The degradation of PCLLA copolymer leads to the production of lactic acid. The 

lactic acid is usually degraded by the organism, but if the degradation rate is elevated, the 

organism can surpass its capacity to metabolize lactic acid. As such, a chronic inflammation 

might be happening forming the fibrous capsule, as seen in our results. The causation of the 

fibrous capsule could be confirmed by the staining of M1/M2 macrophages markers, such 

as, iNOS, IL-1R1, CD 86 for M1 and SRBI/II, CD206, Arginase-1, CD163 for M2, as others 

did (34,35,49). The degradation of the polymer can happen by the interaction with media or 

with the help of macrophages by the formation of FBGC and production of ROS or 

degradative enzymes (12). H&E staining revealed concentration of cells represented by 

purple regions around the implant that can be FBGC suggesting a chronic inflammation on 

these scaffolds. CB scaffolds do not show an evident deformation of the scaffold, 

maintaining its shape over the implantation period. CB copolymer contains 0 / 100 ratio of 

D / L lactide enantiomers of PLA in its composition while PG has a ratio of 15 D / L lactide 

enantiomers. This differences can explain the different degradation rate between scaffolds 
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since it was reported that the D / L amorphous forms degrade faster than pure L forms that 

are more crystalline (67).  

From CB scaffolds, higher cell infiltration was detected both in 3D-TIPS and FDM 

scaffolds. In 3D-TIPS scaffolds, cells appeared in the microporosity of the fibers indicating 

pore interconnectivity. In FDM scaffolds cells infiltrated between the fibers and it is also 

evident the deposition of collagen. Comparing both conditions, 3D-TIPS scaffolds showed 

a thinner fibrous capsule around the material, while FDM have more collagen between 

fibers. This enhances the importance of having z-direction porosity since this can augment 

the interaction between scaffold and tissue.  

Altogether, the scaffolds from amorphous PCLLA (PG) have shown higher degradation 

and a thicker fibrous capsule. In addition to the degradation factor, the fact that FDM have 

lower surface roughness can affect collagen deposition by macrophages. As seen previously 

by others, flat materials showed an extent fibrous capsule comparing it with the ones with 

1D wrinkles (35).  Furthermore, the size of porous has also an influence in macrophages 

infiltration and collagen production, where smaller pores (34µm) have shown higher cell 

infiltrate and thinner fibrous capsule than bigger pores (160µm) material (34). Here, FDM 

scaffolds of CB with just macroporosity (500µm-800µm) showed increased collagen 

deposition between the fibers while 3D-TIPS scaffolds, with microporosity (5µm-100µm) 

showed more cell infiltration and a thin fibrous capsule, correlating with the previous studies.  

From these results, it would be also interesting to evaluate macrophage infiltration and 

function in the collagen formation on the scaffolds. In addition, markers of M1/M2 markers 

could be stained to compare between the conditions and to evaluate in which locations of 

the scaffold macrophages differentiation was steered more into M1 or M2 phenotype.  

 

A1 B1 A1 
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Figure 19 - Cellular infiltration and matrix deposition in scaffolds produced by 3D-TIPS and FDM after 

subcutaneous implantation for 3 weeks (1) and 6 weeks (2): (Left) tissue integration by Hematoxylin and Eosin 

(H&E) staining and (Right) collagen production by Masson’s trichrome (M&T) staining. A) CB7, B) CB100, 

C) PG7 and D) PG100 are represented in low magnification (scale = 2000µm) and a x4 magnification (scale = 

500µm) in the upper corner.  
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4. Conclusion 

The combination of additive manufacturing and TIPS appears to be a great technique to 

produce scaffolds with tuneable form, porosity and topography depending on the 

concentration of the polymer. Comparing it with the FDM technique, 3D-TIPS scaffolds 

presented higher surface roughness and thus higher available surface area to interact with 

cells, higher porosity and lower Young`s modulus materials. These properties have been 

reported to influence immune response by the interaction with macrophages and so, in this 

report we aimed to investigate whether 3D-TIPS scaffolds are good candidates for 

macrophage modulation towards a pro-regenerative phenotype.  

In this report, two copolymers of PCLLA with chemical similarities but expected 

differences in crystallinity and thus, mechanical properties were investigated. Both 

copolymers showed great potential for 3D-TIPS by consistently maintaining its morphology 

while printing from polymer organogels with 5% and 7% (w / v) of material and by the 

microporosity formed within the fibers. The more crystalline copolymer, CB, showed higher 

stiffness and porosity than the more amorphous one, PG. The surface roughness was higher 

in 3D-TIPS scaffolds than in FDM ones as well as the porosity. Both copolymers showed 

biocompatibility and low cytotoxicity levels. Furthermore, on PCLLA films, macrophages 

were evaluated in terms of their polarization comparing to stimulated M1 or M2 phenotypes. 

PG showed higher expression or arginase in all conditions and M1 stimulated macrophages 

expressed greater levels of TNF-α.   

From the investigation of how topography and porosity affect macrophages, it was 

shown that 3D-TIPS scaffolds with higher surface roughness induced more cell adhesion 

and the formation of more filopodia on the cells than FDM scaffolds. In addition, FDM 

scaffolds presented the higher values of TNF-α than 3D-TIPS indicating that this technique 

can reduce the inflammation. Whether 3D-TIPS scaffolds induce an anti-inflammatory 

phenotype is still not clear since the expression of TGF-β and arginase were low in all the 

conditions. As such, further studies should be inquired with different M2 markers and 

evaluating how the cytokine expression is affected over time. 

The capacity of 3D-TIPS scaffolds to reduce the inflammation was also shown by in 

vivo studies, in the amorphous copolymer PG. FDM scaffolds presented a bigger fibrous 

capsule than the more porous 3D-TIPS scaffold. PG showed higher degradation rate than 

CB which also increased the fibrous capsule. 3D-TIPS of CB had cell infiltration within 

fibers confirming the pore interconnectivity but FDM CB scaffolds also showed great 

capacity for cell infiltration by its porosity on the z-axis. 

Indeed, the 3D-TIPS technique could be improved in terms of scaffold shape 

controlability and to increase the porosity on the z-axis. This could be done by the use of a 

support bath that acts like a Bingham plastic. In this report, lecithin / glycerol / n-decane 

system and gelatin / glycerol / water system did not shown the preferential properties to 

improve 3D-TIPS. Therefore, further studies could be done eventually with granular gels 

that show promising results in other reports. 
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As these scaffolds are intended for implantation and to stimulate tissue repair by 

modulation of the immune response, co-culture with other involved cells, like fibroblasts or 

MSCs is an essential step to understand tissue regeneration. Here, we showed a preliminary 

study where the secretome of M2 stimulated macrophages appeared to enhance MSCs 

proliferation. However, further analysis via, i.e., measurement of total DNA would still be 

required. 

The observations throughout this report indicate that the scaffolds with higher roughness 

and porosity represented by 3D-TIPS scaffolds could be an interesting path to follow in order 

to reduce acute inflammation and to promote tissue repair while being controllable for its 

physical properties and morphology.  
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5. Valorisation 

Every biomaterial implantation goes through an immune response that can eventually 

lead to the encapsulation of the material. Adverse immune reactions to biomaterials can 

affect tissue healing and quality of life of the patients. Nowadays, an immune responsive 

implant is being pursued in order to overcome the foreign body reaction and stimulate pro-

regenerative environment. Many applications of implants have been addressed, as 

therapeutic and diagnostic tools for cancer, cardiovascular defects or orthopaedic implants 

to avoid rejection of transplantations (68). The physical properties of a biomaterial have been 

an interesting route to modulate immune response, since it would not be necessary 

complicated delivery systems of cytokines or pharmacological molecules. In this report, the 

additive manufacturing and TIPS are combined to create scaffolds that ideally mimic the 

microtopographies of ECM and reduce the acute inflammation while promoting a pro-

regenerative environment. With this technique personalized anatomical geometries would 

be created and augment the open porosity which then enables nutrient diffusion, oxygen 

transport, waste removal and blood vessel ingrowth in addition to increase cell infiltration. 

The technique enables the creation of these scaffolds in few steps and the tunability for 

porosity, surface roughness and mechanical properties depending the polymer used, 

concentration of polymer and solvent/non-solvent ratio.  
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Supplemental Information  

 

Figure S1 – IF images of macrophages on TCP stimulated for M2 () or non-stimulated (M0) stained for 

arginase-1 (green) and iNOS (red) in media with Non-Heated FBS (NFBS) and Heat Inactivated FBS 

(HIFBS), Scale=100µm.  

 

 

Figure S2 - IF images of macrophages on TCP stimulated for M2 with 20ng/mL, 40ng/mL and 60ng/mL of 

IL-4/IL-13 stained for arginase-1 (green) and nuclei (blue), Scale=100µm.  

 

 

Figure S3 - IF images of macrophages on TCP stimulated for M2 with 20ng/mL of IL-4/IL-13 and two 

different methods of cell fixation, 100% cold methanol and 4% PFA 13 stained for arginase-1 (green) and 

nuclei (blue), Scale=100µm. 
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Figure S4 – Relative frequency by the diameter of pores (µm) in 30 pores of CB and PG with 5% or 7% (vol / 

vol) of PCLLA.  

 

 

 


